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Abstract. This paper presents the preface of the proceedings for the 4th International
Conference on Sustainable Futures: Environmental, Technological, Social, and Economic
Matters (ICSF 2023), a multidisciplinary event that explores the challenges and opportunities
of sustainability in various domains. The preface outlines the conference’s objectives, themes,
workshops, and topics, as well as its contribution to advancing sustainable development and
global dialogue. It also acknowledges the efforts and inputs of various stakeholders who have
made the conference possible, especially in light of the pandemic situation. Furthermore, it
thanks IOP Publishing for its support and flexibility in facilitating open access publishing. The
paper concludes by looking forward to future editions of ICSF and the ongoing quest for a
more sustainable and interconnected world. The paper invites readers to delve into the rich and
diverse content that shapes this influential conference.
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1. Introduction
Welcome to the International Conference on Sustainable Futures: Environmental,
Technological, Social, and Economic Matters (ICSF) proceedings. This conference serves
as a cornerstone for global discourse on sustainable development, providing a peer-reviewed
international platform where researchers, scientists, engineers, and practitioners converge to
share their latest research findings, innovative ideas, and practical applications. As we delve
into these proceedings, we embark on a journey across diverse disciplines, united by a common
goal of advancing sustainable practices.

Figure 1 showcases the emblem of ICSF 2023, a symbol of our collective commitment to
fostering sustainable futures.

Figure 1. The emblem of ICSF 2023.

Since its inauguration in 2020, ICSF has cultivated a space that encompasses the
entire spectrum of sustainable development. With a focus on the intricate intersections of
sustainability, environment, and technology, ICSF explores their far-reaching implications for
corporations, governments, educational institutions, regions, and societies, both in the present
and the future [1–4].

ICSF 2023 stands as a two-tiered platform, comprising pre-conference workshops and the
main conference, ensuring an enriched experience for all participants.

The subsequent sections delve into the diverse workshops that comprised ICSF 2023:
The Sustainable Development of Mining Science and Industry Workshop (SusDevMin-

ingScI’2023) stands as a peer-reviewed international forum dedicated to exploring cutting-edge
scientific and technological achievements in mine safety, geological research, and the preser-
vation of mineral resources. With a focus on topics spanning mining subsurface exploration,
mining systematology, and geotechnical engineering, this workshop underlines our commitment
to sustainable practices. Dr. Serhii Chukharev leads the program committee, guiding these vital
discussions.

Workshop URL: https://sites.google.com/knu.edu.ua/nigri-ecochemsd-ws2023/.

https://sites.google.com/knu.edu.ua/nigri-ecochemsd-ws2023/
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1.1. Geography for Sustainable Development (GSD-2023)
Geography for Sustainable Development (GSD-2023) serves as a peer-reviewed international
workshop, offering a platform for researchers deeply engaged with the challenges of sustainable
development within the geographical context. Covering an array of topics, including
biogeochemical cycles, climate, natural resources, and more, this workshop is a testament to
the expansive scope of geography’s role in shaping sustainable futures. Dr. Olga Bondarenko
guides these explorations through her leadership.

Workshop URL: https://bondarenkoolga9.wixsite.com/gsd-2023.

1.2. Ecochemistry for Sustainable Development (EcoChemSD-WS’2023)
The Ecochemistry for Sustainable Development Workshop (EcoChemSD-WS’2023) operates as
a peer-reviewed international gathering, nested within the 4th International Conference on
Sustainable Futures: Environmental, Technological, Social, and Economic Matters (ICSF). This
workshop engages with the multidimensional aspects of environmental chemistry, ecochemistry,
and their resonance within fields such as geochemistry, agroecology, and green chemistry.
Dr. Pavlo Nechypurenko spearheads these discussions, forging pathways towards sustainable
chemical practices.

Workshop URL: https://sites.google.com/view/ecochemsd-ws2023.

1.3. Biodiversity and Ecosystems Sustainability (BiodES-2023)
Biodiversity and Ecosystems Sustainability (BiodES-2023) stands as a peer-reviewed
international workshop, lending its focus to the critical task of conserving biodiversity and
fostering ecosystem sustainability. Rooted in applied science and education, this workshop
offers a vital foundation for addressing global challenges and nurturing sustainable futures.
Dr. Viacheslav Osadchyi leads the charge in exploring the intersection of environmental,
technological, and biological aspects in this context.

Workshop URL: http://biodes.mdpu.org.ua/.

1.4. Water Management and Environmental Engineering (WaterManEnvE-2023)
The Water Management and Environmental Engineering Workshop (WaterManEnvE-2023)
stands as a peer-reviewed international platform, encapsulating contributions that span the
breadth of water management, environmental engineering, and educational technologies. With
a focus on topics including water resources, irrigation, hydraulic engineering, and more, this
workshop navigates the complexities of managing our most precious resource sustainably. Dr.
Serhii Klimov provides direction for these explorations.

Workshop URL: https://sites.google.com/nuwm.edu.ua/watermanenve-ws2023/.

1.5. Innovative Approaches for Solving Environmental Issues (IASEI-2023)
Innovative Approaches for Solving Environmental Issues (IASEI-2023) converges as a peer-
reviewed international workshop, focusing on advancing environmental science research.
Covering topics ranging from environmental protection to nuclear safety and technological
solutions, this workshop embodies the spirit of pioneering solutions for pressing environmental
challenges. Dr. Andrii Iatsyshyn leads the charge in cultivating innovative discussions.

Workshop URL: https://www.igns.gov.ua/en/iasei-ws-2023/.

1.6. Sustainable Energy Workshop (SEnW-2023)
Sustainable Energy Workshop (SEnW-2023) embarks on an exploration of innovative solutions
in energy systems. Covering a diverse array of topics including solar and wind energy, energy
policy, climate change, and more, this workshop underlines the essential role of sustainable

https://bondarenkoolga9.wixsite.com/gsd-2023
https://sites.google.com/view/ecochemsd-ws2023
http://biodes.mdpu.org.ua/
https://sites.google.com/nuwm.edu.ua/watermanenve-ws2023/
https://www.igns.gov.ua/en/iasei-ws-2023/
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energy in shaping our future. Guided by Dr. Volodymyr Artemchuk, this workshop paves the
way for sustainable energy practices.

Workshop URL: https://ipme.kiev.ua/en/SEnW-2023/.

1.7. Conference sessions
The conference unfolded through a series of sessions, each shedding light on different facets of
sustainable development. These sessions encompassed topics ranging from sustainable materials
and technologies to socio-economic development, energy systems, and beyond. These sessions,
as detailed below, comprised the backbone of ICSF 2023:

Session 1. Sustainable Materials and Technologies (May 23, 2023)
Session 2. BiodES-2023 – Biodiversity and Ecosystems Sustainability. Sustainability,

Biodiversity and Conservation (May 23, 2023)
Session 3. SEnW-2023 – Sustainable Energy Workshop. Sustainable Energy. Infrastructure

and Sustainability (May 23, 2023)
Session 4. SusDevMiningScI’2023 – Sustainable Development of Mining Science and Industry.

Geotechnical and Geoenvironmental Engineering. Sustainable Mining (May 23,
2023)

Session 5. Sustainable Building and Architecture. Sustainable Cities and Society (May 24,
2023)

Session 6. WaterManEnvE-2023 – Water Management and Environmental Engineering.
Environmental Engineering, Sustainability, and Green Technology (May 24, 2023)

Session 7. EcoChemSD-2023 – Ecochemistry for Sustainable Development. Sustainable Use
of Natural Resources (May 24, 2023)

Session 8. IASEI-2023 – Innovative Approaches for Solving Environmental Issues. Environ-
mental Pollution and Sustainable Development. Environmental Risk Assessment
and Sustainable Development. Sustainable Environment and Environmental Man-
agement (May 24, 2023)

Session 9. Sustainable Socioeconomic Development. Governance, Legislation and Policy for
Sustainability (May 25, 2023)

Session 10. GSD-2023 – Geography for Sustainable Development. Agroecology and
Sustainable Food Systems. Geography and Sustainability. Sustainable Transport
(May 26, 2023)

This volume is a repository of the scholarly contributions presented at ICSF 2023. With
meticulous reviews conducted by a minimum of three program committee members, the selected
papers embody the spirit of rigorous exploration and discovery.

Authors were invited to submit full research papers including surveys, tutorials,
perspective/colloquia articles in conference topics of interest (https://www.morressier.com/
call-for-papers/62c564c8178bca0013ca7d13). There were 243 submissions received. Each
submission was reviewed by at least 3 program committee members. The committee decided to
accept 147 papers.

The unfolding events of the ongoing Russian invasion of Ukraine necessitated a hybrid
conference format. By embracing both in-person and online modes, ICSF 2023 extended its reach
across borders, allowing more than 200 participants from 18 countries to participate through
platforms such as Zoom and Google Meet.

The presentation slots were defined as follows:

• invites talks (25 min): 15 min presentation, 10 min question answering and discussion,

https://ipme.kiev.ua/en/SEnW-2023/
https://www.morressier.com/call-for-papers/62c564c8178bca0013ca7d13
https://www.morressier.com/call-for-papers/62c564c8178bca0013ca7d13
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• other talks (15 min): 10 min presentation and 5 minutes question answering and discussion.

The full ICSF 2023 program is available at the https://icsf.ccjournals.eu/2023/ where
details of the sessions, usually headed by one or more invited presentations. Video records of
talks are available at the Not So Easy Science YouTube channel (https://www.youtube.com/
channel/UCH3gego79m-ofCiNEgEzMuA).

2. ICSF 2023 program committee
• Leon A. Abdillah, Universitas Bina Darma, Indonesia [5]
• Khairulla Aben, KAZ Minerals, Kazakhstan [6]
• George Abuselidze, Batumi Shota Rustaveli State University, Georgia [7]
• Rajendran Sobha Ajin, Kerala State Disaster Management Authority, India [8]
• Oksana Alpatova, Zhytomyr Polytechnic State University, Ukraine [9]
• Jamil Abedalrahim Jamil Alsayaydeh, Universiti Teknikal Malaysia Melaka, Malaysia [10]
• Volodymyr Artemchuk, G. E. Pukhov Institute for Modelling in Energy Engineering of NAS

of Ukraine, Ukraine [11]
• Vitalina Babenko, V. N. Karazin Kharkiv National University, Ukraine [12]
• Jozef Bendík, Slovak University of Technology in Bratislava, Slovakia [13]
• Tetiana Bilan, State Scientific and Technical Center for Nuclear & Radiation Safety,

Ukraine [14]
• Ihor Blinov, Institute of Electrodynamics of the National Academy of Sciences of Ukraine,

Ukraine [15]
• Valery Bliznyuk, Clemson University, United States [16]
• Olha Bondarenko, Kryvyi Rih State Pedagogical University, Ukraine [17]
• Nataliia Bordiug, Zhytomyr Polytechnic State University, Ukraine [18]
• Orkhontuul Borya, Mongolian University of Science and Technology, Mongolia [19]
• Liudmyla Burman, Kryvyi Rih State Pedagogical University, Ukraine [20]
• Matej Cenky, Slovak University of Technology in Bratislava, Slovakia [21]
• Serhii Chukharev, National University of Water and Environmental Engineering, Ukraine

[22]
• Hanna Danylchuk, The Bohdan Khmelnytsky National University of Cherkasy, Ukraine [23]
• Iryna Davydova, Zhytomyr Polytechnic State University, Ukraine [24]
• Kremena Dedelyanova, Scientific and technical union of mining, geology and metallurgy in

Bulgaria, Bulgaria [25]
• Elena Degtyarenko, National University of Life and Environmental Sciences of Ukraine,

Ukraine [26]
• Natalya Demchenko, Institute of Marine Biology of the NAS of Ukraine, Ukraine [27]
• Viktor Demchenko, Institute of Marine Biology of the NAS of Ukraine, Ukraine [28]
• Viktor Denysenko, The Bohdan Khmelnytsky National University of Cherkasy, Ukraine [29]
• Nataliia Dereviahina, Dnipro University of Technology, Ukraine [30]
• Tetiana Derkach, Kyiv National University of Technologies and Design, Ukraine [31]
• Viktoriia Dmytrenko, National University ”Yuri Kondratyuk Poltava Polytechnic”, Ukraine

[32]
• Iryna Dubovkina, Institute of Engineering Thermophysics of NAS of Ukraine, Ukraine [33]

https://icsf.ccjournals.eu/2023/
https://www.youtube.com/channel/UCH3gego79m-ofCiNEgEzMuA
https://www.youtube.com/channel/UCH3gego79m-ofCiNEgEzMuA
http://leonabdillah.wordpress.com/
https://www.linkedin.com/in/khairulla-aben-3280a922/
https://orcid.org/0000-0002-5834-1233
https://sites.google.com/view/ajinrs
https://scholar.google.com.ua/citations?user=WlAhG18AAAAJ
https://portal.utem.edu.my/iuris/frm_e-cv.asp?search=2968$2583$29BA$27C9$2880$BE0$BC0$BA0$B80$B60$B40$B20$B00$AE0$AC0$AA0$A80$A60$A40$A20$A00$9E0$9C0$9A0$980$960$940$920$900$8E0$8C0$8A0$880$860$840$820$800$7E0$7C0$7A0$780$760$740$720$700$6E0$6C0$6A0$680$660$640$620$600$5E0$5C0$5A0$580$560$540$520$500$4E0$4C0$4A0$480$460$440$420$400$3E0$3C0$3A0$380$360$340$320$300$2E0$2C0$2A0$280$260$240$220$200$1E0$1C0$1A0$180$160$140$120$100$E0$C0$A0$80$60$40$20
https://ipme.kiev.ua/personalni-storinki/artemchuk/
http://international-relations-tourism.karazin.ua/Babenko
https://www.linkedin.com/in/jozef-bend%C3%ADk-a1a815148/
https://scholar.google.com/citations?user=w4SIQD0AAAAJ
https://www.nas.gov.ua/EN/PersonalSite/Pages/Contacts.aspx?PersonID=0000000973
https://www.researchgate.net/profile/Valery_Bliznyuk
https://kdpu.edu.ua/personal/ovbondarenko.html
https://scholar.google.com.ua/citations?user=WRRc9CUAAAAJ
http://www.guus.edu.mn/en/page/668
https://kdpu.edu.ua/personal/lvburman.html
https://www.researchgate.net/profile/Matej-Cenky
https://scholar.google.com/citations?user=FDYWQkUAAAAJ
https://orcid.org/0000-0002-9909-2165
https://www.researchgate.net/profile/Iryna-Davydova-2
https://mdg-magazine.bg/novini/%D0%B4%D0%B5%D0%B4%D0%B5%D0%BB%D1%8F%D0%BD%D0%BE%D0%B2%D0%B0-%D0%B8%D0%B7%D0%B1%D0%BE%D1%80/
https://scholar.google.com.ua/citations?user=SZBkC7AAAAAJ
https://www.nas.gov.ua/EN/PersonalSite/Pages/default.aspx?PersonID=0000030293
https://www.nas.gov.ua/EN/PersonalSite/Pages/default.aspx?PersonID=0000021387
https://scholar.google.com.ua/citations?user=VTkO-dEAAAAJ
https://gig.nmu.org.ua/en/kadry/derevyagina.php
https://en.knutd.edu.ua/university/faculties/flit/tlppmpn/
https://nupp.edu.ua/page/sklad-kafedri-naftogazovoi-inzhenerii-ta-tekhnologii.html
https://www.nas.gov.ua/EN/PersonalSite/Pages/Contacts.aspx?PersonID=0000003955
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• Alina Dychko, National Technical University of Ukraine ”Igor Sikorsky Kyiv Polytechnic
Institute”, Ukraine [34]

• Mykhailo Filatiev, Volodymyr Dahl East Ukrainian National University, Ukraine [35]
• Branko Gluščević , University of Belgrade, Serbia [36]
• Volodymyr Grinchenko, Anatolii Pidhornyi Institute of Mechanical Engineering Problems

of the NAS of Ukraine, Ukraine [37]
• Olena Hanchuk, Kryvyi Rih State Pedagogical University, Ukraine [38]
• Olena Herasymchuk, Zhytomyr Polytechnic State University, Ukraine [39]
• Serhii Honchar , G. E. Pukhov Institute for Modelling in Energy Engineering of NAS of

Ukraine, Ukraine [40]
• Teodora Vassileva Hristova, University of mining and geology “St. Ivan Rilski”, Bulgaria

[41]
• Pavlo Hryhoruk, Khmelnytskyi National University, Ukraine [42]
• Andrii Iatsyshyn, Institute of Environmental Geochemistry of the NAS of Ukraine, Ukraine

[43]
• Anna Iatsyshyn, State Scientific Organization “Ukrainian Institute of Scientific Technical

and Expertise and Information”, Ukraine [44]
• Nataliia Ivanenko, Institute of General Energy of the NAS of Ukraine, Ukraine [45]
• Mykola Kharytonov, Dnipro State Agrarian and Economic University, Ukraine [46]
• Serhii Klimov, National University of Water and Environmental Engineering, Ukraine [47]
• Oleksandr G. Kolgatin, Simon Kuznets Kharkiv National University of Economics, Ukraine

[48]
• Elena Komarova, Foxford [49]
• Valerii Korniyenko, National University of Water and Environmental Engineering, Ukraine

[50]
• Valeriia Kovach, State Institution “The Institute of Environmental Geochemistry of

National Academy of Sciences of Ukraine”, Ukraine [51]
• Liudmyla Kovalchuk, National Technical University of Ukraine “Igor Sikorsky Kyiv

Polytechnic Institute”, Ukraine [52]
• Oksana Kovtun, University of Educational Management [53]
• Vladislav Kuchanskiy, The Institute of Electrodynamics NASU, Ukraine [54]
• Anton Kudin, National Bank of Ukraine, Ukraine [55]
• Andrey Kupin, Kryvyi Rih National University, Ukraine [56]
• Olena Kuzminska, National University of Life and Environmental Sciences of Ukraine,

Ukraine [57]
• Khavalbolot Kyelgyenbai, Mongolian University of Science and Technology, Mongolia [58]
• Evgeniy Lavrov, Sumy State University, Ukraine [59]
• Maria Lazăr , University of Petrosani, Romania [60]
• Nadiia Lobanchykova, Zhytomyr Polytechnic State University, Ukraine [61]
• Oksana Lunova, State Ecological Academy of Post-Graduate Education and Management,

Ukraine [62]
• Nataliia Maksyshko, Zaporizhzhia National University, Ukraine [63]
• Svitlana Malchenko, Kryvyi Rih State Pedagogical University, Ukraine [64]

https://ecology.kpi.ua/?page_id=4084&lang=en
https://www.scopus.com/authid/detail.uri?authorId=57194193042
http://www.rgf.bg.ac.rs/profesor.php?id=483&lang=en
https://scholar.google.com.ua/citations?user=uHqyLQkAAAAJ
https://www.researchgate.net/profile/Olena-Hanchuk
https://ztu.edu.ua/teacher/86.html
https://www.researchgate.net/profile/Serhii_Honchar
https://mgu.bg/%D0%BA%D0%B0%D1%82%D0%B5%D0%B4%D1%80%D0%B8/%D0%B5%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%BE%D1%82%D0%B5%D1%85%D0%BD%D0%B8%D0%BA%D0%B0/
http://asme.khnu.km.ua/sklad-kafedry/grygoruk-p-m/
http://www.nas.gov.ua/EN/PersonalSite/Statuses/Pages/default.aspx?PersonID=0000015808
https://www.webofscience.com/wos/author/record/701444
https://www.linkedin.com/in/nataliia-ivanenko-787886187
http://ojs.dsau.dp.ua/index.php/agrology/Deputy-Editors
http://wiki.nuwm.edu.ua/index.php/%D0%9A%D0%BB%D1%96%D0%BC%D0%BE%D0%B2_%D0%A1%D0%B5%D1%80%D0%B3%D1%96%D0%B9_%D0%92%D0%B0%D1%81%D0%B8%D0%BB%D1%8C%D0%BE%D0%B2%D0%B8%D1%87
https://www.scopus.com/authid/detail.uri?authorId=7801323582
http://mybio.education/
https://scholar.google.com/citations?user=TTHY4tUAAAAJ
https://www.nas.gov.ua/EN/PersonalSite/Statuses/Pages/default.aspx?PersonID=0000005869
https://intellect.kpi.ua/profile/klv9
http://umo.edu.ua/institutes/imp/struktura-institutu/kaf-upravl-proekt/sklad/kovtun-oksana-anatolijivna
https://scholar.google.com.ua/citations?user=VUacaJYAAAAJ
http://irbis-nbuv.gov.ua/ASUA/0009071
http://www.knu.edu.ua/fakultety/fakul-tet-informaciynyh-tehnolohiy/struktura/kafedra-komp-yuternyh-system-ta-merezh/zaviduvach-kafedry
https://nubip.edu.ua/node/3983
http://www.mines.edu.mn/
https://itp.elit.sumdu.edu.ua/people/lavrov-yevheniy-anatoliyovych.html
https://www.upet.ro/profile/?n=Lazar&p=Maria
https://ztu.edu.ua/en/structure/faculties/fikt/index.php
http://dea.edu.ua/lunova_oksana_volodimirivna
https://www.znu.edu.ua/ukr/university/departments/economy/kafedri/ekkiber
https://kdpu.edu.ua/personal/slmalchenko.html
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• Juliya Malogulko, Vinnytsia National Technical University, Ukraine [65]
• Anatolii Matsui, Central Ukrainian National Technical University, Ukraine [66]
• Ahmed Salah Eddine Meddour , University of Science and Technology Houari Boumediene,

Algeria [67]
• Oleksii Merkulov, Iron and Steel Institute of Z.I. Nekrasov of NAS of Ukraine, Ukraine [68]
• Ivan Mytiai, National University of Life and Environmental Sciences of Ukraine, Ukraine

[69]
• Roland Iosif Moraru, University of Petrosani, Romania [70]
• Victor Mutambo, University of Zambia, Zambia [71]
• Oleksii Mykhailenko, Kryvyi Rih National University, Ukraine [72]
• Tetiana Nazarenko, Institute of Pedagogy of the National Academy of Educational Sciences

of Ukraine, Ukraine [73]
• Victor Nazimko, Institute for Physics of Mining Processes NAS Ukraine, Ukraine [74]
• Pavlo Nechypurenko, Kryvyi Rih State Pedagogical University, Ukraine [75]
• Roman Oliynykov, V.N. Karazin Kharkiv National University, Ukraine [76]
• Kateryna Osadcha, Bogdan Khmelnitsky Melitopol State Pedagogical University, Ukraine

[77]
• Viacheslav Osadchyi, Borys Grinchenko Kyiv University, Ukraine [78]
• Olena Pakhomova, Oles Honchar Dnipro National University, Ukraine [79]
• Marinela Ivanova Panayotova, University of Mining and Geology “St. Ivan Rilski”, Bulgaria

[80]
• Natalia Panteleeva, Kryvyi Rih State Pedagogical University, Ukraine [81]
• Andrii Peremetchyk, Kryvyi Rih National University, Ukraine [82]
• Mykhailo Petlovanyi, Dnipro University of Technology, Ukraine [83]
• Oleksandr Popov, Institute of Environmental Geochemistry of the NAS of Ukraine, Ukraine

[84]
• Vasyl Porokhnya, Classic Private University, Ukraine [85]
• Oleg Pursky, Kyiv National University of Trade and Economics, Ukraine [86]
• Olena Remezova, Institute of Geological Sciences of the National Academy of Sciences of

Ukraine [87]
• Ivan Sakhno, Donetsk National Technical University, Ukraine [88]
• Serhiy Sakhno, Kryvyi Rih National University, Ukraine [89]
• Myroslav Sanytsky, Lviv Polytechnic National University, Ukraine [90]
• Tetiana Selivanova, Kryvyi Rih State Pedagogical University, Ukraine [91]
• Serhiy Semerikov, Kryvyi Rih State Pedagogical University, Ukraine [92]
• Volodymyr Shamrai, Zhytomyr Polytechnic State University, Ukraine [93]
• Yevhenii Shapovalov, National Center ”Junior Academy of Science of Ukraine”, Ukraine [94]
• Vadym Shchokin, Kryvyi Rih National University, Ukraine [95]
• Vadym Shkarupylo, National University of Life and Environmental Sciences of Ukraine [96]
• Paweł Sikora, West Pomeranian University of Technology, Szczecin, Poland [97]
• Sergii Skurativskyi, Institute of Geophysics National Academy of Sciences of Ukraine,

Ukraine [98]
• Wiktoria Sobczyk, AGH University of Science & Technology, Poland [99]

http://malogulkoyv.vk.vntu.edu.ua/
https://orcid.org/0000-0001-5544-0175
https://www.researchgate.net/profile/Ahmed-Salah-Eddine-Meddour
https://www.nas.gov.ua/EN/PersonalSite/Pages/default.aspx?PersonID=0000008690
https://scholar.google.com.ua/citations?user=7OXpSYEAAAAJ
https://www.upet.ro/profile/?n=Moraru&p=Roland
https://www.unza.zm/people/school-of-mines/department-of-mining-engineering/dr-mutambo-victor
https://www.linkedin.com/in/oleksii-mykhailenko-b38184139
https://www.linkedin.com/in/%D1%82%D0%B0%D1%82%D1%8C%D1%8F%D0%BD%D0%B0-%D0%BD%D0%B0%D0%B7%D0%B0%D1%80%D0%B5%D0%BD%D0%BA%D0%BE-737710a6/
https://uk.wikipedia.org/wiki/%D0%9D%D0%B0%D0%B7%D0%B8%D0%BC%D0%BA%D0%BE_%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80_%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
https://kdpu.edu.ua/personal/pnpavlo.html
https://nure.ua/en/staff/roman-oliynykov
http://inf.mdpu.org.ua/2017/10/25/osadcha-katerina-petrivna/
https://partner.kubg.edu.ua/contacts/rectorate/directors-and-deans/184-viacheslav-osadchyi.html
https://www.researchgate.net/profile/Olena-Pakhomova
http://www.mgu.bg/new/EN/main.php?menu=2&submenu=8&kat=24
https://kdpu.edu.ua/personal/nbpantelieieva.html
http://www.knu.edu.ua/fakultety/hirnycho-metalurhiynyy-fakul-tet/struktura/kafedra-marksheyderii/sklad-kafedry
https://scholar.google.com.ua/citations?user=uA4X50cAAAAJ
http://www.nas.gov.ua/EN/PersonalSite/Pages/default.aspx?PersonID=0000010803
https://scholar.google.com/citations?user=VRwQe4EAAAAJ
https://knute.edu.ua/blog/read/?pid=12695&uk
https://www.researchgate.net/profile/Olena-Remezova-2
https://www.researchgate.net/profile/Ivan-Sakhno
https://scholar.google.com/citations?user=FvU6pJEAAAAJ
http://wiki.lp.edu.ua/wiki/%D0%A1%D0%B0%D0%BD%D0%B8%D1%86%D1%8C%D0%BA%D0%B8%D0%B9_%D0%9C%D0%B8%D1%80%D0%BE%D1%81%D0%BB%D0%B0%D0%B2_%D0%90%D0%BD%D0%B4%D1%80%D1%96%D0%B9%D0%BE%D0%B2%D0%B8%D1%87
https://kdpu.edu.ua/personal/vstania.html
https://kdpu.edu.ua/semerikov
https://scholar.google.com.ua/citations?user=haJwlL8AAAAJ
http://www.nas.gov.ua/UA/PersonalSite/Pages/default.aspx?PersonID=0000026333
https://uk.wikipedia.org/wiki/%D0%A9%D0%BE%D0%BA%D1%96%D0%BD_%D0%92%D0%B0%D0%B4%D0%B8%D0%BC_%D0%9F%D0%B5%D1%82%D1%80%D0%BE%D0%B2%D0%B8%D1%87
https://www.researchgate.net/profile/Vadym-Shkarupylo
http://psikora.zut.edu.pl/
https://www.nas.gov.ua/EN/PersonalSite/Pages/default.aspx?PersonID=0000018634
https://www.researchgate.net/profile/Wiktoria_Sobczyk
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• Viktor Sopov, Kharkiv National University of Civil Engineering and Architecture, Ukraine
[100]

• Valentyna Stanytsina, Institute of general energy of NAS of Ukraine, Ukraine [101]
• Viktoriia Stoliarenko, Kryvyi Rih State Pedagogical University, Ukraine [102]
• Andrii Striuk, Kryvyi Rih National University, Ukraine [103]
• Radomir Timchenko, Kryvyi Rih National University, Ukraine [104]
• Mihaela Toderaș, University of Petrosani, Romania [105]
• Krzysztof Marian Tomiczek, Silesian University of Technology, Poland [106]
• Vitalii Tron, Kryvyi Rih National University, Ukraine [107]
• Illia Tsyhanenko-Dziubenko, Zhytomyr Polytechnic State University, Ukraine [108]
• Tetiana Vakaliuk, Zhytomyr Polytechnic State University, Ukraine [109]
• Iryna Varfolomyeyeva, Kryvyi Rih State Pedagogical University, Ukraine [110]
• Kateryna Vlasenko, National University of Kyiv-Mohyla Academy, Ukraine [111]
• Yuriy Vynnykov, National University “Yuri Kondratyuk Poltava Polytechnic”, Ukraine [112]
• Petro Vyshnivskyi, National University of Life and Environmental Sciences of Ukraine,

Ukraine [113]
• Teodoziia Yatsyshyn, Ivano-Frankivsk National Technical University of Oil and Gas, Ukraine

[114]
• Yuliia Yechkalo, Kryvyi Rih National University, Ukraine [115]
• Stefan Zaichenko, National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic

Institute”, Ukraine [116]
• Nataliia Zachosova, The Bohdan Khmelnytsky National University of Cherkasy, Ukraine

[117]
• Ievgen Zaitsev, The Institute of Electrodynamics of the National Academy of Sciences of

Ukraine [118]
• Artur Zaporozhets, Institute of of General Energy of NAS of Ukraine, Ukraine [119]
• Olexander Zhukov, Bogdan Khmelnitsky Melitopol State Pedagogical University, Ukraine

[120]
• Oleksandr Zgurovets, Institute of General Energy of NAS of Ukraine, Ukraine [121]
• Iryna Zinovieva, Kyiv National Economic University named after Vadym Hetman, Ukraine

[122]
• Valerij Zvaritch, Institute of Electrodynamics of the National Academy of Sciences of

Ukraine, Ukraine [123]

3. ICSF 2023 organizers
The 4th edition of the International Conference on Cognitive and Natural Sciences (ICSF)
was meticulously coordinated by the Academy of Cognitive and Natural Sciences (ACNS), a
non-governmental organization dedicated to nurturing the growth of researchers’ expertise in
the cognitive and natural sciences arena. ACNS’s mission encompasses enhancing research,
safeguarding rights and liberties, and catering to professional, scientific, social, and various
other interests.

ACNS is engaged in a spectrum of activities, including:

• Spearheading research initiatives within the cognitive and natural sciences domain and
fostering collaborative ties among researchers [124,125].

https://fxmtbmv.ucoz.ru/index/sotrudniki_kafedry/0-4
https://www.researchgate.net/profile/Valentyna_Stanytsina
https://kdpu.edu.ua/personal/vhstoliarenko.html
http://mpz.knu.edu.ua/pro-kafedru/vikladachi/stryuk-a-m
https://scholar.google.com.ua/citations?user=uCvsTt4AAAAJ
https://www.upet.ro/profile/?n=Todera%C8%99&p=Mihaela
http://orcid.org/0000-0001-9227-310X
https://scholar.google.com/citations?user=J7XO73oAAAAJ
https://scholar.google.ru/citations?user=SweKJ5oAAAAJ&hl
https://sites.google.com/view/neota
https://scholar.google.com/citations?user=HbJf3FoAAAAJ
http://formathematics.com/tutors/kateryna-vlasenko/
https://www.scopus.com/authid/detail.uri?authorId=57195068365
https://scholar.google.com.ua/citations?user=BknQLk8AAAAJ
https://orcid.org/0000-0001-7723-2086
https://www.knu.edu.ua/en/faculties/faculty-of-information-technology/structure/department-of-higher-mathematics/staff-of-the-department
http://emoev.kpi.ua/en/zaichenko-sv/
https://www.facebook.com/profile.php?id=100012317741840
https://www.nas.gov.ua/EN/PersonalSite/Pages/Contacts.aspx?PersonID=0000004498
https://www.researchgate.net/profile/Artur_Zaporozhets
https://aspirant.mdpu.org.ua/%D0%B6%D1%83%D0%BA%D0%BE%D0%B2-%D0%BE%D0%BB%D0%B5%D0%BA%D1%81%D0%B0%D0%BD%D0%B4%D1%80-%D0%B2%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87/
https://www.nas.gov.ua/EN/PersonalSite/Pages/Contacts.aspx?PersonID=0000004639
https://fisit.kneu.edu.ua/ua/depts9/k_informacijnyh_system_v_ekonomici/Vikladachi21/Zinoveva.I.S/
https://orcid.org/0000-0002-1271-4954


ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 011001

IOP Publishing
doi:10.1088/1755-1315/1254/1/011001

9

• Orchestrating conferences, workshops, training sessions, internships, and other platforms
for the exchange and dissemination of knowledge in the realm of cognitive and natural
sciences [126,127].

• Publishing scientific journals, conference proceedings, collections of scholarly works, and
related materials (https://acnsci.org/cms/journals/).

Among ACNS’s prominent publications is the Diamond Open Access journal titled
Educational Technology Quarterly (ETQ) [128], a peer-reviewed journal delving into the ways
digital technology can enrich the field of education. Notably, ETQ covers a broad range of topics
aligned with the Sustainable Development Goals (SDGs), with the exception of Goal 4 – Quality
Education.

Here are select topics from Educational Technology Quarterly (ETQ) categorized by SDG
goals:

SDG 3 (Good Health and Well-being)
– Addressing continuing education during the pandemic and preparing children

for STEAM education, aligning with health and education goals [129].
– Examining the well-being of employees during remote work and the impact of

stress on their mental health [130].
– Exploring the use of cloud technologies in education during the COVID-19

pandemic, potentially enhancing education and well-being [131].
– Enhancing physical education teachers’ competency in health preservation,

contributing to improved well-being [132].
– Investigating the use of virtual reality in education to improve student health

and learning outcomes [133].
SDG 8 (Decent Work and Economic Growth)

– Aligning educational programs with real-life job requirements to ensure quality
education and employability [134].

– Enhancing education and career guidance through innovative digital solutions
[135].

SDG 9 (Industry, Innovation, and Infrastructure)
– Improving infrastructure and technological innovation in education [136].
– Enhancing education quality and integrating digital tools, aligning with

education and technological innovation goals [137].
– Elevating the quality of education and enhancing technology infrastructure for

software engineering education [138].
– Elevating the quality of physics education (STEM) through blended teaching

methods and technology integration [139].
– Developing academic cloud infrastructure and integrating innovative technology

platforms to improve education quality [140].
– Enriching the learning environment through digital transformation and

innovative technologies [141,142].
– Enhancing the quality of distance education through expert examination and

training programs for course developers [143].
– Leveraging innovative technologies like augmented reality to enhance language

education [144].
– Analyzing the impact of digital disruption on education and business continuity,

aligning with improving education quality and technological innovation [145].
– Utilizing online courses to enhance programming education and promote

innovation in education [146].

https://acnsci.org/cms/journals/
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– Creating an educational encyclopedia to disseminate verified knowledge,
promoting education quality and innovation [147].

– Enhancing education quality and innovation through virtual labs [148].
– Integrating STEM education and technology, aligning with educational quality

and innovation goals [149].
SDG 15 (Life on Land): Utilizing plant recognition systems to support environmental

awareness and conservation efforts [150].
SDG 16 (Peace, Justice, and Strong Institutions): Monitoring and countering negative

psychological influences, which might promote peace and well-being [151].

4. Proceedings structure
4.1. Advancements in materials science and engineering for sustainable development
This proceedings section delves into the realm of materials science and engineering, unveiling
a tapestry of innovative research endeavors aimed at fostering sustainable development. The
featured studies collectively showcase the intricate relationship between material composition,
quality, and their impact on various industrial processes and applications [152]. From
investigating the role of lime content in iron ore sintering [153] to the sustainable performance
of alkali-activated cement concrete with exceptional freeze-thaw resistance [154], the range of
topics traverses the spectrum of material behavior and application.

The section delves into the realm of alternative materials, exploring sustainable modified
pozzolanic supplementary cementitious materials harnessed from natural zeolite, fly ash, and
silica fume [155]. Furthermore, it presents a meticulous balance between theoretical and
practical aspects, with research on the stress-strain state of compressed concrete-filled steel
tube elements [156] and the influence of deformation degree on grain sizes in metal alloys during
cold rolling of sheets [157].

Innovation takes center stage with studies on robust methods for controlling casting processes
and casting quality [158], as well as the technology behind forming wear-resistant thermite
alloy layers through high-temperature synthesis [159]. The intersection of material science and
medical applications is also explored, as evidenced by the design and research of biologically
active polymeric hydrogel transdermal materials modified by humic acid [160].

Electromagnetic radiation protection finds a place in this collection, focusing on
ceramic-inorganic polymer composites that harmonize mechanical properties with efficient
electromagnetic shielding [161]. The section also touches upon the evolving energy landscape,
offering insights into enhancing the discovery and storage of natural gas deposits [162], including
improvements in drilling mud and terrestrial storage-shelter facilities [163].

In essence, this proceedings section encapsulates the pioneering strides made within materials
science and engineering, underscoring their pivotal role in realizing sustainable development goals
across a diverse range of sectors and applications. The studies presented here illuminate the
path toward a more resilient and resource-efficient future.

4.2. Ecological dynamics and biodiversity assessment in changing environments
This section of the proceedings unveils a diverse array of studies centered around the intricate
interplay between ecological dynamics and biodiversity assessment within evolving environments.
The talks featured here encapsulate the multifaceted nature of environmental changes and their
profound impact on various facets of ecosystems.

Exploring the ecomorphic aspect of soil macrofauna community transformation under
recreational impact [164], the section kicks off by delving into the intricate relationships between
human activities and the delicate balance of terrestrial ecosystems. Moving forward, biocenotic
influence takes the spotlight as researchers investigate the role of the great cormorant in shaping
the Azov-Black Sea region’s biodiversity [165].
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The section transcends traditional boundaries by addressing the accumulation of endocrine-
disrupting compounds in aquatic organisms, offering insights into the potential ecological and
hygienic implications of pollutant accumulation in Procambarus Virginalis tissue from the
Dnipro River [166]. Biodiversity assessment within the Danube region emerges as a pivotal tool
for the development of protected areas [167], showcasing the critical role of scientific research in
conservation planning.

Evaluating the impact of environmental stressors, researchers explore seeds’ similarity
between cultural and natural flora in southern Ukraine under chloride load [168]. Furthermore,
the section highlights the importance of information provision for monitoring sustainable
development [169], emphasizing the synergy between ecological research and effective
management strategies.

Intricacies of marine ecosystems come to the fore as a system of environmentally important
decision-making is delineated for the sustainable use of marine estuaries in the face of
anthropogenic and climatic changes [170]. Chromosomal studies in Pelophylax ridibundus
across different populations unveil insights into the genetic makeup of amphibian populations
in southern Ukraine [171].

Expanding the horizon, researchers probe the impact of mini-hydropower on water chemistry
and phytoplankton in Ukrainian reservoirs [172], offering a glimpse into the intersection of
renewable energy and ecosystem dynamics. The section culminates in an analytical examination
of wind farm impact on bats, using activity indices and species diversity to decipher the intricate
relationship between wind energy and bat populations [173].

Through temporal dynamics of steppe plant communities [174] and differential ecomorphic
analysis of urban park vegetation [175], this proceedings section encapsulates the nuanced
exploration of ecological shifts and biodiversity assessments in a dynamically changing world.
The contributions within this section collectively illuminate the multidimensional nature of
environmental challenges and the intricate pathways towards sustainable solutions.

4.3. Innovations in energy systems and sustainable technologies
This section of the proceedings brings together a diverse array of presentations that collectively
epitomize the cutting-edge innovations and research breakthroughs in energy systems and
sustainable technologies. The talks featured in this section traverse the intricate landscapes
of energy generation, consumption, storage, and efficiency, shedding light on the profound
advancements shaping the future of the energy sector.

The journey commences with explorations into the application of on-board energy storage
in electric locomotives for quarry railway transport [176], unveiling novel strategies to enhance
energy efficiency in industrial transportation. Shifting focus to economic potential, researchers
delve into the realm of anaerobic fermentation and green ammonia production [177], envisioning
a pathway to leverage sustainable energy sources for the European energy market.

Monitoring and diagnostic systems for hydro units, coupled with smart grid technology,
occupy the spotlight as researchers navigate the complexities of maintaining optimal technical
conditions [178]. Electricity consumption simulation using advanced modeling techniques
illuminates the intricate patterns that govern energy demand [179].

Addressing environmental challenges, atmospheric dispersion modeling under high
uncertainty conditions provides critical insights into managing potential hazards [180]. Short-
term electricity imbalance forecasting utilizing artificial neural networks underscores the synergy
between cutting-edge computational methods and energy grid stability [181].

The proceedings then delve into a SWOT analysis of electric transport [182], unveiling
opportunities for vehicle-to-grid (V2G) integration and its potential impact on power system
sustainability. The crucial intersection of education and sustainability takes center stage as
researchers delve into the role of high-quality education in fostering resilience in the face of
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energy challenges [183].
In the context of renewable energy development, investigations into the capabilities of

Ukrainian higher educational establishments to meet personnel demands underscore the
importance of knowledge dissemination [184]. The section progresses with research focused on
components for heat storage materials, embracing energy storage as a cornerstone of sustainable
systems [185].

From computational challenges [186–193] to real-world implementation [194–197], this
proceedings section encapsulates the evolving landscape of energy systems and sustainable
technologies. The presentations within this section collectively illuminate the innovative spirit
driving the transition toward cleaner, more efficient, and resilient energy solutions [198].

4.4. Advancements in mining and minerals engineering
This section of the proceedings provides an insightful journey through the domain of mining
and minerals engineering, where an array of research endeavors converges to advance innovation,
efficiency, and sustainability within the industry. The talks featured herein encompass a diverse
spectrum of subjects, ranging from pioneering technologies for mining operations to strategies
optimizing resource utilization and elevating worker safety.

• Exploring mining operations. The section commences with an exploration of advanced
control strategies applied to multi-pump systems in underground mines. This research
showcases the integration of fuzzy inference systems for controlling power consumption
[199]. A subsequent dive into the dynamic interplay between solid particles and hydraulic
classifiers enriches our comprehension of material flow behavior [200].

• Innovations in mining technology. Advancements in mining technology take center stage,
introducing innovative approaches to equipment combinations within longwall mining.
These adaptations exemplify the industry’s resourceful response to geological challenges
[201]. Concurrently, the utilization of vibratory jaw crushers with inclined crushing
chambers symbolizes the pursuit of processing efficiency for brittle materials [202].

• Balancing economics and sustainability. The conference also delves into economic
dimensions, investigating the intricate nexus between open pit productivity and wider
economic indicators of mining development [203, 204]. Furthermore, a meticulous study of
hydroerosion process parameters provides pivotal insights for sustainable mining practices
[205].

• Resource optimization and development. Optimization emerges as a central theme, from
determining drilling parameters to enhance resource extraction efficiency [206]. Meanwhile,
the proceedings encompass sustainable development initiatives, such as cluster creation and
risk management strategies that enhance worker safety [207].

• Maximizing efficiency in mining processes. In-depth insights into the operation of percussion
downhole drilling machines reflect the industry’s commitment to process optimization [208],
yielding pathways to enhanced productivity. Investigating the component composition of
processed forming mixtures underscores the need for resource reuse through mineralogical
analysis and reuse recommendations [209].

• Strategic approaches to sustainability. Sustainability takes a prominent role through
discussions on sustainable development approaches via mining cluster creation [210],
highlighting collaborative clusters as drivers of regional growth while adhering to
sustainability principles. A study centered on clusterization of dissipative structures
enhances our understanding of complex systems’ behavior [211].

• Predictive models for safer mining. Numerical simulation of surface subsidence during
coal seam excavation advances predictive modeling [212], enhancing safety in underground
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mining operations [213]. The symposium’s focus also extends to the dynamic interplay
between thin-walled reinforced concrete shells and foundation soil, emphasizing structural
integrity and longevity [214].

• Resource management and analysis. The proceedings spotlight technological solutions
for efficient resource management through investigations into automatic control devices
for oil quantity and quality in reservoirs [215, 216]. Integrated research into stress-strain
state anomalies offers insights into subsurface behavior, guiding strategies for safer and
sustainable mining practices [217].

• Understanding raw materials. The multifaceted nature of resource extraction is explored
through inquiries into the influence of natural mineral impurities and moisture on hazardous
coal seam properties [218]. Understanding raw material characteristics emerges as a
cornerstone for safe and sustainable mining practices.

• Efficiency in ore extraction. Enhancements in caved ore drawing techniques from ore
deposit footwalls exemplify the industry’s commitment to economic and environmental
advancement [219], contributing to more efficient ore extraction.

• Precision in mining operations. Identification of resistance torque in drill rod rotation
underscores precision and safety in mining operations, emphasizing the importance of
machinery dynamics [220].

• Strategic resource management. Geometrization of Kryvbas iron ore deposits leverages
technology and geological analysis to inform resource management [221], illuminating the
spatial dimensions of mineral deposits.

• Enhancing mineral processing. Refining beneficiation techniques takes center stage through
parameters evaluation in the process of solid-phase pulp sedimentation [222], contributing
to resource efficiency and waste reduction in mineral processing.

• Analytical advancements. Recognition of mineralogical and technological varieties through
ultrasound backscatter spectrograms signifies progress in analytical methods, aligning with
the industry’s pursuit of precise and sustainable resource characterization [223].

• Predictive models for safer operations. The section culminates with a spotlight on resource
utilization, as researchers present innovative approaches for repurposing mining waste and
acid mine drainage into valuable nanoparticles [224]. Additionally, the symposium delves
into the influence of mineral content and moisture on coal seam behavior, unveiling the
intricate facets that underlie hazardous properties [225].

In essence, this proceedings section underscores the pivotal role of engineering and scientific
advancements in shaping the future of mining and minerals engineering. Collectively, the
presentations reflect the industry’s unwavering pursuit of technological progress and sustainable
practices, resulting in a comprehensive exploration of mining’s evolving landscape.

4.5. Innovations in architecture, urban planning, and sustainability
Within the bounds of this proceedings section, a tapestry of innovative concepts and solutions
in architecture, urban planning, and sustainability unfurls. The diverse array of talks curated
in this section showcases the dynamic evolution of design and planning practices, rooted in both
tradition and cutting-edge technology.

The exploration begins with a study on the determination of bearing capacity in biaxially
bended beams, an endeavor central to structural design [226]. Bridging the gap between the
built environment and nature, a biotechnical approach to enhance indoor and outdoor air quality
captures the essence of sustainability in architecture [227].
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The integration of information systems takes center stage as a multi-stage analysis of
object models on construction sites is presented [228]. This discourse transcends conventional
boundaries, reflecting the synergistic blend of technology and construction practices.

Groundwater treatment using polystyrene foam filters exemplifies the innovative application
of materials in environmental engineering [229]. This approach showcases the ingenious ways in
which modern materials can contribute to ecological solutions.

History and culture intertwine as traditional settlements are explored for lessons in
preservation. Comparative studies of Shirakawa village in Japan and Kryvorivnia village in
Ukraine delve into strategies for preserving heritage while maintaining functionality [230].

In post-conflict landscapes [231], the principles of urban restoration are examined, offering
insights into the intricate balance of reconstructing urban spaces that are both functional and
reflective of the community’s needs [232].

The section concludes with an insightful overview of transformational processes in sustainable
urban development, specifically in the context of Ukraine [233]. Perspectives on cultural
tourism’s development in the Carpathian region lend depth to the discourse [234], reflecting
the intersection of cultural heritage and economic growth.

As a blend of innovative thinking, traditional wisdom, and contemporary technological
advancements, this section encapsulates the essence of architecture, urban planning, and
sustainability. The talks therein serve as a testament to the multifaceted nature of these
disciplines and their profound impact on shaping the present and future of our built environment.

4.6. Advances in hydrology, water management, and environmental engineering
This section of the proceedings unearths a diverse range of talks, each a vital piece in the
mosaic of hydrology, water management, and environmental engineering [235]. The common
thread woven through these discussions is a shared commitment to preserving, managing, and
optimizing one of our planet’s most precious resources – water.

The journey commences with the exploration of the hydrological regime of the Uzh River
under the complex interplay of backwater conditions [236]. In striving to mitigate risks in urban
environments, this study probes the intricate dynamics of river systems and their interaction
with urban landscapes.

Advancements in technology are showcased in the realm of water regulation and drainage.
The evolution of modular systems within the humid zone’s landscapes underscores the innovative
potential to manage and control water flow in dynamic environments [237].

The quantitative assessment of water quality in the “Vidsichne” reservoir serves as a
cornerstone of environmental stewardship. By delving into the intricate chemistry and biology
of water bodies, this research [238] lays the foundation for informed decision-making in water
resource management.

In the context of the digital age, a forward-looking perspective emerges. The role of Ukraine
in the global trends of sustainable development is critically analyzed within the framework of the
digital economy [239], reflecting the intricate interplay between technology and sustainability.

The biological treatment of wastewater is dissected as the phenomenon of bulking in
activated sludge systems is scrutinized. Through this lens, the symbiotic relationship
between microbiology and environmental engineering comes to light [240], with implications
for sustainable wastewater treatment.

The section delves into the hydrogeological and ameliorative state of the Kilchen irrigation
system territory, a testament to the multidisciplinary nature of environmental engineering. This
study [241] echoes the broader imperative of harmonizing human activities with the natural
environment.

From biomass to gases, sustainable processing takes center stage as the extraction of
pollutants from flue gases through mechanical activation is investigated [242]. This speaks
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to the confluence of chemical engineering, environmental science, and sustainability goals.
Rounding out the section is a methodological exploration, a blueprint for determining the

availability of natural moistening for land reclamation needs. This research [243] underscores
the intricate nexus of climate, hydrology, and land management.

In essence, this section reflects the interdisciplinary nature of hydrology, water management,
and environmental engineering. It underscores the relentless pursuit of sustainable solutions in
an ever-changing world, where the preservation of water resources and the environment stand
as pivotal endeavors.

4.7. Ecology, renewable energy, and resource management
Within the tapestry of these proceedings lies a section dedicated to exploring the delicate balance
between ecology, renewable energy, and resource management. The talks within this segment
delve into the intricate dance between humanity and its environment, seeking sustainable
harmony.

The Southern Bug River mouth ecosystem is unveiled in all its complexity, offering a snapshot
of its current state [244]. Through meticulous study, the intricate web of interactions that
sustains this ecosystem comes into focus, revealing insights into the challenges and opportunities
for conservation and restoration.

Shifting gears, the energy dynamics of solar panels and inverters intertwine with the broader
electric network. This study [245] scrutinizes the marriage of renewable energy and grid
infrastructure, offering glimpses into the optimization and challenges of harnessing sunlight
to power our lives.

In the world of fisheries, probiotic microorganisms find a place in the production technology
of European grayling fish stock [246]. The intersection of biology and aquaculture is explored,
illustrating how microorganisms can contribute to the well-being of aquatic ecosystems and
sustainable fish farming.

Heap leaching emerges as a technique for extracting gold from oxidized ore, with the Belsu
deposit as its backdrop [247]. This method, rooted in chemical engineering, showcases how
modern technologies can unlock the value of mineral resources while minimizing environmental
impact.

A focus on spatial development drives a quest to enhance indicators that illuminate the
transformation of territories. Through thoughtful analysis, this research [248] offers insights
into urban planning, land use, and the intricate relationships that shape the built environment.

In the heart of the Ukrainian Carpathians, the potential of biomass from forest residues
takes center stage [249]. This exploration of regional green economy emphasizes the symbiotic
relationship between sustainable forestry practices, economic growth, and environmental
stewardship.

The section also delves into cadastral and landscape modeling of lakes, casting light on the role
of proper resource management in sustaining natural beauty and recreational opportunities [250].
This approach demonstrates the synergy between ecological conservation and human enjoyment.

Lastly, the interplay between social and environmental features becomes apparent through
an examination of minerals resources classification systems [251]. Intrinsic connections are
forged between societal needs, resource extraction, and environmental protection, reflecting the
complexity of resource management.

This section encapsulates the intricate tapestry of humanity’s relationship with its
surroundings. It shines a light on the sustainable pathways forward, where ecology, renewable
energy, and resource management converge to shape a harmonious future.
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4.8. Environmental science and sustainability
The section consists of 21 talks that address various environmental issues and solutions in the
context of war and energy. The talks are grouped into four sub-sections: radiation pollution,
energy production, environmental risk assessment, and ecological diversity.

The first sub-section focuses on radiation pollution caused by war and nuclear power plants.
The talks in this sub-section present mathematical tools for restoring the surface distribution
of radiation pollution based on remote measurement data [252, 253], a conceptual scheme for
creating environmentally friendly Gd-containing neutron-absorbing nanocomposites [254], a
factor-criterion model for selecting the optimal option for transforming the “Shelter” object into
an environmentally safe system [255], and the formation of the carbonate system of circulating
cooling water of the Rivne NPP and its influence on the surface waters pH levels of the Styr
River [256]. These talks provide novel approaches and techniques for reducing the radiation
exposure and contamination of humans and the environment.

The second sub-section focuses on energy production from various sources, such as nuclear,
biogas, and nanocomposites. The talks in this sub-section present a neural network model of
investment process of biogas production [257], perspectives of nuclear energy development in
Ukraine on the global trends basis [258], and development of recommendations for improving
the radiation monitoring system of Ukraine. These talks explore the feasibility, benefits, and
challenges of different energy options for meeting the growing energy demand and reducing
greenhouse gas emissions.

The third sub-section focuses on environmental risk assessment of water bodies [259, 260],
soil [261], air [262], and natural ecosystems in the conditions of mineral deposits development,
warfare [263], transportation of dangerous substances [264], and fuel and energy complex [265].
The talks in this sub-section present methods and tools for assessing environmental risk using
mathematical models, innovative technologies [266], scientific and methodological approaches,
decision-making support tools, environmental biomonitoring, satellite imagery [267], etc. These
talks aim to identify, quantify, and manage the environmental hazards and impacts of various
human activities.

The fourth sub-section focuses on ecological diversity of different organisms in response
to environmental stressors, such as electromagnetic pollution, pesticides, urbanization, etc.
The talks in this sub-section present studies on the impact of electromagnetic pollution on
the phytocenotic diversity of the transcordon region [268], the coherence of the formation of
containing and ore containing Precambrian formations Orikhovo-Pavlograd suture zone of the
Ukrainian shield [269], ecological adaptations among spruce species along an environmental
gradient in urban areas [270], impact of pesticides on the respiration of Planorbarius
(superspecies) corneus s. l. allospecies from the Ukrainian river network [271], environmental
safety of soil genetic horizons in the impact zone of Lviv city landfill [272], etc. These talks
reveal the effects of environmental stressors on the structure, function, and evolution of different
biological systems.

The section offers a comprehensive overview of the current state-of-the-art research on
environmental challenges and solutions in the context of war and energy. The section also
highlights the gaps and directions for future research in this field. The section is relevant and
timely for researchers, practitioners, policy makers, and general public who are interested in or
concerned about the environmental issues facing Ukraine and other regions.

4.9. Economic and business sustainability
Encompassing a diverse array of talks, this section delves into the intricate interplay between
economic practices, business strategies, and sustainable development [273], illuminating
pathways toward a sustainable future.

The transformation of Ukraine’s national financial system emerges as a pivotal discussion.
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Through the lens of sustainability, this exploration [274] unravel novel strategies for integration,
aligning economic structures with the principles of environmental and social equilibrium.

The concept of social responsibility takes center stage as its integration within business
practices is examined. This inquiry [275] underscores the evolving role of corporations in
driving sustainable development, reflecting a growing recognition of the interdependence between
business success and societal well-being.

The section delves into the realm of forestry enterprises, dissecting their potential
management for sustainable outcomes. By scrutinizing the efficiency of forestry practices, this
study [276] offer insights into the conservation of vital natural resources.

The grain industry’s investment and operational costs are harmonized through the lens
of sustainable development theory. This paper [277] illuminate the complex dance between
economic profitability and environmental stewardship within the agricultural domain.

A model-driven exploration into socio-economic systems’ sustainable development processes
enriches the section. By employing analytical tools, this study [278] unravel the intricate
dynamics underpinning societal progress and resilience.

The creation of a favorable environment for organic production emerges as a critical
precursor to agricultural sustainability. The study [279] within this section underline how policy
instruments can shape agricultural practices to align with ecological and social well-being.

The multi-dimensional nature of Ukraine’s sustainable development is meticulously dissected
through a structural econometric lens. This study [280] paint a comprehensive picture of the
nation’s progress, considering its social, economic, and environmental facets.

Addressing the evolving landscape of investment, the assessment of ESG (Environmental,
Social, and Governance) competitiveness takes center stage. The study [281] illuminate how
enterprises can navigate the shifting expectations of new-generation investors, aligning financial
success with sustainable principles.

The post-COVID-19 economic recovery process comes under scrutiny through the lens of
Sustainable Development Goals (SDGs). This reseatch [282] navigate the dual challenge of
economic rejuvenation while upholding the principles of sustainability.

The section concludes with a focus on the Black Sea Region’s role in the global grain trade and
the challenges that underpin its development [283]. The economic implications of regional trade
dynamics offer insights into the complex balance between trade, sustainability, and economic
growth.

As a collective, this section unveils a mosaic of economic and business strategies, each thread
intricately woven into the fabric of sustainable development. These studies underscore that
economic prosperity can indeed coexist harmoniously with environmental and social well-being.

4.10. Geospatial and technological applications for sustainability
This section delves into the realm of geospatial technology and innovative applications that hold
the key to sustainable development in diverse domains. These talks navigate the convergence of
technology and sustainability, offering insights into the transformative potential of cutting-edge
solutions.

The development of a predictive and search system for amber stands as a testament to
the fusion of technology with resource management. By harnessing advanced algorithms, this
study [284] seek to optimize the exploration of precious resources while aligning with sustainable
practices.

Exploring land use policy implementation at the local level, this section demystifies the
conceptual and terminological intricacies. By elucidating the policy landscape, this study [285]
contribute to the formulation of strategies that foster sustainable land management practices.

Mining tourism emerges as a catalyst for sustainable development, especially in industrial
regions like Kryvyi Rih. This study [286] showcase how the fusion of heritage, industry,
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and responsible tourism can pave the way for socio-economic progress while preserving local
identities.

The integration of remote sensing in assessing military destruction and its aftermath in
Ukraine opens new frontiers for data-driven analysis. The study [287] employ technology to
unravel the consequences of conflict, spotlighting the interplay between security, resilience, and
recovery.

Switching gears, the section delves into the characteristics of BlaBlaCar, a ridesharing giant
that exemplifies a sustainable transport solution. This study [288] unravel the potential of the
sharing economy to reshape urban mobility and mitigate environmental impacts.

Addressing the rational use of mineral resources and mining waste, this section highlights
the symbiotic relationship between industry and environmental sustainability. The study [289]
delve into innovative practices that minimize waste while optimizing resource utilization.

Technological innovation takes center stage with investigations into an energy-efficient screw
oil press. By reimagining traditional processes, the study [290] underscore how technology can
drive efficiency gains with far-reaching ecological implications.

The integration of GIS technologies for geodetic monitoring resonates with this section’s
overarching theme [291]. This study [292] unveil how geospatial tools offer real-time insights,
shaping effective decision-making processes across diverse domains.

Geographical foundations of the sustainable development concept are examined from a
paradigmatic level. This study [293] contextualize sustainable development within the fabric
of geographic principles, unearthing the interconnectedness of space, environment, and human
progress.

Optimized fuel values are scrutinized as a strategy for emission reduction. This study [294]
explore the potential of fuel optimization to mitigate environmental impacts, showcasing how
technology can revolutionize conventional energy practices.

Engineering analysis of transverse loading dynamics in rail transportation underlines the
integration of technology into logistical processes. These studies [295,296] uncover insights into
load-bearing dynamics, with implications for efficient and sustainable transportation.

Energy potential within high-altitude mining transport systems receives attention in this
section. These explorations [297] unveil the latent energy resources within mining operations,
offering novel strategies for sustainability in challenging environments.

The section culminates in a deep dive into pathophysiological mechanisms, unraveling how
technology intersects with health science. These inquiries probe the physiological adaptation of
gastric cardia mucosa underlining how scientific understanding can inform sustainable healthcare
practices [298].

5. Conclusion
The vision driving ICSF 2023 is to establish a paramount interdisciplinary platform, uniting
researchers, practitioners, and educators, to showcase and deliberate upon the latest innovations,
emerging trends, concerns, practical challenges, and adopted solutions in the realm of
sustainability.

We extend our sincere gratitude to the authors who submitted their papers and to the
delegates for their enthusiastic participation and interest in ICSF as a conduit for sharing ideas
and innovation. Our heartfelt appreciation also extends to the program committee members,
whose unwavering guidance, dedication, and the invaluable contributions of peer reviewers have
elevated the quality of the papers. The constructive critiques, improvements, and corrections
they provided have significantly enriched the success of this conference. We also recognize the
pivotal role of Morressier’s developers, whose robust conference management system facilitated
every stage of the process, from soliciting papers to coordinating peer reviews and crafting the
conference proceedings volume.
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A special acknowledgment goes to the session chairs, whose steadfast commitment to shaping
the conference and its program has been exceptional. Their role has greatly contributed to the
cohesive and productive flow of the conference sessions.

Furthermore, we express our gratitude to IOP Publishing for their generosity in waiving the
APC payments for corresponding authors based in Ukraine. This initiative enables authors
to publish open access without charge in the prestigious IOP Conference Series: Earth
and Environmental Science journal (https://iopscience.iop.org/journal/1755-1315).
Additionally, the submission extensions offered by IOP Publishing are a testament to their
understanding of researchers’ challenges and constraints, underscoring their dedication to
fostering a supportive academic environment.

As we move forward, we anticipate exceptional presentations and insightful discussions that
will expand our professional horizons. We hope that all participants find immense value
in this conference and eagerly anticipate the prospect of reconnecting in a more convivial,
light-hearted, and harmonious setting at ICSF 2024. The next installment in the series, the
5th International Conference on Sustainable Futures: Environmental, Technological, Social,
and Economic Matters, is set to take place in May 2024 in Kryvyi Rih, Ukraine (https:
//icsf.ccjournals.eu/2024/).

Thank you all for being an integral part of ICSF 2023, and here’s to a brighter, more
sustainable future that we collectively strive to build.
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Investigation of the influence of lime content in the
charge and its quality on the sintering process of
iron ore raw materials

S G Saveliev and M M Kondratenko
Kryvyi Rih National University, 11 Vitalii Matusevych Str., Kryvyi Rih, 50027, Ukraine

E-mail: saveliev_sg@knu.edu.ua

Abstract. Main objectives of the work was to study the influence of degree of roasting of
lime contained in the charge on the sintering process and sinter quality, as well as comparing
the impact of changes in the mass fraction of active CaO in the charge by varying degrees of
burning lime, and by varying the content of lime in the charge. It is shown that the intensifying
effect of lime on the sintering process occurs as a result of a decrease in the content of small
classes in the charge. When the lime content in the charge is equal to 3 %, an increase in the
degree of lime firing from 5 to 96 % led to an increase in the specific productivity of the plant
from 0.96 to 1.87 t/(m2 · hour). The independence of sintering parameters from the content of
active CaO in lime with its constant content in the sinter charge and the decisive role of the
content of active CaO in the sinter charge with its constant content in lime are confirmed. A
new approach to the production of lime for agglomeration processes is proposed: it should have
the lowest cost of the active CaO contained in it.

1. Introduction
One of the conditions of the sustainable future is the quality improvement and the increase in
production of ferrous metals, the vast majority of which are molten by two-stage scheme “cast
iron – steel”. Therewith in the worldwide iron making industry, sinter constitutes the major
component in the metallic burden of most of the blast furnaces as it has numerous properties
which lead to reduced coke rate, increased productivity, better heat transfer and permeability,
elimination of raw flux, narrowing of softening and melting zones and better quality of hot metal.
The sintering process is greatly influenced by the physico-chemical properties of raw materials
used, whose characteristics change from time to time [1].

Lime is an important component of sintering charge. It provides the intensification of sintering
and improves the quality of sinter. Therefore, the issue of the efficiency increasing of lime usage
in the sintering production demands constant attention from workers and researchers. Thus, in
Bhilai Steel Plant, Steel Authority of India Limited, a pilot sintering unit has been established
in order to conduct experiments for subsequent application in industrial sinter manufacturing.
Studies were taken up to assess the effect of quicklime addition in sinter-mix on sintering process
of iron ore fines [1]. The results found have been encouraging with significant increase in
productivity.

Efficiency of lime’s utilization in iron ore materials’ sintering depends on number of factors,
the most important of which are the composition of sinter charge, the quality and quantity of used
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lime. A direct relationship is usually observed between the productivity of sintering machines
and the consumption of lime, however, at high consumption of lime, a decrease in the strength
of the agglomerate and an increase in the amount of fines in it are noted. In fact, to ensure
high productivity of sintering machines and sinter quality, the optimal lime consumption should
be determined individually, depending on the component composition of the sinter charge, the
properties of charge materials and the features of the processing line for preparing the charge,
starting from the averaging warehouse.

The decisive factor that determines the optimal consumption of lime introduced into the
sinter batch is the mass fraction of the assimilated charge of lime, that is, slaked and passed
the stage of dispersion. The influence of this factor is primarily associated with the technology
of moistening the charge and with the design and technological parameters of the used mixing
equipment [2].

At the same time, the mass fraction of the lime assimilated by the charge depends on the
content of active components in the lime – calcium and magnesium oxides, that is, on the quality
of the lime. The required quality of metallurgical sinter is provided by the valid choice of the
raw material with optimal chemical and granulometric composition and specific selection of
tackle [3]. When choosing a kiln and assigning thermal modes, it is necessary to be guided by
the results of control calcinations of lime and analyzes of the batching capacity of lime.

The core indicator of a lime’s quality is the content of active CaO, which determines the degree
of lime burning. It is acknowledged [4], that lime, which is used in sintering for the intensification
of sintering thin iron ore concentrates, must contain not less than 80 % of CaO + MgO, and
the size of seeds must be 3 – 0 mm.

With the aim of achieving required lime size in the conditions of sintering production OJSC
“Ural Steel” it has been suggested [5] to upgrade the lime preparation section via closed cycle
actualization of lime grinding with an installation of a hammer mill and screening machine (to
separate lime into fractions –3 and +3 mm).

The CaO content in lime is sometimes [6] called a purity degree of lime, which was received
after the limestone burning. This marker depends not only on the degree of dissociation of
Calcium Carbonate but also on the degree of purification of initial limestone.

2. Literature review
The laboratory sinter burnings in Raw Materials Research Center OJSC “Severstal” with the
use of lime showed [7] that the dependence of charge pelletization degree on the content of lime
in it is extreme. The dependence of the charge sintering rate on the lime content in it also has an
extreme nature. The greatest rate of sinter charge which is equal to 16.65 mm/min is obtained
by the lime consumption of 28 kg/ton.

In the laboratory and manufacturing conditions the optimal consumption of lime into PJSC
“Novolipetsk Metallurgical Plant” (NLMP) sinter charge was determined with consideration of
the process of lime hydration and the difference between the amount of water and supreme
molecular moisture capacity [2]. It was determined that the exceedance of optimal liming level
deteriorates a sinter quality.

The research of the lime mass fraction in JSC “ArcelorMittal Temirtau” sinter charge impact
on the process of its pelletization research showed [8] that increasing lime content in charge from
1 to 5 % a percentage of thin fraction in charge 1.6–0 mm which influences negatively on the
sintering speed decreases from 18 to 5 %.

Theoretical and technological incentives to use lime in the sinter charge were examined in
detail in monographies [9, 10]. The presented results of the impact of lime’s quantity in charge
correspond to the above-mentioned data.

A significant lime’s qualitative characteristic is its reactivity, in other words – rate of hydration
that depends on the lime’s method of firing and the content of the environment’s gaseous state
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composition. The work [11] demonstrates that industrial furnace calcining largelimestone pellets
leads to low reactivity quicklimes both because the calcination temperatureis too high and the
CO2 pressure is too elevated.

To improve a firing thermal behavior on a conveyor it has been suggested [12,13] to use definite
proportions of classified lime fractions and solid fuel. In the conditions of PJSC “Metallurgical
Plant “Zaporizhstal” the use of improved technology will improve the technical and economic
performance of the limestone burning process.

To evaluate the hydration characteristics of the lime, the Constant-temperature Calorimetric
Method (CCM) has been used to test four types of lime from the sintering plant, and the
granulation and sintering pot test was conducted to validate the results of CCM [14]. It showed
that the CCM can precisely test the hydration heat and hydration speed of the lime and avoid
the shortage of the tradition ways, and the hydration speed of lime is positively related to
granulating effect and sintering productivity. The hydration properties of the four types of lime
were remarkably different, the whole hydration heat is positively related with the CaO content
of the lime, but the hydration speed is more influenced by the impurities and the microstructure
of the lime. In this case, the increasing of the SiO2 and MgO content can reduce the hydration
speed of the lime, and the Al2O3 has two way effects. The lime with fine crystal grain size has
a large hydration speed.

As can be seen from the above the analysis demonstrates that the lime’s impact on a sintering
process depends on the charge conditions and the quality of lime, but the reciprocal proportion’s
impact of this factors have not been examined yet.

3. Problem formulation
Based on the above, in this work were set following tasks:

• to study the impact of the lime burning degree on a sintering process and sinter quality;
• to compare the impact of CaO in charge based on the lime burning degree change and lime

content change in charge.

4. Methods
The impact of the lime burning degree on a sintering process and a sinter quality from
ArcelorMittal Kryvyi Rih sinterplant’s charge was examined in laboratory settings.

The chemical composition of charge components is listed in table 1.

Table 1. The composition of charge materials.

Chemical composition, %

Material Fetotal FeO SiO2 CaO CaOact MgO MnO C
Loss on
ignition

Concentrate 65.1 23.5 7.7 0.4 — 0.49 0.20 — 0.94
Agloore 53.3 0.8 11.35 0.46 — 0.37 0.12 — 3.35
Limestone 1.45 0.45 1.7 51.13 — 2.82 No data — 43.17
Lime I No data No data 1.96 59.0 23.6 3.26 No data — 27.8
Lime II No data No data 2.05 61.8 30.9 3.41 No data — 24.8
Lime III No data No data 2.34 70.04 52.8 3.88 No data — 13.8
Fuel 2.6 0.04 6.89 0.79 — 0.26 0.10 81.36 No data
Manganese ore 4.4 0.15 19.65 6.64 — 1.81 15.9 — 18.69
Return 50.4 9.6 10.5 8.4 — 1.0 1.33 1.64 No data
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The quicklime with the grain-size 3-0 mm, which was obtained from limestone burning in
an experimental-industrial cyclone furnace was used. The different lime burning degree was
obtained by the mode change of furnace.

Mixing and pelletization of charge with the simultaneous moistening up to 7.8 – 8.2 % were
proceeded in a drum 0.6×1.0 m in size during 8 min. Pelletized charge was burned in a sintering
bowl with an area of 0.132 m2, in a form of layer of 280 mm in height.

The rarefaction under the grate of the sintering bowl in a sintering process was maintained
permanent and equal to 11.28 kPa (∼ 1150 mm water column). The preparation conditions
of the sinter charge and the mode of its sintering during the research were the same. Each
experiment, which included assembling, preparing and sintering the sinter charge, was repeated
3-5 times.

In order to compare the impact of the active CaO content in lime, at a constant flow rate
in the charge, sintering was performed with the same types of lime, setting them in the charge
in the same amount – 3 % of the charge‘s weight. In this set of sintering, the content of active
CaO in sinter charges was 0.71; 0.93 and 1.58 %, respectively.

To test the assumption of the determining impact on the sinter process of the amount of
active CaO which is being added by lime into the charge, regardless of the lime burning degree,
sintering was performed at a constant content of active CaO in the sinter charge, which was
equal to 1.26 %. Herewith was used a lime with a degree of firing of 40, 50, 75 and 96 %, the
content of which in the sinter charge in each case was 5.3; 4.1; 2.4 and 1.6 %, respectively.

5. Analysis
The main results of sintering with lime content in the sinter charge of 3 % at different burning
degrees are shown in figures 1 - 5.

The intensifying effect of lime on the sintering process is associated, first of all, with a decrease
in the gas-dynamic resistance of the pelletized charge layer due to a decrease in the content of
small classes (figure 1) and an increase in the strength of individual pellets.

This is due to the viscous properties of lime, hydration hardening of which is carried out
according to the scheme of dissolution – colloidization – crystallization. When the content
of lime in the sinter charge of 3 % increase in the degree of firing of lime from 5 to 96 %

Figure 1. The influence of the lime burn-
ing degree on the indicators of palletization:
content of class –3 mm (4) and –5 mm (◦)
in the pelletized charge, %.

Figure 2. The influence of the lime
burning degree on the equivalent diameter
of pelletized pellets.
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(corresponding to an increase in the content of CaO active in the charge from 0.08 to 2.30 %)
led to a decrease in the content of classes 5 - 0 and 3 - 0 mm in the lump charge from 70.7 to
62.7 % and from 48.5 to 42.8 %, respectively. The equivalent diameter of the granules of the
pelletized charge, calculated as a weighted average by weight, increased from 4.38 to 5.14 mm
(figure 2).

A similar result of the effect of the lime content in the charge on the sintering performance was
obtained in [15], in which the positive effect of adding up to 2 % quicklime to the sinter charge
on its gas permeability was experimentally established. A further increase in the lime content
in the charge no longer improves its pelletizing. The lower value of the maximum allowable lime
content in the charge in [15] compared to the conditions in this study is explained by differences
in the composition of the ore part of the sinter charge.

The decrease of the sinter charge gas-dynamic resistance leads to an increase in the specific air
flow rate on sintering, as a result of what the vertical sintering rate and the specific productivity
of the sinter plant continuously increase (figure 3).

The sintering rate during the experiments changed more than twice, and the specific
productivity – from 0.96 to 1.87 t/(m2·hour). That is, for each percent of the lime burning
degree increase, the specific productivity of the installation increased by an average of almost
0.96 %. A slightly smaller change in the specific productivity compared to the sintering rate
is associated with the influence of variable when using lime of different bulk weight burning
degrees of the pelletized charge and the yield of a suitable sinter after sintering.

The yield of the +5 mm class after double dumping of the sinter pie from a height of 2 m
while increasing the lime burning degree tends to decrease (figure 4).

Figure 3. The influence of the lime burning
degree on the indicators of sintering: vertical
sintering speed (5), mm/min; specific
productivity (×), t/(m2·hour).

Figure 4. The influence of the lime
burning degree on the indicators of the
strength of the sinter after two resets.

The dependence of test results of sinter in the drum on the lime burning degree is extreme
(figure 5), which is obviously caused by a change with the increase in the degree of calcination
of lime, the ratio between the development of processes that have the opposite effect on the
strength of the sinter.

Comparison of the results obtained with similar studies of obtaining agglomerate with basicity
(CaO/SiO2) equal to 1.7 under the conditions of PJSC NLMK [2] confirms the extreme nature
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Figure 5. The influence of the lime burning
degree on the indicators of the strength of the
sinter after the drum test: output class +5.0 mm
(N) and −0.5 mm (�) after the drum, %.

of the dependence of the cold strength of the agglomerate on the mass fraction in the charge
of active components of lime (or the content of lime in the charge). The highest strength is
obtained when lime is introduced into the charge in an amount of 25 - 30 kg/t of sinter.

Factors that increase the strength of the sinter with increasing the lime burning degree –
improving the conditions of mineral formation in the heating zone and improving the conditions
of melt formation, reducing the melt viscosity, increasing the sintering temperature due to
reduced heat consumption for decomposition of calcium compounds (FeO content in the
agglomerate with increasing the lime burning degree increased from 10.0 to 13.1 %) – prevail
at the lime burning degree up to about 40 %. The sinter obtained with the use of lime with a
burning degree of 35 – 45 % has the best indicators of strength, both on impact and on abrasion.
A further increase in the lime burning degree causes a decrease in the sinter test performance
in the drum due to the predominant effect on the cooling rate of the sinter, which increases
simultaneously with the vertical sintering rate, that is accompanied by an increase in vitreous
phases and internal stresses in the sinter structure. Thus, increasing the lime burning degree
from 40 to 96 % led to a decrease in the resistance of the sinter to impact from 57.6 to 51.9 %
and abrasion from 7.9 to 12.2 %.

It should be borne in mind that another reason for the decrease in the strength of the
agglomerate when a certain level of lime consumption in the charge is exceeded may be an
insufficient degree of assimilation of the active components by the lime charge. This is due to
the emergence of a water deficit in the charge not only for hydration of lime at the stage of
preparing the charge for pelletizing, but also for pelletizing the charge [2].

The main results of the experiments confirm the independence of sintering indicators from
the content of active CaO in lime at a constant content in the sinter charge (figure 6, figure 7)
and the decisive impact of the active CaO content in the sinter at a constant content in lime
(figure 7, figure 8).

At the same time, with an increase in the active CaO concentration in the sinter charge
in the range of 0.71 - 1.58 %, the sintering rate and specific productivity continuously increase
(figure 8), as well as the drum testindicators decrease (figure 9).

This is due to the complex nature of the impact of active CaO in the sinter charge on the
strength of the sinter. With the increase of active CaO in the sinter charge simultaneously with
the development of processes that increase strength, the development get the processes that
reduce it; in particular, the number of vitreous phases and the level of internal stresses in the
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Figure 6. The impact of the active CaO
content in lime on the sintering process
at a constant content of active CaO in
the sinter charge (1.26 %): sintering
speed, mm/min (◦); specific productivity,
t/(m2·hour) (•).

Figure 7. The impact of the active CaO
content in lime on the indicators of the
strength of the sinter after the drum test at a
constant content of active CaO in the sinter
charge (1.26 %): output of class +5.0 mm
after the drum, % (◦); output of class −0.5
mm after the drum, % (•).

structure of the sinter increases as a result of increasing the cooling rate. Obviously, in the
studied interval of increasing the active CaO content in the sinter charge at a given composition
of the charge, the mode of its preparation and sintering, the processes that reduce the strength
of the sinter predominate.

Figure 8. The influence of the content
of active CaO in the sinter charge on
the sintering process at a constant content
of lime in the charge (3.0 %): sintering
speed, mm/min (◦); specific productivity,
t/(m2·hour) (•).

Figure 9. The influence of the content
of active CaO in the sinter charge on the
strength of the sinter after the drum test
at a constant content of lime in the charge
(3.0 %); output of class +5.0 mm after
the drum, % (◦); output of class −0.5 mm
after the drum, % (•).
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6. Discussion
In the article of Chinese researchers [16], the results of the study are presented, which
complement the above-described mechanism of the intensifying effect of quicklime on the
sintering process from the position of changing the structure of the sinter. The effect of quick
lime on pore characteristics of the high-temperature zone in the iron ore sinter was studied.
The equivalent spherical diameter of the pore and its distribution frequency, volume fraction,
sphericity, and surface porosity were statistically analyzed. The results indicate that the addition
of quick lime increases the permeability of the green bed and shortens the sintering time. With
the increase of the addition of quick lime, the porosity of the sinter decreases gradually. 1With
the increase of quick lime, the total pore volume and total pore length, the number of pore
segments, branching nodes and terminal nodes all decrease.

Comparison of the obtained results with the literature data about the impact of lime content
in the sinter charge with a constant burning degree on the sintering process [6, 7] indicates a
similar nature of changes occurring in these cases, that is, when the content of active CaO in
the charge is changes.

At the same time, from the standpoint of lime on the sintering process the burning degree
change can be replaced by a corresponding change in its content in the charge and vice versa.

Since common in both cases is the change in the amount of active CaO by lime which is being
added into the sinter charge, this particular indicator (or the amount of Ca(OH)2 in the case
of slaked lime) determines the effectiveness of lime under the other equal conditions. It can be
noted that with the increasing lime content in the sinter charge, the lime burning degree, which
corresponds to the maximum strength of the sinter, will decrease, and with the decreasing lime
content – will increase.

7. Conclusions
Studies have shown the high efficiency of using lime as an intensifier of the sintering process.
An increase in the amount of active CaO added by lime to the charge from 0.71 to 1.58 % leads
to an increase in the specific productivity of the sinter plant from 0.96 to 1.87 t/(m2·hour). The
mechanism of the lime intensifying effect is associated with its positive impact on the process
of charge pelletisation (reduction of the proportion of small fractions of 5-0 and 3-0 mm in the
pelletised charge), which is accompanied by a decrease in the gas-dynamic resistance of the
charge and a corresponding increase in the vertical sintering rate and specific productivity of
the sinter plant.

On the basis of the conducted researches it is possible to draw a conclusion that the efficiency
of the limestone replacement by lime at sintering is defined by the quantity of active CaO brought
by lime in a sinter charge, and in this sense practically does not depend on the lime burning
degree or its concentration in charge (with a constant mesh-size distribution of lime, permanent
degree of quenching in the process of preparing charge to the sintering, constant lime distribution
degree in charge and other equal conditions associated with the use of lime).

A similar pattern occurs when using lime as a binder in the production of pellets. This implies
a new approach to the production of lime for pelletizing processes, which should be based on
the technical and economic indicators of the unit for the production of lime. It is necessary to
produce such lime, which has the lowest cost of active CaO contained in it. This means that
it does not make sense to produce lime for pelletizing processes with a high burning degree,
because the closer to the maximum possible burning degree, the more heat a single particle of
calcium carbonate needs for decomposition. The rational degree of burning is usually 60-70 %.

Given the increase in the relative heat consumption for the decarbonization of CaCO3 with
increasing degree of its firing, it should be considered impractical to produce for the process
of agglomeration of iron ore materials lime with the highest degree of firing. The optimum
degree of lime firing should be about 60–70 %. The validity of this conclusion is confirmed in
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particular by the fact that in the pelletizing workshop of the Northern Mining and Processing
Plant (NorthMPP) laboratory and industrial tests of pellet production using lime as a binder
used quicklime, which contained 63 – 67 % (CaO +MgO)act [17].
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Abstract. Sodium silicate is used in various industries. Sodium silicate is a basic component
in the production of silicate adhesives and paints, silica gel, welding electrodes, corrugated
packaging, and geopolymer concretes and cements. All this is currently not produced in the
Republic of Kazakhstan. The article discusses the methods of production of sodium silicate
and substantiates the possibility of organizing production in the Republic of Kazakhstan. The
authors have studied all the available experience in the production of sodium silicate, both
now and in the past. At this stage of the research, an analysis was made of the experience
in the production of serial and pilot sodium silicate in the USSR in the past and in countries
where development has not been suspended at the present time. All possible sources of raw
materials of technogenic and natural origin were studied. Business trips and expeditions to
natural deposits were carried out and samples of raw materials from various natural and man-
made sources were delivered. Studies have been carried out to determine the available volumes
of raw materials. Various technologies for melting sodium silicate have been studied, incl. by
unconventional schemes, such as smelting in cyclone furnaces. For melting in electric furnaces,
various schemes of energy-saving methods for melting sodium silicate were analyzed. Promising
ones have been identified. The following types of sodium silicate production were analyzed in
the study: traditional smelting (carbonate method), wet method, sodium chloride sublimation
method, sulfate method, cullet smelting. The optimal variant has been chosen, which makes
it possible to reduce the cost of electricity by several times when introducing a highly efficient
innovative technology of electric melting into practice.

1. Introduction
Sodium silicate has found wide application in many industries. It is used as a component of
the charge for the production of glass, a filler in the composition of lightweight cement mortars
for cementing wells, in the production of heat-resistant and acid-resistant concrete. As for
the chemical industry, sodium metasilicate is used in the production of detergents and cleaning
agents, household chemicals (Henkel washing powder). It is also widely used in oil production (as
a coagulant in the production of regenerating oil) and the textile industry, metallurgy, mechanical
engineering. Sodium silicate is used as an inhibitor with a corrosive effect, for disinfection of
premises, linen, dishes, plumbing. Interestingly, silicates are one of the components of precious
stones (emerald, topaz, aquamarine). They are used as a fire-fighting impregnation for wood
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(decoration processing), a mixture of sawdust and silicate fills the gap between the walls of safes
also to protect against fire [1–3].

Sodium silicate is a basic component in the production of silicate adhesives and paints, silica
gel, welding electrodes, corrugated containers, and geopolymer concretes and cements [4,5]. All
this is currently not produced in the Republic of Kazakhstan. As for its use in the production
of building materials, the technology is needed by all existing enterprises in the production of
small-piece building materials, as well as all enterprises producing reinforced concrete products
in regions where there are blast furnace or thermophosphoric slags [6–8].

The technology of production of foam concrete based on geopolymers using sodium silicate
is of the greatest interest, since here the strength of foam concrete depends on the strength of
the elementary bubble, which, as is known, can be 2-3 or even 4 times stronger than in the case
of traditional foam concrete based on Portland cement [9].

It follows from the above that sodium silicate is a widely applicable and necessary component
for some industries. Thus, liquid glasses are used as a component of cements – heterogeneous
systems, as well as an inorganic adhesive. As a “bundle” or “cured bundle”, water-soluble
silicates are used both for the manufacture of composite materials and coatings, and for gluing
parts and assemblies of aggregates for various purposes.

In this regard, the authors have studied all available experience in the production of sodium
silicate, both now and in the past. At this stage of research, the analysis of the experience of
the production of sodium silicate, both serial and pilot-industrial in the USSR in the past and
in countries with not suspended development at the present time, was carried out.

Various technologies are classified.
Further, all possible sources of raw materials of both man-made and natural origin were

studied. Business trips and expeditions to natural deposits were carried out and samples of
raw materials from various natural and man-made sources were delivered. Studies have been
conducted to determine the available volumes of raw materials.

Various technologies for melting sodium silicate have been studied, including using
unconventional schemes, such as melting in cyclone furnaces. For melting in electric furnaces,
various schemes of energy-saving methods for melting sodium silicate were analyzed. Promising
ones have been identified.

Polymer concretes made with the use of slag-alkali binders showed increased quality
characteristics, such as: strength, frost resistance, heat resistance, durability and impermeability.
However, there is a shortage of inexpensive alkaline components on the market of the Republic
of Kazakhstan, which would speed up cation exchange processes in the astringent system and
increase hydration activity.

In Kazakhstan, there are unlimited natural reserves of sodium sulfate, when melting with
lime, soda melt (a mixture of soda and gypsum) is obtained, which is a necessary component of
slag-alkaline binders.

Soluble sodium silicate (soluble glass or silicate block) is the most multi-tonnage product of
inorganic chemistry and is used in many industries:

1) Geopolymers;
2) Corrugated cardboard, books and other printing products;
3) Welding electrodes (coating);
4) Refractory and acid-resistant concrete;
5) Foam glass;
6) Cement Chipboard;
7) Foam concrete;
8) When arranging waterproofing during construction work;
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9) Silica gel (adsorbent);
10) In metallurgy for molding injection mixtures;
11) In mechanical engineering for bundles for briquetting metal chips;
12) Flotation reagents in the enrichment of non-ferrous metals, primarily zinc;
13) Soap and washing powder;
14) In the rubber industry as a raw material for white soot (rubber filler);
15) In the food industry as an emulsifier E550.

The authors are working in the field of reducing energy costs. For this purpose, the technology
of reactive power compensation with a magnetic amplifier is proposed, which is key, can be used
in hundreds and thousands of companies only in Kazakhstan, where there are significant unit
costs for electricity – from mining to street lighting.

2. Materials and methods
Sodium silicate is the most multi-tonnage product of inorganic chemistry. The greatest interest
in obtaining sodium silicate with a low cost is shown by manufacturers of geopolymer cements,
which require it to produce clinker-free binders. In the production of conventional cement, up
to 400 kg of coal is burned for each ton of clinker. At the same time, almost one and a half tons
of carbon dioxide are emitted into the atmosphere. In the production of clinker-free cement,
granular blast furnace slag is used, of which more than 50 million tons have been accumulated
in Temirtau, and the clinker firing process is excluded. However, sodium silicate (aka silicate-
block) is also required, when added in an amount of 6-10%, cement of the M800-M1000 brand is
obtained! In addition to the construction materials industry, the silicate block is used in a variety
of industries (construction, printing, production of corrugated packaging, in the production of
adsorbents). Currently, it is not produced in the Republic of Kazakhstan. Usually, a silicate
block is obtained by melting quartz sand with soda in bath-type gas furnaces. Such furnaces
have a characteristic size of about 40 m and are very expensive due to the use of a large number
of refractory materials [10].

The authors are conducting research in the field of possibilities to use an electric direct heating
furnace, which provides the same result with dimensions, and, accordingly, the cost is an order
of magnitude lower. Considered below are past and present experiences in the production of
sodium silicate.

Traditional melting (carbonate method). Currently, most glass industry enterprises in the CIS
countries use soda ash and/or mixed with sodium sulfate for melting silicate blocks (figure 1).

Figure 1. Structure of sodium silicate.

In a mixture with quartz sand, sodium carbonate (soda ash) or potassium carbonate are
melted in flared glass furnaces of continuous operation. The reaction proceeds according to the
following reaction:

nSiO2 +Na2CO3 = Na2O·nSiO2 +CO2, (1)
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nSiO2 +K2CO3 = K2O·nSiO2 +CO2. (2)
This technology, firstly, requires significant capital expenditures for the construction of glass

furnaces, so this method is unacceptable for our task. Secondly, the cost of soda ash at the level
of 100 thousand tenge per ton with delivery to Karaganda also makes it impossible to fit into
the specified cost range, since the amount of soda in the charge is 40%, i.e. the cost of soda
alone will amount to 40 thousand tenge per 1 ton of sodium silicate [11].

We took a trip to Lake Tanatar (Altai Krai, Russia) to study the market in order to reduce
the cost of soda ash. There is an enterprise for the extraction of natural soda. As will be further
shown in paragraph 2 of this study, the use of natural soda from the Altai Krai is impractical.

Wet method. In China, where there are large enterprises for the production of soda ash, a
wet method for producing liquid glass by dissolving finely ground quartz sand in a saturated
solution of caustic soda is widespread [12].

The large source of amorphous silica available in Karaganda (waste from the production
of the “Silicium Kazakhstan” plant) makes this production method very attractive, since the
dissolution of amorphous silica occurs much faster and with lower energy costs than quartz sand.
The reserves available at the landfill of the enterprise amounted to about 50 thousand tons in
2019. The cost was 3,000 tenge per ton. Part of the amorphous silica was purchased by us
and studied at our request by Vladimir Merkulov, professor of the Karaganda State Industrial
University for solubility in a 40% caustic soda solution in the laboratory of the Karaganda
Industrial Institute. The result of the dissolution reaction was a liquid glass of black color,
which is applicable for the production of slag-alkali cement.

However, the cost of caustic soda in the Republic of Kazakhstan at the level of 300 thousand
tenge per 1 ton turned out to be unsuitable for any wet method technology due to the high cost.

The method of sublimation of sodium chloride. Of great practical interest are the works
carried out in the USSR in the 50 s of the 20 th century on the production of sodium silicate by
sublimation of sodium chloride in the presence of water vapor through quartz raw materials [13].

In this case, at temperatures of 600-1000 degrees Celsius, table salt and sodium ions react
with quartz glass to produce sodium silicate:

NaCl+nSiO2 +H2O = 2HCl + Na2O·nSiO2. (3)

This method is very attractive for practical implementation due to the low cost [14].
Due to the presence of a high content of unreacted silicon oxide, liquid glass, which is

obtained by further dissolution of sodium silicate, contains a large amount of insoluble residue
unacceptable by any standards, which, in principle, could be eliminated by conventional
filtration, but, apparently, this method has not found practical application for reasons of
production safety [15].

The group of liquid glasses – alkaline silicate solutions is very extensive. The silicate systems
included in this group are classified according to the following criteria.

According to the degree of polymerization (l) of silica – the average number of silicon atoms
that form a continuous system of siloxane bonds ≡ Si − O − Si ≡ during polymerization.
During the polymerization of silica, its molecular weight (M) increases, and at high degrees of
polymerization, an increase in the size (d) of colloidal silica particles occurs. At a certain degree
of polymerization (l), colloidal silica appears in alkaline silicate systems both in the form of a
sol and in the form of highly dispersed hydrated silica (table 1).

According to the chemical composition, as the alkalinity increases, characterized by the molar
ratio SiO2/M2O (the silicate module of the n system), alkaline silicate systems form a series
corresponding to the four above forms of silica (table 2).

By monitoring the cation of liquid glasses, potassium, sodium, lithium and silicates of
industrial enterprises are monitored. Mixed liquid glasses within four groups have also been
synthesized.
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Table 1. Degrees of polymerization of silica silicate solutions.

Monomers → Lower oligomers → Higher oligomers → Colloidal silica, sols
(l = 1) (l = 1÷ 25) (polysilicic acids, M < 105) (M > 105 or, d > 2nm)

Table 2. Rows with increasing alkalinity of silicate solutions.

High alkaline systems → Liquid glasses → Polysilicates → Sols
(n < 2) (n = 2÷ 4) (n = 4÷ 25) (n > 2)

The biggest disadvantage of this method is that, firstly, very toxic hydrochloric acid vapors
with high temperature require expensive hardware for their cooling and dissolution in water,
and secondly, the production of hydrochloric acid requires licensing [13].

Sulfate method. There are quite large deposits of sodium sulfate in Kazakhstan, which are
currently not in demand by anyone.

The sulfate method for producing soluble glass is based on the interaction at high
temperatures (1300-1500◦C) of sodium sulfate with silica in the presence of a reducing agent
(most often charcoal) [14].

In general, the process of formation of sodium silicate can be expressed by the equation:

4Na2SO4 + 2C + 4SiO2 = 4Na2SiO3 + 4SO2 + 2CO2. (4)

The reaction between Na2SO4 and silica, even with a significant increase in temperature,
proceeds slowly and quantitative completion of it is almost impossible.

In order to accelerate the reaction, it is necessary to add a reducing agent to the charge to
convert Na2SO4 to Na2SO3, which reacts with silica.

The reducing agent can be various organic substances containing carbon: sawdust, charcoal,
resins, coal pitch, etc. Sawdust and charcoal are low-ash. This allows them to be widely used
in the production of soluble glass.

The reducing agent, burning inside the melt, attaches oxygen contained in Na2SO4, as a
result of which the latter passes into sodium sulfite Na2SO3.

Coal is added to the charge in an amount of 3-7% by weight. The amount of reducing agent
introduced into the charge significantly affects the properties of the resulting soluble silicate.

With an insufficient amount of reducing agent, Na2SO4 remains in the melt, which does
not mix with sodium disilicate and silica, which is in excess against the formula Na2SiO3 and
Na2Si2O5, and causes the alloy to delaminate.

With an excess of carbon in the melt, sodium sulfide Na2S is obtained, which forms iron
sulfide FeS when interacting with iron oxides, staining the soluble glass in dark colors [16].

Since, for cost reasons, this method, subject to obtaining a license for subsurface use, turns
out to be the most attractive, we have studied this method more closely with the involvement
of OOO “Research Institute Stromcomposite” Krasnoyarsk, Russia.

The sulfate method proposed by Krasnoyarsk NIIstromproekt, as well as the method of salt
distillation described above, allows to obtain a silicate block with a low cost due to the use of a
number of heat-saving aggregates [17].

Thus, it is the sulfate method with the condition of using energy-saving solutions that could
become the way that would ensure the cost of the silicate block at a given level, but it has a
number of significant drawbacks:

• Formation of sulfur dioxide, which requires neutralization and, accordingly, additional
capital costs [11];
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• As well as in the carbonate method, this one provides for the construction of an expensive
glass furnace; which, in the absence of natural gas (Karaganda), also requires additional
capital costs for the production of generator gas from coal.

Melting of cullet. The difference between construction or bottle glass and silicate blocks is
only that the amount of soda in the raw charge in the latter case is 15% more [18].

Currently, cullet in the Republic of Kazakhstan is formed not only in window shops, but
also in numerous service stations for the replacement of automobile windows. The currently
unclaimed secondary glass container market is added to this volume.

In Karaganda, the service for collecting glass from window shops with delivery to the intended
place of consumption is 3,000 tenge per ton. Here it is required to add 15% soda ash or sodium
sulfate, i.e. the cost of raw materials in this case will be no more than 18,000 tenge per 1 ton.
Processing processes (crushing and sorting), wage costs and other overhead costs will amount
to about 3,000 tenge per ton. Thus, excluding energy costs, the total cost will be 21,000 tenge
per 1 ton of silicate blocks. Such preliminary calculations make the processing of cullet along
with sodium sulfate one of the likely ways to solve the engineering and economic task.

Study of potential sources of raw materials. Sodium silicate, produced in the form of a silicate
block by Russian enterprises, is currently imported to the Republic of Kazakhstan, where it is
dissolved in water and further used at enterprises of the construction, corrugated cardboard
and, mainly, metallurgical industry. The most tonnage direction for the sale of sodium silicate
could be the sector of production of polymer cements and concretes. The main problem in the
production of annealed, clinker-free binders obtained from the waste of steelmaking enterprises
(granulated blast furnace slag) is the lack of inexpensive primary or secondary alkaline materials
on the market that can not only activate such binders, but also match the low price of traditional
Portland cement [19].

Melting a sodium silicate block requires silicon dioxide and a suitable source of sodium.
Silicate raw materials can be man-made sources, such as cullet and microsilicon, as well as

natural quartz sand [20].
Natural inexpensive sources of raw materials can be natural soda and sodium sulfate.

Unfortunately, there are no technogenic alkaline sources in Kazakhstan in practically applicable
volumes.

The experience of the silicate-block workshop in the Soviet period, which worked in Balkhash
on the territory of the copper smelter, showed that the use of sodosulfate waste from the Pavlodar
aluminum plant allowed to obtain high-quality silicate-block with a very low cost. However,
along the way, an unacceptably high level of sulfur dioxide emissions was formed, which seemed
insignificant “under the cover” of the main production of the combine, which also emits a huge
amount of sulfur dioxide. The sodosulfate mixture is an excellent and cheap raw material
for melting silicate blocks (if the furnaces are equipped with equipment for neutralizing sulfur
dioxide), but the Pavlodar aluminum plant has changed the technology and does not currently
ship the sodosulfate mixture.

Another inexpensive source, besides the soda-sulfate mixture, could be a deposit of natural
soda. As it is known in the USA, it is due to the use of natural garden raw materials that the
bulk of silicate blocks is produced.

Natural, and therefore inexpensive, soda raw materials in Kazakhstan in the explored deposits
are available in negligible quantities. For example, a deposit with reserves of less than 500 tons
is known in the Almaty region.

In the Altai Krai, water from Lake Tanatar with a soda content of about 5% is pumped into
sedimentary basins, in which, when the temperature drops, soda precipitates, and the water
drains back into the lake. There is no soda drying at the enterprise. Therefore, in addition
to the natural humidity of 17%, each soda molecule contains 10 more molecules of chemically
bound water.
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Moreover, production was suspended after a single buyer from Stepnogorsk stopped acquiring
it, after which the Altai Soda company went bankrupt. Currently, it is not possible to purchase
soda from this source. It should be noted that even before the bankruptcy, the price at the level
of 60 USD per 1 ton at the Kulunda station was unacceptable due to the high-water content
(both chemically bound and free moisture). It turned out that 60-70% of water had to be
transported, not soda. Thus, this source of raw materials for use in the production of slag-alkali
cement was also unacceptable.

As a result, we came to the conclusion that cullet is currently the most suitable as the main
source of raw materials, which is not only a source of silicate, but also sodium raw materials.

During the study, we found that the waste landfill of the city of Karaganda is ready to supply
200 tons of cullet every month. And together with the city of Astana and other cities of Central
Kazakhstan, the total volume of available cullet is estimated at around 1000 tons per month.
Other sources are workshops for the production of windows and replacement of car windows.
The films inside the triplex are a harmful impurity, they are coked during melting, giving a dark
color, but for a silicate block that will be used in the production of slag-alkaline cement, this is
permissible.

3. Results and discussion
The main elements of modern furnaces that allow saving energy are various heat exchangers
that usefully use secondary heat. In glass furnaces, fuel gases can be used to warm up incoming
raw materials.

In the technological scheme proposed by OOO “Research Institute Stromcomposite”
Krasnoyarsk, Russia, fuel gases are also used to produce charcoal used in the sulfate method:
Sodium sulfate Na2SO4 (0.91 t/h), burnt molding earth (1.46 t/h) and charcoal (0.56 t/h) are
fed into the melting furnace.

The components are pre-crushed and homogenized in a rod mixer.
Melting is carried out due to the combustion products of the generator gas coming from the

gas generator, in which the working medium is charcoal. With an average coal consumption of
0.42 t/h in the gas generator, 2800 kg/h (2240 nm3/h) of gengas is formed. The combustion of
this amount of gengas with the supply of 2700 kg/h (2100 nm3/h) of blast air into the combustion
chamber produces 5500 kg/h of combustion products with a temperature of approximately
1550◦C and a heat content of 2.9 Gcal/h.

At the outlet of the melting furnace, the temperature of the combustion products decreases
to 9000◦C with a residual heat content of about 1.5 Gcal/h. The total mass of the combustion
products reaches approximately 6100 kg/h due to the addition of the products of the silicate
block formation reaction: CO and SO2. The amount of the first is approximately 0.18 t/h, the
second is 0.42 t/h.

The combustion products are subjected to oxidative afterburning, for which 600 kg/h
(465 nm3/h) air is supplied to the afterburning chamber. As a result of afterburning, the
amount of combustion products increases to 6700 kg/h, its heat content increases to 1.9 Gcal/h,
and the temperature increases to 1000◦C.

These combustion products are sent to retorts for dry distillation of wood waste. The retort
capacity is 1 t/h of charcoal. If the initial moisture content of wood waste is 40%, then the
required amount of wood waste is 5.5 t/h.

As a result of dry distillation, the heat content of combustion products drawn through
the wood layer increases due to exothermic reactions of wood decay by 0.8 Gcal, however,
approximately 0.3 Gcal/h is lost to the environment, and, with the charcoal leaving the retort
[21].

Thus, the total heat content of combustion products at the outlet of the retort reaches 2.4
Gcal/h, and their mass increases to 11200 kg/h due to the addition of 4.5 t/h of volatile decay
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products. The temperature of the combustion products at the outlet of the retort will be
approximately 650◦C.

Volatile wood decay products contain: CO, acids, alcohols, ketones, light hydrocarbons, resin
vapors, free hydrogen, therefore they must be subjected to afterburning. In 4.5 t/h of volatile,
combustible compounds 1200 kg, the rest is physical and pyrogenetic water, CO2, N. With an
average calorific value of a mixture of combustible compounds 4500 kcal/kg, afterburning of
volatile compounds taking into account losses allows you to get an additional 5.4 Gcal/h. For
afterburning, blowing air is used in an amount of 2500 kg/h.

Thus, 13700 kg/h of combustion products with a heat content of 7.8 Gcal/h come out of the
afterburning chamber.

The combustion products are sent to the heat recovery boiler G 400-PE-1 for the production
of 10 t/h of steam with parameters: Tp = 260◦C, Rp=14 atm.

Of the 10 t/h of steam, 3.7 t/h is spent on the production of electrical energy in the block
electric turbine generators TGV-500M, the remainder is used for technological needs.

The process of hardening of liquid glass is accompanied by the manifestation of adhesion
properties to the quartz sand filler and is carried out with natural (in air) or artificial (heating,
blowing warm air) drying of the mixture. In contrast to the manufacture of casting molds, in
this process it is necessary to avoid the destruction of the liquid glass base in order not to further
reduce its solubility in water.

In addition, to achieve high strength, first of all, it is necessary to achieve the most dense
packing of sand grains, which, in addition to molding pressure, requires a certain grain size
distribution and optimal viscosity of liquid glass. In this case, the dependence of strength on
the glass content in the system passes through a sharp maximum. This dependence is shown in
figure 2.

Figure 2. Dependence of the tensile strength on the content of liquid glass.

After the recovery boiler, the combustion products are neutralized in a “wet” scrubber [22].
The high cost of glass-melting furnaces of the bath type, which are used in glass factories with

a capacity of 40-60 tons per day, is estimated at 2-3 million US dollars. This goes beyond the
boundary conditions. Sodium silicate is a key source of reactive silica, which is in high demand
in many industries including detergents, rubber, food and beverages, and paper and pulp. The



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012002

IOP Publishing
doi:10.1088/1755-1315/1254/1/012002

9

global sodium silicate market was valued at USD 6.3 billion in 2018, growing at a CAGR of
3.2% during the forecast period 2020-2026 figure 3.

Figure 3. Global market forecast according to [23].

The growing demand for other derivatives such as silica gels and silica sols in applications
including paints and coatings, plastics and inks is expected to have a positive impact on market
growth during the forecast period. Another promising melting method would be glass melting
in a cyclone furnace [18].

Scientists of the Academy of Sciences of the Kazakh SSR were seriously engaged in this topic
in the 70s of the 20th centuries and were among the world leaders. Such an experimental furnace
was even used for melting copper raw materials at the Balkhash copper Smelting plant.

Cyclone furnaces consume 1.5-1.6 times less fuel than rotary furnaces, and have a cost 10-20
times less in terms of capital costs for their construction [10].

It turned out that cyclone furnaces are currently used to produce mineral and glass wool in
Germany.

The main disadvantage of melting raw materials in a cyclone is the huge volume of fuel gases
that require purification. The fact is that in cyclone furnaces, the charge in a pulverized state
with speeds of several hundred km/h is blown into the cyclone together with fuel gases. Some
of the raw materials are melted, but some come out of the cyclone, which leads to a loss of
raw materials up to 15%. At the same time, there is a technical problem of cooling the flow of
the outgoing gas and its purification from solid impurities. Such a task is quite feasible, but in
the given parameters of the task it will require the construction of a battery of heat-resistant
cyclones, the cost of which is higher than the cost of the furnace itself.

Therefore, our research should be in the field of energy saving of electric direct-heated glass
furnaces. The design of such furnaces is simple, requires little space and capital costs. The
only drawback of such furnaces is the high-power consumption – 1000 kw-hours of electricity is
required for 1 ton of silicate blocks, which at current prices is 16,000 tenge per ton of silicate
blocks.

As part of the task, it is required to reduce the electricity consumption to 7000-8000 tenge
per ton of silicate blocks. In the course of the conducted scientific and technical search, it turned
out that currently there are technologies that can reduce consumption costs by 2 or even more
times.

The main component is an electric direct heating furnace. The efficiency of such furnaces is



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012002

IOP Publishing
doi:10.1088/1755-1315/1254/1/012002

10

many times higher than the efficiency of gas furnaces, since in our case the heat flow is carried
out from below (bottom electrodes), and not from above, as in the case of coal or gas furnaces,
where the torch heats the mass from above, which is why it is necessary to build an expensive
vault. But in our case, the electric furnace is additionally equipped with a reactive energy
compensation unit with a magnetic amplifier, as a result of which electricity is saved at least 2
times.

The authors are engaged in the introduction into practice of a highly efficient resource-saving
process for the production of sodium silicate from cullet with the use of innovative electric
melting technology, which allows a multiple reduction in energy costs and the use of energy-
saving technology for obtaining an aqueous solution of sodium silicate using a highly efficient
apparatus protected by a patent.

The introduction of the proposed technology will allow not only to start a solution for import
substitution, but also to indicate a technical solution for involving tens of millions of tons of
Temirtau and Taraz slag into economic turnover, which will reduce carbon dioxide emissions
by reducing the production of Portland cement, which currently produces carbon dioxide in
rotating coal furnaces almost more than cement itself.

In addition, it is planned to obtain sodium silicate not from quartz raw materials and soda,
but from secondary glass and soda, since there is already a high amount of sodium oxide required
in the cullet. Another difference of the proposed technology is the use for electric melting of
a furnace equipped with a reactive power compensation unit with a magnetic amplifier, which
will make it possible to reduce the specific amount of electricity by at least 2 times.

The second technical difference is the technology of dissolution of sodium silicate.
Traditionally, sodium silicate is dissolved in water in autoclaves at high vapor pressure, which
is too energy-consuming. In our case, the silicate block is crushed and dissolved in water at a
temperature of 95-98 degrees Celsius at normal pressure. At the same time, an energy-efficient
device is used, protected by patent No.2397 with the authorship of one of the team members –
T. S. Dauletbakov [24].

The traditional technology of melting sodium silicate involves melting quartz sand and
soda in bathroom furnaces. This technology, firstly, requires high capital investments for the
construction of a bathroom furnace, and secondly, requires the presence of a source of natural
gas or where there is none, as in our case, a gas generator set for the production of generator
gas from coal, which also increases the cost of the project [11].

The technology of dissolving quartz sand in caustic soda solution is also known, which sharply
increases the cost of products due to the high cost of NaOH (caustic soda). The technology of
obtaining sodium silicate from cullet with the addition of 8-15% soda ash (Na2CO3) is also used
with melting in bathroom furnaces and is the closest to this project.

We propose the production of sodium silicate from cullet with soda and / or sodium sulfate,
but, characterized in that:

• Melting is carried out not in an expensive bath-type gas furnace, but in a compact electric
furnace of direct heating;

• The electric furnace is equipped with a reactive power compensation unit with a magnetic
amplifier, which gives a multiple reduction in electricity consumption of at least 2 times;

• The components of the charge are mechanically activated in a roller mill before melting.

This leads to a partial reaction of the formation of sodium silicate already in the mill and
further to a multiple reduction in energy costs during melting in the furnace at least 1.5 times
more.

At the stage of dissolution of the silicate block in water, an autoclave-free technology is
provided, in which the finely ground silicate block is dissolved in water at normal pressure,
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which reduces energy consumption compared to the traditional technology of dissolution in
superheated steam at high pressures.

The cost of water vaporization is 2260 kJ/kg, so the specific heat required for heating water
from 0 to 98 degrees Celsius is only 4.1×98=401 kJ/kg.

That is, the amount of energy required for water vaporization, taking into account that
the steam still needs to be heated to 150 degrees with traditional technology compared to the
proposed 6 times more.

The main problem in the production of sodium silicate is high capital intensity and high
energy intensity.

The authors are working in the field of reducing energy costs. For this purpose, the technology
of reactive power compensation with a magnetic amplifier is proposed, which is key, can be used
in hundreds and thousands of companies only in Kazakhstan, where there are significant unit
costs for electricity – from mining to street lighting.

In a broad sense, reactive power compensation technology with a magnetic amplifier can be
used not only for melting sodium silicates, but also in metallurgical furnaces, mining farms,
electrolysis workshops, and municipal lighting. The technology of reactive power compensation
with a magnetic amplifier is currently tested and used in Turanga LLP (Almaty) in industrial
conditions at a wood thermating plant with a capacity of 150 kW. It is planned to apply the
same technology in the melting of sodium silicate in an electric furnace with a capacity of 1MW.

4. Conclusions
The most likely to be used under the conditions of the task is the processing of natural sodium
sulfate. However, in terms of availability, this type of raw material, despite its widespread
distribution in Kazakhstan, is not suitable for solving this problem, since no one has the rights
to extract it.

Therefore, the processing of recycled glass, now unclaimed by the domestic industry, can be
a source of raw materials for the production of silicate blocks with a given cost at the level of
28-30 thousand tenge per ton.

The engineering and technical embodiment of melting can be cyclone melting, provided that
the issue of waste gas purification is resolved, as well as melting in electric furnaces, provided
that energy savings are ensured.

Sodium silicate, produced in the form of a silicate block by Russian enterprises, is currently
imported to the Republic of Kazakhstan, where it is dissolved in water and further used at
enterprises of the construction, corrugated cardboard and, mainly, metallurgical industry.

The most tonnage direction for the sale of sodium silicate could be the sector of production
of polymer cements and concretes. The main problem in the production of non-roasting, non-
clinker binders obtained on the basis of waste from steelmaking enterprises (granulated blast
furnace slag) is the lack of inexpensive primary or secondary alkaline materials on the market
that can not only activate such binders, but also match the low price of traditional Portland
cement.

Thus, the introduction of the proposed technology will allow not only to start a solution for
import substitution, but also to indicate a technical solution for involving tens of millions of tons
of Temirtau and Taraz slag into economic turnover, which will reduce carbon dioxide emissions
by reducing the production of Portland cement, which currently produces almost more carbon
dioxide in rotating coal furnaces, than the cement itself.

In addition, the project provides for the production of sodium silicate not from quartz raw
materials and soda, but from secondary glass and soda, since there is already a high amount of
required sodium oxide in the cullet.

Another difference between the project and the traditional ones is the use of an electric
furnace equipped with a reactive power compensation unit with a magnetic amplifier, which will
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make it possible to reduce the specific amount of electricity by at least 2 times.
The second technical difference is the technology of dissolution of sodium silicate.

Traditionally, sodium silicate is dissolved in water in autoclaves at high vapor pressure, which
is too energy-consuming. In our case, the silicate block is crushed and dissolved in water at a
temperature of 95-98 degrees Celsius at normal pressure. At the same time, an energy-efficient
device is used, protected by patent No. 2397 with the authorship of one of the team members –
T. S. Dauletbakov.

But the most important consequence of the project is the practical expansion of reactive
power compensation technology with a magnetic amplifier, which in the future can be used in
all power grids with a significant reduction in energy consumption and ultimately significantly
affect the decarbonization of the industry of the Republic of Kazakhstan.
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Sustainable performance of alkali-activated blast
furnace cement concrete with high freeze-thaw
resistance

P Krivenko, I Rudenko, O Konstantynovskyi and A Razsamakin
Scientific Research Institute for Binders and Materials, Kyiv National University of
Construction and Architecture, 31 Povitroflotskyi Ave., Kyiv, 03037, Ukraine

E-mail: alexandrkp@gmail.com

Abstract. The application of blast furnace cements with minor clinker constituent is an
actual task due to their conformity with modern tendencies of sustainable development. The
alkali metal compounds were proposed to increase activity of CEM III/C. The aim of the
research was to investigate the effects of technological factors on porous structure of alkali-
activated blast furnace cement concrete (further, AABFC concrete) to ensure its sustainable
performance by criterium of freeze-thaw resistance in NaCl solution. The effects of fresh concrete
consistency, aggregate state of alkaline component and curing conditions on sustainability of
AABFC concrete were investigated. Increasing of fresh concrete consistency from class S1 up to
class S4 due to chemical plasticization as well as application of alkaline component in dry form,
in contrast to liquid form, ensures negative changes in porous structure of AABFC concrete.
These changes cause decreasing of freeze-thaw resistance from mark F500 down to F200. It was
revealed that hardening of plasticized AABFC concrete under normal conditions (t = 20±2 ◦ C,
RH = 95±5%), compared with hardening in water or under steam curing (t = 85±5 ◦ C),
ensures more effective porous structure which causes maintained freeze-thaw resistance of F300
in contrast to F200 and F250 agreeable.

1. Introduction
To decrease the content of clinker constituent in cements due to use of ground granulated blast
furnace slag (further, GGBFS) [1], fly ash [2], limestone [3], natural zeolites [4], biochar (the
carbon negative product of pyrolysis) [5], etc. is an effective way to meet the requirements of
sustainable development. Besides of ecological aspect (effective consumption of raw recourses,
reduction of CO2 emission), such replacement causes diminution of prime and logistics costs,
as well as provides the means to use local raw materials [6, 7]. However, these cements suffer
from slow hydration kinetics, resulting in less early strength gain, which is main drawback in
construction applications.

The most known ways to activate hydraulic properties of the cements containing GGBFS is
to apply calcium [8] and sulfate activators [9]. It is also known that low alkaline [10], nearly
neutral salts [11] as well as Na (K) salts of strong acids [12] can be used as activators as
well. However, insufficient strength of blast furnace cements in accordance with [13] and the
possibility to increase only early strength are disadvantages of these means [14, 15]. It was
shown, that the application of oxides [16] or salts of alkaline metals (sodium aluminate [17],
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sodium carbonate and silicate [18]), which provide an high alkaline reaction in water, can be a
solution to increase the efficiency of blast furnace cements with minor clinker constituent without
decrease of strength. Thus, blast furnace cements activated by alkali metal compounds are in
compliance with mandatory requirements [19].

The alkali-activated blast furnace cements (further, AABFC), obtained due to mentioned
activation, are the most perspective ones to ensure advanced service life of concrete structures.
To ensure the durability of constructions is one more current world tendency of sustainable
development of mankind. This fact can be confirmed by numerous scientific researches concerning
durability of structures which are exposed to different aggressive effects, i.e. atmospheric [20],
freeze-thaw cycles [21], alkali of aggregate [22], seawater [23], high temperatures [24], fire [25,26],
etc. Proposed recommendations to ensure durability of structures while use of recycled concrete
[27–29].

In general cases, alkali-activated blast furnace cement concretes are characterized by advanced
performances in aggressive environments such as corrosion resistance [30], sulfate resistance
[31] and freeze-thaw resistance [32], including salt scaling resistance [33], in comparison with
analogues based on traditional clinker cements.

It is well known that the durability of concrete structures cannot be evaluated using only
one performance. The most important properties of concrete for a specified case are used for
evaluation of durability depending on destination and environment [34]. Resistance of concrete to
freeze-thaw cycles and sodium chloride scaling is one of the criteria. The mentioned environment
can be classified as exposure class XF4 (road and bridge decks exposed to deicer agent, splash
zones of marine structures, etc.) according to [35]. It is well known that NaCl is the most
demanded salt among deicers [34, 36, 37] as well as the predominant one in seawater [38, 39].
The above results have been defined the choice of sodium chloride as corrosion environment to
evaluate the durability of concrete to freeze-thaw resistance.

Increased freeze-thaw resistance of AABFC concrete in NaCl solution is caused by several
factors, including features of hydrated phases. It is known, that interaction of sodium chloride
with hydration products of Portland cement ensures destruction of concrete. Particularly,
decreasing of Ca(OH)2 in hydration products in consequence of leaching as well as exchange
reaction with sodium chloride NaCl with formation of CaCl2 leads to decreasing of basicity
of highly-calcium hydrosilicates (the main hydration products of portland cement) [34, 40].
Besides, participation of sodium chloride in hydration processes of portland cement ensures
transformation of monosulfate 3CaO · Al2O3 · CaSO4 · 10H2O to Friedel’s salt 3CaO · Al2O3 ·
CaCl2 · 10H2O (AFm-phase) as well as to secondary ettringite 3CaO · Al2O3 · 3CaSO4 · 32H2O
(AFt-phase) [41,42]. Formation of secondary ettringite can cause destruction of concrete due to
crystallization pressure on porous sides while volume increases. Advanced freeze-thaw resistance
of AABFC concrete in solution of NaCl is caused by the absence of portlandite in hydration
products [43] as well as by the absence of ettringite or due to changes in its morphology in highly-
alkaline hydration medium from filamentous, needle to prismatic as well as plate shape [44].

Solution of NaCl can also provide steel reinforcement corrosion in constructions in
consequence of transport of aggressive Cl− ions in concrete [45]. AABFC concrete is characterized
by increased protective properties to steel reinforcement due to high content of gel-like
hydrosilicates and formation of alkaline hydroaluminosilicates (analogues of natural zeolites),
which can bind Cl− ions [43, 46, 47]. The enhancement of steel reinforcement protection in
AABFC concretes, obtained from high consistency mixes, was proposed [12,18,23].

Increased freeze-thaw resistance of AABFC concrete compared with portland cement concrete
is caused also by influence of alkaline component on decreasing of freezing temperature of solution
in porous space [43]. It is well-known, that increasing of water volume while formation of ice
by 8. . . 9 % ensures pressure on sides of pores and causes destruction of concrete [34]. However,
freezing of liquid in pores occurs at temperatures below 0 ◦ C because of solution in pores
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of stone is not pure water and contains soluble substances (alkalis, oxides and hydroxides of
alkaline-earth metals, sulfates, etc.) [48]. Increased content of compounds of alkaline metals
in porous solution causes increased freeze-thaw resistance of AABFC concrete compared with
portland cement [43,49].

The peculiarities of porous structure cause advanced freeze-thaw resistance of AABFC
concrete. In common case, the porous structure of cement stone is presented by gel (1.5. . . 10.0
nm), capillary (0.01. . . 1.00 nm) and closed (10. . . 500 µm) pores [50]. At that, freeze-thaw
resistance and accordingly durability of concrete are caused mainly by capillary porosity in
contrast to strength of concrete, which depends on total porosity [34]. Capillary effect, which
is caused by dependence of freeze point from the size of pores, causes the influence of porous
structure on freeze-thaw resistance of concrete. Water firstly freezes in capillary pores whereas
one remains in liquid form in smaller gel pores while freezing. Thermodynamic unbalanced state
causes motion force for removal of water from smaller to larger pores and occurs because of the
pressure under water is higher than under ice [34]. Increased gel phase while decreased volume
of capillary pores compared with Portland cement [43] causes advanced freeze-thaw resistance
of AABFC concrete.

Porous structure of AABFC concrete in one’s turn is caused by technological factors such
as consistency of fresh concrete, form (state) of alkaline component, curing conditions, etc.
The modern requirements to consistency fresh concretes are governed by practice [51–55].
Consistency of fresh concrete is regulated by surfactants. Principles for choice of surfactants
as the bases of complex admixtures were proposed [56, 57]. Effectiveness of complex admixture
“polyorganohydrosiloxane – sodium lignosufonate – polyethylene glycol” for AABFC concrete
was determined while providing both electrostatic and steric mechanism of plasticization [56].
However, increasing of consistency causes negative changes in concrete structure, which lead to
increasing of porosity and consequently less freeze-thaw resistance.

The features of AABFC technology, which are caused by different aggregative state of alkaline
components and chemical admixtures (dry form or liquid form), provide various intensity in
formation of hydrosilicate gel and, consequently, different performances of AABFC concrete [43].
Thus, the aim of this research was to investigate the effects of technological factors on porous
structure of AABFC concrete to provide its high freeze-thaw resistance in solution of sodium
chloride as criterium of sustainable performance.

2. Raw materials and testing techniques
The main constituents of the blast furnace cement (CEM III/C, in accordance with EN 197-
1:2011) were presented by:

• ground-granulated blast furnace slag (further, GGBFS) (% by mass: CaO – 47.30, SiO2 –
39.00, Al2O3 – 5.90, Fe2O3 – 0.30, MgO – 5.82, SO3 – 1.50, TiO2– 0.31), basicity modulus=
1.11, content of glass phase= 84.0 %, specific surface= 450 m2/kg (by Blaine);

• Portland cement CEM I 42,5 R (% by mass: CaO – 64.13, SiO2 – 25.14, Al2O3 – 5.17,
Fe2O3 – 4.12, MgO – 0.88, SO3 – 1.27, K2O + Na2O – 0.99).

The blast furnace cement was composed, % by mass: GGBFS – 95, Portland cement – 5.
The alkaline component (33 mass % Na2CO3 + 67 mass % Na2O·SiO2 ·5H2O) was introduced

into a concrete mixer in dry form (powder) or in liquid form (water solution, 1180 kg/m3) in such
a way that its content in the concrete (as Na2O-equivalent) would be equivalent. The contents
of alkali metal compounds (alkaline activators) were taken over 100 % of the aluminosilicate
components in accordance with [19].

A river silica sand (fineness modulus 1.8) was used. A granite gravel with grain sizes between
5. . . 10 mm (fr. 5/10) and 10. . . 20 mm (fr.10/20) was used as coarse aggregate.
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Reference composition of concrete was used according to [58], while application of alkaline
component in dry form or in liquid form, kg/m3: AABFC – 350, silica sand – 740, granite gravel –
330 (fr.5/10) and 780 (fr.10/20).

AABFC concrete was modified by complex admixture (CPA) with the main plasticizing effect.
CPA was presented by the components:

• sodium lignosulfonate (further, LST) in accordance with CAS 8061-51-6 (pH  8.5);
• waterproofing agent based on ethyl hydro-siloxane polymer (further, WA) in accordance

with CAS 63148-57-2.
• surfactant based on polyether (polyethylene glycol “PEG-400”, JSC “Barva” in accordance

with CAS 25322-68-3.

WA was used to intensify grinding and to prevent sorption of water from air and to retain
the properties of AABFC. Contents of CPA components, % by mass of AABFC, were: LST –
1.00, WA – 0.06, polyethylene glycol – 0.50.

The AABFC components and a half of aggregates together with LST and mixing liquid
(water or solution of the alkaline component) were properly mixed in mixer for 1 min, then the
remaining part of aggregates was added and mixed together for the next 2 min.

Consistency (workability) was determined by cone slump according to the national standard
of Ukraine [59].

The prepared concrete mixtures were placed into moulds and compacted under vibration at
a vibrating table, then covered with a plastic film and placed into a chamber for hardening
under normal conditions (t = 18±2 ◦ C and RH = 95±5 %), where it was stored for 2 days
until demoulding. A part of the specimens after taken from the moulds was placed for further
hardening in water, the other part was left for hardening under normal conditions, and some
specimens were steam cured at t = 85±5 ◦ C.

Water absorption and porosity of the AABFC concrete were tested in accordance to national
standard of Ukraine [60]. The concrete cubes (100 mm) after 28 days of hardening were dried up
to a constant weight at t = 105±10 ◦ C. Then, the specimens were saturated with water until a
constant weight would be obtained at t= 20±2 ◦ C. The values of porosity were calculated from
the values of average density and water absorption.

Freeze-thaw resistance of AABFC concrete (figure 1) was studied according to the third
test method prescribed by the national standard of Ukraine [61]. According to this accelerated
method, the concrete cubes (100 mm) were saturated with a 5 % solution of NaCl at t= 18±2 ◦ C
and after that were subjected to freezing at t = -50 ◦ C. Thawing was done in a 5 % solution
of NaCl. A class of concrete in freeze-thaw resistance was designated as a number of alternate
freezing and thawing at which a mean compressive strength decreased by no more than 5 %.
The freeze-thaw resistance of concrete was assessed by the correspondence between permissible
number of freezing-thawing cycles by the mentioned method and by the first (basic) method
prescribed in mentioned standard.

3. Results and discussions
The effects of fresh concrete consistency, aggregate state of alkaline component and curing
conditions as technological factors on porous structure of AABFC concrete were investigated to
ensure its sustainability.

3.1. Effects of fresh concrete consistency and aggregate state of alkaline component
The porous structure and corresponding values of freeze-thaw resistance of AABFC concrete
were compared. AABFC concrete was obtained with different consistency (table 1, figure 2,
figure 3, figure 4): class S1 (reference) and class S4 (plasticized by CPA). It was revealed,
that consistency of fresh concrete is important factor of porous structure. Thus, increasing of
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Figure 1. A freezing chamber for testing freeze-thaw resistance.

Table 1. The porous structure and freeze-thaw resistance of alkali-activated blast furnace cement
concrete versus form of alkaline component and consistency.

Strength
class of
concrete

W/C
(S/C)

Consis-
tency, cm

Water
absorption

Wm, %

Changes
in mass, %

Changes in
strength, %

Freeze-
thaw

resistance

Dry form of alkaline component
B35 0.36 18 3.39 +1.05 -9.0 F200
B40 0.34 2 3.12 +0.8 +0.5 F400

Liquid form of alkaline component
B35 0.34 20 3.70 +0.04 -1.0 F300
B40 0.32 3 2.88 +0.19 -5.7 F500

Note. The specimens hardened in water

consistency from class S1 up to class S4 while application of alkaline component in dry form
ensured deterioration of porous structure, i.e. increasing of volume of open capillary pores by
9.1 % (figure 2a) and decreasing volume of conditionally closed pores by 41.2 % (figure 2b). Less
volume of conditionally closed pores determined formation of minor dense and more permeable
structure, which caused deterioration of physical and mechanical properties of AABFC concrete,
including freeze-thaw resistance decrease from mark F400 down to mark F200 (figure 3a).
Application of alkaline component in liquid form provided the similar dependence. Changes
in consistency from class S1 up to class S4 ensured increasing volume of open capillary pores
by 14.3 % (figure 2a) and corresponding decreasing of conditionally closed pores by 20.7 %
(figure 2b), that was factor of reduction of freeze-thaw resistance from mark F500 down to mark
F300 (figure 3b).

Specified changes in porous structure and freeze-thaw resistance of AABFC concrete was
caused by increasing values of water/cement ratio (W/C) from 0.34 up to 0.36 or solution/cement
ratio (S/C) from 0.32 up to 0.34 while application of alkaline component in dry form or liquid
form agreeably. Less freeze-thaw resistance of AABFC concrete was also caused by increased
air-entraining due to CPA. That is explained by decreasing of surface tension between water
and air [62].

Thus, increasing consistency caused negative effect on freeze-thaw resistance of AABFC
concrete that is in dissonance with the modern requirements to high consistency of fresh concrete.

Application of alkaline component in dry form, in contrast to liquid form, ensured higher
volume of open capillary pores by 5.0 % and 10.0 % at consistency classes S1 and S4 agreeably.
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(a)

(b)

Figure 2. The influence of consistency and form of alkaline component on the volumes of open
capillary pores (a) and conditionally closed pores (b) of alkali-activated blast furnace cement
concrete.

Lack in filling intensity of porous space by hydrosilicate gel caused this phenomenon (figure 2a).
Decreasing volume of conditionally closed pores by 58.0 % and 43.3 % consequently occurred

(figure 2b). Specified changes in porous structure ensured decreasing tendency in freeze-thaw
resistance of AABFC concrete from F500 down to F400 (figure 4a) as well as from F300 down
to F200 (figure 4b).

Obtained regularities confirm expediency of alkaline component exactly in the liquid form,
that is on contrary to modern requirements concerning production of AABFC’s namely under
“all-in-one” technology.
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(a)

(b)

Figure 3. Open capillary porosity and freeze-thaw resistance of alkali-activated blast furnace
cement concrete vs. form of alkaline component: dry form (a), liquid from (b).

3.2. Effect of curing conditions
Normal curing conditions of AABFC concrete was more advisable if compared with curing in
water or under steam curing in the view of formation of effective porous structure (table 2).

Porous structure of plasticized AABFC concrete, at consistency of class S4 and after
hardening during 28 d under normal conditions, was characterized by decreased volume of open
capillary pores by 5.0 % and 1.3 % as well as by increased volume of conditionally closed pores by
35.7 % and 20.0 % compared with analogues under water or steam curing (figure 5). Specified
changes in porous structure contributed to formation of AABFC concrete with more dense
and impermeable structure, which is able for self-healing. This phenomenon provided advanced
freeze-thaw resistance mark F300 in contrast to marks F200 and F250 of analogues (figure 6).

Thus, effective technological decisions to ensure advanced freeze-thaw resistance of AASC
concrete in solution of sodium chloride as criterium of its sustainability were determined.

4. Conclusion
1. The activization of blast furnace cement by alkali metal compounds although taking into

account the influence of technological factors on porous structure of concrete can provide
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(a)

(b)

Figure 4. Open capillary porosity and freeze-thaw resistance of the alkali-activated blast furnace
cement concrete vs. consistency: class S1 (a), class S4 (b).

Table 2. The porous structure and freeze-thaw resistance of alkali-activated blast furnace cement
concrete versus curing conditions.

Curing
conditions

Strength
class of
concrete

W/C Consis-
tency, cm

Water
absorption

Wm, %

Changes
in mass,

%

Changes in
strength,

%

Freeze-
thaw

resistance

Dry form of alkaline component
Water B35 0.36 18 4.0 -0.12 -1.68 F200
Steam
curing

B35 0.36 19 4.2 +0.16 +1.85 F250

Normal
conditions

B35 0.36 19 4.1 +0.12 +4.608 F300

its sustainable performance by criterium of advanced freeze-thaw resistance in solution
of sodium chloride. Fresh concrete consistency, aggregate state of alkaline component and
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Figure 5. Porous structure of alkali-activated blast furnace cement concrete vs. curing
conditions.

Figure 6. The volume of open capillary pores and freeze-thaw resistance of alkali-activated
blast furnace cement concrete vs. curing conditions.

curing conditions are considered as appropriate technological factors to handle the structure
of alkali-activated blast furnace cement concrete under the exposure class XF4.

2. It was shown, that increasing of fresh concrete consistency from class S1 up to class S4
by means of chemical modification as well as application of alkaline component in dry
form caused less freeze-thaw resistance of alkali-activated blast furnace cement concrete
in solution of NaCl as a result of negative changes in porous structure. Thus, application
of complex admixture “polyorganosiloxane – sodium lignosulfonate – polyethylene glycol”
while use of alkaline component in dry form ensured increasing open capillary porosity by
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20 % and decreasing of conditionally closed porosity by 67 % that was accompanied by
diminution of freeze-thaw resistance the concrete by 60 %.

3. It was revealed, that negative effect of plasticization can be compensated while dry
form of alkaline component and sustainable performance of alkali-activated blast furnace
cement concrete can be ensured due to hardening under appropriate temperature-humidity
conditions. In that way, freeze-thaw resistance of the plasticized concrete while hardening
in normal conditions, in contrast to hardening in water or under steam curing, increased up
to 1.3. . . 1.5 times in consequence of reduced open capillary porosity by 5.0 % and increased
volume of conditionally closed pores by 36.0 %.

Acknowledgments
Authors would like to acknowledge the contribution of the Research Council of Lithuania and the
Ministry of Education and Science of Ukraine project “Solutions to reduce aggressive ions SO2−4
and Cl− during transport in Portland cement concrete with steel reinforcement in hydraulic
structures”, project code S-LU-22-7.

ORCID iDs
P Krivenko http://orcid.org/0000-0001-7697-2437
I Rudenko http://orcid.org/0000-0001-5716-8259
O Konstantynovskyi https://orcid.org/0000-0002-7936-5699
A Razsamakin https://orcid.org/0000-0001-5130-6059

References
[1] Kostyuk T, Vinnichenko V, Plugin A, Borziak O and Iefimenko A 2021 IOP Conference Series: Materials

Science and Engineering 1021(1) 012016 URL https://doi.org/10.1088/1757-899X/1021/1/012016
[2] Sanytsky M, Kropyvnytska T, Kotiv R, Bevz M and Fic S 2021 E3S Web of Conferences 280 07002 URL

https://doi.org/10.1051/e3sconf/202128007002
[3] Bentz D P, Ferraris C F, Jones S Z, Lootens D and Zunino F 2017 Cement and Concrete Composites 78

43–56 URL https://doi.org/10.1016/j.cemconcomp.2017.01.001
[4] Kropyvnytska T, Sanytsky M, Heviuk I and Kripka L 2023 Study of the Properties of Low-Carbon

Portland-Composite Cements CEM II/C-M Proceedings of EcoComfort 2022 ed Blikharskyy Z (Cham:
Springer International Publishing) pp 230–237 ISBN 978-3-031-14141-6 URL https://doi.org/10.1007/
978-3-031-14141-6_22

[5] Sikora P, Woliński P, Chougan M, Madraszewski S, Węgrzyński W, Papis B K, Federowicz K, Ghaffar
S H and Stephan D 2022 Industrial Crops and Products 184 115103 ISSN 0926-6690 URL https:
//doi.org/10.1016/j.indcrop.2022.115103

[6] Naqi A and Jang J G 2019 Sustainability 11(2) 537 ISSN 2071-1050 URL https://doi.org/10.3390/
su11020537

[7] Shen W, Liu Y, Yan B, Wang J, He P, Zhou C, Huo X, Zhang W, Xu G and Ding Q 2017 Renewable and
Sustainable Energy Reviews 75 618–628 URL https://doi.org/10.1016/j.rser.2016.11.033

[8] Burciaga-Dı́az O 2019 Cement and Concrete Composites 103 104–111 ISSN 0958-9465 URL https://doi.
org/10.1016/j.cemconcomp.2019.05.002

[9] Matschei T, Bellmann F and Stark J 2005 Advances in Cement Research 17(4) 167–178 URL https:
//doi.org/10.1680/adcr.2005.17.4.167

[10] Kropyvnytska T P, Kaminskyy A T, Semeniv R M and Chekaylo M V 2019 IOP Conference Series: Materials
Science and Engineering 708(1) 012091 URL https://doi.org/10.1088/1757-899X/708/1/012091

[11] Bai Y, Collier N C, Milestone N B and Yang C H 2011 Journal of Nuclear Materials 413(3) 183–192 ISSN
0022-3115 URL https://doi.org/10.1016/j.jnucmat.2011.04.011

[12] Kryvenko P, Rudenko I and Konstantynovskyi O 2020 Eastern-European Journal of Enterprise Technologies
6(108) 26–40

[13] 2021 Cement–Part 1: Composition, specifications and conformity criteria for common cements Draft Malawi
Standard URL http://www.puntofocal.gov.ar/notific_otros_miembros/mwi40_t.pdf

[14] Bernal S A 2016 RILEM Technical Letters 1 39–44 URL https://doi.org/10.21809/rilemtechlett.2016.8

http://orcid.org/0000-0001-7697-2437
http://orcid.org/0000-0001-5716-8259
https://orcid.org/0000-0002-7936-5699
https://orcid.org/0000-0001-5130-6059
https://doi.org/10.1088/1757-899X/1021/1/012016
https://doi.org/10.1051/e3sconf/202128007002
https://doi.org/10.1016/j.cemconcomp.2017.01.001
https://doi.org/10.1007/978-3-031-14141-6_22
https://doi.org/10.1007/978-3-031-14141-6_22
https://doi.org/10.1016/j.indcrop.2022.115103
https://doi.org/10.1016/j.indcrop.2022.115103
https://doi.org/10.3390/su11020537
https://doi.org/10.3390/su11020537
https://doi.org/10.1016/j.rser.2016.11.033
https://doi.org/10.1016/j.cemconcomp.2019.05.002
https://doi.org/10.1016/j.cemconcomp.2019.05.002
https://doi.org/10.1680/adcr.2005.17.4.167
https://doi.org/10.1680/adcr.2005.17.4.167
https://doi.org/10.1088/1757-899X/708/1/012091
https://doi.org/10.1016/j.jnucmat.2011.04.011
http://www.puntofocal.gov.ar/notific_otros_miembros/mwi40_t.pdf
https://doi.org/10.21809/rilemtechlett.2016.8


ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012003

IOP Publishing
doi:10.1088/1755-1315/1254/1/012003

11

[15] Collier N C, Li X, Bai Y and Milestone N B 2015 Journal of Nuclear Materials 464 128–134 URL
https://doi.org/10.1016/j.jnucmat.2015.04.044

[16] Chougan M, Ghaffar S H, Sikora P, Mijowska E, Kukułka W and Stephan D 2022 Industrial Crops and
Products 178 114648 URL https://doi.org/10.1016/j.indcrop.2022.114648

[17] Abdel-Gawwad H A, Tawfik T A, Sikora P and Abd Elrahman M 2022 Construction and Building Materials
345 128384 URL https://doi.org/10.1016/j.conbuildmat.2022.128384

[18] Krivenko P, Rudenko I, Konstantynovskyi O and Vaičiukynienė D 2022 Materials 15(9) 3003 URL https:
//doi.org/10.3390/ma15093003

[19] 2016 National standard of Ukraine DSTU B V.2.7-181:2009 Alkaline cements. Specification URL http:
//online.budstandart.com/ru/catalog/doc-page?id_doc=65766

[20] Plugin A A, Borziak O S, Pluhin O A, Kostuk T A and Plugin D A 2021 Hydration Products
that Provide Water-Repellency for Portland Cement-Based Waterproofing Compositions and Their
Identification by Physical and Chemical Methods Proceedings of EcoComfort 2020 ed Blikharskyy Z
(Cham: Springer International Publishing) pp 328–335 ISBN 978-3-030-57340-9 URL https://doi.org/
10.1007/978-3-030-57340-9_40

[21] Kropyvnytska T, Semeniv R, Kotiv R and Novytskyi Y 2021 Effects of Nano-liquids on the Durability
of Brick Constructions for External Walls Proceedings of EcoComfort 2020 ed Blikharskyy Z (Cham:
Springer International Publishing) pp 237–244 ISBN 978-3-030-57340-9 URL https://doi.org/10.1007/
978-3-030-57340-9_29

[22] Plugin A, Borziak O, Miroshnichenko S, Krykun O and Zinchenko V 2022 AIP Conference Proceedings
2557(1) 070004 URL https://doi.org/10.1063/5.0104860

[23] Krivenko P, Rudenko I, Konstantynovskyi O and Boiko O 2021 E3S Web of Conferences 280 07004 URL
https://doi.org/10.1051/e3sconf/202128007004

[24] Sikora P, Techman M, Federowicz K, El-Khayatt A M, Saudi H A, Abd Elrahman M, Hoffmann M,
Stephan D and Chung S Y 2022 Case Studies in Construction Materials 17 e01320 URL https:
//doi.org/10.1016/j.cscm.2022.e01320

[25] Tsapko Y, Tsapko O and Bondarenko O 2020 Eastern-European Journal of Enterprise Technologies 2(10
(104)) 13–18 URL https://doi.org/10.15587/1729-4061.2020.200467

[26] Tsapko Y, Tsapko A and Bondarenko O P 2020 Research of conditions of removal of fire protection from
building construction Actual Problems of Engineering Mechanics: Materials Science and Technologies (Key
Engineering Materials vol 864) (Trans Tech Publications Ltd) pp 141–148 URL https://doi.org/10.
4028/www.scientific.net/KEM.864.141

[27] Guo H, Shi C, Guan X, Zhu J, Ding Y, Ling T C, Zhang H and Wang Y 2018 Cement and Concrete
Composites 89 251–259 URL https://doi.org/10.1016/j.cemconcomp.2018.03.008

[28] Troian V, Gots V, Keita E, Roussel N, Angst U and Flatt R J 2022 RILEM Technical Letters 7 139–149
URL https://doi.org/rilemtechlett.2022.171

[29] Bu C, Liu L, Lu X, Zhu D, Sun Y, Yu L, OuYang Y, Cao X and Wei Q 2022 Materials 15(3) 1110 URL
https://doi.org/10.3390/ma15031110

[30] Kovalchuk O, Grabovchak V and Govdun Y 2018 MATEC Web of Conferences 230 03007 URL https:
//doi.org/10.1051/matecconf/201823003007

[31] Shi C 2003 Advances in Cement Research 15(2) 77–81 URL https://doi.org/10.1680/adcr.2003.15.2.77
[32] Cyr M and Pouhet R 2015 The frost resistance of alkali-activated cement-based binders Handbook of Alkali-

Activated Cements, Mortars and Concretes ed Pacheco-Torgal F, Labrincha J A, Leonelli C, Palomo
A and Chindaprasirt P (Oxford: Woodhead Publishing) pp 293–318 URL https://doi.org/10.1533/
9781782422884.3.293

[33] Moodi F, Norouzi S and Dashti P 2021 Advances in Concrete Construction 11(6) 493—-505 URL https:
//doi.org/10.12989/acc.2021.11.6.493

[34] Stark J and Wicht B 2001 Dauerhaftigheit von Beton: der Baustoff als Werkstoff (Berlin: Birkhäuser)
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[55] Revilla-Cuesta V, Skaf M, Santamaŕıa A, Hernández-Bagaces J J and Ortega-López V 2021 Journal of
Cleaner Production 299 126890 URL https://doi.org/10.1016/j.jclepro.2021.126890

[56] Krivenko P V, Rudenko I I, Petropavlovskyi O M, Konstantynovskyi O P and Kovalchuk A V 2019 IOP
Conference Series: Materials Science and Engineering 708(1) 012090 URL https://doi.org/10.1088/
1757-899X/708/1/012090

[57] Krivenko P V, Petropavlovskyi O M, Rudenko I I, Konstantynovskyi O P and Kovalchuk A V 2020 IOP
Conference Series: Materials Science and Engineering 907(1) 012055 URL https://doi.org/10.1088/
1757-899X/907/1/012055

[58] 2009 National standard of Ukraine DSTU B V.2.7-215:2009 Concretes. Rules of selection of composition URL
http://online.budstandart.com/ua/catalog/doc-page?id_doc=25913

[59] 2002 National standard of Ukraine DSTU B V.2.7-114:2002 Fresh concretes. Methods of testing URL
http://online.budstandart.com/ua/catalog/doc-page?id_doc=4913

[60] 2008 National standard of Ukraine DSTU B. V.2.7-170:2008 Building materials. Concretes. Methods for
determining of average density, humidity, water absorption, porosity and water resistance URL http:
//online.budstandart.com/ua/catalog/doc-page?id_doc=24882

[61] 1996 National standard of Ukraine DSTU B V.2.7-49-96 Building materials. Concretes. Method for
determination of freeze/thaw resistance URL http://online.budstandart.com/ua/catalog/doc-page?
id_doc=4950

[62] Troian V V 2016 Technological bases of increase and prediction of durability massive concrete structures
Ph.D. thesis Kyiv National University of Construction and Architecture

https://doi.org/10.1617/s11527-006-9104-1
https://doi.org/10.1617/s11527-006-9104-1
https://doi.org/10.3390/su12093561
https://doi.org/10.3390/su12093561
https://doi.org/10.1016/j.cemconres.2015.04.013
https://doi.org/10.1016/j.cemconres.2015.04.013
https://doi.org/10.1051/e3sconf/201911001037
https://doi.org/10.1051/e3sconf/201911001037
https://doi.org/10.1533/9781782422884.3.333
https://doi.org/10.1533/9781782422884.3.333
https://www.researchgate.net/publication/316968948
https://www.researchgate.net/publication/316968948
https://doi.org/10.1016/j.conbuildmat.2008.02.004
https://doi.org/10.1155/2017/3927106
https://doi.org/10.3390/ma13163467
https://doi.org/10.3390/ma13163467
https://doi.org/10.1021/acsami.9b14929
https://www.icevirtuallibrary.com/doi/abs/10.1680/aecp.34075.0018
https://www.icevirtuallibrary.com/doi/abs/10.1680/aecp.34075.0018
https://doi.org/10.1051/e3sconf/202016606007
https://doi.org/10.1016/j.cemconcomp.2017.07.016
https://doi.org/10.1590/1980-5373-MR-2021-0264
https://doi.org/10.1016/j.jclepro.2021.126890
https://doi.org/10.1088/1757-899X/708/1/012090
https://doi.org/10.1088/1757-899X/708/1/012090
https://doi.org/10.1088/1757-899X/907/1/012055
https://doi.org/10.1088/1757-899X/907/1/012055
http://online.budstandart.com/ua/catalog/doc-page?id_doc=25913
http://online.budstandart.com/ua/catalog/doc-page?id_doc=4913
http://online.budstandart.com/ua/catalog/doc-page?id_doc=24882
http://online.budstandart.com/ua/catalog/doc-page?id_doc=24882
http://online.budstandart.com/ua/catalog/doc-page?id_doc=4950
http://online.budstandart.com/ua/catalog/doc-page?id_doc=4950


IOP Conference Series: Earth and Environmental Science

PAPER • OPEN ACCESS

Sustainable modified pozzolanic supplementary cementitious materials
based on natural zeolite, fly ash and silica fume
To cite this article: M Sanytsky et al 2023 IOP Conf. Ser.: Earth Environ. Sci. 1254 012004

 

View the article online for updates and enhancements.

This content was downloaded by semerikov from IP address 193.151.14.31 on 30/10/2023 at 13:31

https://doi.org/10.1088/1755-1315/1254/1/012004
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssPYA1PW0krueGl44-C9jYWKT7AEXwbVDQyVG0-9Oezzqr2JX2Y9ObL8j81TrrQXBtCtcmaHn4A6j0ipdH4XREIq6iXRVGMjmkpbIVVMZIpmLTvI5-lCckL0ScpCPiQpTnwNmGUhkhQJFCKfMmIirkfEXsogfrpvzBqNSk4OHroBlhTNgbtKz0wZuXlxGVjvJDiC5erQAexSy22Mg9Cpqh1JUuoNTRbTpxxwR_8lZ3gxgqqkdClirZJKvEvOCX1_NuWCxlTviH8VGUWGQ0kRDQpK9kJVshgLSzqV35Yl-zB8dibNnjD&sai=AMfl-YS7u0pMf-JmbfUIga1w3mzNV3W3hkfVGhNye6WWZrgYPAKm6pgJu-oGD0LHe9oLSopeWPsVY4C9VupMkTg&sig=Cg0ArKJSzJXUvQRAd4iH&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/245/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DJournals%26utm_campaign%3D245Abstract%26utm_id%3D245


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012004

IOP Publishing
doi:10.1088/1755-1315/1254/1/012004

1

Sustainable modified pozzolanic supplementary

cementitious materials based on natural zeolite, fly

ash and silica fume

M Sanytsky, T Kropyvnytska and H Ivashchyshyn

Lviv Polytechnic National University, 79013, Lviv, Ukraine

E-mail: msanytsky@ukr.net

Abstract. The present study examined the effectiveness of pozzolanic supplementary
cementitious materials (P-SCMs), such as fly ash (FA), super fine zeolite (SFZ) and silica fume
(SF), in reducing the energy intensity and CO2 emissions of concrete based on ordinary Portland
cement. Optimization of the composition of the P-SCMs was carried out by the simplex-lattice
Scheffe method according to the criterion of pozzolanic activity. The type and level of P-SCM
replacement was analyzed to improve cement paste properties and target CO2 reduction in
concretes. It is shown that the combination of pozzolanic materials of different origin and
granulometric composition helps to improve the quality of bended cements and speed up the
concrete production process. Blends of pozzolanic P-SCMs results in environmentally friendly
concrete with a significant positive impact on the environment. This can be considered the main
initiative of sustainability of concrete production.

1. Introduction
An important problem according to the priority areas of the European Green Deal is ensuring
carbon neutrality, introducing innovations, modernization and greening of industry. According
to the low-carbon development strategy presented by the European Cement Association
(CEMBUREAU), it is necessary to reduce carbon dioxide emissions at every stage of the
production and technological chain – from the production of clinker, cement and concrete to
construction. Already by 2030, it is planned to reduce CO2 emissions during the production of
cement by 30%, and at the stage of concrete production and construction – by 40% [1–5].

Solving the problem of energy efficiency and reducing CO2 emissions in building production
is largely determined by the search for technological and ecological ways to replace a part of
Portland cement clinker with supplementary cementitious materials (SCMs). Due to the rational
selection of SCMs in the production of low-carbon cements, technical, ecological and economic
benefits are achieved [6–8]. Another way is to add SCMs directly to the concrete mixture instead
of a part of Portland cement, which helps to reduce the cost of concrete, increase its strength in
subsequent periods of hardening, and increase durability. In this case, replacing each kilogram
of clinker in concrete with supplementary cementitious materials allows reducing CO2 emissions
by 0.6–1.0 kg [9–12].

One of the main non-clinker constituent, which has been used in cement production for many
years, is granulated blast furnace slag (GBFS) [13, 14]. At the same time, rapidly growing
consumption of Portland cement as well as low availability of ground granulated blast furnace
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slag (widely used as SCM) serious steps should be taken to find alternative solution for cement
industry. Therefore, there is a growing interest in the use of a by-product of thermal power
plants – fly ash. This product is an amorphous vitreous pozzolanic material and, when mixed
with cement, significantly affects the strength development of the cementitious composites. Fly
ash increases the durability and strength of concrete at a later age, but at the same time reduces
the early strength of concrete. It also reduces the amount of water-reducing admixtures required
to obtain the same consistency [15–17]. However, the availability of fly ash is also limited in
some parts of Europe. Therefore, it is recommended to add other types of pozzolans to the
composition of so-called “green” cements together with fly ash. At the same time, with an
increased amount of pozzolans, they significantly affect the strength of concrete. Silica fume
significantly increases the strength and durability of concrete, but it has a high water demand,
so it requires the use of an increased amount of water-reducing admixtures [18,19].

Significant resources in the European region of natural pozzolans – zeolite tuffs – make it
possible to solve the problem of regional application of SCMs [20–22]. High-silica zeolite tuffs
(the main mineral is clinoptilolite (Na,K)6[Al6Si30O72]24H2O) have unique characteristics, such
as a high specific surface area and the ability to exchange cations. The introduction of natural
zeolites allows binding excess alkalis (Na+,K+) into insoluble hydroaluminosilicates as part of
inorganic complexes.

The pozzolanic activity of SCMs, which is evaluated by their reactivity, mainly depends on
three parameters – the nature of the activity (hydraulic, pozzolanic), the chemical composition
of SCMs and their dispersion, while SCMs particles smaller than 10 micrometers are reactive
[23–25]. The effectiveness of the increased dispersion of artificial and natural pozzolans is
confirmed by the development of ultrafinely dispersed supplementary cementitiouse materials
that belong to superpozzolans and provide accelerated binding of calcium hydroxide – a product
of the hydrolysis of the alite phase of Portland cement clinker [26, 27]. Such interaction of
superpozzolana with products of hydration of Portland cement clinker leads to a decrease in
porosity, which helps to increase the strength, corrosion resistance of concrete and determines
its durability. However, a high content of finely dispersed SCMs causes an increase in the water
consumption of concrete, which leads to a loss of early strength [28–30].

The physical approach opens significant prospects for improving the technical properties of
building composites. It consists in not changing the chemical and mineralogical composition
of Portland cement clinker, but reducing the water-binder ratio (W/B) of multicomponent
cementitious systems and increasing the packing density of binder grains in the cement paste
with the help of highly effective superplasticizers, especially of the polycarboxylate type [31,32].

The creation of modified concretes using multi-component SCMs involves the optimization of
their compositions due to the intensification of pozzolanic reactions in the concrete cementitious
matrix. The effectiveness of such an idea lies in the maximum disclosure of the synergistic
role of highly dispersed pozzolans in the composition of low-carbon cementitious systems, which
will ensure a directed effect on the processes of regulating the properties of modified concrete
and mortars. The assessment of the indicator of the impact of multi-component SCMs on the
environment allows to determine their suitability for the production of low-carbon concrete. In
advanced EU countries, CO2 emissions are reduced to 83.4 kg of CO2 per 1 ton of concrete. One
of the main directions of reducing the ECO2 indicator is the replacement of a part of Portland
cement CEM I type in concrete with multicomponent mineral additives, which is a relevant
approach to achieve sustainability in construction industry [33–35].

In recent years, significant attention of researchers and manufacturers has been attracted by
alkali-activated binders, which provide significant potential for the development of promising
technologies [36–38]. Alkali-activated cementitious materials are characterized by accelerated
hardening and are at the epicenter of a new and necessary transition from modern Portland
cement to eco-cements of the future. In particular, this technology may soon reach such a
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stage of development that it will serve as a link for the development of clinker-free alternative
binders [39–42].

The purpose of the work is the rational design of the granulometric and material composition
of combined pozzolanic SCMs, which, when combined with admixtures of superplasticizing
action, create the possibility of obtaining eco-efficient modified blends with specified quality
indicators and a reduction in CO2 intensity per product unit.

2. Raw materials and testing techniques
The Portland cement CEM I 42.5 R JSC “Ivano-Frankivskcement” (Ukraine) was used in
experiments. The contents of the main clinker phases, mass.%: C3S – 61.95; C2S – 12.31;
C3A – 7.0; C4AF – 11.75.

Pozzolanic supplementary cementitious materials (P-SCMs) were used for the study:

• natural zeolite with 69.8 mass.% SiO2 provided from Sokyrnytsky quarry. Super fine zeolite
(SFZ) was obtained by grinding natural zeolite to a specific surface area greater than
SSA=11000 cm2/g;

• fly ash (FA) with 57.8 mass.% SiO2 and 24.2 mass.% Al2O3 from Burshtyn TPP,
SSA=4100 cm2/g;

• silica fume (SF) Elkem Microsilica Grade 940-U with 94.7 mass.% SiO2, SSA=18 000 cm2/g.

Superplasticizer type polycarboxylate ethers (PCE) was used in this study. Lignosulfonate
(LS) was used for comparison.

The chemical composition of fly ash and zeolite was determined using an ARL 9800 XP X-
ray spectrometer (Thermo Electron SA, Switzerland). The specific surface of Portland cement
and SCMs was determined on Blaine’s device. Determination of the strength of blends was
carried out in accordance with DSTU B EN 196–1:2015, bleeding in accordance with DSTU B
EN 196–3:2015, DSTU B EN 196–6:2015. Pozzolanic activity was determined according to EN
450-1:2009, ASTM C593-06 [43]. According to the methodology based on Italian method, the
strength indicators should be Rf ≥ 0.5 MPa. and Rc ≥ 2.5 MPa.

The optimization of the composition of pozzolanic supplementary cementitious materials
(P-SCMs) was carried out by the simplex-lattice Scheffe method according to the criterion of
pozzolanic activity according to EN 450-1:2009. The optimal ratio between P-SCMs components
was determined using a simplex-lattice Scheffe “blend-properties” plan to ensure an even spread
of experimental points in the factor space. The Gibbs concentration triangle was used in the
analysis of the experimental plan. The criterion of pozzolanic activity of P-SCMs according to
EN 450-1:2009 was used as the target function. The criteria for the effectiveness of the modifiers
(plasticizing and water-reducing effects) were determined according to DSTU B V.2.7-69.

3. Results and discussions
Highly dispersed SCMs such as super fine zeolite and microsilica are characterized by increased
water demand – 42.5 and 55.0 %, while having low bleeding (3.0 and 1.0 %, respectively). Fly
ash has a lower dispersion compared to other pozzolanic materials. Fly ash is characterized by
particles of the correct spherical shape, which provide a plasticizing effect due to the “roller
bearing effect”. Therefore, its water demand is reduced (27.0 %), but it is characterized by
significant bleeding (34 %).

According to EN 450-1:2009, the strength activity index (SAI) after 28 days should be more
than 75%, and after 90 days – more than 85%. As can be seen from the figure 1, super fine
zeolite and silica fume reach the corresponding indicator of Psai ≥ 75% already after 2 days
of hardening. The SAI of fly ash meets the requirements of EN 450-1:2009, but is significantly
lower compared to super fine zeolite and silica fume.
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Figure 1. Pozzolanic activity of SCMs according to EN 450-1:2009.

According to ASTM C593-06, the mortar strength for super fine zeolite is 5.2 MPa
(requirement Rc ≥ 4.15 MPa), while for fly ash it is 4.5 MPa. According to the methodology
based on Italian method [26], the strength indicators of lime-pozzolan paste in the ratio
lime:pozzolan=1:3, for microsilica and super fine zeolite after 28 days of hardening reach 4.6/9.5
MPa and 3.2/7.9 MPa, respectively, and for fly ash – 0.6/1.8 MPa.

The optimal compositions of complex pozzolanic supplementary cementitious materials
blends FA – SFZ – SF are determined by the indicator of Strength Activity Index (SAI). The
combined effect of components on the pozzolanic activity of P-SCMs after 28 and 90 days of
curing was investigated using the Scheffe simplex-lattice plan “blends-property” method. For
the three-component mixture “SFZ (X1) : FA (X2) : SF (X3)” each point of the triangular
diagram corresponds to one P-SCM ratio. The regression equation, taking into account the
significance of the pozzolanic activity coefficients of the P-SCMs blends after 28 and 90 days, is
as follows:

Psai28 = 84.3456 · X1 + 60.2381 · X2 + 88.7843 · X3 − 20.349 · X1 · X2 − 78.8945 · X1 · X3−
−67.9326 · X2 · X3 + 27.6734 · X1 · X2 · X3.

Psai90 = 111.4523 · X1 + 76.3598 · X2 + 127.9043 · X3 − 40.641 · X1 · X2−
−88.8047 · X1 · X3 − 35.9429 · X2 · X3 + 8.6034 · X1 · X2 · X3.

The analysis of the response function surfaces (figure 2) allows to establish that for the two-
component P-SCMs-2, the optimal values of the pozzolanic activity indicators are achieved at
the ratio FA : SFZ = 0.46 : 0.54, which after 28 and 90 days are respectively Psai28 = 94 %
and Psai90 = 126 %. At the same time, for the ternary mixture P-SCMs-3, the maximum SAI
values are achieved at the ratio FA : SZF : SF = 0.35 : 0.40 : 0.25, with Psai28 = 99 % and
Psai90 = 134 %. When the content of fly ash increases over 60 mass.% in the FA – SFZ –
SF pozzolan blends, a decrease in the pozzolanic activity of the combined SCMs is observed.
Therefore, the combination of highly active pozzolans (SFZ and SF) with fly ash, which has
a plasticizing effect, allows to obtain a three-component pozzolan additive P-SCMs-3, which
provides optimal workability and strength of binder.

Studies of the effects of the three-component complex pozzolanic additive P-SCM-3 on the
physical and mechanical properties of binders have established that with an increase in the
content of P-SCM-3 from 25 to 75 mass.% in the composition of blends, there is an increase in
the specific surface from 5900 to 7700 cm2/g, an increase in water demand by 5.0 %, an extension
of the hardening period and a decrease in the bleeding coefficient from 14.4 to 6.8 %. Early
strength of blends with a content of 25 mass.% of P-SCM-3 is reduced by only 13 % compared
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Figure 2. Isolines of effects of the composition of P-SCMs “SFZ – FA – SF” on pozzolanic
activity after 28 days (a) and 90 days (b).

to CEM I. With the content of the combined pozzolanic additive P-SCM-3 increases, the early
strength decreases proportionally. With a content of 50 mass.% P-SCM-3 in the composition of
the blend after 28 days of hardening, the difference in strength is 13 %, that is, due to pozzolanic
reactions, a certain increase in strength is achieved. To obtain pozzolanic blends of strength
classes 32.5 and 42.5, the effective range of replacing Portland cement CEM I with a combined
pozzolanic SCMs is 25...50 mass.%.

Significant reserves of improving the physical and mechanical properties of pozzolanic blends
are achieved due to the use of LS and PCE plasticizing admixtures. As can be seen from the
table 1, when introducing 1.0 mass.% PCE to blend of 50 mass.% CEM I 42.5R + 50 mass.%
P-SCM-3, the flow ability of a standard cone (W/C=0.50) increases from 144 to 290 mm, and
when 0.8 mass.% LS is introduced, it increases to 225 mm. For the LS-modified blend, the water-
reducing effect is ∆ W/C = 14 %, and when modified with 1.0 mass.% PCE – ∆ W/C = 22 %.
At the same time, the blend modified by PCE is characterized by higher compressive strength
(Rc2 = 20.6 MPa and Rc28 = 54.4 MPa).

Table 1. Influence of modifiers on the physical and mechanical properties of the blend of 50
mass.% CEM I + 50 mass.% P-SCM-3.

The amount of modifier, % W/C Flow, mm Rc2,MPa Rc7,MPa Rc28,MPa

– 0.50 144 11.9 32.5 40.7

PCE

1.0 0.50 290 11.9 33.5 38.7
1.0 0.39 145 20.6 38.8 54.4

LS

1.0 0.50 225 12.8 24.1 37.3
1.0 0.43 141 18.3 35.6 48.1
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By mixing CEM I 42.5R and 50 mass.% P-SCM-3 low-carbon pozzolanic cement type CEM
IV (SSA=6850 cm2/g) was obtained. When tested according to DSTU B EN 196-1:2015, the
compressive strength after 2 and 28 days is 15.0 and 44.8 MPa, which corresponds to CEM
IV/B 42.5. For this pozzolanic cement, the water demand is 31.5%, the bleeding is 9.1%. Thus,
optimization of the granulometric and substance composition of blends allows to obtain low-
carbon blended cements of strength class 42.5. Using the method of differential calorimetry, it
was established that for this pozzolanic cement the heat of hydration after 24 h decreases by 1.55
times compared to CEM I 42.5 R and is 149 J/g, that is, according to DSTU B EN 197-1:2015,
this pozzolanic cement refers to CEM IV/B 42.5– LH.

Carbon dioxide emissions of cement and concrete are significantly reduced with the combined
use of FA, SFZ and SF. For blended pozzolanic cements (clinker factor – 0.50) CO2 emissions
are reduced to 456 kg/t, which is 45% less compared to Portland cement CEM I 42.5 R. At the
same time, the total energy costs for grinding pozzolana cement (32 kW·h/t) are 40% smaller
compared to CEM I. When using complex pozzolanic supplementary cementitious materials,
optimization of the properties of binder is ensured: workability, standard and early strength,
durability, cost, impact on the environment.

4. Conclusion
Modified multicomponent pozzolanic supplementary cementitious materials (P-SCMs) contain-
ing fly ash, super fine zeolite, silica fume, in combination with superplasticizer admixtures,
can be effectively used to improve both fresh and hardened properties of concrete. Fly ash is
commonly used with silica fume in concrete production to compensate for the slow strength
development of fly ash at early ages. The use of super fine zeolite instead of silica fume or its
part opens up new opportunities for improving the technological and technical properties of con-
crete.Technologically optimized blends based on combined pozzolanic SCMs become a rational
solution to the problem of improving the energy efficiency of building production. Sustainabil-
ity assumes that the combination of SCMs with pozzolanic action of different dispersions, based
on fly ash, super fine zeolite and silica fume, ensures reduction of CO2 emissions and cost of
concrete production.
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Abstract. Modern building structures must meet the requirements of efficiency and resource-
saving. The main direction for implementing these requirements is to reduce the consumption
of steel (14–16%) and save cement (10–12%). These tasks can be solved through the rational
combination of concrete and steel when they work together and the use of high-strength
materials. One embodiment of this task is the use of Concrete Filled Steel Tube (CFST)
structures. The purpose of this study is to identify the possibility of using the Drucker-Prager
model by comparing the results of test studies on short compressed Concrete Filled Steel Tube
(CFST) elements with different strength and deformation characteristics of the concrete core
to the results from finite element analysis (FEA) modelling of corresponding CFST elements.
Additionally, the behaviour of a steel pipe without a concrete core was investigated. The
results show that the FEA method used in this work is sufficiently accurate for studying the
behaviours of short CFST elements. The modelling technique adopted in the study made it
possible to consider the redistribution of stresses in the concrete and pipe dynamically. The
stress distribution patterns inside the concrete during both linear and non-linear deformations
of CFST elements, as well as the characteristics of the interaction between the concrete and
pipe in the contact zone, have been revealed.

1. The problem formulation and its relationship with scientific and practical tasks
The construction of modern buildings and structures requires the use of compressed elements
with a high bearing capacity. One of the solutions to this problem is the use of Concrete Filled
Steel Tube (CFST) elements. However, the wide distribution of this type of structural element
is their significant metal consumption. In compressed CFST elements, the load is taken by both
the pipe shell and the concrete core [1, 2]. Increasing the bearing capacity of the core helps to
reduce steel consumption while maintaining the bearing capacity of the CFST element [3]. In the
limiting state, CFST does not collapse in the conventional sense. Because the destroyed concrete
reinforced by the shell is included in the joint work. That is, the combination of one structural
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element of several components from different structural materials leads to the formation of a
special state of interaction between them. Therefore, the use of a rationally selected core will
lead to a significant reduction in the need for metal and cost savings during the construction of
the structure. Thus, the study of the behaviour of solid section elements compressed by CFST
will allow choosing of the most effective design solutions for such structures. Modern FEA
methods for simulating the behaviour of structures allow you to get significant savings in time
and resources when checking the correctness of the design decisions made. However, to ensure
the similarity of mathematical and physical models, it is necessary to use modern models of the
behaviour of materials, in particular, concrete.

2. Research and publications analysis
At present, buildings and structures designed and built using CFST are represented almost all
over the world. At the moment, the robot TB under static loading has been widely studied.
In work [4] stress-strain state CFST was estimated using the complex variable apparatus. The
resulting solution is exactly within the boundaries of the formulated prerequisites. The key of
which is the continuous joint work of individual components (pipe and concrete core) at all
stages of loading until the limit state is reached. An analysis of the comparison results revealed
that satisfactory agreement between theoretical and experimental studies was only for samples
with a core of ordinary heavy concrete of low and medium ranges of strength classes. Thus, this
approach limits the possibility of extending the obtained solution to CFST elements with other
component materials, for example, high-strength concretes. In addition, the results obtained
cannot be extended to other design solutions other than a solid two-component CFST element.
For example, elements with voids in a concrete core, reinforced cores, etc. In the work [5]
the method of estimating the stress-strain state based on the mechanical model of a composite
body is considered. This approach makes it possible to take into account the loss of contact
interaction between individual CFST components. This adequately describes the operation of a
CFST element with a wide range of physical and mechanical characteristics of the components.
In addition, the general methodological approach allows us to consider any design solutions for
the CFST element, for example, to take into account additional bar reinforcement, etc. But
a significant drawback is the laborious process of forming a system of resolving equations for
the skin of such design solutions. At the same time, the issue of ambiguity in the conduct
of calculations for such structures hinders the wider introduction of this kind of combination
of steel and concrete, including taking into account the strengthening of their cores. The aim
of the research was to formulate the prerequisites for performing an analytical calculation of
compressed CFST elements with a high-strength core, as well as to evaluate the effectiveness of
structural CFST elements with hardened cores compared to steel elements.

Due to many advantages that draw attention to the presented designs [6,7], previous studies
were aimed at clarifying the mechanism of development of the stress-strain state of CFST
elements with a hardened core for a more reliable and specific assessment of their characteristics
[8–15].

Previous CFST studies using FEA [16–22] have shown that it is possible to accurately model
the behaviour of this type of structural element. However, most of the considered models
worked only at the stage of linear deformations of the concrete core. The study of the nonlinear
behaviour of concrete was hampered by the lack of software implementation of nonlinear models
of concrete behaviour, such as the Drucker-Prager model.

3. Formulation of the problem
Combining the geometric parameters and mechanical properties of the materials of the CFST
components provides a variety of design options. Each of them has its own advantages and
disadvantages. This creates uncertainty in the final decision. The choice can be made only by
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having an idea about the work under a load of a particular design solution. The developed
methods for designing CFST structures, which are based on exact mathematical solutions, are
cumbersome and limited in application. For adequate modelling of the stress-strain state of
complex structural elements, it is not enough to imagine a model in which individual elements
have excellent mechanical characteristics. The transition between different stress-strain state
CFST structures throughout their life cycle is caused by a change in the magnitude and direction
of external force factors. Therefore, the search for an adequate mechanism for assessing the
stress-strain state of CFST structures is relevant.

The purpose of this study is to identify the possibility of using the Drucker-Prager model
by comparing the results of test studies of short CFST elements with different strength and
deformation characteristics of the concrete core with the results of FEA modelling of the
corresponding CFST elements.

4. Statement of material and results
4.1. Methodology for conducting test studies
The purpose of this study is to identify the possibility of using the Drucker-Prager model
by comparing the results of test studies of short CFST elements with different strength and
deformation characteristics of the concrete core with the results of FEA modelling of the
corresponding CFST elements.

Samples were tested after 28 days of natural hardening. Samples were tested in a GSM-250
press. The samples were loaded through the hinges along the longitudinal physical axis, the
position of which was established by the trial loading method. The loading steps were 0.1 of the
expected breaking force at the beginning of the test and 0.05 before reaching the ultimate limit
state.

Longitudinal deformations during the testing of samples were measured using dial gauges with
a division value of 0.01 mm. Simultaneously, the deformations in the compressed elements were
measured using electric strain gauges. The AID-2M device was used to take the indicators. Each
electric strain gauge was connected to an AID-1 measuring device, through which deformations
were recorded.

The mechanical characteristics of the metal were determined by testing empty pipes for
compression. Tensile strength was determined on standard samples-strips cut from the walls of
pipes. The test results are given in table 1. The characteristics of concrete were determined

Table 1. Physical and mechanical characteristics of steel pipes.

Sample Series Pipe diameter and wall thickness Dxt, mm
Compressive strength, MPa
Ry Ru

P 163.0×5.5 317 475

by testing concrete prisms. The longitudinal and transverse deformations were measured with
the help of electric strain gauges. Longitudinal strains were also measured with dial gauges.
According to the results of the test, graphs of the dependence of deformations on stress σ − ϵ
were plotted, the prismatic strength was determined, and Young’s modulus and Poisson’s ratio
of concrete were calculated. The cubic strength of concrete was determined by testing cubes
with an edge of 150 mm. The deformation - strength characteristics of concrete are given in
table 2.
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Table 2. Deformation - strength properties of concrete.

Sample Series fck,cube, MPa fck,prism, MPa Eb × 10−4, MPa ν

CFST 1 26.8 18.8 1.98 1.98
CFST 2 82.3 64.2 2.20 0.14
CFST 3 98.7 80.0 2.40 0.13

4.2. Modelling method adopted in the work
The modelling of the operation of CFST elements was carried out considering the nonlinear
function of the components. The calculation was carried out considering large deformations.
By the task, the CFST elements have a symmetrical tubular section and a central load case,
to reduce the size of the model and reduce computational costs, the analysis was carried out
considering the modelling of cyclic symmetry. In this case, the behaviour of one symmetrical
sector (1/4 of the tubular component) was calculated, and the results obtained were used to
build the response behaviour of the full component (as a post-processing step).

The simulation was carried out using the non-commercial software ANSYS Student by the
finite element method in the Workbench environment. The non-linear calculation of CFST
elements was carried out considering the concrete work model – Drucker-Prager and taking into
account the multilinear isotropic hardening of steel. The joint work of the steel pipe and the
concrete core in the model was provided by frictional contact. Following studies [18], the friction
coefficient was taken equal to 0.5 in the simulation. [23].

Three models of CFST elements were analysed, which had the same external diameter of 119
mm but differed in the strength of the concrete core. In addition, the behaviour of a steel pipe
without a concrete core was investigated.

4.3. Features of concrete modelling
The Drucker-Prager model was used to simulate the behaviour of concrete, which describes the
nonlinear behaviour of concrete and is based on the theory of plastic flows. The calculation of
the parameters of the Drucker-Prager model was carried out according to the methods proposed
in the works [24–29]. The validity of the accepted parameters was tested in the work [30].

The parameters given in table 3 were used in the calculations of the behaviour of concrete.

4.4. Features of steel modelling
Considering large plastic deformations, the steel pipe material model was developed considering
multilinear isotropic hardening. Non-linear steel curves are found in Figure 1, and steel structural
information data are presented in table 4.

4.5. CFST FEA model
When preparing the mathematical model, the parametric design was applied, which allows
changing the model when its geometry changes. CAD models were created in SpaceClaim.
Models were transferred to ANSYS Workbench via a direct interface.

The contact between the concrete core and the steel pipe was assumed in the calculations
as Frictional, with a friction coefficient of 0.5. The connection between the base plates and the
pipe was set as Bonded and between the base plates and the pipe was Frictionless.

All elements were modelled using SOLID186 hex elements. The SOLID186 element is defined
by 20 nodes having three degrees of freedom per node. The element maintains ductility,
hyperelasticity, creep, large deflections, and large stresses. The size of the concrete element
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Table 3. Concrete parameters of CFST FEA models.

Parameters CFST-1 CFST-2 CFST-3

Young’s Modulus, MPa 19800 22000 24000
Poisson’s Ratio 0.16 0.14 0.13
Bulk Modulus, MPa 9705.9 10185 10811
Shear Modulus, MPa 8534.5 9649.1 10619
Drucker-Prager Base
Uniaxial Compressive Strength, MPa 18.8 64.2 80
Uniaxial Tensile Strength, MPa 2.12 4.25 5.01
Biaxial Compressive Strength, MPa 26.86 83.75 115.73
Softening
Active Table Linear Linear Linear
Plastic Strain at Uniaxial Compressive Strength 0.00194 0.00292 0.0028
Ultimate Effective Plastic Strain in Compression 0.009739 0.03007 0.0352
Relative Stress at the Start of Nonlinear Hardening 0.4 0.4 0.4
Residual Compressive Relative Stress 0.93 0.93 0.93
Plastic Strain Limit in Tension 0.000889 0.000889 0.000889
Residual Tensile Relative Stress 0.5 0.5 0.5
Dilatancy
Tensile and Tension-Compression Dilatancy 0.25 0.25 0.25
Compression Dilatancy 1 1 1
Density, kg/mm³ 2.30E-06 2.30E-06 2.30E-06

Figure 1. The curve of isotropic hardening of pipe material.

was taken equal to 15.2 mm, for the pipe - 5.5 mm. The size of the elements of the base plates
was assumed to be 32 mm (figure 2).

The boundary conditions of the lower support plate were modelled as Fixed Support (figure 3).
To improve the convergence of the matrix, the elements were loaded not through the application
of a load, but through deformations. Therefore, the boundary conditions of the upper base
plate were modelled as Displacement along the Y-axis. The displacement was carried out step
by step in equal shares. In total, during 10 steps, the plate was displaced by 30 mm. The CFST
behaviour was studied at each loading step.
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Table 4. Steel characteristics in CFST FEA models.

Parameters Value

Young’s Modulus, MPa 2.10E+05
Poisson’s Ratio 0.3
Bulk Modulus, MPa 1.75E+05
Shear Modulus, MPa 80769
Density, kg/mm³ 7.85E-06

Figure 2. CFST element FEA model.

4.6. Results comparison of simulation and natural experiments
The dependences of deformations of CFST elements on the load were obtained because of test
and FEA studies. The results are shown in figure 4 and figure 5. A comparison of the two
groups of results shows that the simulation method used in the work is sufficiently accurate to
study the behaviour of short CFST. Particularly good correlation is obtained in the region of
linear deformations CFST. This allows us to conclude that the proposed method can be used to
predict the strength characteristics of CFST elements.

The proposed method also made it possible to ”look inside” CFST elements and obtain data
that is difficult to obtain as a result of laboratory tests. The stress distribution patterns inside
the CFST components at different loading levels are obtained. For example, figure 6 shows the
distribution of equivalent stresses for sample CFST-2 at a load of 871 kN. It has been observed
that the stresses within the volume of the concrete core are distributed unevenly. The modelling
technique utilized in this study enables consideration of the redistribution of stresses within
both the concrete core and pipe dynamically. Within the region of linear deformations, the
stress distribution of the stress element at the centre of the concrete core and pipe did not
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Figure 3. Boundary conditions of CFST element FEA model.

Figure 4. The longitudinal strain of a metal pipe and CFST elements.

differ. However, upon transitioning to the zone of non-linear deformations, the stresses in the
longitudinal axis of the concrete core were found to be higher than those in the contact zone
with the pipe.

Figure 7 shows the information on the Sliding Distance between the concrete core and the
pipe for sample CFST-3 at a load of 2339 kN. Displacement of concrete relative to the pipe
was observed in the edge zones adjacent to where the elements were fixed. The maximum
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Figure 5. The transverse strain of a metal pipe and CFST elements.

Figure 6. Distribution map of equivalent (von Mises) stress in sample CFST-2 at 871 kN.

displacements were found at a distance of approximately 1/8 of the element length from the
fixing planes, where the maximum frictional stresses were also observed. In the central part
of the CFST element, no displacement of concrete relative to the pipe was observed. As the
transition from linear to non-linear deformations occurred, a gap was observed between the
concrete and the pipe, with a value of approximately 0.05-0.06 mm for the middle part of the
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CFST element. Before and after this transition, no gap was observed between the concrete and
the pipe.

Figure 7. Sliding Distance between concrete core and pipe for sample CFST-3 at 2339 kN.

5. Conclusion
In this work, a comparison of the results of test studies of short CFST elements with different
strength and deformation characteristics of the concrete core with the results of FEA modelling
of corresponding CFST elements was carried out. This study’s conclusions can be summarized
as follows:

− The Drucker-Prager model, for which the parameters were calculated based on existing
methods and verified for their adequacy, was used to model concrete.

− A model with multilinear isotropic hardening, for which a nonlinear stress-strain curve was
set, was used to model steel.

− Parametric design, contact conditions, boundary conditions and step loading were used in
the modelling.

− The study showed sufficient accuracy and adequacy of the proposed method for studying
the behaviour of short CFST elements.

− The high degree of convergence between modelling and test results provides the possibility
of using the Drucker-Prager model to model the behaviour of compressed CFST elements
with different characteristics of strength and deformation of the concrete core.

− The application of the FEA method allows for a deeper study of the mechanism of
interaction between the concrete core and the steel pipe.

− The proposed method made it possible to reveal the features of stress and displacement
distribution in the components of CFST elements, which were detected by modelling and
which are difficult to obtain by laboratory studies. In particular, unevenness of stresses
in the concrete core, displacement of concrete relative to the pipe in the edge zones and
appearance of a gap between concrete and pipe in the transitional regime were observed.
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− The features of stress distribution inside the concrete core both in linear and nonlinear
deformations of CFST elements, as well as the features of interaction between concrete and
pipe in the contact zone, were revealed.
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Influence of deformation degree on grains size and
borders between them in metal alloys during cold
rolling of sheets

V A Chubenko, S G Saveliev, A A Khinotska, T P Yarosh and
M M Kondratenko
Kryvyi Rih National University, 11 Vitalii Matusevych Str., Kryvyi Rih, 50027, Ukraine

E-mail: chubenko_va@knu.edu.ua

Abstract. The internal structure of metal products was investigated and it was identified that
it affects quality and workability of equipment parts. Changes that occur in metal products
structure during cold treatment by pressure, which lead to changes in physical and mechanical
properties of products, have been analyzed. It was established that grains and borders between
them, which determine internal structure of metal products, change their shape and size during
cold rolling, depending on percentage reduction value. It is offered to consider grain borders
as amorphous layer. Methodology has been developed to study influence of deformation degree
during cold rolling to grain size of metal internal structure and intergranular layer volume.
Intergranular surface area, its volume and part of surface volume from metal volume were
determined. Parameters of internal structure of low-carbon steel were calculated depending
on reduction value during cold rolling. According to study results, interconnection between
grains size and deformation degree was established; and percentage reduction influence to grain
size and borders between them was determined, obtaining a minimum standard grain size with
percentage reduction of over 80 %; yield strength and its growth for metal alloy during cold
rolling are established, which allows controlling the strength of steel by adjusting the grain size
and their junction surface. It is shown that with an increase in deformation degree, yield strength
of metal product material increases in hyperbolic dependence, and fraction of amorphous layer
and strength properties of low-carbon steel change almost equally in exponential functions. It is
revealed that during cold rolling, it is possible to control internal properties of obtained product
by adjusting reduction value.

1. Introduction
During the process of mechanisms and machines structures manufacture, requirements for their
strength, quality and reliability are constantly increasing. Detail properties are determined
by internal structure of metal, which was used for manufacturing. In order to improve metal
products quality, it is necessary to find opportunity to control strength of metal and alloys
during their manufacture, due to improving internal structure of metal products.

Metals and alloys have certain properties that are divided into physical (specific weight,
melting point, heat capacity, electrical conductivity, linear expansion coefficient, magnetic
properties); mechanical (strength, hardness, resistance to impact, resistance to fatigue), which
determine metals workability; technological (forging property, flowability, weldability, machining
by cutting), which determine ability of metals and alloys to undergo different methods of hot and



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012006

IOP Publishing
doi:10.1088/1755-1315/1254/1/012006

2

cold processing; chemical (corrosion resistance, high-temperature resistance, high-temperature
strength), which determine stability of metals in aggressive environments at normal and high
temperatures. All these properties depend on nature of metal and its internal structure, which
consists of grains of various sizes. The finer grains in internal structure of metal are, the higher
its strength and plastic properties. Therefore, investigation of metal structure change under
influence of external factors is a relevant problem, and solution of this problem will enable to
manage steel strength during rolling by means of identification of rational treatment modes and
will improve metal products quality.

2. Analysis of literature data and problem definition
Within the framework of the program of stable development of metallurgy, the team of scientists
of the Department of Metallurgy of Ferrous Metals and Foundry Production of the Kryvyi Rih
National University is solving the following important tasks: improving the technology of foundry
and rolling production and improving the quality of manufactured products [1, 2].

For correct choice of material for mechanisms structures manufacture with further adding
mechanical and other properties that affect reliability and workability of machines, it’s necessary
to know internal structure of material at micro level. Metals and alloys consist of large number of
small crystals of irregular shape – grains and borders between them [3,4]. Borders between grains
form inner surface of metal. This surface area is area of intergranular borders in units of volume
or mass of metal [5–7]. As it can be seen from sources, inner surface parameters significantly
affect mechanical properties of metal products. Mentioned surface is characterized by its value,
which depends on grains number and size (diameter), dislocations density, metal porosity and
density, disorientation (angles magnitude between grains surfaces) and other parameters, i.e.
thickness and volume of surface and fraction volume from total metal volume.

Structural features of crystalline grids of metals and alloys are formed when they crystallize.
The faster cooling (crystallization) of melt is carried out, the more and smaller size of equiaxial
grains is formed. Distance between the nearest atoms (crystal grid parameter) is less in
completely solidified steel comparing to liquid state [6]. During solid steel cooling, grains jointing
in it continues due to atoms diffusion, which is accompanied by decrease in intergranular borders.
In this case, smaller grains having a larger surface curvature are gradually absorbed by larger
grains with less surface curvature. Diffusion process is known of being quite slow. There may also
be other behavior of grains and intergranular borders in steel during products deformation: they
change shape, collapse, forming new additional surfaces due to grains crushing and formation
of new dislocations – vacancies, pores and cracks [4, 6, 7].

During treating metals by pressure, plastic deformation of original material occurs, and it
causes changes in its shape and size (figure 1) [2].

During cold rolling hammering harden, grinding and elongation of ferrite grains along the
rolling direction occurs. Summarized reduction during cold treatment determines final texture
of deformed material. In case of high degree of cold deformation, fine grain is formed. Ability
of metals and alloys to plastic deformation is determined by material yield strength, which
also depends on its internal structure. Metal alloys yield strength can change with treatment
by pressure, which is especially noticeable during metal rolling of cold state. During metals
treatment by pressure or during heat treatment, material strength and plasticity change due
to change in internal structure – grains are crushed or enlarged, and number of dislocations or
vacancies decreases in grains, pores appear and disappear, that means that junction surface
between grains changes in metals volume [3, 4]. During cold rolling metal density usually
decreases. This is due to the fact that during deformation intergranular cavities and cracks
are formed.

Investigation of yield strength and its change under influence of external factors was carried
out in works of [8–13].
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Figure 1. Deformation
scheme: ABB′A′ is
strain zone; h0 is sheet
thickness before rolling;
h1 is sheet thickness
after rolling; b0 is strip
width before rolling; b1 is
strip width after rolling;
α is capture angle during
rolling; h0, h1 – initial
and final thickness of
strip accordingly R is
roll radius; Fk is contact
area of the sheet with the
rolls; ld is length of the
strain zone; M is metal
flow before entering the
strain zone; N is metal
flow when leaving the
strain zone.

According to authors, research in this area shall be continued and influence of reduction value
during cold rolling on grain size and borders between them shall be considered, which will allow
to control strength and plasticity of products by adjusting value of reduction during cold rolling
of steel.

3. Purpose and tasks of research
Purpose of work: to analyze influence of deformation degree during cold rolling on grain size
and volume of metal internal structure joint surface

In order to reach this goal, following tasks were set: to determine dependencies between
metal alloy grains size and borders between them from reduction value during cold rolling; to
establish regularities of the impact of the amount of crimp on the grain sizes of the metal alloy,
the boundaries between them and the strengthening of the metal.

4. Methodology of research
Low-carbon steel was used in research. The microstructure of cast low-carbon steel (figure 2) was
studied and compared with the structure after cold rolling (figure 3), which shows the changes
in the shape and size of the grains during pressing.

Using data from list of references [14, 15], geometric characteristics of metal were identified,
i.e. intergranular surface area and its volume, and surface volume fraction from metal volume.
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Figure 2. Microstructure of cast low-
carbon steel.

Figure 3. Microstructure of low-carbon
steel after rolling.

Intergranular surface volume VMZ was calculated according to formula:

VMZ = 3t · d2zn, (1)

where dz – grain size in form of cube, m; n – number of grains, contained in 1 m3; t – intergranular
surface thickness, t = 0,6 · 10−3 m.

Grain size was calculated according to figure 4 based on standard [15].

Figure 4. Scale of sizes (a) and nomogram of sizes (b) of grain: 1-8 – points of grains; d –
grains size in m · 10−6; n – the number of grains per 1 mm2 [15].
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According to Hall-Petch law, yield strength σT equals to [16]:

σT = σ0d+Kd
− 1

2
z , (2)

where σ0 – some stress that is required to slip dislocations (for low-carbon steel σ0 = 170 MPa);
K – constant that depends on material grade, Hall-Petch coefficient (for calculations K = 60
[16]).

Increase of yield strength ∆σ was calculated according to formula: ∆σ = σT − σ0.
Metal yield strength during cold rolling is calculated according to formula:

σT = σ0 + aεnΣ, (3)

where a, n – coefficients that take into consideration influence of chemical composition of
a = 33.4; n = 0.6; εΣ – summarized deformation degree (in case if rolling is performed in
several stages), %.

Deformation degree during study varied from 10 to 80 %.
Deformation degree was determined by the formula [13]:

ε =
∆h

h0
, (4)

where ∆h is absolute reduction,
∆h = h0 − h1. (5)

Equating formulas (2) and (3), after corresponding transformations, reduction value, which
provides specified grain size during cold rolling was determined:

ε =
n

√
K/d0,5

a
(6)

After completing mathematical transformations, we receive dependence of grain size in metal,
obtained during rolling, from reduction value:

d =

(
K

aεn

)2

(7)

Offered dependence will enable to adjust grain size changing value of percentage reduction,
which determines prospects for controlling steel strength.

5. Results and their explanation
Executed research enabled to identify fraction of intergranular amorphous volume, metal yield
strength and its strengthening according to value of reduction during cold rolling. Strengthening
value is specified in %. Results of study are presented in table 1.

For more visual observation of changes in amorphous volume fraction, reduction value
obtained by formula (3) and metal strengthening value, depending on grain size of internal
structure, we draw appropriate graphs (figure 5).

From reference list it is known [17, 18] that fine-grained materials exhibit high plasticity
under certain temperature and velocity deformation conditions. Following dependence has been
established: the smaller grains size in material is, the more intensive intergranular slipping
is developed, and the higher velocity of superplastic deformation and the higher percentage
elongation of samples is. These parameters are very important for introduction of technologies
that are based on superplasticity effect usage.
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Table 1. Parameters of internal structure and properties of steel.

Reduc-
tion, %

Grain size,
m · 10−6

Intergranular
surface volume,
(m3/m3) · 10−3

Fraction of
intergranular
amorphous
volume, %

σT ,
MPa

∆σT ,
MPa

Strengthen-
ing, %

1.9 355 5.1 0.5 176.8 6.8 4.0
2.6 250 7.2 0.7 178.1 8.1 4.8
4.7 125 10.3 1.0 181.4 11.4 6.7
5.6 100 14.1 1.4 182.8 12.8 7.5
6.2 90 20.4 2.0 183.4 13.4 7.9
11.0 45 40.4 4.1 189.1 19.1 11.2
20.0 22.4 80.8 8.1 197.2 27.2 13.8
26.2 16 116.55 11.7 202.0 32.0 15.8
36.2 11.2 161.55 16.2 206.5 36.5 17.7
47.0 8 233.1 23.3 215.0 45.0 26.5
66.2 5.6 323.1 32.3 217.4 47.4 28.0
83.5 4 466.6 46.7 234.0 64 37.7

Figure 5. Dependency diagrams of fraction of amorphous volume, strengthening and reduction
from grain size: reduction, % (N); strengthening, % (�); fraction of intergranular amorphous
volume, % (•).

During cold rolling, internal properties of treated sheets, i.e. grains size and borders between
them, metal yield strength and its changes, can be controlled by reduction value. For this



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012006

IOP Publishing
doi:10.1088/1755-1315/1254/1/012006

7

Figure 6. Influence of reduction value on grain size.

purpose, we investigated grain size changes according to formula (7), depending on reduction
degree (figure 6).

It shall be noted that grain size decreases with increase in reduction value according to
hyperbolic function of n-th order (figure 6). Studies showed that with summarized reduction of
more than 80 % during cold rolling, sheets with internal structure having a minimum standard
grain size and is characterized with maximum intergranular borders is obtained.

Influence of reduction value to strengthening of metal alloy and fraction of intergranular
surface volume is presented in figure 7, where it is clear that these indicators increase almost
equally with increased degree of deformation.

Approximation of obtained graphical dependences made it possible to determine that
influence of these parameters is performed according to linear function. Studies used least
square method, which enabled to obtain following dependencies:

line1ε = 1.8A+ 3.7,

line12ε = 2.5C − 12.36,

where A – fraction of intergranular amorphous volume, %; C – metal strengthening, %.

6. Conclusions
Changes that occur in internal structure of metal products during treatment by pressure were
analyzed, it allowed to determine dependencies between metal alloy grains size and borders
between them from reduction value during cold rolling.

Regularities of reduction value influence on grains sizes of metal alloy, borders between them
and metal strengthening are determined. It is shown that grain size decreases with increase of
deformation degree according to hyperbolic function of n-th order, while fraction of intergranular
amorphous volume and metal strengthening increase according to linear functions, which enable
to control steel strength by adjusting grains size and their joint surface, i.e. changing reduction
value.
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Figure 7. Influence of reduction value on strengthening of metal alloy and fraction of
intergranular surface volume: fraction of intergranular amorphous volume, % (•); strengthening,
% (�).
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Abstract. The paper considers the ways of controlling the processes of producing good-quality
castings by using robust methods based on the identification of objects under uncertainty,
adaptive control methods, stabilization methods for automatic control systems and their
mathematical description. The purpose of the paper is to practically elaborate on the task of
creating robust technologies for casting based on the study of the stochastic dispersion models
of the casting process parameters and to develop a method for stabilizing the casting processes
and a method for stabilizing the quality parameters of the castings. The regular patterns
of the stochastic dispersion of the casting process parameters were investigated based on the
mechanical performance of the casting alloys, their chemical composition, the physical and
mechanical properties of the molding mixtures, the dimensions of the castings, and the features
of the casting production process such as pouring temperature, element loss during melting and
mold hardness. The results of the conducted investigations have shown that to describe the
stochastic dispersion of the casting process parameters, it is appropriate to use the Johnson
system of distributions. A method for stabilizing the casting quality parameters was developed.
It has been shown that it is more efficient to stabilize the strength and improve the dimensional
accuracy of the casting simultaneously. With the existing production process, the dimensional
accuracy of the casting corresponds to Grade 11 according to GOST 26645-85. With the increase
of the dimensional accuracy grade, the metal content of the casting can be reduced by 16.3%
after reaching Grade 10, by 20.4% after reaching Grade 9, and by 24.2% after reaching Grade 8.

1. Introduction
When developing the technological process of manufacturing machine parts, there is a need to
set up a quality management system for products, the formation of which depends on various
phenomena that significantly affect the products performance [1, 2].

Among the processes that affect the quality of machine parts, an important place is taken by
the processes related to the production of good-quality castings, which determine their physical
and mechanical and performance properties.

Robust methods based on the identification of objects under uncertainty, adaptive control
methods, stabilization methods for automatic control systems, mathematical description of the
system can be used for this purpose. Currently, there are, mainly in Japanese industry, some
striking examples of the use of the concept of robustness to solve practical quality management
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problems, where the probability of failure of sophisticated products has been reduced from the
rate of 1 to 5 failures per one hundred products to one failure per one million products [3, 4].

2. Analysis of literature sources, purpose and objectives
The parameters of the casting processes and the quality of castings consist of two components,
deterministic and stochastic. The deterministic component represents the nominal value of
the technology parameters, while the stochastic component accounts for the variability of the
casting production processes caused by variations in raw material properties, variance and drift
in technology and equipment parameters. Variations in product size, structure and properties
are the major challenges in creating a perfectly homogeneous industrial production.

Depending on the specific production conditions, both the deterministic and stochastic
components can have a decisive effect on the quality of the casting. Therefore, when solving
the problem of casting quality control, both components of the technology parameters must be
considered quantitatively. However, the case is somewhat different in practice. The Generation
1 casting technologies used at an early stage of development of the casting technology involved
a simplified conceptual model of the technology, whereby controlled process parameters were
considered as purely deterministic values [5, 6].

Subsequently, an effective solution to the problem of achieving a high level of quality
of industrial products, including cast parts, has proved impossible without any quantitative
consideration of the statistical component of the technology parameters. Therefore, the industry
in developed countries started to use statistical methods in the field of quality control and quality
management in the early 20th century. Up-to-date casting methods developed and improved in
the 20th century based on a scientific and technological approach can be identified as Generation
II technologies [7].

One of the most important conclusions of the statistical theory of quality management is
that in order to solve the problem of creating high-quality industrial products, it is necessary
not only to consider but also to manage the degree of stochasticity of technological parameters.
Within this approach, the concept of new Generation 3 technologies was developed; these were
called robust, and their main feature is resilience to random factors.

The stochasticity factor plays a major role in the formation of the consumer and performance
properties of cast parts. A specific feature of the casting technology is that the quality parameters
are affected by lots of variables, the number of which, according to experts, is estimated to be
2000 to 3000, while only a small number of them, about a few dozen, can be referred to as
controllable variables. As a consequence, there is an inevitably wide variation in the quality
parameters of the castings. Therefore, the development and practical use of robust technologies
is one of the major scientific and practical challenges in the field of casting technology [8].

The analysis of the situation has shown that the existing pattern of technological research
established in the field of casting technology should be supplemented by a fundamentally new
stage related to the development of an apparatus, methods and working algorithms to address
the issue of stabilizing the parameters of the casting process and the quality of castings.

Improving the quality and competitiveness of industrial products inevitably involves
additional costs and an increase in their cost price. To find a rational solution to the problem
of improving the quality of castings requires the development of a conceptual and mathematical
model of the quality formation process, which considers all costs, risks and losses incurred by
the designer, manufacturer and consumer of the products [9].

To date, neither general method nor mathematical and algorithmic apparatus for solving the
problem of improving the quality and stabilizing the parameters of castings or cast parts has
been developed.

The purpose of the research paper is to practically elaborate on the task of creating robust
technologies for casting based on the study of the stochastic dispersion models of the casting
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process parameters, and to develop a method for stabilizing the casting technology, and a method
for stabilizing the quality parameters of the castings.

3. Method
The primary objective in controlling the reliability of a cast part is to determine the function of
distributing the load capacity of the casting. Therefore, the first step in addressing the issue of
controlling the reliability is to define the general law of load capacity dispersion.

Engineering problems typically use uniform, normal, and exponential distribution laws. These
laws can be used to solve training and elementary tasks, but they are totally inappropriate for
solving practical tasks related to the management of the quality of castings [10].

The regular patterns of the stochastic dispersion of the casting process parameters were
investigated as follows. A hundred empirical functions obtained by statistical sampling
in foundries in automotive and tractor, agricultural, and transport mechanical engineering
industries were studied [11,12]. The mechanical performance of the casting alloys, their chemical
composition, the physical and mechanical properties of the molding mixtures, the dimensions of
the castings, and the features of the casting production process such as pouring temperature,
element loss during melting and mold hardness were studied as parameters [13,14].

To examine the possibility of an adequate description of the distribution functions of the
casting process parameters, two currently existing versatile Pearson and Johnson systems of
distributions were reviewed.

4. Results and discussion
The results of the conducted investigations have shown that to describe the stochastic dispersion
of the casting process parameters, it is appropriate to use the Johnson system of distributions.
Its advantages can be summarized as follows:

• the system consists of only three types of functions;
• there are relatively simple methods for the approximate calculation of their parameters;
• the scope of the system is universal.

The Johnson system of distributions includes the equation of three curves referred to as Sl, Sb,
Su families in mathematical statistics. The functions of the Sb family describe the distribution
of a random variable whose limits are finite and best meet the nature of the dispersion of the
casting technology parameters.

A meaningful analysis of the problem of investigating the regular patterns of random
fluctuations of the casting processes was conducted as follows. All parameters of the casting
processes cannot by their nature take negative and infinitely large values; therefore, they
necessarily have an upper and lower limit.

In view of this, it is necessary to impose a requirement on the functions describing the
dispersion of the casting parameters, by which the nature of the distribution function used
must be consistent with the nature of the parameter being described. It therefore follows that
all functions having at least one infinite limit of variation should be discarded to describe the
regular patterns of any parameter of the casting processes and systems.

After filtering all known distribution functions through this requirement, the only remnant
of these is the Johnson Sb distribution. It alone has two properties at once: meaningful and
mathematical adequacy to solve both technological and problems related to the reliability of
cast parts. Thus, the Johnson Sb distribution should become the main function when describing
the dispersion patterns of the quality parameters of castings and supersede all others, including
the normal distribution law.
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One of the key components of the problem of improving the quality of castings is the
stabilization of the process properties of molding mixtures [15]. The existing approach to
addressing this issue based on the data provided by online control of the properties of the molding
mixture is ineffective because control over compactability, moisture contact and strength can
be carried out no more often than every 30 to 40 minutes, while control over the content of
active bentonite, losses during calcination, particle size distribution no more often than once per
shift. In this case, deviation from the set parameters of the mixture preparation technology are
detected after its application [16,17].

To stabilize the casting technology in the in-line production of cast parts for agricultural
machinery, the following tasks were solved:

• a method was developed, and production and statistical research was conducted to study
the parameters of dispersion of the technological properties of molding mixtures;

• mathematical models of the formation process of properties of molding mixtures were built;
• practical recommendations for improving the technological process of production of castings

were developed and implemented.

A specific feature of solving the problem of improving the stability of the process and
diagnosing the casting defects is the requirement for increased reliability and accuracy of the
production information used [18, 19]. For this purpose, a method of issuing data sheets for
castings was developed, based on which industrial experiments were conducted in foundries.
The point of the method of issuing data sheets for castings was reduced to perform sequentially
the following operations.

The following parameters were monitored and recorded in the melting shop: the quantity,
size and chemical composition of charge materials, the melting process parameters, the quantity
and composition of deoxidizers and fluxes used, the temperature of the metal in the trough and
in the ladle, the poring speed and temperature. In addition, samples were taken from each heat
in the steel foundry to determine the gas saturation of the metal [20].

The following operations were performed on the molding and pouring conveyor during the
mold-making process:

• the numerical indexes in ascending order were stamped on the horizontal surface of the
lower half of the mold;

• each mold was sampled for rapid determination of its properties in the shops express
laboratory;

• the hardness of the mold surface was determined using a hardness tester at three points on
the mold.

After completing the finishing operations the castings, each with an individual numerical
index, were presented to the technical control department to be sorted. The information obtained
was consolidated in a single table; the increased validity and reliability of the data obtained is
due to the individual determination of all process variables for each casting. The data table was
used to solve the tasks of stabilizing the technology parameters, determine the causes of casting
defects and the degree of influence of individual variables on the quality and extent of casting
rejects.

The solution to the problem of improving the stability of the technological properties of
molding mixtures under production conditions was implemented as follows. As the object of
research, a unified molding mixture used for the production of carbon steel castings was chosen
with the following composition: sand – 89 to 92%; refractory clay – 7.5 to 9.5%; fuel oil – 0.8
to 1.0%. The following requirements were set for the mixture: gas permeability of at least 70
GPU, ultimate strength when wet and water content in the ranges of 0.05 to 0.06 MPa and 4.6
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to 5.0%, respectively. The results of 120 data obtained at the facility for the determination of
the gas generation value of the mixture were processed, and samples for its determination were
collected in the workshop at regular intervals for a month.

The data obtained show that the most important technological properties of the molding
mixture, which determine the quality of the mold, are extremely unstable. For example, the
extreme values of the dispersion range of gas permeability are 50 and 250 GPU, and those of
the gas-generation value are 10 and 65 cm3/g, i.e. the limit values of the dispersion range differ
from each other by 5 to 6.5 times.

It therefore follows that in order to solve the problem of dealing with gas-induced casting
defects, it is necessary to reduce fluctuations in the gas permeability and gas-generation value of
the molding mixture. The solution of this problem is particularly important for steel foundries,
in view of the fact that the surface layers of the mold when in contact with the liquid steel are
heated to a high temperature of about 1,100 to 1,200 ◦C [21,22].

The major factor reducing the quality of steel castings is that these are prone to having gas-
induced casting defects such as blowholes, pinholes, gas and shrinkage porosity. Mathematical
modeling methods have been used to quantitatively study the conditions for the formation of
gas- and shrinkage-induced defects in castings and to develop measures to prevent these defects.

To build mathematical models of the formation of the process properties of the mixture, the
regression models were used, and their parameters were determined based on the experimental
data. The investigated dependencies, which were generally non-linear, were used to choose
control actions [23,24].

Based on the results of the conducted research, a method for stabilizing the process of
the preparation of a molding mixture was developed, which includes the following sequential
procedures:

• implementing 100% acceptance control over all raw materials for the preparation of the
molding mixture and systematic monitoring of the gas-generation value of the mixture;

• collecting the most reliable input information based on data sheets of molds and castings;
• improving the accuracy of dosing water and fuel oil in the molding mixture, which are the

main sources of gas generation in the mold;
• determining the effect of the mixture preparation process parameters on the gas permeability

of the molding mixtures and their correction;
• providing a correlation and regression analysis of the dependence of gas permeability of a

mixture on its composition and preparation conditions;
• determining the rational limits of gas permeability and gas-generation value for the

examined conditions; adjusting the mixture preparation technology.

According to the conducted investigations, it was found that the lower allowable gas
permeability limit for a unified molding mixture in a steel foundry was set at 120 GPU, and
the gas-generation upper limit value was set at 28 cm3/g. The accuracy of dosing of the source
components in the preparation of clay suspension was improved; the ongoing control over its
density was implemented; the accuracy of dosing when introducing fuel oil was improved, and
its dosage was corrected, which was set equal to 0.85 ś 0.05% of the batch in the mixer.

A periodic monitoring of the actual clay content in the mixture was implemented, according
to which the amount of clay suspension introduced in the mixture can be adjusted. As a result
of this work, the stability of the properties of the molding mixture in the steel foundry has been
considerably improved. Specifically, the number of cases of gas permeability below 120 GPU
was reduced from 23 to 7%; the range of fluctuations of moisture content in the mixture was
reduced from 4.1-5.5% to 4.4-5.2%. While the mean gas-generation value and its root mean
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square deviation in the initial state were 29.2 and 4.2 cm3/g, respectively, after implementing
the stabilization measures, the values decreased to 26.2 and 2.7 cm3/g, respectively [25].

Implementing the method for stabilizing the process properties of molding mixtures made it
possible to improve the quality of castings and reduce rejects with gas-induced defects.

The third task to be solved in this work is to develop a method for stabilizing the quality
parameters of the castings. The method for solving this problem is implemented using the
following algorithm.

(i) A mathematical model describing the dependence of the quality parameter Y on the
independent technological variables x1, x2, , xn, is built, which can be represented as
an equation:

Y = f(x1, x2, ..., xn). (1)

(ii) The mathematical expectation of the studied parameter is determined. If some of the
variables xi or all of them are random, then the parameter Y is also a random variable, its
mathematical expectation can be found by the formula:

my = f(mx1 ,mx2 , ...,mxn), (2)

where my, mxi are the expected values of the parameter y and the variable xi.
(iii) Determined by the numerical and approximate-analytical method of parameter dispersion

Y . For the numerical determination of this quantity, the simulation method can be
used. The approximate-analytical method is based on the linearization of the function by
expanding it in a Taylor series and preserving the first two terms. In this case, the variance
of the parameter Y how the function of the variances of the independents is determined by
the formula obtained on the basis of the linearization of the dependence (1):

Dy =

n∑
i=1

(∂Y
∂xi

)2

mxi

Dxi . (3)

The index of the partial derivative means that its value is determined by xi = mxi .
(iv) On the basis of processing the results of industrial experiments, the average values and

dispersions of the studied technological variables are determined.
(v) According to formula (3), the variance of the studied quality parameter is determined, the

mean values found in the previous paragraph are taken as an estimate of the mathematical
expectation of the variables.

(vi) The contribution of each variable to the variance of parameter Y is analyzed,
recommendations are developed and implemented to reduce the value of the parameter
under study.

The described algorithm was used to stabilize the load capacity of the hinge body part cast
of steel 45FL of a T-150K tractor. It was found that the cross-sectional area dispersion and the
mechanical property dispersion account for 55% and 45%, respectively to the variation of the
load capacity; therefore, the degree of dispersion of these two factors should be reduced. The
following measures were developed to improve the geometric accuracy of the part:

• reducing the shrinkage variation by reducing the allowable ranges of pouring temperature
and carbon content;

• reducing the deformation of the mold when pouring by improving the strength of the
molding mixture and its packing density;
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• improving the accuracy of production and assembly of the model elements and centering
pins;

• minimizing the assembly clearances between the mold and core pins by optimizing the
dimensional chains;

• adjusting the dimensions of the core boxes in view of the deformation of the cores during
transportation and drying.

By implementing the above technical measures, the dimensional accuracy of the hinge body
casting was improved by 2 to 3 classes according to GOST 26645-85 and the coefficient of
variation of the bearing cross-section was reduced from 0.0941 to 0.0402.

To determine whether it is possible to reduce the dispersion of the strength of steel 45FL, a
mathematical model of its strength was developed as follows:

σ = 622 + 2871(C − 0.42) + 182(Si− 0.2) + 128(Mn− 0.45), (4)

where C, Si, Mn is the percentage of carbon, silicon and manganese in cast steel.
Based on the processing of the results of the chemical analysis of production heats, it has

been found that the dispersion of strength is 2,267.4, and 93% of its value is determined by the
variation in the carbon content of steel, 5% by the variation in the silicon content, and 2% by
the variation in the manganese content. Therefore, to reduce the dispersion of the mechanical
properties of cast steel, it is sufficient to reduce the dispersion of its carbon content. The results
of experimental heats showed that by improving the accuracy of dosing admixtures and by
improving the express control over the carbon content in steel, the range of its variation can be
reduced from 0.09 to 0.07%, and the RMS deviation from 0.015 to 0.01-0.012%. This reduction
in the RMS variation made it possible to reduce the dispersion of the ultimate strength of steel
and lower the strength dispersion from 2,267.4 to 1,154.7. By reducing the carbon content
variation, the minimum tensile strength increased from 540 to 581 MPa, i.e. by 7.6%.

A study of the metal content of the hinge body part showed that while maintaining the
guaranteed load capacity of this part equal to 31.2 tons by stabilizing the carbon content and
increasing the lower strength value, the mass of the part could be reduced by 7.6%. It is
more efficient to stabilize the strength and improve the dimensional accuracy of the casting
simultaneously. With the existing production process, the dimensional accuracy of the casting
corresponds to Grade 11 according to GOST 26645-85. With the increase of the dimensional
accuracy grade, the metal content of the castings can be reduced by 16.3% after reaching Grade
10, by 20.4% after reaching Grade 9, and by 24.2% after reaching Grade 8.

5. Conclusions
1. In the production of good-quality parts, an important role is taken by the processes

related to the production of castings, which determine their physical and mechanical and
performance properties.

2. Robust methods based on the identification of objects under uncertainty, adaptive control
methods, stabilization methods for automatic control systems and mathematical description
of the studied processes are promising to manage the quality of castings.

3. The analysis of the situation has shown that the existing pattern of technological research
established in the field of casting technology should be supplemented by a fundamentally
new stage related to the development of an apparatus, methods and working algorithms
to address the issue of stabilizing the parameters of the casting process and the quality of
castings.

4. Based on production and statistical research, the regular patterns of the dispersion of the
casting process parameters and the quality of castings were studied. It has been shown
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that the Johnson Sb distribution is the most appropriate in terms of the meaningfulness
and accuracy of describing the variation in the characteristics of technological processes and
parameters of castings and cast parts. The obtained results can be used to improve the
efficiency of problem solving in the casting quality management systems.

5. To stabilize the casting technology in the in-line production of cast parts for agricultural
machinery, the following tasks were solved:

• a method was developed, and production and statistical research was conducted to
study the parameters of dispersion of the technological properties of molding mixtures;

• mathematical models of the formation process of properties of molding mixtures were
built;

• Practical recommendations for improving the technological process of production of
castings were developed and implemented.

6. A method for stabilizing the casting quality parameters was developed. It has been shown
that it is more efficient to stabilize the strength and improve the dimensional accuracy of
the casting simultaneously. With the existing casting production process, the dimensional
accuracy of the casting corresponds to Grade 11 according to GOST 26645-85. With the
increase of the dimensional accuracy grade, the metal content of the casting can be reduced
by 16.3% after reaching Grade 10, by 20.4% after reaching Grade 9, and by 24.2% after
reaching Grade 8.
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Abstract. The technology of forming a thermite alloy layer on the basis of Fe-Cr-C system on a
metal basis by self-propagating high-temperature synthesis is offered, which allows to obtain cast
functionallayers withphysico-mechanical and exploitativeproperties. The optimal technological
parameters of the forming a wear-resistant layer of thermite alloy process are determined: the
amount of metal filler with the maximum yield of suitable alloy, the heating temperature of the
thermite charge and the mold to obtain additional heat, the temperature ranges of the melt to
melt the metal base with further formation of the functional layer. Metallographic studies of
the obtained wear-resistant layer of thermite allo[y showed that the zone of formation of the
functional layer is characterized by the stability of the macrostructure and the positive effect
of non-metallic inclusions in the form of Al2O3, which influences the formation of chromium
carbides in the obtained alloy by creating the effect of inoculative modification of thermite alloy.

1. Introduction
In foundry production, the “classic” (basic) technology for obtaining a liquid melt which is
poured into the mold is metal smelting in a steelmaking unit (for example, in an arc steelmaking
or induction furnaces) [1, 2]. Overheating of the obtained metal is not allowed primarily due to
increased wear of the furnace lining and increased soot of the alloying elements. It is known that
it is optimal to pour molten metal into a mold with a temperature close to the crystallization
temperature, but even so it is not possible to obtain two-layer bimetallic castings due to the
lack of a quality zone for the formation of functional layers [3–5]. That is why the use of self-
propagating high-temperature synthesis (SHS) to form a wear-resistant layer of thermite alloy
on a metal basis can be a cost-effective alternative for the production of bimetallic products.

The main physical parameters of the SHS process are the maximum combustion temperature
at the level of 8004000 ◦C and the linear combustion rate of 1-150 mm/s. The combustion process
consists of two main stages: reduction of oxides with the formation of metal (metallothermic
stage) and the stage of direct synthesis of elements [6].

The mechanism of structure formation and product formation in self-propagating thermite
reactions is described in Orrù et al [7–9]. In order to obtain a dense SHS material with high
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physical and mechanical characteristics, it is necessary to take into account the patterns of the
reaction mixture combustion, the formation of chemical and phase compositions of the final
product, the crystallization behavior of the alloy [10].

A general overview of thermite reactions, which are exothermic redox reactions involving
metal and oxide, is presented by Wang et al [11]. Scientists have presented theoretical and
experimental results related to ignition and combustion in self-propagating high-temperature
synthesis.

In [6] the technology of materials synthesis based on combined (self-propagating high-
temperature synthesis plus metallothermy) processes is described. The author considers
theoretical issues of synthesis and technological features of running the combined processesfor
micro fusion conditions. Reactions based on the proposed charge compositions led to
the synthesis of carbidosteels, which contained a binder component and high-speed steel,
and a base tungsten carbides. The parameters of carbide steel yield from the charge
were experimentally established, and the microstructure, features of chemical composition,
mechanical and technological properties were investigated for the synthesized alloys.

The issue of synthesis of steels and cast irons by metallothermy is considered in more detail
in [12]. In particular, the synthesis of different types of steels: heat-resistant, tool, spring and
others, as well as different types of cast iron: grey, white and high-strength. The author shows
that the mechanical properties of thermite steels are better than those of industrial analogues
and reveals the influence of the metallothermic method of synthesis on the features of the
microstructure and phase composition of thermite steels. Theoretical and experimental studies
have also shown the possibility of using thermite cast irons not only to obtain castings, but also
for thermite welding technology.

In [13] the results of experimental and theoretical studies of the combustion of iron-aluminum
thermite mixtures for iron and composites based on ironwas given. The effect of granulation
and addition of flux on the combustion process, composition and structure of final products was
evaluated. The author proposed a method of burning thermite mixture with bottom ignition
and a model of a combustion plant. Also, the results of research on the combustion of granular
thermite mixture are given in [14,15].

The study of Coffey et al [16] is devoted to the use of additives and fluxes in
metallothermicprocesses in self-propagating high-temperature synthesis.

Lonsdale [17] presents an overview of the features of thermite welding rails, and in particular,
the practical and technical advantages and disadvantages of welding and focuses on improving
the quality of thermite welding. Welding aspects of railway connections by means of thermite
welding or aluminothermic welding are also considered in [18].

The research of the obtaining steelcomposites of the Fe-TiC system using aluminum thermic
reactions of the SHS process possibility are presented in the study [19].

The work of Yeh and Wang [20], which considers the effect of stoichiometry on the formation of
intermetallic compounds of the Nb-Al type is also of particular interest. The authors investigated
the production of various niobium aluminides (such as Nb3Al, Nb2Al and NbAl3) using extruded
samples from Al and Nb2O5 powder mixtures using the SHS process.

The study by Sereda et al [21] is devoted to the thermodynamic analysis of reactions
possible in the production of intermetallic nickel-aluminum alloys in high-temperature synthesis.
Thermodynamic analysis showed that for the nickel-aluminum system, the adiabatic combustion
temperature is at the level of the melting point of the final product such as intermetallic one,
which is the sufficient condition for the SHS reaction under normal conditions.

We should note the scientific achievements of Sereda et al [22], which considered modelling
of production processes of alloys based on TiAl and NiAl in the SHS process.

The work of Belokon and Belokon [23] is devoted to the study of the regularities of high-
temperature synthesis of intermetallic compounds, in particular Ti-Al, and it is shown that
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the synthesis of metals and alloys based on them can take place under conditions of thermal
explosion. The compositions of SHS mixtures and technological modes of self-propagating high-
temperature synthesis proposed by the authors allow to create intermetallic alloys based on
titanium aluminides.

Therefore, there is reason to believe that the issue of determining the optimal technological
parameters of the process of forming a wear-resistant layer of thermite alloy based on the Fe-
Cr-C system has not been given sufficient attention. This area of research is quite relevant in
the production of bimetallic products.

2. Materials and methods
When considering the technology of forming a layer of thermite alloy based on the Fe-Cr-C
system on a metal basis using the SHS process, next materials were used as components of the
charge (table 1): scale, aluminum powder of the PA-2 brand (GOST 6058-73) with the fraction
of 45 µm, iron powder of the PZHRV 2.300.28 brand (GOST 9849-86) with the fraction below
300 µm, chromium powder of the PHA brand (GOST 14-00186482-051-2005) with the fraction
of 300 µm and carburetor in the form of a modifier by MK91A brand with the fraction up to
5 mm. Calcification of rolled scale to remove grease and oxidation was performed in a muffle
furnace SNOL 7.2/900 at a temperature of 600 ◦C for 30 min.

Table 1. The composition of the charge for forming a layer of thermite alloy.

Batch composition, kg Batch 1 Batch 2

Cinder 100,00 100,00
Iron powder of the PZHRV brand 2.300.28 45,64 –
PA-2 aluminum powder 30,00 30,00
PHA chromium powder – 16,60
MK91A brand modifier 8,90 6,30

The study of the process of a thermite alloy surfacing on a metal base was carried out in a
mold consisting of a sand-clay shell with a lid (figure 1).

Figure 1. Experimental mold: (a) installation of a metal basis in the form on model; (b)
sand-clay form with a cavity for thermite charge; (c) compacted thermite mixture in the form;
(d) form assembled with a hole for burning thermites and gas removal.

To remove moisture, the mold was subjected to a drying process at a temperature of 524 K
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for 1.5 hours. To control the temperature, four tungsten-rhenium thermocouples were installed
in the mold (figure 2). Sealing of the thermite alloy was performed on a vibrating table.

Figure 2. Scheme of experimental mold: 1 molding mixture; 2 thermite mixture; 3 metal
base; 4 thermite charge; 5 lid of the mold.

To study the kinetics of thermal processes occurring in the mold during the formation of a
layer of thermite alloy during the SHS process, an experimental laboratory setup was additionally
developed (figure 3). The temperature measurement range lasted from the moment of ignition of
the thermite charge (873 K) to the temperature of the combustion wave of the thermite charge
(2774 K). Thermocouples were insulated with ceramic tubes with two holes with a diameter of
0.3 mm and connected to a high-speed self-recording device H 32-4.

3. Results and discussion
In the study of the influence of the mold heating time on the change in temperature, the prepared
mold was heated in a preheated to 873 K laboratory muffle furnace SNOL 7.2/900. The data
in figure 4 show that the temperature of the mold wall, after installing it in the oven, increases
rapidly to 873 K. During the first 40 min the rate of temperature rise is 13.5 K/min and gradually
decreases to 3.7 K/min in the heating time range from 40 min to 80 min. Upon further finding
the form in the furnace, the heating rate increases at a rate of 5.3 K/min.

To accelerate the heating time of the mold with direct contact of open surfaces with the
heated atmosphere of the furnace, a mold with an open metal base in the lower part was made
(figure 5). The use of this design has reduced the heating time of the mold from 120 min up to
90 min. However, it should be noted that the open surface of the metal base in the lower part of
the mold makes significant changes in the course of self-propagating high-temperature synthesis.
After initiating the combustion of the thermite mixture, for 0.5 min from the beginning of the
process, there is a sharp decrease in the temperature of the lower surface of the metal base to
the ambient temperature (4-5 ◦C), which persists for 3.5-4 sec (figure 6, curve 1).

Analysis of these thermocouples installed on the upper surface of the metal base (figure 6,
curve 2) showed that the total combustion time of the thermite charge is 8.5 sec, where the
combustion front reaches the surface of the metal base and its temperature for 1 sec, rapidly
increases to 2024-2054 K, which indicates the beginning of the formation of a thermite alloy.
This temperature is maintained for 5-7 sec, which contributes to the fusion of the liquid phase
and the metal base. At 15.5 sec from the beginning of the process, the temperature of the formed
layer decreases to the temperature of crystallization of iron, and the tendency to decrease the
temperature is observed up to the 20th sec.
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Figure 3. General view (a) and scheme (b) of the experimental laboratory installation for
studying the kinetics of thermal processes: 1 laboratory muffle furnace; 2 experimental form
assembled with thermocouples; 3 tungsten-rhenium thermocouples BP 5/20; 4 signal amplifier
thermocouples with compensates; 5 high-speed self-recording device H32-4.

Figure 4. Influence of time of heating of a mold on change of temperature: 1 heating of a
wall of a form; 2 heating under the plate; 3 heating of the thermite charge over the plate; 4
heating of the thermite charge in the middle of the mold.

Studies of the temperature behavior of the molding mixture (figure 6, curve 3) showed an
initial rapid (within 0.5-1 sec) decrease in temperature from 873 K to 723 K, but with its
subsequent increase at a speed of 284-286 K/sec for the next 10 sec. The tendency to maintain
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Figure 5. Foundry mold with an open metal base in the lower part: 1 molding mixture; 2
thermite charge; 3 metal base; 4 hole for igniting the thermite charge and exhaust gases.

Figure 6. The effect of heating time of the mold with an open metal base in the lower part on
the temperature change: 1 the lower surface of the metal base; 2 the upper surface of the metal
base; 3 molding mixture; 4 temperature of the working medium thermite; charge-thermite
alloy.

the temperature at 823 K must be preserved till complete crystallization of the metal.
The process of burning thermites takes place at a temperature of 3100-3200 K, which exceeds

the boiling point of iron. This, in turn, allows you to add to the charge of the metal filler in
such a volume that the temperature of the melt to form a functional layer was not lower than
2474-2674 K (figure 6, curve 4).

It should be noted that the open metal base in the lower part of the mold accelerates the
preheating of the mold in the muffle furnace, but on the other hand there is also cooling of both
the molding mixture and the metal base after firing the thermite charge. Thus, the analysis of
thermo-grams from thermocouples of the mold shows that for 20 sec depending on the location
of the thermocouple, there is an abrupt fluctuation of the temperature behavior.

When determining the optimal technological parameters of the process of forming a wear-
resistant layer of thermite alloy based on the Fe-Cr-C system during SHS process, it was
noted that the temperature of the thermite alloy after the combustion wave should not exceed
the boiling point of iron, and the lower temperature limit of thermite alloy should exceed
crystallization of the alloy not less than 1000 ◦C. The increase in the temperature of the thermite
alloy directly depends on both the preheating of the mold and the amount of metal filler in the
thermite charge. It should be borne in mind that the introduction of a very large amount of
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metal filler reduces the yield of a suitable thermite alloy. Therefore, the optimal content of metal
filler in the thermite charge heated to 873 K is a composition of 40%.

It was experimentally determined that the mass of the formed wear-resistant layer of thermite
alloy obtained from the charge 1 and the charge 2 was 97.94 kg and 68.9 kg, respectively.

The obtained samples of thermite alloy were investigated for structural properties such as
density in accordance with GOST 20018-74, porosity in accordance with GOST 9391-80, and
macro-structure evaluation in accordance with GOST 10243-75.

So in (figure 7, a) the dependence of the density of the thermite alloy on the heating
temperature of the mold and the content of the metal filler is showed.

Figure 7. Dependence of density (a), yield of suitable (b) and porosity (c) of thermite alloy on
heating temperature of mold and content of metal filler: from 1 to 20% of metal filler; from 2
to 30% of metal filler; from 3 to 40% of metal filler.

It is shown that increasing the amount of metal filler in the charge from 20% to 40%, when
heating the mold to 873 K, increases the yield of suitable thermite alloy to 71.9% by weight
of the original charge (figure 7, b) and it increases the density to 7.05 kg/m3. Increasing the
amount of metal filler to 40% and it also reduces the porosity of the formed thermite alloy to
5.5% (figure 7, c).
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Metallographic studies of the samples of the obtained wear-resistant layer were performed in
order to analyze the influence of the heating temperature of the mold on the process of formation
of macrostructure defects in the zone of formation of functional layers. Metal graphic studies of
samples of the mixture based on chromium (charge 2) were performed on an optical horizontal
microscope of MIM-8 brand (light field mode). The samples were pre-cut at the level of the
part by a water-cooled abrasive cutting wheel. When studying the quality of the connection of
functional layers and analysis of structure formation, the samples were ground on the surface,
baited on the macrostructure by electrical chemical etching in a saturated solution of ferric
chloride (cathode a plate of corrosion-resistant steel).

In metal graphic studies of the formation zone of the thermite alloy layer based on the Fe-
Cr-C system with a metal base at a heating temperature of the mold below 473 K, there was
a loose connection of layers with the base, there were inclusions of slag, and in the upper part
there were shrinkage shells (figure 8, a).

Figure 8. Metal graphic studies of the formed wear-resistant layer of thermite alloy based on
the Fe-Cr-C system: (a) when heating the mold to 473 K; (b) when heating the mold to 873 K.

Layered, perpendicular and elongated crystallization (movement of the crystallization front in
the form of terraces parallel to the crystal surface) was observed in the formed layer of thermite
alloy.

In the analysis of samples obtained by heating the mold to 673 K, in the zone of formation of
functional layers, a line of discontinuities was observed, the metal base was not welded, because
the aluminum thermic reaction products did not float to the alloy surface due to rapid cooling
of the thermite alloy layer.

For samples obtained by heating the mold to 873 K, the liquid state of the thermite alloy
was longer, the time to crystallization was 16 sec. The surface of the metal base melted, and
the slag consisting of Al2O3 (corundum) emerged from the zone of formation of the functional
layer (figure 8, b) [24]

Thus, the zone of formation of the functional layer is characterized by the stability of the
macrostructure and the positive effect of corundum, which, creating the effect of inoculating
modification of the thermite alloy, in turn contributes to the formation of chromium carbides.

Thus, the result of the proposed technology of forming a layer of thermite alloy based on Fe-
Cr-C system by self-propagating high-temperature synthesis are obtained samples of thermite
alloy, on the surface of which when the mold is heated to 873 K in the slag phase metal inclusions
are formed in separate spherical shape (figure 9).

This is due to the rapid stage of combustion and is accompanied by intense spraying of the
resulting synthesized metal. The results of the study of adding to the thermite charge a 40% of
the metal filler when heating the mold to 873 K are presented in (figure 10).

When the thermite charge contains more than 40% of metal filler, regardless of the heating
temperature of the mold, there is a decrease in melt temperature, which leads to its significant
porosity, as well as the presence of oxidized areas in the joint that did not melt (figure 11).
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Figure 9. Samples of the formed layer of thermite alloy obtained by SHS process (heating of
the mold to 873 K) with different amounts of metal filler: (a) 20% metal filler; (b) 30% metal
filler.

Figure 10. Section of samples of the formed layer of thermite alloy obtained by SHS process
(40% metal filler) at different heating temperatures of the mold: (a) without heating; (b) when
heated to 473 K; (c) when heated to 673 K; (d) when heated to 873 K.

Figure 11. Section of samples of the formed layer of thermite alloy obtained by SHS process
when heating the mold to 873K: (a) samples with 40% metal filler; (b) samples with more than
40% metallic filler.

4. Conclusions
The technology of forming a thermite alloy layer on the basis of the Fe-Cr-C system on a metal
basis by SHS process is offered, which allows to obtain cast functional layers with improved
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physical and mechanical, and operational properties. It is shown that the use of open mold in
the lower part for the needs of foundry production has a negative effect on the SHS process and
maintaining the temperature of the metal base, which is associated primarily with the flow of
air from the environment in the lower cavity of the mold due to reactive jet of gas released from
the mold through the outlet in the lid during the combustion of the thermite mixture.

The optimal technological parameters of the process of forming a wear-resistant thermite alloy
layer are determined: the amount of metal filler with the maximum yield of suitable alloy, the
heating temperature behavior of the thermite charge and the casting mold to obtain additional
heat, the temperature ranges of the melt to melt the metal base. It is established that the
optimal amount of metal filler in the mold, heated up to 873 K for the formation of a wear-
resistant layer of thermite alloy is 40%. It is shown that increasing the amount of metal filler
from 20% to 40% affects the structural properties of the formed layer of thermite alloy: increases
the density of the alloy by 33% and decreases porosity of the alloy by 17.3%, while the yield
of suitable thermite alloy increases to 71.9 absolute percent. It should be noted that lowering
the heating temperature of the mold below 873 K degrades the quality of the formed layer of
thermite alloy: thermite alloy does not separate from the slag and is released into separate
spherical formations.

Metallographic studies of the obtained wear-resistant layer of thermite alloy penetrating
into the metal base to a depth of 3 mm showed that the zone of functional layer formation
is characterized by macrostructure stability and positive effect of corundum (as a residue of
aluminothermic reaction product) in the obtained alloy. In this case, non-metal inclusions in
the form of corundum, creating the effect of inoculating modification of the thermite alloy, in
turn contribute to the formation of chromium carbides.
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Abstract. Biologically active polymer hydrogel transdermal materials based on gelatin,
sodium alginate, modified by humic acids, were designed and researched. Literature review was
carried out and it was proved that humic acids using is perspective for the functional effect on the
biologically active polymer hydrogel transdermal properties. It has been found that effective
processes for receiving biologically active polymer hydrogel transdermal materials based on
gelatin, hydroxypropyl cellulose and sodium alginate can be carried out in different humic acids
concentration while achieving an effective increase in hydrogel polymers structuring processes.
It can be seen efficiently increasing biologically active polymeric hydrogel transdermal materials
based on gelatin and sodium alginate conditional viscosity and the specific electrical conductivity
with an increase of humic acids content: from 114 to 135 sec and from 2350 to 2850 mkS/cm,
respectively. Humic acids modification in biologically active polymeric hydrogel transdermal
materials based on gelatin and sodium alginate caused structure formation with high density,
and resistance and with larger agglomerates in hydrogels. It was found that the gelatin-based
biopolymer hydrogels modification by humic acids makes it possible to receive biologically active
polymeric hydrogel transdermal materials with higher swelling degree. It is shown that the
application of new biologically active polymeric hydrogel transdermal materials based on gelatin
and sodium alginate modified by humic acids allows improving the skin moisture-lipid balance.
From the initial values of 34-36% moisture and 8-10 skin fat, they increase to 58-66% and
52-60%. So, designed polymer hydrogel based on gelatin, sodium alginate, modified by humic
acids, are transdermal materials with good properties.

1. Introduction
The modern sustainable development trend in area of biologically active polymers and materials
based on them is the technology that allows creating effective systems for drugs and active
substances transdermal delivery into the human body [1].

Transdermal delivery systems based on biologically active polymer materials cause increased
interest in the drugs introduction through the skin, for local therapeutic action on the affected
skin during systemic local drugs delivery. They are also widely used as biologically active
materials in the form of various polymer hydrogels [2]. Hydrogels are three-dimensional polymer
networks held together by cross-linked covalent bonds and weak cohesive forces in hydrogen or
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ionic bonds form. This hydrophilic polymeric materials shows an inherent ability to swell in
water and some other solvents and is able to absorb and retain more than 10 percents of its
weight in water in a gel structure. Hydrogels together with other chemical compounds can form
a biologically active composition that can find several local applications on the body and hair
surface [3]. Bioadhesive hydrogels using for skin care has important advantages, such as a longer
residence time at the application site and a lower product introduction frequency.

Until now, several biologically active hydrogels compositions containing biologically active
ingredients have been produced. The selected hydrogels are bioadhesive hydrogel compositions
for skin application. Used in biologically active preparations hydrogels can be based on numerous
biopolymers, such as collagen, gelatin, hyaluronic acid, alginate, chitosan, xanthan gum, pectin,
starch, cellulose and its derivatives.

Based on biopolymers hydrogels are used to design new biologically active agents, such as so-
called “beauty masks”. It is claimed that these masks moisturize the skin, restore its elasticity
and promote rejuvenation. Superabsorbent hydrogels, particularly acrylate-based materials,
are widely used in personal hygiene products to absorb liquids because of their ability to lock
moisture away from the skin, promoting skin health, preventing diaper rash and providing
comfort.

Today, several types of materials are used to design effective biologically active hydrogels.
Both synthetic and bio polymers are widely used. Natural biopolymers fully implement the
principle of sustainable development and demonstrate higher biocompatibility and activity
compared to synthetic polymers [4].

The transdermal delivery mechanism in such biologically active polymeric hydrogel is that
active substances in the hydrogel is delivering to the skin by diffusion. The most effective modern
biologically active polymeric hydrogel make of hydroxypropylmethylcellulose [5], hyaluronic
acid [6], carboxymethyl cellulose [7], polyvinylpyrrolidone [8] and polylactic glycolic acid [9] and
other polymers [10]. For high stability and strength while thermal contact with human skin [11],
biologically active polymeric hydrogel actively use their functional modification [12] with various
inorganic [13]and organic substances [14]. In our previous works, it was determined that humic
substances have a functional effect on the hydrogel biopolymer materials based on gelatin and
hydroxypropyl cellulose properties [15]. Especially for increasing structuring processes and
strength characteristics [16]. Therefore, it is interesting to study the possibilities of effective
modification of biologically active polymer hydrogel materials based on gelatin and sodium
alginate with humic substances for receiving systems for active substances delivery systems into
the human body.

The aim of the article is designing and researching of biologically active polymeric hydrogel
transdermal materials modification by humic acid.

2. Materials and methods
The study’s objects for biologically active polymeric transdermal hydrogel designing were:

• food gelatin brand R-11 (Ukraine);

• sodium alginate (China);

• humic acid, were received by extraction from lignite.

The research conditions are the procedure and determination toluene extract output and free
humic acids.

First, a gelatin solution (7 % wt.), a defined amount of polymer was placed in 50 mL of
distilled water (preheated at 90 ± 2 °C) and stirred to obtain a clear solution. For the co-
mixture of gelatin and sodium alginate, a defined amount of sodium alginate (2.5 % wt.) was
added in the previously prepared gelatin (7 % wt.) solution and allowed to mix homogeneously
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on a magnetic stirrer (Jisico Co. Ltd., South Korea). After that, by mixing, solutions with
humic acids were obtained, in which the concentration of the latter was 2.5, 5 and 7.5 % wt.

Conductometric studies of biologically active polymeric hydrogel solutions were carried out
on a combined TDS-meter HM digital COM-100 (USA), scale range: specific conductivity: from
0 to 9990 mkS/cm; temperatures: from 0 to 55 °C; Error: ± 2%.

Microscopic studies of biologically active polymeric hydrogel were carried out using the
electron microscope Digital Microscope HDcolor CMOS Sensor (China).

The viscosity of biologically active polymeric hydrogel was determined according to ISO 2431.
The method is based on determining the viscosity of a solution of biologically active polymeric
hydrogel solution with free flow is taken as the time of continuous flow in seconds test material
(50 cm3) through a calibrated nozzle with 4 mm diameter of a viscometer (VZ-246) at a certain
temperature.

The swelling degree of biologically active polymeric hydrogel transdermal materials was
calculated according to formula (2) [15]:

Q = 100 · m1 −m

m
, (1)

where m1 is the mass of the swollen sample, g.; m is the mass of the sample before standing in
an aqueous solution, g.

To determine the moisture-lipid skin balance a professional skin moisture and oiliness analyser
SK-92 (China) was used. This device operates on the basis of the Bioelectric Impedance
Analysis (BIA) method – measuring the skin resistance tissues under the electric current. The
moisture-lipid balance was measured in the area around the eyes before and after applying
biologically active polymeric hydrogel transdermal materials for 15 minutes in five 23-year-old
women (figure 1).

The skin moisture and oiliness range is from 0 to 99.9%, accuracy: 0.1%.

3. Results
The biologically active polymeric hydrogel transdermal materials based on gelatin and sodium
alginate conditional viscosity and conductivity dependence from on the different humic acid
content is shown in figure 2.

Next studies were carried out to determine the humic acids modification effect on the most
important operational properties of biologically active polymeric hydrogel transdermal materials
based on gelatin and sodium alginate: swelling degree and effect on the skin moisture-lipid
balance. Table 1 shows the operational properties of biologically active polymeric hydrogel
transdermal materials based on gelatin and sodium alginate modified by humic acids.

Table 1. Operational properties of biologically active polymeric hydrogel transdermal materials
based on gelatin and sodium alginate modified by humic acids.

Humic acid content (%wt.) Swelling degree (%wt.) Moisture/lipid, %

Pure gelatin-sodium alginate composition 19.82 58-60/52-54
2.5 27.17 60-62/55-56
5 26.83 62-64/56-58
7.5 23.21 64-66/58-60
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Figure 1. Model (women) with biologically active polymeric hydrogel transdermal materials in
the area around the eyes.

4. Discussion
In hydrogel materials for transdermal delivery it is very important to ensure prolonged
bioavailability of target biologically active substances through the skin barrier while high
adhesion to the skin, stability of their geometric dimensions and shape preservation in
temperature conditions throughout the entire period of exposure to human skin. Such properties
of hydrogel materials for transdermal delivery can be achieved by researching hydrogels viscosity,
electrical conductivity and structural formation optimized level. For example, in [17] it
was shown that by increasing the viscosity and structuring of polyacrylamide-polydopamine
hydrogels with mesoporous silica nanoparticles, hydrogel patches with high adhesiveness for
transdermal drug delivery were obtained. Therefore, the initial studies consisted in determining
the conditional viscosity and electrical conductivity dependence of bioactive humic-polymer
hydrogel transdermal materials based on gelatin and sodium alginate, as well as based on
hydroxypropyl methylcellulose and sodium alginate, on the different humic acids content in them.
According to [18], the electrical conductivity of bioactive humic polymer hydrogel transdermal
materials, which is related to the content of ionogenic substances, can actually be used as
hydration level measure using a high-density and rigid network in water-soluble polymer hydrogel
materials. Therefore, it is important to study non-cytotoxic alginate–gelatin hydrogels modified
with humic acids as biomaterials with good mechanical strength and biocompatibility, which
are advisable to use in transdermal patches, microcapsules for bioactive compounds, cells and
preparations, as well as in regenerative medicine (for example, for bone tissue regeneration)
or as a soft tissue patch for wound healing. From the data in the figure 2 it can be seen
increasing biologically active polymeric hydrogel transdermal materials based on gelatin and
sodium alginate conditional viscosity and the specific electrical conductivity with humic acids
content increase: from 114 to 135 sec and from 2350 to 2850 mkS/cm, respectively. Such changes
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Figure 2. The conditional viscosity and conductivity dependencies of biologically active
polymeric hydrogel transdermal materials based on gelatin and sodium alginate with different
humic acid content.

indicate the following features humic acids modification of the structure formation processes
in biologically active polymeric hydrogel transdermal materials based on gelatin and sodium
alginate: more density [19] and rigid network of biologically active polymeric hydrogel [20].
Also the larger number agglomerates formation [21] in biologically active polymeric hydrogel [22]
(figure 3).

Table 1 shows that the modification of gelatin-based biopolymer hydrogels by humic acids
makes it possible to obtain biologically active polymeric hydrogel transdermal materials with
an increased swelling degree. The larger number agglomerates formation in biologically active
polymeric hydrogel transdermal materials based on gelatin and sodium alginate on the different
humic acid content is clearly visible from the microscopic studies results. It should be noted that
the hydrogel delamination in biologically active polymeric hydrogel transdermal materials based
on gelatin and sodium alginate on the different humic acid content into the aqueous phase and
the structured polymer phase does not occur. Increasing the degree of swelling when modified
with humic acids due to more rigid network hydrogels formation makes it possible to achieve
long-term prolonged transdermal release of drugs, stability of their geometric dimensions and
shape in temperature conditions throughout the entire period of exposure to human skin, and
easier separation from the skin after application. So, it is important to note that the using
new biologically active polymeric hydrogel transdermal materials based on gelatin and sodium
alginate modified by humic acids allows to improve the skin moisture-lipid balance. So, from
the initial values of 34-36% moisture and 8-10 skin fat, they increase to 58-66% and 52-60%. As
it can be seen in table 1, the improvement in skin moisture-lipid balance became more with an
increase in humic substances content. Actually, modification with humic acids makes it possible
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Figure 3. Microscopic studies of of biologically active polymeric hydrogel transdermal materials
based on gelatin and sodium alginate on the different content of humic acid: A – pure gelatin
and sodium alginate hydrogel; B – gelatin and sodium alginate hydrogel + 2.5 % wt. of humic
acid; C – gelatin and sodium alginate hydrogel + 5 % wt. of humic acid; D – gelatin and sodium
alginate hydrogel +7. % wt. of humic acid.

to obtain hydrogel transdermal materials, which, when applied to the human body, will allow
to regulate skin moisture-lipid balance uniformly and for a long time.

In fact, thanks to the biologically active polymeric hydrogel transdermal materials based on
gelatin and sodium alginate modified by humic acids using, it becomes possible to transfer the
skin from slightly moist-fatty hard to highly moist-fatty elastic condition. The moisture-lipid
balance skin improving increases with increasing the humic substances content.

5. Conclusions
The effective biologically active polymeric hydrogel transdermal materials based on gelatin
and sodium alginate, modified by different humic acid content, were received and researched.
By carrying out rheological, conductometric and microscopic studies, it was found that the
modification of gelatin-sodium alginate systems by humic acids allows receive polymer hydrogels
with high structuring degree. Modification of gelatin-based biopolymer hydrogels by humic acids
makes it possible to obtain biologically active polymeric hydrogel transdermal materials with an
increased swelling degree and ability to improve the skin moisture-lipid balance: from the initial
moisture 34-36% and fatness 8-10%, they increase to 58-66% and 52-60%. In future researching
is perspective to determine transdermal level of designed biologically active polymer hydrogels
for most important medicine and cosmetic biologically active substances.
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Abstract. The possibility of designing mechanical properties of ceramic-inorganic polymer
composites for protection against electromagnetic radiation is considered. As a result, the
mechanical properties of polymer composite based on polyamide, modified with ceramic-
inorganic graphite-ferromagnetic fillers (silicon carbide, chromium oxide Cr2O3 and graphite)
was received and optimized. The strength characteristics complex of ceramic-inorganic polymer
composites with silicon carbide SiC, chromium oxide Cr2O3 and graphite content in diapason
5-15 % wt. were studied. It was established that the optimal strength characteristics can be
received using binary modification of polyamide with ceramic-inorganic graphite-ferromagnetic
fillers: polyamide 6 – SiC 10% wt. – Cr2O3 10% wt. and polyamide 6 – SiC 10% wt. –
graphite 10% wt. Using mathematical modeling, it was established that the polyamide 6 – SiC
10% wt system is the most optimal for three-component complex modification with ceramic-
inorganic graphite-ferromagnetic fillers – Cr2O3 10% wt. – graphite 10% wt. By design
experimental-statistical mathematical models in equal regressions, mathematical optimization of
mechanical properties of polymeric ceramic-inorganic composites contains for protection against
electromagnetic radiation was carried out. Designed polymer ceramic-inorganic composites for
protection against electromagnetic radiation according to their strength characteristics can be
used for modern radio absorbing materials production.

1. Introduction
Nowadays, the production of various radio-electronic equipment is actively expanding. The main
direction is radio-electronic equipment improving properties: reducing the size and energy losses,
better accuracy and speed, etc. Many technologies are already transit to a higher frequency
range. So there is a need for materials with appropriate electromagnetic characteristics, which
are necessary for matching and protecting various electromagnetic ranges components.

As now there is no single-component material that could achieve a high absorption capacity
in a wide frequency band. Such composite materials are used for: biological objects protection,
the electromagnetic devices compatibility [1], electromagnetic waves reflection reducing [2].

Composite materials of various nature are actively used to ensure protection against
electromagnetic radiation. It is also correspond the sustainable development conception. The
main feature of composite materials is that they represent a combination of two or more
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constituent components and have new properties different from the components separately
properties. Composites are easy to production and provide new, unattainable for traditional
materials, physico-chemical properties, such as flexibility, high strength, elasticity, as well as
unique new characteristics [3].

Typical materials for absorbing electromagnetic radiation are:

1) conductive powdered materials (coal, carbon black, graphite, metals – steel, cast iron, iron,
aluminum, cobalt, lead, zinc, tin, copper, etc. [4], metal salts) with spherical, cylindrical,
flaky, etc. shape of particles [5];

2) conductive carbon, metal and metal-carbon fibers, carbon fabrics, metal threads, plates,
foil strips, wire scraps, meshes of a complex shape, gratings, resonant elements in the form
of cross-shaped dipoles [6] or closed conductors (rings) etc. [7];

3) metallized carbon and polymer fibers, fabrics, films, macrospheres;

4) magnetic fillers – ferrites of different chemical composition (mostly magnetically soft), as
well as magnetic powders of metals and amorphous Fe alloys, Fe-Co-Ni alloys; perm, etc.) [8];

5) dispersed semiconductors: charred organic silicon fabrics and fibers [9],

6) dielectrics, in particular, easily polarized organic substances (retinyl Schiff salts) [10],
biopolymers (chitin), etc.

In modern scientific literature, many compositions of ferrite components for absorbers
of various ranges are described [11]. These materials are intended for the electromagnetic
radiation range of 0.5-12 GHz. The size of particles of ferrite powders that effectively absorb
electromagnetic radiation at frequencies of 0.5-1.5 GHz is 1.65-0.7 mm, and in the range of 2.5-12
GHz – 0.1 mm. The advantage of ferrite absorbers is their small thickness (several millimeters).
However, they are time-consuming to manufacture and non-technological, as it is necessary to
stick ferrite plates on the surface of the metal part being protected. In addition, such absorbers
have an insufficiently wide band of operating frequencies [5].

By varying fillers concentration it is possible to achieve the required electromagnetic
properties: high absorption coefficient, complex dielectric and magnetic permeability, and
shielding level. In modern scientific sources, there is a lot of research on receiving materials
for protection against electromagnetic radiation. Most research concerns the design effective
materials for protection against electromagnetic radiation based on mixtures and composites of
fillers with magnetic properties (such as ferrites [3], metals [6]) and various dielectrics – ceramic,
polymer and other matrices [7]. As an active phase (filler) of composites, carbon-containing
materials (carbon nanotubes [7], graphite [12], carbonyl iron, fullerenes, etc.) [8], ferrite powders
[9] are used widly. The composite materials research based on ferroelectrics [10] and multiferroics
is actively developing [11].The material absorbing high-frequency electromagnetic radiation
based on barium hexaferrite substituted with diamagnetic ions are demonstrated [13]. It is shown
that absorbing high-frequency electromagnetic radiation in such barium hexaferrite substituted
to higher frequencies due to an increase in the magnetocrystal anisotropy [14].

Thermoreactive polymer composites containing silicon carbide [12], carbon fibers [15], carbon
black [16] and carbon nanotubes [17] are also effective. They provide protection as radio
shielding materials and coatings due to the absorption mechanisms combination [18]: natural
ferromagnetic resonance, resonance of domain boundaries movement, eddy current losses and
repolarization, multiple imprints and etc.

Such materials effectively provide protection against electromagnetic radiation, but their
disadvantages include the complexity synthesis and high cost.

Therefore, polymer composites for protection against electromagnetic radiation based
on various thermoplastic matrices (polyvinylbutyral [19], polypropylene [20], polyvinylidene
chloride [21], etc.) have been recently designed. In such polymer composites, inorganic



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012010

IOP Publishing
doi:10.1088/1755-1315/1254/1/012010

3

ferromagnetic fillers are used. They have better technological, operational and economic
characteristics.

In our previous work [22], polymer composites for protection against the electromagnetic
radiation absorption based on thermoplastic polyamide 6 and silicon carbide were received. This
polymer composites are transparent in the millimeter frequency range (approximately 3 dB, this
is a 2-fold attenuation), have a small absorption coefficient but low mechanical properties.

Overall efficiency electromagnetic radiation absorption for received compositions was
insufficient. So further research in the framework of complex ceramic-inorganic graphite-
ferromagnetic fillers application was carried out as expedient.

The aim of the article is ceramic-inorganic polymer composites mechanical properties
designing for protection against electromagnetic radiation.

2. Materials and methods
For polymeric ceramic-inorganic composites research, that can be used for electro-magnetic
protection coating production:

• polyamide 6 brand Durethane (Bayer, Germany);

• silicon carbide SiC powder – size 50-65 microns;

• chromium oxide Cr2O3 powder – size 2-5 microns;

• graphite powder – size 20-25 microns, which was received from graphite samples (were used
standard graphite blanks).

After analysis, the graphite sample was additionally crushed to 100% to the class content
less than 0.075 mm using a cylindrical mill on elastic hangers and scattered on a mechanical
disperser on 0.02 mm grids.

Quality indicators of carbon graphite sample and scattering results (2 samples) are given in
table 1 and table 2.

Polymer composites were production by extruding.
Strength characteristics determination was carried out according to ISO 180 and ISO 178.

Complex strength characteristics determination of polymeric ceramic-inorganic composites for
electromagnetic radiation absorption was carried out on pendulum copra at a temperature of
20 °C. For each composition, 20 parallel measurements were made.

Table 1. Quality indicators of carbon graphite sample.

Characteristics Symbol, unit of measurement Value %

Total moisture W r
t ,% 0.10

Analytical moisture W a,% 0.10
Ashiness Ad,% 0.18
Carbon content Cd,% 99.06
Hydrogen content Hd,% 0.76

Table 2. Results graphite grid analyses.

Class, mm Value, %

less of 0.02 31.4-43.2
0.02-0.075 56.8-68.6
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Optimization experimental-statistical mathematical models construction in equal regressions
form was carried out using the STATISTICA software.

3. Results and discussion
Primary studies were directed at studying the SiC, Cr2O3 and graphite impact on strength
properties complex of polyamide 6 compositions. From previous work [22], it was found that
increasing the content of SiC in polyamide 6 led to an increase in both IR and BSDB.

Optimal content of fillers for those was found at level 5%wt. But overall efficiency of received
compositions protection against electromagnetic radiation was insufficient, this article researched
compositions with a higher content of SiC – 10% wt., and optimized the content of Cr2O3 and
graphite in the range of 5-15 % wt. Also, to establish the synergistic effect the three different
ceramic-inorganic graphite-ferromagnetic fillers integrated effect, polyamide 6 – SiC – Cr2O3 –
graphite systems were studied. In the table 3 shown the filler’s level impact of polymer ceramic-
inorganic composites based on the polyamide 6 – SiC – Cr2O3 – graphite system on the IR and
BSDB. From the data in table 3, it can be seen that the introduction of polyamide 6 – SiC 10%
wt. into the system of chromium oxide Cr2O3 and graphite increases their IR and BSDB.

Table 3. Filler’s level impact of polymer ceramic-inorganic composites based on the polyamide
6 – SiC – Cr2O3 – graphite system on the IR and BSDB.

Composites IR, MPa BSDB, MPa

Polyamide 6 – 10 % wt. SiC 38 175

Polyamide 6 – 10 % wt. SiC:
5 % wt. graphite 43 183
10 % wt. graphite 52 190
15 % wt. graphite 50 185

Polyamide 6 – 10 % wt. SiC:
5 % wt. Cr2O3 40 180
10 % wt. Cr2O3 45 185
15 % wt. Cr2O3 44 182

Polyamide 6 – 10 % wt. SiC:
5 % wt. Cr2O3 – 5 % wt. graphite 42 185
10 % wt. Cr2O3 – 10 % wt. graphite 47 188

The maximum level of the studied strength characteristics is typical for the systems of
polyamide 6 – SiC 10% wt. – graphite 10% wt. Also high level of strength is also observed
in the triple complex system of ceramic-inorganic fillers polyamide 6 – SiC 10% wt. – Cr2O3

10% wt. – graphite 10 % wt. It can be concluded that binary modification with ceramic-inorganic
graphite-ferromagnetic fillers of composites based on the systems polyamide 6 – SiC 10% wt. –
Cr2O3 10% wt. and polyamide 6 – SiC 10% wt. – graphite 10% wt. is optimal for increasing
its strength characteristics. For three-component complex modification with ceramic-inorganic
graphite-ferromagnetic fillers, the polyamide 6– SiC 10% wt. – Cr2O3 10 % wt. – graphite 10
% wt. system is the most optimal. Also, while studying the spectral characteristics of the
polymeric ceramic-inorganic composites, it was established that the highest level of reflection
coefficient over 23 % is typical for polyamide 6 systems of 6-10% wt. silicon carbide – 10%
wt. chromium oxide Cr2O3 – 10% wt. graphite, which is related to the complex nature of
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the action of various ceramic-inorganic graphite-ferromagnetic fillers. This system is almost 2.5
times superior to previously obtained composites [20] in level of spectral characteristics.

For building a mathematical model to optimize mechanical properties of ceramic-inorganic
polymer composites for protection against electromagnetic radiation, an analysis datas given in
the table 3 was carried out. Ninth experiments were made, the composition of the composite
varied within the following limits: polyamide 6 + SiC 10 % wt. – from 83.32 to 100 % wt.;
graphite – from 0 to 13.04 % wt.; Cr2O3 – from 0 to 13.04 % wt. At the same time, the
IS values ranged from 38 to 52.5 MPa, and the BSDB values ranged from 175 to 190 MPa.
Table 4 shows the pairwise correlation coefficients between indicators.It can be concluded that
the indicators of IS and BSDB are interrelated, which is confirmed by the high value of the
pairwise correlation coefficient between them (0.860).

Table 4. Pairwise correlation coefficients of mathematical model for composition mechanical
properties optimization.

IR BSDB Polyamide 6-SiC 10%wt. Graphite Cr2O3

IR 1.000
BSDB 0.860 1.000
Polyamide 6-SiC 10%wt. -0.655 -0.716 1.000
Graphite 0.788 0.663 -0.524 1.000
Cr2O3 -0.102 0.088 -0.524 -0.451 1.000

Polyamide 6 + SiC 10 % wt. content increasing leads IR and BSDB decreasing. The same
time, graphite content increasing leads IS and BSDB increasing. The Cr2O3 content impact on
mechanical properties is insignificant.

Table 5 shows the calculated mathematical equations that describe content of polyamide 6 +
10%wt. SiC, graphite and Cr2O3 impact on the IR and BSDB, as well as statistical indicators.

Table 5. Mathematical equations and statistical indicators of mathematical model for
composition IR and BSDB optimization.

Mathematical model R R2

IR=69.682-0.303(polyamide 6+ SiC 10%)+0.584graphite+0.02Cr2O3 0.838 0.702
BSDB=69.682-0.440(polyamide 6+SiC10%wt.)+0.359graphite+0.01Cr2O3 0.792 0.627

Multiple correlation indicators R and R2 of the developed models are high enough
(R = 0.792 − 0.838;R2 = 0.627 − 0.702), and level of standard error 2.921-3.115 MPa allow
to use built equations for the IR and BSDB prediction of designed ceramic-inorganic polymer
composites for protection against electromagnetic radiation.

4. Conclusions
The article considers the possibility to receive polymeric ceramic-inorganic composites for
protection against electromagnetic radiation. As a result the polymer polyamide composites
modified with ceramic-inorganic graphite-ferromagnetic fillers: SiC, Cr2O3 and graphite were
received.

The strength complex characteristics of compositions with carbide SiC – 10%wt . were
studied. For them content of Cr2O3 and graphite in range 5-15%wt. was optimized. It
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was found that the optimal strength characteristics shows composites based on the systems
polyamide 6 – SiC 10%wt. – Cr2O310%wt. and polyamide 6 – SiC 10%wt. – graphite 10%wt.
when it is binary modification with ceramic-inorganic graphite-ferromagnetic fillers. For three-
component complex modification with ceramic-inorganic graphite-ferromagnetic fillers, the most
optimal system is polyamide 6 – SiC 10%wt. – Cr2O310%wt. – graphite 10%wt with highest
mechanical and spectral properties. By design experimental-statistical mathematical models
in equal regressions, mathematical optimization of polymeric ceramic-inorganic composites
mechanical properties for protection against electromagnetic radiation was carried out. Received
polymeric ceramic-inorganic composites for absorbing electromagnetic radiation can be used for
radio-absorbing materials production according to their strength and spectral characteristics.
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Abstract. The results of studies of the flushing fluids influence on the capacity-filtration
characteristics of carbonate rocks are presented. It was found that hydrogel-magnesium
fluids using desulfurized bischofite are the optimal flushing fluid for opening carbonate-type
formations. Solutions of the hydrogel-magnesium type, with a relatively small depth of
penetration into the formation, are distinguished, among others, by a high coefficient of recovery
of permeability. After the application of such solutions and subsequent acid treatment, the
pore space of the formation can be almost completely restored. The effect of the presence of
sulfate ions in the bischophyte on the permeability and recovery coefficient of the carbonate
core was investigated. It was established that in the presence of sulfate ions in bischophyte,
the permeability and formation recovery in the presence of formation water decreases by 11.53
times, and when using pure bischophyte – only by 1.29 times. An improved method of preparing
bischofite for use in washing liquids has been developed. The results of industrial use of the
developed method are given.

1. Introduction
Ukraine has significant deposits of developed mineral deposits. Nowadays, 90 types of
minerals have been explored, which are concentrated in almost 8,000 deposits. For sustainable
development, it is necessary to increase the efficiency of the natural resources using [1–3].

Provision of own energy resources is a guarantee of not only energy, but also state
independence of Ukraine. Unfortunately, in recent years, gas production in Ukraine has begun
to steadily decrease. In 2020, 20.23 billion cubic meters of gas were produced, which is 2.2%
less than in 2021 (19.79 billion cubic meters), in 2022 Ukraine is going to produce 18.5 billion
cubic meters. m of gas, which is 6.6% (1.3 billion cubic meters) less than in 2021. The bloody
war between Russia and Ukraine in 2022 radically changed the national gas sector: there was
a significant decrease in both consumption and production due to Russian bombing of our gas
fields.

Also, the reasons that prevent the realization of the domestic hydrocarbon potential are the
depletion of deposits (by 65 – 70%), which causes a sharp drop in production and difficult access
(the average depth of the deposits exceeds 3500 m) and the dispersion of a large number of
small fields – reserves 89% of deposits do not exceed 5 billion m3. At the same time, in order
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to ensure the sustainable development of the oil and gas sector, the annual growth of the raw
material base should be 2 – 3 times higher than the production level [4].

The drilling of oil and gas wells leads to a destruction of the natural balance of fluid saturation
of productive layers. As a result of the penetration of leachate and the solid phase of washing or
process fluids, the character of the saturation of the pore space of the rocks in the bottomhole
formation zone of the formation changes, processes occur that are caused by the physical and
chemical interaction of drilling muds with the rock and formation fluids, which significantly
worsen the filtration properties of the rocks [5].

The influence of flushing fluids on productive formations is due to penetration into the pore
space of the filtrate collector and dispersed phase, swelling of clay cement, formation of solid
sediments and emulsions during interaction with formation fluids, reduction of effective pore
volume [5, 6]. All this leads to deterioration of productive characteristics of wells. Therefore,
the question arises of preserving the natural productive properties of formations during the
construction, repair and restoration of wells. An equally important task is the choice of means
and methods for restoring to the initial level and improving the filtration properties of rocks
contaminated with drilling fluids.

2. Problem statement
Drilling muds play an important role in ensuring the growth of drilling volumes and hydrocarbon
production. Contamination of the bottomhole formation zone of the formation during primary
and secondary opening and the associated deterioration of natural reservoir properties can lead
to a significant loss of well productivity and, conversely, minimization of such contamination
can allow obtaining industrial products from deposits, the production of which, even recently,
was impossible for technical or economic reasons [5–9].

A significant contribution to research of the fundamental physico-chemical processes occurring
in the wellbore and in the area around it, in relation to the issues of the stability of the shaft, the
hydrodynamics of flushing and cleaning of the outcrop, and the qualitative opening of productive
horizons were made by number of researchers. The development of these provisions regarding
the conditions of drilling wells in the deposits of Ukraine is reflected in [7, 8]. These scientists
have developed and implemented a large number of various formulations of drilling muds aimed
at effective drilling of wells and high-quality opening of productive horizons in difficult mining
and geological conditions.

According to modern ideas, clay-free biopolymer systems provide the highest quality of
opening productive horizons among water-based drilling muds [10–12]. This is due to the
biodegradable polysaccharide composition and acid-soluble solid phase, as well as unique
rheological, structural-mechanical and filtration properties. In addition, clay-free biopolymer
drilling muds create almost no man-made load on the environment, ensure successful passage of
horizontal and inclined wells, uncomplicated opening of zones with abnormally low formation
pressures, avoidance of scree, absorption and differential adhesions.

For carbonate-type collectors, which are typical for the gas condensate field of the
Zahoryanska area of the Dnieper-Donetsk rift, it is advisable to use a polymer-potassium low-
clay type, a clay-free polymer-magnesium type liquid on a polyacrylamide basis, and a hydrogel-
magnesium type liquid using bischofite.

The use of bischofite solutions as part of flushing fluids is promising. Estimated resources of
bischophite only within the Orchykiv depression of the Dnieper-Donetsk rift amount to about 10
billion tons. In practice, the use of bischofite at gas production enterprises is often limited due
to its irrational use. Salt deposits, when bischophite enters the formation, can form in the pores
of the rocks of the bottomhole formation zone, reducing their permeability and porosity [13,14].
The chemical composition of inorganic deposits is represented mainly by calcium sulfates and
carbonates, oxides, carbonates, oxides, and iron sulfide [10,11].
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The main reasons for the formation of salts are:

• a decrease in pressure and an increase in the temperature of mining fluids, which leads to
the release of dissolved carbon dioxide into the gas phase:

Ca2+ + 2(HCO−
3 )→ CaCO3 ↓ +CO2 ↑ +H2O;

• mixing of incompatible waters:

Ba2+(Sr2+,Ca2+) + SO2−
4 → BaSO4 ↓ (SrSO4,CaSO4);

• supersaturation of fluids is limited by soluble salts and their salting out.

Considering the above, there is a need to study the influence of flushing fluids on the capacity-
filtration characteristics of carbonate rocks and to improve the method of preparing bischofite
solution for use as part of flushing fluids when drilling wells.

The main direction of research was to determine the type of liquid that will be used as
a flushing agent in carbonate-type rocks and at the same time will maximally preserve the
capacity-filtration properties of the pore space.

3. Materials and methods
The following drilling muds were studied: polymer-potassium low-clay type fluids, clay-free
polymer-magnesium type fluids on a polyacrylamide basis, and hydrogel-magnesium type fluids.

The influence of the flushing fluid on the properties of carbonate rocks was evaluated
according to the standard methodology at the UDPK-1M installation (figure 1).

The research was carried out on carbonate core material taken from the drilling interval
4935 – 5090 m of well №1 of the Zahoryanska area, which corresponds to the interval of well №3,
which needs to be opened. Before conducting the research, the core was wetted with formation
water of the chlorcalcium type ρ=1.18 g/cm3, typical for deposits B24-25 of the Zahoryanska
field. Repression on the formation during the research was 250 – 300 atm, that is, the conditions
of maximum repression on the formation under dynamic loads during the drilling process were
modeled.

According to some data, under the influence of process fluids based on bischofite, the filtration
properties of the reservoir often deteriorate due to the formation of insoluble sulfate deposits in
the pore space as a result of the interaction of filtrates and reservoir fluids [2]. In the second
series of experiments, the effect of the presence of sulfate ions in bischophyte on the properties of
carbonate collectors was studied. In order to detect the process of pore blocking by chemically
formed gypsum, the core was wetted with formation water of chlorcalcium type ρ=1.18 g/cm3.
Up to 20 volumes of the pore space of purified and untreated bischofite ions SO 2–

4 were passed
through the core.

Bischofite solutions with a mass fraction of MgCl2 of 24% from well №1 of the Zahoryanska
area were used for research. The chemical macro-composition of bischofite solutions from well
№1 of the Zahoryanska field is presented in table 1.

In order to find components that accelerate the precipitation of gypsum deposits, studies
were conducted to determine the effect of surface-active substances on the process of calcium
sulfate deposition.

Studies were conducted with surface-active substances: 1) KI-1-M – a mixture of catapin
and urotropin; 2) SRK – aqueous solution of sulfur adduct of saturated fatty alcohol; 3) EM-1 –
an aqueous solution of cationic and amphoteric surfactants; 4) Stentex – cationic surfactant;
5) CAPB – cocamidopropylbentain belongs to amphoteric surface-active substances.

Before conducting the experiment, Na2SO4·10 H2O was added to the bischofite solution with a
mass fraction of MgCl2 of 24% at the rate of 28.38 g/dm3. In a measuring cylinder with a volume
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Figure 1. Permeability test setup core in reservoir conditions (UDPK-1M).

of 100 ml, the necessary amount of the prepared solution of bischofite with a mass fraction
of MgCl2 of 24% and with an additive of surfactant concentration of 0.1% was placed. The
calculated amount of calcium chloride dried to a constant mass was added to the solution. Some
time, after the initial turbidity, massive spontaneous formation of solid phase nuclei occurred. At
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Table 1. Chemical macro-composition of bischophyte solutions from well №1 of the Zatyryno
field.

Cations C, g/l w, eq. % Anions C, g/l w, eq. %

Potassium + Sodium 1.0610 0.58
Chlorine 273.04 69.90
Sulfine 11.65 3.05

Calcium 2.0000 1.26 Carbonate – –
Magnesium 94.8480 98.16 Hydrocarbonate 0.20 0.05

Total 97.9090 100.00 Total 284.90 100.00

this stage, the contents of the measuring cylinder were mixed. After the onset of sedimentation,
stirring was stopped and further sedimentation took place under static conditions.

The resulting solutions were kept in a thermostat at a temperature of 20 ℃ for 168 hours.
The content of sulfates in the sediment was determined by the gravimetric method. After 7
days, the sediment was filtered through a “blue tape” filter, decanted, washed with hot distilled
water until there was a negative reaction to the chloride ion. After that, the filter was dried on a
tile in a crucible, charred in a crucible furnace at a temperature of 500 ℃, fired at a temperature
of 800 ℃ and weighed after cooling. The degree of deposition of calcium sulfate X in % was
determined by formula 1:

X =
m

m0
· 100%, (1)

where m – is the mass of calcium sulfate in the sediment, g; m0 – is the mass of calcium sulfate,
which corresponds to the initial concentration of sulfate ions in the solution, g.

At the same time, the nature of the deposition was visually determined by the change in the
volume of the sediment and the structure of the crystals under an Olympus BX 41 microscope
(2005, Japan) with a magnification of 100 times.

4. Experimental laboratory results
From the conducted research, it can be concluded that solutions of clay-free polymer-magnesium
type on polyacrylamides have the greatest depth of penetration into the formation. At the
same time, they are characterized by a low coefficient of reservoir recovery. In addition, after
processing the core with an acid solution, insoluble polymer structures are formed, which almost
completely calm the formation.

Solutions of the polymer-potassium type, although they have a small penetration depth, but
this effect is achieved by calming the pores with a solid insoluble clay phase, which is part of
these solutions. Due to this, the formation recovery rate after using such solutions is also low.

Solutions of the hydrogel-magnesium type, with a relatively small depth of penetration into
the formation, are distinguished, among others, by a high coefficient of recovery of permeability.
After the application of such solutions and subsequent acid treatment, the pore space of the
formation is almost completely restored. They do not contain an introduced solid phase that
would irreversibly calm the pore space. Carbonate blockers are formed during the preparation
of this flushing fluid and do not calm the pore space.

Table 2 presents the results of studies of the influence of flushing fluid on the capacity-filtration
characteristics of carbonate rocks.

Bischophyte is a component of the investigated solutions. A study of the influence of the
presence of sulfate ions in bischophyte on the properties of carbonate reservoirs was carried out.
The influence of sulfate ions on the permeability and recovery coefficient of the carbonate core is
shown in Table 3. It is noted that in the presence of sulfate ions in bischofite, the permeability
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Table 2. Results of studies of the influence of flushing fluid on the capacity-filtration
characteristics of carbonate rocks.

Flushing fluid

The depth of maximum
permeability of solution

into reservoir, cm

Recovery coefficient
for the fractured

collector, %
in the matrix

collector
in fractured

reservoir
without acid

treatment
followed by

acid treatment

Polymer-potassium
solution with a
solid phase

10-15 30-40 18-25 –

Clay-free
polymer-magnesium
solution

15-18 45-60 15-30 3-7

Hydrogel-magnesium
solution

12-17 40-50 70-85 92-98

Table 3. The influence of sulfate ions on permeability and recovery indicator of carbonate core.

Drilling mud Permeability, md
Recovery indicator

of carbonate core, %

Bischofit with sulfate ions 26.50 93.90
Bischofit with sulfate ions + formation water 1.62 6.20
Bischofit without sulfate ions 20.59 96.47

and recovery of the formation in the presence of formation water decreases by 11.53, and when
using pure bischofite – by only 1.29 times.

Thus, as the research results showed, it is not necessary to use desulfated bischofite for
the preparation of polymer-magnesium solutions. To solve this problem, it is necessary to use
precipitation catalysts, which make it possible to simultaneously carry out rapid desulfation
of bischofite and prevent salting out of chlorides. The crystallization of calcium sulfate from
an aqueous solution of bischofite with a mass fraction of MgCl2 of 24% in the presence of
surface-active substances was investigated. The processes of calcium sulfate crystallization in
the presence of various surface-active substances differ significantly (figure 2) [15,16].

In figure 3 shows unwashed and washed from chloride precipitates on the filter. Precipitates
with the addition of amphoteric surfactants have a visually smaller volume compared to the
control experiment, and those with the addition of cationic surfactants have a more fragile
structure and large crystals.

In the unwashed sediment formed from pure bischofite, without the addition of surfactant, a
group of closely spaced crystals of various shapes is formed. Addition of cationic surfactants (KI-
1M, St) to the initial solution leads to a decrease in extraneous formations and the precipitation
of needle-like crystals of different lengths.

The structure of calcium sulfate crystals without the addition of surfactants and with the
addition of cationic surfactants is approximately the same. Crystals are needle-shaped and
vary in length. However, the addition of amphoteric surfactants (EM and CAPB) and cationic
surfactant SRK leads to the formation of larger lamellar crystals, the diameter and thickness of
which increase significantly, and the length decreases (figure 4).
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Figure 2. Sedimentation in bischofite solution with a mass fraction of MgCl2 24% during
elimination of sulfates in the presence of surfactants, the mass fraction of which is 0.1%: 1 –
without surfactants; 2 – EM; 3 – SRK; 4 – St; 5 – KI-1M; 6 – CAPB.

After calcination of the precipitate at a temperature of 800 ℃, the structure of the crystals
with different additives of surfactant and the control experiment is approximately the same.

The positive effect of surfactant additives is obvious, since in the presence of these reagents
the sediment is formed in the form of a fine dispersion, which, unlike amorphous sediment, can
be easily removed from the container where bischofite desulfation takes place.

As can be seen from table 4, the degree of precipitation of calcium sulfate from an aqueous
solution of bischofite with a mass fraction of MgCl2 of 24% in the presence of surface-active
substances (w = 0.1%) decreases in the following order: CAPB > EM > SRK > St > KI-1M,
and the sediment volume, on the contrary, increases in this order.

The lower value of the calcium precipitation degree of sulfate relative to the volume of
sediment in the presence of St and KI-1M can be explained by the fact that the process of
salting out chlorides prevails over the chemical reaction of precipitation of sulfates.

Analysis of the influence of the amount of precipitant on the rate of separation of solid and
liquid phases showed that EM, CAPB and SKR surfactants also have close results in terms of
the rate of precipitation. Phase separation takes place within 0.5–1 h, the solid phase settles
to the bottom of the vessel, a clear separation boundary between the phases is visible. Over
time, the volume of sediment does not increase, and after 5 days its compaction is observed.
In the presence of cationic surfactants KI-1M and St, phase separation occurs very slowly, the
sediment is loose, occupies 2/3 of the cell volume.

The results of the study showed that the excess introduction of precipitant CaCl2 by more
than 4 times in the presence of all surface-active substances leads to a decrease in the degree of
precipitation of CaSO4, while the volume of the precipitate does not change.
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a b

Figure 3. Filter residue: a – unwashed; b – washed from chlorides.

Figure 4. The structure of sediment crystals (mass fraction of surfactant – 0.1%).

The results of the experiments show that among the investigated surface-active substances
EM, CAPB and SKR are effective catalysts of sulfate precipitation and inhibitors of salting
out chlorides. Therefore, in order to accelerate the process of precipitation of CaSO4

during the desulfation of bischofite intended for the preparation of the flushing fluid of the
primary opening of the carbonate deposits of the Zahoryanska area of well № 3, the catalyst
cocamidpropylbentaine was used. Due to the addition of this reagent in a volume of 0.1% to
bishofite at the time of introduction of calcium chloride, the precipitation process was accelerated
four times. Thus, the precipitate of CaSO4 in bischofite without the addition of a catalyst was
formed in a vertical container with a volume of 36 m3 for 20 days, and with a catalyst – for 5
days.

In addition, in order to fully use the CaCl2 introduced into the first portion of bischofite, at the
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Table 4. The influence of the amount of precipitant on the degree of calcium sulfate of
precipitatio in the presence of surfactants (w=0.1%).
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) – 20.00 5.60 29.02 12.10 30.10 15.21

KI-1M 16.92 1.60 23.07 3.60 24.60 2.66
St 23.08 4.80 38.46 10.30 39.50 6.37
SKR 3.08 19.96 13.84 48.20 15.20 49.54
EM 3.01 28.65 12.30 68.20 13.80 49.51
CAPB 1.50 40.31 3.08 88.96 3.90 62.34

rate of 4 tons per 140 m3, i.e. in a fourfold excess in relation to the content SO 2–
4 in bischofite,

the second portion of desulfurization of bischoffite was carried out by introducing 0.1% into
non-desulphated bischoffite cocamide-probilbentaine and CaSO4 sediment, which, according to
chemical analysis, contained up to 100 g/l of ions Ca2+, which made it possible to speed up the
desulfation process and ensure maximum purification of bischofite from sulfate ions.

Thus, in industrial conditions, for the first time, the catalyst for the precipitation of CaSO4

during the desulfation of bischofite was tested and the technology of preparation of bischoffite
was applied by reusing CaSO4 sediment with an excess content of CaCl2, which made it possible
to reduce the cost of the preparation process and accelerate the precipitation by 4 times.

5. Conclusion
Based on the above, the following conclusions can be drawn:

1. Hydrogel-magnesium fluids using desulfurized bischofite are the optimal flushing fluid for
opening carbonate-type formations.

2. The opening of productive layers in depressions using a solution of desulfurized bischofite
allows to preserve the natural filtering properties of the collectors and increase the efficiency
of extraction of hydrocarbons from the subsoil. In the presence of sulfate ions in bischophyte,
the permeability and formation recovery in the presence of reservoir water decreases by 11.53
times, and when using pure bischophyte – only by 1.29 times.

3. When preparing bischofite, it is recommended to use the amphoteric surfactant CAPB as
a catalyst for precipitation of sulfates and an inhibitor of salting out chlorides at a mass
fraction of 0.1%. This makes it possible to increase the degree of precipitation of CaSO4 by
76.86%, to reduce the volume of the formed sediment by 9.4 times.

4. Industrial tests showed that the preparation of bischofite solution using CAPB ensures a
4-fold reduction in bischofite preparation time, a 7.5-fold increase in the degree of calcium
sulfate removal, and a 3-fold decrease in sediment volume.
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Abstract. Natural gas in the gas hydrates form is proposed to be stored in improved shell
gas-resistant structures. The improvement of the construction and the operation method of
these buildings consists in the use of liquid foam as a thermal insulation material. The design
and operation technology of a terrestrial shelter facility for the accumulation and storage of
natural gas as a gas hydrate is proposed, the main element of which is a frameless gas-resistant
shelter in the form of at least two dome-shaped gas-tight soft shells on a thermally insulated
base, the space between which is filled with liquid foam. The use of these hydrate shelters will
significantly increase the efficiency and competitiveness of natural gas storage technology in the
gas hydrates form.

1. Introduction
As is known, at relatively low temperatures and a certain pressure, water molecules form a
three-dimensional structure that can be occupied by gas molecules (for example, methane,
ethane, carbon dioxide, etc.) [1]. This type of compounds are known as clathrates or inclusion
compounds [2]. Today, a number of technologies are known in which gas hydrates are an
intermediate or target product. These are the so-called gas hydrate technologies (transportation
and storage of natural gas in gas hydrate form [1], gas hydrate fractionation, concentration using
gas hydrates of any aqueous solutions [3, 4], etc.).

At the same time, the natural gas storage in gas hydrate form in many cases becomes a real
alternative to traditional technologies.

Storage of gas hydrate requires maintenance of appropriate thermobaric conditions. However,
gas hydrate can exist in a metastable state for some time as a result of the self-preservation effect
or due to preservation by a ice layer of [4–6].

In addition, a compulsory condition for the reliable gas hydrate storage is the organization
its high-quality thermal insulation and sealing. Such conditions should be ensured in specialized
hydrate shelters. There are a number of projects, which involve the use of surface or partially
buried capital structures built from traditional building materials.

However, warehouses made of traditional metal or reinforced concrete structures cannot
provide effective sealing and thermal insulation. In fact, these structures can only perform the
role of a skeleton for attaching insulating and sealing elements. At the same time, a relatively
thin layer of porous material (foam, mineral wool, etc.) can provide effective thermal insulation,
and a polymer film can provide high-quality sealing [7, 8].



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012012

IOP Publishing
doi:10.1088/1755-1315/1254/1/012012

2

Based on this, it is proposed to use gas-resistant pneumatic structures as hydrate storages [9].
At the same time, modern coatings allow maintaining their operational characteristics for a long
time (up to 15-20 years) [10]. In addition, they can be easily dismantled, transported and quickly
assembled, that is, they can be considered as mobile technological objects.

These buildings are structures supported by a gas cushion. However, the pressure in them is
higher than atmospheric only to ensure the force for the formation of a dome-shaped form and
to compensate for the mass of the shell itself (in the range of pressure – 0.01-1.0 MPa) [11,12].

However, the thermal resistance of such structures is insignificant [11]. Therefore, they need
their conditioning (cooling). Taking into account the costs of cold production, it is impractical
to operate such buildings without the organization of additional thermal insulation. A variant
of increasing the thermal resistance of these structures is the use of two- and three-layer
coatings. However, the thermal resistance of the barrier gas layer increases noticeably only
up to its thickness of 0.3 m [9]. For example, the coefficient of thermal conductivity of the
two-layer shelters considered in [11] was 2.8-3.4 W/(m2 K). Therefore, regardless of the external
temperature, a significant heat flow will enter the storage even through a double-layer coating.

2. Improvement of the storage-shelter thermal insulation system
It is known that the thermal insulation properties of materials are determined by their porosity.
The pores are filled with gas of low thermal conductivity. As thermal insulation, among others,
materials are used, which are polymers, foamed before the start of hardening. Hardening, in
this case, is required for the production of heat-insulating panels of a certain shape and size for
the convenience of their use and transportation.

However, the phase state of material bubbles does not affect its thermal insulation properties.
Therefore, the use of solid porous thermal insulation materials is due to the convenience of their
use. In the case of gas-resistant shell structures, the use of solid heat-insulating materials will be
unacceptable, as this will significantly complicate the construction and duration of the shelter
installation.

Therefore, it is suggested to use liquid polymer foams as a material for thermal insulation
of gas-resistant shell structures – shelters for gas hydrates. At the same time, in the case of
using a transparent shell-shelter, the foam will allow part of the scattered sunlight into the
storage-shelter. This will make it possible to regulate the supply of energy to the storage to
some extent. The schematic diagram of such a storage-shelter, supplemented by a complex
of appropriate equipment for the implementation of the technological process of gas hydrate
storage and regasification, is presented in figure 1.

Its main elements are shelter, base and auxiliary equipment. The shelter of the hydrate
storage-shelter consists of a liquid foam layer between several impermeable to gas and water
canvases 2 and 4 with a sun-reflective layer on top.The shelter is fixed by a net made of ropes
5. The storage-shelter is equipped with the following systems: foam generation and selection of
products its destruction; storage conditioning (cooling and heating); gas and water selection.The
foam generation system involves supplying the produced foam to the upper part of the space
between the inner and outer shells. At the same time, a system for selecting of foam destruction
products is placed between the shells at the base level.

For the maximum energy efficiency of the technology, the level of gas hydrate cooling in
the production process is determined, taking into account the duration and parameters of
transportation and storage.

The flow of thermal energy from the ground through the base of the storage at its average
value of 17 W/m2 [13] will be 0.03 MW. Thermal insulation of the base will allow to reduce it to
9 kW. After the preparation of the site, the base of the storage-shelter is arranged by sequentially
laying a layer of thermal insulation 9 (figure 1), a coating of water- and gas-tight material 8, a
heat exchanger in the form of a system of pipes 16, a system of gutters and perforated pipes 6
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Figure 1. Schematic diagram of hydrate storage-shelter at the gas hydrate storage stage: 1 –
gas hydrate; 2 – the lower fabric for the shelter; 3 – a liquid foam layer; 4 – the upper fabric for
the shelter; 5 – a system of external reinforcement of the shelter in the form of a net made of
ropes; 6 – perforated pipes of the gas and water extraction system from under the gas hydrate
stack; 7 – a hermetic connection system of the cover sheets and the base; 8 – base covering made
of material impermeable to gas and water; 9 – heat-insulating coating of the base; 10 – water
collection tank; 11 – system of heating the coolant based on the solar collector; 12 – coolant
heating block; 13 – unit of the refrigerating unit; 14 – air cooling system; 15 – circulation pump;
16 – heat exchanger pipe system; 17 – gas selection system; 18 – gas compression unit; 19 – gas
consumer [9]

for the removal of gas and water.
For reliable sealing of the hydrate storage-shelter, system 7 seals the connection between

the shelter sheets and the base. The isolated space formed is connected to the compressor 18
by the gas discharge line 17. The temperature regime of the hydrate storage is ensured by
the accumulated cold in the gas hydrate and the additional air conditioning system. Hydrate
dissociation is proposed to be carried out directly in the storage at the expense of solar energy.
The temperature of the gas hydrate (cooling during storage and heating in the process of gas
extraction) is maintained by pumping the cooled or heated coolant through the heat exchanger
16 at the base of the hydrate storage-shelter.

The coolant is cooled by a refrigerating unit 13 or an air cooling system 14. Cooling or
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heating of the coolant is carried out in the solar collector 11, heater 12, refrigerating unit 13,
air cooling system 14. Gas selection is carried out as a result of controlled dissociation of gas
hydrate when pumping the coolant through the heat exchanger 16. Water is discharged from
the storage-shelter to the tank 10 by the collector 6. (In addition, it is possible to organize the
inflow of solar energy through the transparent areas of the shelter).

Gas through the selection line 17 enters the compression unit 18. Then it is consumed by
the gas distribution network. The pressure in the line is limited by the mechanical strength
of the shelter and lies within 0.2-0.4 MPa. The mobility of the storage-shelter will allow them
to be placed directly near the objects of consumption. This will allow the gas during pressure
dissociation to be sent to the gas distribution network without additional compression.

3. Calculation of storage-shelter operational parameters
The thermal resistance of the coating, which characterizes the heat-shielding characteristics of
the gas-resistant storage-shelter, is determined by the formula:

Rstor =
1

α1
+

2× δshel
λshel

+Rbarr +
1

α2
,

where Rstor – reduced thermal resistance of the storage-shelter shell, m2 K/W; α1, α2 –
coefficients of heat transfer of external and internal air, respectively,W/K m2;δshel – thickness
of the gas-tight shell fabric, m; Rbarr – thermal resistance of the barrier layer, m2 K/W; λshel –
coefficient of thermal conductivity of the shell fabric, W/m K.

The average temperature for the forest-steppe zone of Ukraine for January is 265 K, July –
293 K [14], [15]. The thermal resistance of the storage-shelter cover Rstor in summer will be
0.27 m2 K/W, in winter – 0.35 m2 K/W. Then, during the winter period, energy will flow into
the storage-shelter:

qw =
1

Rstor
× (tout − tinstor),

where ttout,tinstor – air temperature, respectively, outside and in the storage-shelter, K.

qw =
1

0.35× (265− 248)
= 48.6.

The heat flow in the hydrate storage in the summer (qs) will be [16]:

qs = qav.d + kAd =
1

Rstor.s
(((ts +

prad × Irad
αsurf

)− tinstor) +K(0, 5AKm +
prad(Im − Irad)

αsurf
)),

qs = 150.0,

where Ad – daily fluctuation of heat energy flow, W/m2; qav.d – average daily heat energy input
to the storage, W/m2; k – daily coefficient of change of heat flow Ad; ts, tinstor – the temperature
of the outside air in July and inside the storage, respectively, K; prad – coefficient of absorption
of heat of solar radiation by the external surface of the storage; Irad – average daily amount of
solar radiation reaching the storage surface in the warmest month, MJ/m2; αsurf – coefficient
of heat absorption of the external surface of the storage for the warm period of the year; Km –
the maximum amplitude of daily air temperature fluctuations in the warmest month of the year,
K; Im, Iav.d – maximum and average daily value of the amount of solar radiation, respectively,
MJ/m2.

The results of calculations of thermodynamic parameters for gas hydrate storage in a storage-
shelter with a two-layer coating and an air barrier layer are given in table 1.
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Table 1. Gas hydrate storage parameters in a double-layered storage with an air barrier layer.

Thermodynamic parameters Winter Summer

Thermal resistances, Rstor, m
2 K/W: 0.35 0.27

Heat flow to gas hydrate without thermal insulation layer, q, W/ m2 48.6 105.0

Taking into account the thermal resistance, the thermal inertia of the two-layer cover of the
hydrate reservoir will be [11]:

Dther.in = 0.27Rstor

√
λρc,

where Dther.in – thermal inertia; Rstor – thermal resistance, m2 K/W.

Dther.in = 0.27× 0.27
√
0.0244× 1.29× 717 = 0.4;Dther.in < 1.5

Therefore, such a coating is inertialess. Let’s consider the option of reducing the heat
flow through a two-layer coating when filling the space between them with stable foam (foam
density 4.0 kg/m3, layer thickness δcoatl – 1.5 m, coefficient of thermal conductivity λcoatl –
0.041 W/(m·K)) using an example storage with a capacity of 3,000 tons of gas hydrate (5.4
million cubic meters of natural gas).

The coefficient of thermal conductivity λcoatl of a two-layer reinforced coating with a thickness
of 2 mm is 0.16 W/m K [16]. Then its thermal resistance R coat1 will be at the level of
0.0125 m2 K/W. The thermal balance of the storage-shelter is described by the equation:

Q1 +Q2 −Q3 −Qadd = 0,

where Q1 – heat flow into the storage through the shell, J; Q2 – heat flow from the base of the
storage, J; Q3 – cold accumulated by gas hydrate, J, Qadd – additional heat removal (cooling),
J.

The reduced thermal resistance of the coating is determined by the formula:

Rstor.coat =
1

αout
+

2× δcoat1
λcoat1

+
δcoat2
λcoat2

,

where Rstor.coat – reduced thermal resistance of the storage-shelter shell, m2 K/W; αout –
coefficients of heat transfer of outside air, W/K m2; δcoat1 – coating layer thickness, m; λcoat1 –
thermal conductivity coefficient coating, W/m K; δcoat2 – thickness of the foam layer, m; λcoat2 –
coefficient of thermal conductivity of the foam layer, W/m K.

Therefore, the reduced thermal resistance of the storage-shelter cover (Rstor.coat1 and
Rstor.coat2) for winter and summer will be 37.78 and 37.62 m2 K/W, respectively. Then, in
winter, the heat flow into the storage from the outside will be:

qw1 =
1

Rstor.coat1
× (tout − tinstor),

where ttout,tinstor – air temperature, respectively, outside and in the storage, K.

qw1 =
1

37.78× (265− 248)
= 0.45.

The total heat flow into the storage-shelter through the coating (Qw1) in the winter period
will be 1.76 kW.
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The heat flow to the storage in the summer (qs1) was determined by the formula:

qs1 =
1

Rstor.coat2

(
tout +

prad × Irad
αsurf

− tinstor +K

(
0.5AKm +

prad(Im − Irad)

αsurf

))
,

qs1 = 1.33,

The total heat flow into the storage through the coating (Qs1) in the summer period will be
5.23 kW.

The heat flow that enters the gas hydrate from the base (Q2), with its average annual value
for mid-latitudes of 0.17 W/m2 [15], will be 0.3 kW. Its insulation will reduce heat input to
0.25 kW.

In the table 2 shows a comparison of the calculated parameters of gas hydrate storage in
ground-based gas-resistant storages in variants of the air layer between shells and foam.

Table 2. Comparison of gas hydrate storage parameters in ground gas-resistant storage-shelters
depending on the level of thermal insulation.

Thermodynamic parameters Winter Summer

Thermal resistances, Rstor.coat, m
2 K/W:

– air between the fabrics of the shell 0.27 0.35
– a layer of foam between the fabrics of the shell 37.78 37.62

Heat flow to storage-shelter, q, W/m2:
– air between the fabrics of the shell 48.6 48.6
– a layer of foam between the fabrics of the shell 0.45 1.33

Heat flow to storage-shelter, Q1, kW:
– air between the fabrics of the shell 189 408.0
– a layer of foam between the fabrics of the shell 1.76 5.23

Energy costs for cooling, Q3, kW:
– air between the fabrics of the shell 190.2 409.2
– a layer of foam between the fabrics of the shell 2.1 5.5

Therefore, the required capacity of the additional cooling system of the storage-shelter for
storage of gas hydrate without its dissociation (at a temperature of 258 K) is 0.9 kW in the
winter period, and 4.44 kW in the summer period.

4. Modeling of heat exchange processes
Let’s set the temperature on the surface of the gas hydrate as a result of the arrival of heat flow,
as a process of heat transfer through a multilayer coating. On one side of the coating is the
external environment with a temperature of Tp, and on the other – cooled to a temperature of
Tg gas hydrate (figure 2).

Formulation of the problem. Let’s assume: the initial temperature of the gas hydrate (T0) is
248 K; the gas hydrate stack has the shape of a hemisphere with a base radius (Rg) of 23.5 m;
the surface of the gas hydrate is covered with a 1.5 m layer of foam (Rs – Rg = 1.5 m); the
initial temperature of the foam is 248 K; there is thermal contact between the foam and the
hydrate; the temperature of the outer surface of the storage-shelter (Tout) is constant and is 293
and 265 K for summer and winter, respectively.
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Figure 2. Scheme of the gas hydrate heating process in the storage-shelter.

It is necessary to find the temperature distribution over time and establish the moment when
the temperature of the surface of the gas hydrate reaches 258 K (equilibrium temperature).

This process is described by a system of differential equations. The change in gas hydrate
temperature is described by the equation:

∂[rTg(r, τ)]

∂τ
= ag

∂2[rTg(r, τ)]

∂r2

(τ > 0, 0 < r < Rg)

Temperature change in the foam layer as a result of heat exchange with the gas hydrate and
the external environment:

∂[rTs(r, τ)]

∂τ
= as

∂2[rTs(r, τ)]

∂r2
, (τ > 0, Rg < r < Rs);

∂[rTs(r, τ)]

∂τ
+ α(Tout − T (R, τ) = 0

Initial conditions of the process:

Tg(r, 0) = T0;Ts(r, 0) = T0.

Boundary conditions of the process:

Tg(Rg, τ) = Ts(Rg, τ);λg
∂Tg(Rg, τ)

∂τ
= λs

∂Tg(Rg, τ)

∂τ
;
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Ts(Rs, τ) = Tout;Tg(0, τ) ̸= ∞.

where r – variable (current) value of the radius of the storage base, m; Rg – radius of the base of
the storage-shelter located under the gas hydrate embankment, m; Rs – the radius of the base
of the storage-shelter, which is located under the gas hydrate mound and the foam layer, m; To

– storage temperature of gas hydrate, initial temperature of gas hydrate and foam layer, (To =
248), K; Tout – ambient temperature (293 K in summer, 255 K in winter); Tg – variable over time
(current) gas hydrate temperature, K; Ts – variable over time (current) temperature of the foam
layer, K; τ – the time of the heating (cooling) process of gas hydrate and foam; λg – coefficient
of thermal conductivity of gas hydrate, W/(m K);λs – coefficient of thermal conductivity of
foam, W/(m K); ag – coefficient of thermal conductivity of gas hydrate, m2/s; α – heat transfer
coefficient, W/K m2; as – coefficient of gas hydrate thermal conductivity, m2/s.

In order to evaluate the thermal insulation characteristics of the foam and the dynamics of
the temperature change of the gas hydrate in the gas-resistant storage-shelter, its computer
simulation was carried out (figures 3-6). The above storage calculation parameters were taken
as the starting point.

Figure 3. Simulation of heat exchange in summer (external temperature 293 K) of gas-resistant
hydrate storage-shelter thermally insulated with liquid foam without additional cooling after 30
days of storage.

Therefore, with an initial temperature of gas hydrates of 248 K, its additional cooling when
stored in a storage-shelter facility insulated with foam, even in the summer months, will be
necessary after 30 days of storage (to maintain the temperature of the gas hydrate at a level not
higher than 258 K).

5. Conclusions
Thus, gas storage in gas hydrate form is proposed to be implemented in improved shell gas-
bearing structures. This improvement consists in the use of liquid stable foams as a thermal
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Figure 4. Dynamics of changes in the temperature of the gas hydrate surface and the foam
layer in the hydrate storage-shelter in the summer (T = 293 K) without additional cooling.

Figure 5. Dynamics of changes in the temperature of the gas hydrate (with an initial
temperature of 248 K) from the surface to the center of the sole of the stack in the summer
period of storage (T = 293 K) without additional cooling, provided that it is thermally insulated
with a layer of foam 1.5 m thick: a) at the end of the first days of storage; b) at the end of the
thirtieth day of storage.

insulation material. The main design elements of this storage-shelter facility are a frameless
gas-resistant shelter in the form of at least two dome-shaped gas-tight soft shells on a thermally
insulated base, the space between which is filled with liquid foam. The use of these hydrate
storages will significantly increase the efficiency and competitiveness of natural gas storage
technology in the form of gas hydrates.
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Figure 6. Dynamics of changes in the temperature of the gas hydrate surface (with an initial
temperature of 248 K) during thirty days in the summer storage period (T = 293 K) without
additional cooling, provided that it is thermally insulated with a layer of foam 1.5 m thick.
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Biocenotic influence of the great cormorant
(Phalacrocorax carbo L.) in the Azov-Black sea
region of Ukraine

A Sydorenko
Bogdan Khmelnitsky Melitopol State Pedagogical University, 59 Naukovoho mistechka Str.,
Zaporizhzhia, 69000, Ukraine

E-mail: a.sidorenko1991@gmail.com

Abstract. The great cormorant (Phalacrocorax carbo L.) is a bird species that, due to the
peculiarities of its biology, can significantly affect the natural environment. First of all, due
to the fact that the species is an obligate ichthyophage and feeds exclusively on fish (causing,
in some places, quite significant damage to both the fishery and the natural fish resources of
the seas), a large amount of potassium, nitrogen and phosphorus compounds accumulates in
its feces. Because of this, the caustic excrements of cormorants have a detrimental effect on
herbaceous and woody vegetation in the colonies of this species, near them, as well as in the
resting places of the birds. Considering the fact that the nesting colonies of the great cormorant
can be quite numerous, reaching tens of thousands of nests (such as the settlement on the
Obytichna spit in the Berdyansk district of the Zaporizhzhia region), the impact is observed to
be very significant. At the same time, tree vegetation suffers from mechanical damage during
the construction of nests, and trees die after 2-3 years. Another type of influence of cormorants
is their interaction with other bird species in nesting areas. The high number of cormorants
leads to a reduction in the number of some other bird species, the impoverishment of nesting
bird complexes (herons, terns); in the conditions of a shortage of nesting sites on the islands,
only (Larus cachinnans can nest together with the great cormorant (with its high number). We
observed a similar situation in most nesting settlements of the species.

1. Introduction
The scientific literature has accumulated a lot of information about the impact on the
environment (including its physico-chemical and biological regimes) of various organisms [1]. The
environment-forming activity of birds is most significantly and visibly manifested in the places
of their mass gatherings. Large colonies play an important role in soil formation, bringing a large
number of organic substances with the products of life (mainly guano). Special ornithogenic soils
are formed in places of bird gatherings, in which the concentrations of phosphorus and nitrogen
can exceed the corresponding background indicators by two times, and zinc and potassium – by
one and a half times. Under the influence of atmospheric precipitation, leaching of easily soluble
compounds of phosphorus, nitrates, sulfates and chlorides occurs from the litter.

The participation of birds in the transport of biogenic substances from aquatic to terrestrial
ecosystems is indisputable. Japanese scientists analyzed the long-term consequences of the
nesting of the great cormorant (Phalacrocorax carbo) and its participation in the nitrogen
cycle [2]. These birds feed on fish in fresh water bodies, and nests are built on trees in the
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forest. In nesting places, trees die, and in the territories of former cormorant settlements, the
increased content of nitrogen in litter, soil and plants remains for a long time. Similar pictures
are observed in many places along the coasts of different seas. Birds’ excrements entering the
water sometimes affect the dynamics of biogenic substances so significantly that some foreign
colleagues began to use a special term – “guanotrophication”.

Another important type of impact of the great cormorant is its relationship with other species
of birds, especially, the wetland complex birds, which depends, first of all, on the characteristics
of the species that nest in mixed settlements with the great cormorant, as well as the specifics
of the nesting sites – the type of nest biotope, shortage of suitable nesting area, etc. The impact
can be both direct and indirect, and can be both negative and, in some cases, positive. The
material presented below is based on the results of own expedition trips and analysis of literary
sources [3, 4].

2. Material and methods
Researches of the ecological impact of the great cormorant were conducted in the Azov-Black
Sea region of Ukraine in 22 nesting colonies of this species in the period from 2012 to 2021
(figure 1). Most of the expedition work was carried out using the methods of fixed vehicle, boat
and pedestrian census. Surveys were made with Etherna binoculars (10x) and Nikon ACULON
A211 10x50 and VIXEN Geoma telescope (20-60x80). Mapping of bird gathering places and
spatial characteristics of routes were made using a GARMIN GPSMAP 78s navigator. Biotopes
and birds were photographed with Canon EOS 450D and Nikon D700 cameras. The photographs
were exported to the FastStone Image Viewer programme, which together with the camera
software in the Exif metadata mode made it possible to control the geolocation data of the
photographs taken, the date and conditions of shooting. Linear dimensions between objects and
object heights were measured using a Nicon Forestry 550 laser altimeter. Statistical processing
of the obtained data was carried out in Microsoft Excel 2010 and Statistica Release 8 (Basic
Statistic module) programmes.

In general, such a phenomenon as the influence of the great cormorant on natural and
anthropogenic complexes, in particular, the negative impact on vegetation, other species of
colonial wetland birds, pond fish farms, technical structures, etc., is quite well known and
repeatedly described in the scientific literature. Also, many different publications and studies
are devoted to issues of human influence on the number and distribution of the great cormorant,
methods of regulating its number. Therefore, the purpose of this research is only to provide data
available in Ukraine on the impact of the cormorant on vegetation, soil and ornithocompexes.

3. Results
The biocenotic significance of great cormorant colonies and their negative impact on vegetation
is mentioned in the works of many authors. The forms and scales of this phenomenon depend on
the number of cormorants, the method of nesting (tree, shrub or ground colonies), the species
diversity of accompanying species, the duration of the impact (intraseasonal and perennial
aspects) and other factors.

3.1. Impact on vegetation
3.1.1. Terrestrial colonies. One of the most comprehensive researches in Ukraine on the study
of the biocenotic influence of ground colonies of the great cormorant was conducted in 1997-
2003 on the Lebedyni islands. They made it possible to conclude that this species has a decisive
influence on the composition, structure and distribution of vegetation on the islands. Cormorants
are most destructive to vegetation during the period when they are building their nests. Nests
are completed and renewed during the entire reproductive period, but their building is especially
active during the laying and hatching of eggs. Birds collect nesting material within a radius of
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Figure 1. The territory of research in the Azov-Black Sea region of Ukraine in 2012-2021: 1 –
the shore of the Dniester estuary, 2 – the Konka River, 3 – Krasnykivs’kyi island, 4 – Ustup
channel, 5 – Milkyi estuary, 6 – Kaznacheys’kyi estuary, 7 – Didiv estuary, 8 – Sabets’kyi estuary,
9 – Karzhins’ki islands in the Dzharylhach bay, 10 – Kalanchak islands, 11 – Ustrychni islands
near the Hirkyi Kut peninsula (Khorly), 12 – Kytai island, Central Syvash, 13 – Syvashivka
islands, 14 – islands of the Koyanly system, 15 – islands of the Maslyna tract, 16 – gas rigs in
the Sea of Azov, 17 – tree plantings on the Obytichna spit, 18 – Zigzag island at the bottom of
Obytichna spit, 19 – crossings of 330 and 750 kV power transmission lines across the Kakhovka
reservoir near the town of Enerhodar, 20 – Ivanivski Kuchuhury archipelago, 21 – Velyki and
Mali Kuchuhury archipelago, upper reaches of the Kakhovka reservoir, 22 – o. Dubovyi between
o. Khortytsia and Dnieper Hydroelectric Station.).

up to 2 km from the colony. Some birds find the material in the immediate vicinity of the nest,
others collect it on neighboring islands and some “steal” it from the nests of other cormorants.
The cormorant uses Artemisia sp., as well as last year’s shoots of Atriplex tatarica, Pontic
catrana, rhizomes and stems of Phragmites australis, pulling them out of the soil to build their
nests. The influence of the cormorant on vegetation is not limited to nest-building activities,
it experiences a depressing effect as a result of trampling by birds, compaction of the soil, as
well as “burning” with excrement, since raw bird feces contain up to 16.3% of nitrogen, 15.4%
of phosphorus, 8.5 – potassium, 24.0 – calcium and 7.4% manganese. At the locations of the
colonies, there is a change in vegetation cover, while in the first year, as a result of strong
nitrification of the substrate, species that prefer nitrogen-rich soil prevail. In the following years,
even in the absence of birds, communities dominated by spring or winter annuals are observed in
the colony for a long time, the vegetation cover is transformed, including the impoverishment of
the coenotic and floristic structure of the island complexes. The restoration of communities with
the participation of perennials, including Artemisia sp., Crambe pontica and Leymus sabulosus,
does not occur in the first 10 years, and during this period, areas with disturbed plant cover in
the conditions of the Lebedyni islands are most often washed away as a result of a decrease in
the turf of the substrate, an increase in the influence of wind erosion, decrease in wave resistance
of accumulative shores.
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A similar situation is observed for the islands of Tendra and Yahorlyk bays, where the ground
nesting sites of the cormorant very quickly become devoid of any vegetation cover, which is
connected both with the direct destruction of the vegetation used for building nests, and with
accumulation in the soil out-of-boundary concentrations of phosphorus and nitrogen that enter
there from bird feces. At the same time, even after the cessation of the existence of the colony,
the restoration of vegetation occurs after at least 2 years. Another negative consequence of the
destruction of vegetation at the place of cormorant colonies, if they are located near a water
cut, is the acceleration of the erosion process of the coastal edge of the islands and, as a result,
a gradual decrease in the area of the islands, including those suitable for nesting.

On Kryva spit, the great cormorant usually occupies nesting sites at the very beginning of
the growing season of the main types of plants of the Kryva spit, such as Leymus sabulosus,
Melilotus sp., and Crambe pontica. As a result of the impact of cormorant feces, all vegetation
in the territory of the colony dies, while in neighboring areas it can reach up to 1 m in height.

3.1.2. Arboreal colonies. The largest colonies of great cormorants located on trees are located
on the coast of the Sea of Azov – the Kazantyp Peninsula (Mysove Forestry), Obytichna spit,
the Dnipro reservoirs – Kakhovka (Velyki Kuchuhury), Kremenchuk, Kaniv, Kyiv reservoirs,
as well as in a number of other places. Everywhere, the negative impact of the nesting of this
species, both on herbaceous and tree-shrub vegetation, is noted, which in the case of large
colonies acquires a significant scale. The most thorough studies of the influence of cormorant
colonies on tree and shrub vegetation were conducted by S. M. Podorozhnyi in June-July 2008
on the islands of Velyki and Mali Kuchuhury, and the previous results were confirmed by our
expedition trips in 2012-2017.

They showed that the tree vegetation on the islands is represented by two types of plantings.
The first is the most common and is represented by trees located along the coastline of large and
small islands that are part of the reserve. Salix alba is the dominant species here. Populus alba
and P. nigra were much less common in these stands. The height of the stands of these species is
18-20 m, and the average age is 50-60 years. Morus nigra, Acer negundo, Fraxinus excelsior can
be found singly in these plantings. The vast majority of these are low-growing trees of coppice
origin. The shrub layer of coastal tree plantings is represented by Sambucus nigra and Amorpha
fruticose.

Coastal plantings suffer the most from the settlements of the great cormorant, as they are
chosen by the birds for placing their nests in the first place. Tall Salix alba and Populus sp. trees
with a good view and an uncomplicated approach to the nest are chosen as nesting biotopes.
Nests, as a rule, are arranged in the upper and middle parts of the crown of trees at the base or
middle part of branches of the second order. The negative impact on the growth and development
of trees is primarily associated with the impact of bird feces with a high concentration of nitrogen,
phosphorus and potassium on the vegetative organs of plants during the entire nesting period.
This leads to the death of leaves and young shoots as a result of burns. In the first year of the
appearance of nests on trees, the leaves of the upper and partly the middle part of the crown
“burn”. As a result, the bark of the skeletal branches in the upper part of the crown peels off
and the tree begins to dry out.

The next year, the upper dry parts of the trees, in most cases, are used by the cormorant
as a roost, and the nests are moved to the middle part of the crown, where the leaves are still
partially preserved. By the end of the growing season, the leaves and one-year shoots of the
middle and lower part of the crown “burn”, the bark of the perennial shoots peels off, and the
tree dries up completely.

In the future, dead trees are used by cormorants as roosts, and nests are moved to nearby
living trees. In the absence of trees, cormorants begin to use shrubs (mainly Sambucus nigra)
with a height of 2.5-4.0 m as nesting biotopes. Much less often, tree forms of trees are used for
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placing nests – Acer negundo, Morus nigra, etc. with a similar height. Amorpha fruticose and
coppice forms of trees die in the first year after placing nests on them. Sambucus nigra is more
stable and, depending on the intensity of the impact, can vegetate for several seasons, but in
the future it also dies.

Monodominant thickets of Phragmites australis later form on the site of dead shrubs, which,
as a rule, are not used by cormorants as nesting biotopes.

Thus, we can state the fact that the nesting of the great cormorant on the islands of Velyki
and Mali Kuchuhury leads to the degradation of coastal tree plantings and their replacement
by unproductive monodominant thickets of Phragmites australis with low biological diversity.
In addition, the degradation of coastal tree plantings is extremely negative, as it can lead to
the intensification of coastal erosion processes, which endangers the existence of the islands
themselves. Dead trees cannot perform the functions of shore protection and shore fortification.
To a much lesser extent, it is performed by shrubs and, even more so, reedy coenoses, which is
the last stage of succession.

The second type of tree plantations is found in the interior of large islands with a more elevated
topography. They are limited to inter-arena depressions and hollows with close groundwater,
forming so-called “groves” or “kolkas”. The structure of tree and shrub plantings here depends
on the degree of moisture in the central part. Kolka plantings are used by the great cormorant
as a nesting biotope only when there is a shortage of them in the composition of coastal tree
plantings. Cormorants choose tall Salix sp. and Populus sp. trees in the central part for nesting.
In dry depressions, Betula sp. and Populus sp. are used to build nests.

The activity of cormorants directly and indirectly affects the natural complex of the
Obytichna spit. Arboreal colonies of the great cormorant are a relatively new phenomenon
here, and very detrimental to artificial forest plantings on sandy soils. The high content of
nitrogen, phosphorus and other chemical elements in bird feces, and their accumulation during
the nesting period (from the end of February to the middle of June) leads to the death of almost
the entire grass cover. Instead of natural associations, for the 2nd-5th year, ornithogenic ones
are formed, represented by lush thickets of weeds (Chenopodium sp., Melilotus sp. etc.). In some
areas, vegetation disappears almost completely. According to our observations, restoration of
herbaceous vegetation at the site of the colony occurs in the second or third year when the
impact is stopped.

Similar processes take place in other colonial settlements of the species, both in Ukraine and
abroad.

3.2. Impact on soil cover
Waterbirds, such as the cormorant, are very important intermediate links in some food chains
and a factor that facilitates the dislocation of matter between aquatic and terrestrial ecosystems.
From one perspective, cormorants exclude biogenic elements (along with fish) from aquatic
ecosystems. Although cormorants hunt at a fairly large distance from colonies, within a radius
of up to 30 km, they leave feces in a relatively small area below the colony and near the lake shore.
Nesting colonies of fish-eating birds affect the habitats and phytocenoses they occupy in different
ways. During the breeding season, cormorants transfer large amounts of biomass and chemicals
from the aquatic environment to colonies located on land. The consequence of the introduction
of allochthonous matter into the terrestrial ecosystem can be significant enrichment of soil and
plants with nitrogen (N), phosphorus (P) and potassium (K). Elevated concentrations of N and
P within the colony may accumulate in the soil and be transported with groundwater or surface
runoff to lakes. The range and rate of changes that occur depend mainly on the species of nesting
birds, the density and the age of the colony. In addition, cormorants break branches during nest
construction, resulting in defoliation of the soil under trees. In areas with high bird density, feces
cover herbaceous vegetation, limiting photosynthesis and ultimately leading to plant extinction.
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It should be noted that the initial impact of introduced organic elements in the colony leads
to an increase in the biological diversity of plants. An assessment of changes in the amount of
nutrients accumulated in soils and groundwater, and changes in the floral composition of the
forest phytocenosis, which occurred 5 years after the cormorants left the colony, was carried out.
The colony, located on a small (0.6 ha) island in Lake Wielkie, has been inhabited by cormorants
since the 1980s. The maximum indicated number was about 200 nesting pairs. Research on the
impact of the former nest colony on the ecosystem of the island and the surrounding lake was
conducted in 2009-2010. Compared to the control station, significantly increased concentrations
of nitrogen, phosphorus and potassium were found in the soil under the colony. The highest
concentrations of nitrogen were noted in the surface organic layer of soils under the colony.
Organic nitrogen dominated among different nitrogen forms (ammonium nitrogen and nitrates
were present in the surface layer in much lower concentrations – approximately 200 mg N-NH4

kg−1 and 40 mg N-NO3 kg−1, respectively). Regarding phosphorus, the highest concentration
was found in the deeper soil layers below the colony. Statistically, the concentrations of chemical
elements in the soil profiles located in the areas under the colony were significantly different
from the concentrations at the control stations (ANOVA, p <0.005). Moreover, an increased
concentration of nutrients and other chemical elements in comparison with the control stations
was found in the groundwater under the cormorant colony. The underground water under
the colony contained a significantly larger amount of dissolved mineral salts – the electrolytic
conductivity was almost 5 times higher than at the control station. In addition, nitrogen and
phosphorus concentrations in groundwater were significantly higher. Comparing the abandoned
colony with the control station (an island not occupied by cormorants), it was found that the
floristic composition of the phytocenosis of the forest is very low. All trees were destroyed by
birds, and the island is covered with nitrophilous Sambucus nigra. A dense canopy of Sambucus
nigra trees created shading, so there are no grasses at all. Only in the transition zone between the
land (colony) and the lake ecosystem are some herbaceous plants: Urtica dioica and Phragmites
australis. Plant biodiversity noted on the control island is much higher – 6 species of trees and
shrubs and 17 species of herbaceous plants.

Marion et al [5] found large differences in nutrient content between soil within bird colonies
and areas without them at Lake Grand Lieu (western France) (8 times more nitrogen and
42 times more phosphorus at nesting colony sites). In Poland, despite a small proportion of
nutrients introduced by cormorants directly into the Dobczyce Reservoir, a high concentration
of nutrients was found in the soil and sediments within the cormorant colony [6]. In another
research, soil from an island occupied by birds was characterized by higher concentrations of
NO−

3 , NH+
4 , and total N than soil from an island without colonies [7]. Similarly, soil samples

in the area of cormorant colonies had many times higher content of all investigated chemical
elements compared to control samples. The amount of NO−

3 in the soil of the great cormorant
colony in Kąty Rybackie (northern Poland) was 94-216 times higher in the surface layer and 7-12
times higher in the deeper layer than in the control plots. The high concentration of NO−

3 showed
that nitrification is a very important and intensive process in soil exposed to bird colonies [8].

3.3. Impact on ornithocompexes
The relationship of the great cormorant with other waterbirds depends, first of all, on the
characteristics of the species that nest in mixed settlements with the great cormorant, as well as
the specifics of the nesting sites – the type of nesting biotope, the lack of suitable nesting areas,
etc. The impact can be both direct and indirect, and can be both negative and, in some cases,
positive.

The analysis of the available data on the 56 species associated with the great cormorant in
20 mixed settlements (table 1) allows us to state that, depending on the colony, the composition
of the avifauna complex can vary greatly, ranging from 3 to 20 species.
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Table 1: Associated species in great cormorant colonies in the
Azov-Black Sea region of Ukraine (Nesting colonies, [9] and
our data).
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1 Podiceps cristatus + + + +
2 Pelecanus onocrotalus +
3 Pelecanus crispus +
4 Phalacrocorax carbo + + + + + + + + + + + + + + + + + + + +
5 Ixobrychus minutus +
6 Nycticorax nycticorax +
7 Ardeola ralloides + +
8 Egretta alba + + + + +
9 Egretta garzetta + + + + + + + + +
10 Ardea cinerea + + + + + + +
11 Ardea purpurea +
12 Platalea leucorodia +
13 Plegadis falcinellus + +
14 Tadorna tadorna + +
15 Anas platyrhynchos + + + + + + +
16 Anas strepera + + + + + +
17 Anas querquedula +
18 Netta rufina +
19 Aythya ferina +
20 Somateria mollissima + + +
21 Mergus serrator + + + +
22 Circus aeruginosus +
23 Falco vespertinus +
24 Falco tinnunculus +
25 Anthropoides virgo +
26 Rallus aquaticus +
27 Gallinula chloropus + + +
28 Fulica atra + + +
29 Charadrius dubius + + + + +
30 Charadrius alexandrinus + + + + + + +
31 Recurvirostra avosetta + + + + +
32 Haematopus ostralegus + + + + + + + + + + + + +

Continued on next page
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Table 1 – continued from previous page
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33 Tringa totanus + + + + + + + +
34 Larus ichthyaetus + + + + + + + +
35 Larus melanocephalus + + + + + + + + +
36 Larus genei + + + + +
37 Larus cachinnans + + + + + + + + + + + + + + + + +
38 Gelochelidon nilotica + + + + + +
39 Hydroprogne caspia + + + +
40 Thalasseus sandvicensis + + + + + + + +
41 Sterna hirundo + + + + + + + + + + + +
42 Sterna albifrons + + + + + + +
43 Alauda arvensis + +
44 Motacilla feldegg + +
45 Lanius collurio +
46 Lanius minor +
47 Pica pica + +
48 Corvus cornix + +
49 Corvus corax +
50 Muscicapa striata +
51 Oenanthe oenanthe +
52 Acrocephalus agricola + + + + + +
53 Acrocephalus arundinaceus + +
54 Emberiza calandra +
55 Emberiza citrinella +
56 Emberiza schoeniclus +

Total 3 6 10 10 18 16 8 19 6 10 17 8 9 19 6 20 11 13 4 16

On the Obytichna spit, the growth of the great cormorant population affects the species
composition and the number of other satellite birds, although this is clearly manifested only
at high values. The limited nesting of great cormorants on 1-2 islands (until 2002) did not
affect other nesting bird species, but after the spread of cormorants on 5 islands (2007-2008),
significant changes in bird communities became noticeable. The number of species of the avifauna
complexes of the Obytichna spit is inversely proportional to the increase in the number of great
cormorants. Until 2002, 8-11 species of waterbirds nested here, and in 2007-2008 – only three
species. Since 1993, the cormorant has gradually displaced such species as Egretta alba, Egretta
garzetta and Ardea cinerea, as well as Sterna hirundo and Sterna albifrons from the nesting
sites. In conditions of scarcity of nesting sites on the islands, only Larus cachinnans can nest
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together with the great cormorant (with its high number). Experiencing territorial competition,
he nevertheless takes advantage of joint nesting by eating clutches, cormorant nestlings and
collecting food scraps in his colonies.

After the cormorant changed its nesting strategy from terrestrial to arboreal, predation by
gulls became even more active. Research conducted during 2015-2021 showed that the first gulls
appear in the colony even before sunrise, at 4 o’clock in the morning. After 1.5-2 hours, massive
wave-like raids of gulls begin with a frequency of about once an hour. They show the following
tactics: while one part of the birds circles over the nests, scaring the cormorants, the other
destroys the nests. At the same time, cormorants are reluctant to defend their nests, in most
cases they simply fly away or sit on nearby trees.

The intensive increase in the number of cormorants on the spit provides, in addition to
Larus cachinnans, a number of other species, in particular, Pica pica and Corvus cornix,
as a food base. Pica pica on the islands steal eggs from terrestrial colonies of cormorants
(n = 12), Larus cachinnans (n = 3), Sterna hirundo, Talasseus sandvicensis (n = 32), and
in reeds – eggs from nests of herons (Ardea cinerea, Egretta alba, E. garzetta) (n = 5), warblers
(Acrocephalus arundinaceus, A. scirpaceus) (n = 3), small nestlings of great cormorants and
herons are occasionally dragged (n = 7). Therefore, in the conditions of the spit, Pica pica have
developed and maintain new specific biocenotic relationships. During the nesting period, she
actively gathers food in the nearest colonies of great cormorants, gulls, terns and herons on sea
outcrops along the edge of the water, makes significant flights, up to 500-2000 m from the nest
outside the nesting territories (data from route records and visual observations).

Corvus cornix is also an active predator of cormorant eggs and young nestlings. This, possibly
unintentional, “cooperation” between Corvus cornix and Larus cachinnans has often been
observed: when gulls raid the colony, scaring the cormorants and forcing them to leave their
nests, the nests are simultaneously “visited” by crows, which take out eggs and nestlings. The
increase in the number of Corvus cornix on the Obytichna spit is directly correlated with the
increase in the number of cormorant colonies observed in recent years. To a lesser extent, similar
behavior is characteristic of Corvus cornix, for example, on the Velyki and Mali Kuchuhury
islands, where it is a companion species for all cormorant colonies known here.

We observe a different situation in Syvash. The competition of species for nesting territories
determines the conditions of their existence, which we traced on the islands of Central and
Eastern Syvash for the great cormorant and Larus cachinnans, as the most massive colonial
species. Research (retrospective analysis and own data) covers the period from the late 1990s
to 2021, when the location, number and species composition of colonial bird settlements were
characterized by the method of absolute records.

The main perennial nesting sites of this pair of species have been identified. In Central Syvash,
this is Kytai island, and in the East – the islands of Chonhar, Koyanly, Arabat spit, Soleprom and
Polyhonna spit. The analysis of the dynamics of the number of species showed the relationship
of these areas, expressed in the redistribution of colonies, in which the increase in the number
in Eastern Syvash led to its decrease in Central and vice versa. Territorial relations between
birds nesting on the Kytai island, are determined by the limited capacity of nesting biotopes,
and in the pair “great cormorant – Larus cachinnans there is a noticeable inverse correlation
(r = −0.54), which confirms the territorial competition of these species. At the same time, in
relation to Larus ichthyaetus, which also nests on the Kytai island, such competition is not
observed.

The great cormorant forms 5 sub-colonies on the island among the associations of Suaeda
salsa and Halocnemum strobilaceum. Larus cachinnans also forms 5 sub-colonies in the areas
devoid of vegetation, as well as among Suaeda salsa and Ajuga chia. Larus ichthyaetus forms
2 sub-colonies among the associations of Hordeum murinum and Cerastium holosteoides with
interspersed Matricaria perforate. At the same time, 1 subcolony of Larus cachinnans and 2
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subcolonies of the cormorant were located in the immediate vicinity of the subcolony of Larus
ichthyaetus, among the areas occupied by Hordeum murinum and Cerastium holosteoides. Due
to the fact that neither Larus cachinnans nor the cormorant occupies the nesting stations of
Larus ichthyaetus, but its number is decreasing, it can be assumed that there is some reduction
in the areas occupied by Hordeum murinum and Cerastium holosteoides by the cormorant and
Larus cachinnans, which start nesting before Larus ichthyaetus. The conducted studies prove
this: these types of plants are subject to intense trampling and the influence of guano, which
leads to a reduction in areas.

On the Chonhar islands, with a noticeable increase in the number of great cormorants with a
maximum in 2012 (2.500 nests), there was no noticeable decrease in the number of subdominant
species, among which Larus cachinnans is traditionally present (r = −0.31). The maximum
number of colonial birds on the Koyanly islands is about 17.000 nests, with smaller numbers
there is no territorial competition. A regularity was revealed, in which the increase in the number
of cormorant species not only does not lead to a decrease in its number, but also significantly
correlates with it (r = 0.57). A similar picture is observed on the Polyhonna spit. On the islands
of Soleprom, a significant decrease in the number of associated species has been observed over the
past 15 years due to joint territorial pressure from Larus cachinnans and the great cormorant.
The cormorant occupies large areas, and Larus cachinnans acts as an active predator in relation
to other species. Thus, between the great cormorant and Larus cachinnans, with a shortage of
suitable nesting areas, the competition is fully manifested in Central Syvash. To a lesser extent,
competition exists on the islands of Eastern Syvash, where situations where these species did
not compete were also observed. Rarer and more interesting were the facts of the joint influence
of great cormorants and Larus cachinnans on the species accompanying them in the colony.

On the islands of Tendra and Yahorlyk bays, according to the nature of the impact of the great
cormorant on the most massive species of the island bird complex, the latter can be divided into
two groups: 1 – species on which the great cormorant has a negative impact to varying degrees; 2 –
species on which the nesting of the great cormorant has a positive effect. First of all, it should be
pointed out that the great cormorant is a strong territorial competitor and the places occupied by
the colonies of this species, as well as the areas adjacent to them, become inaccessible for nesting
of most of the traditional for the islands’ colonial Charadriiformes species. In addition, great
cormorant nesting sites attract many Larus cachinnans to the island, whose predation usually
makes nesting on the same island almost impossible for other species of gulls and terns, with
the exception of Larus ichthyaetus and Sterna hirundo. Also, the cormorant’s ground nesting
places on the islands very quickly become devoid of vegetation. Destruction of vegetation makes
areas where cormorants’ nest unsuitable for nesting ducks. The great cormorant has a definite
positive effect on Pelecanus onocrotalus. This species is the center of social attraction for the
pelican. Other researchers believe that the nesting colonies of the great cormorant for Pelecanus
onocrotalus are a marker of the security of the nesting territory. In any case, the presence of
nesting colonies of the great cormorant turns out to be an important factor in the restoration
and further preservation of the nesting settlement of Pelecanus onocrotalus in the Black Sea
Biosphere Reserve.

Another species on which the great cormorant has a positive effect on the islands of Tendra
and Yahorlyk bays is Larus cachinnans. And although, at the first stages of the formation of
a nesting settlement on the Kins’ki islands, the great cormorant displaced the gulls from their
traditional nesting biotopes in the lower part of the island, where a rather significant death of
its nestlings due to rushes was noted, in the future the joint the nesting of these two species
turned out to be very beneficial for Larus cachinnans. Colonies of great cormorants are a very
rich source of food for gulls, which they obtain here both by kleptoparasitism (passive and
active) and by predation on eggs and nestlings. It should also be mentioned that some species
can use old abandoned colonies of the great cormorant. Pica pica and Somateria mollissima
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can nest in the nests of old colonies, and within the abandoned colonies themselves, where
the vegetation has not yet had time to recover, sometimes nesting Thalasseus sandvicensis and
Sterna hirundo. According to the above-mentioned authors, in the conditions of low-lying islands,
often flooded during rains and driving winds, such a strategy can increase the survival of these
species. However, the scale of such a positive effect is extremely insignificant and is completely
neutralized by the whole set of negative effects of the great cormorant on the valuable components
of the island avifauna complexes of the Tendra and Yahorlyk bays.

4. Conclusion
An analysis of both published and original information concerning the great cormorant in the
region allows us to draw the following conclusions:

1. The activity of cormorants affects various components of the natural complexes of the Azov-
Black Sea region of Ukraine. Since the great cormorant is an obligate ichthyophage, it exerts
a certain influence on the fish productivity of the coastal zones of the Azov and Black seas;
fish resources experience a heavy load from the species, especially during the feeding of
nestlings.

2. Its impact on herbaceous vegetation is manifested both in a change in the species
composition of phytocenoses and in the subsequent disappearance of vegetation in certain
areas. Tree vegetation is also negatively affected – mechanical damage to trees by birds
when collecting branches for nests, their destruction under the weight of nests, drying of
trees due to the effect of large doses of nitrogen and phosphorus compounds from birds’
excrements. And in the case of a large area and number of cormorant colonies, the drying
of trees occurs on large areas, which can reach tens of hectares, which undoubtedly causes
damage to forestry.

3. The high number of cormorants leads to a reduction in the number of some other species
of birds, impoverishment of nesting bird complexes (herons, terns); in the conditions of a
shortage of nesting sites on the islands, only Larus cachinnans can nest together with the
great cormorant (with its high number).
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Abstract. At present among environmental toxicants, endocrine-disrupting compounds
(EDCs) gained the widest distribution due to their presence in chemicals in consumer products
and food contact materials, pharmaceuticals, personal hygiene products, and as mycotoxins
and phytoestrogens. They are used in animal husbandry as growth promoters and in crop
production as pesticides and herbicides. EDCs pollution of water sources is becoming alarming
due to the imperfection and difficulty of removing pollutants using traditional water and
wastewater treatment processes. Given the EDS activity and genotoxicity, the discharge of these
effluents may realize a high risk to aquatic organisms in the receiving environment. Natural and
synthetic estrogens are among the most potent endocrine-disrupting compounds found in urban
wastewater. The purpose of this work was to determine the concentration of hormones, namely
estradiol and cortisol, in Procambarus virginalis hydrobionts of different ages from the Dnipro
River in the city of Dnipro. In the presented work, based on a review of modern scientific sources
and the results of our own research, emphasis is placed on the need to monitor the accumulation
of hormone-like compounds in the tissues of aquatic organisms, namely crustaceans as markers of
pollution of aquatic ecosystems by EDCs. The influence of substances destroying the endocrine
system is especially dangerous during critical periods of the body’s development. In ecological
conclusion, EDC accumulation in hydrobiont’s species may have a negative impact on species
conservation. In hygienic aspect, these substances can affect humans through the food chain as
consumers of fish products and seafood contaminated with such toxicants.

1. Introduction
Ecosystem pollution is a serious problem worldwide. Aquatic ecosystems are extremely
important for biota, fauna, flora, and humans. In recent decades, there has been a worldwide
concern for the environment due to the difficulty of removing pollutants through traditional
water and wastewater treatment processes. Among environmental toxicants, endocrine-
disrupting compounds (EDCs) encompass nearly 800 different chemicals, including both natural
and synthetic compounds, including pesticides, chemicals in consumer products and food
contact materials, pharmaceuticals, and personal hygiene products. They alter the activation,
synthesis, secretion, and binding of endogenous physiological hormones, thereby influencing
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several hormonal and metabolic processes. More specifically, they work by mimicking hormones,
binding to their receptors and promoting inappropriate responses at inappropriate times or
directly blocking their effects [1, 2]. Their progressive exponential occupation and, as a result,
waste determine their diffusion and accumulation in the environment. Some EDCs persist in
the environment for long periods of time, even after their ban (as an example, the pesticide
DDT), due to their insolubility, lipophilicity, and high resistance to degradation [3]. A large
number of pollutants that can have an endocrine effect are present in the water environment
both individually (in different concentrations) and in complex mixtures [4, 5].

The main source of water pollution is wastewater from various industries. Hormonal activity
and genotoxicity of various effluents from textile, paint, electronic and electroplating plants,
pulp and paper mills, chemical plants, and municipal sewage treatment plants were evaluated.
The results showed the presence of EDS in most industrial effluents. The importance of the
city as a huge source of pollution was also confirmed [6]. Municipal sewage, the pharmaceutical
industry and hospitals are the biggest sources of steroid estrogens too. Municipal landfills
are also sources of organic pollution and may contain leachates with significant amounts of
dissolved organic matter, which is partly composed of steroid hormones and other pollutants. In
addition to urban pollution, some treated industrial wastewater from processing plants contained
phytoestrogens. The filtrate is able to penetrate into groundwater.

Existing wastewater treatment technologies do not fully address the growing water pollution
situation from wastewater discharges, especially with the increased use of personal care products
and pharmaceuticals in private households and the healthcare sector. The urgency of solving
the problem of organic pollutants is taken into account in Directive 2013/39 / EU. In addition,
Decision 2015/495 of March 20, 2015 defined a list of 10 pollutants. This list includes
several chemicals, including the pain reliever diclofenac and the hormones 17beta-estradiol and
17alfa-ethinylestradiol. In addition, it is necessary to take into account the formation and
transformation of by-products. Unfortunately, most methods currently in use are unable to
completely remove such critical compounds [7].

Endocrine-disrupting chemicals have been found in aquatic environments around the world.
Given the EDS activity and genotoxicity, the discharge of these effluents may realize a high risk to
aquatic organisms in the receiving environment. Aquatic organisms are particularly affected by
anthropogenic pollutants, the effects of which can last a lifetime and are mediated through several
pathways, including through the skin and gills, or through feeding on contaminated sediments
and bioaccumulation. Aquatic pollutants can compromise reproduction, development, immune
response, and other physiological processes that can ultimately affect aquaculture survival. In
addition to the direct impact of water pollutants on the population of aquatic organisms that
are included in the food chain when used by humans and wildlife, they realize a risk to human
health and negatively affect the economics of fisheries and aquaculture [8].

Crustaceans are among the most ecologically significant species in aquatic ecosystems and
food webs, playing a crucial role in aquatic ecosystems in transporting food web energy. In
addition, these species play an important role as bioindicators in toxicological studies of water
pollution. Metabolism of many xenobiotics occurs more slowly in invertebrates than in fish, and
therefore invertebrates retain higher levels of contaminants. Therefore, EDS, accumulating in
organisms, are a danger to the entire ecosystem through the food web [9].

Bisphenol A (BPA), phthalates (DEHP), polyvinyl chloride (PVC), pesticides, herbicides, and
organotin compounds show estrogenic activity. Estrogenic disruption of tissue mineralization
in aquatic organisms can have a wide range of consequences, such as increased skeletal
abnormalities, altered bone density and mineral homeostasis, which can affect swimming and
prey capture and predator avoidance. In addition, a violation of homeostasis can affect the
reproduction of wild and cultivated species in aquaculture [10].

Along with estrogens, such a hormone as cortisol, which is a key mediator of the hypothalamic-
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pituitary-adrenal response to stress, has a significant impact on living organisms. While
acute changes in its circulating levels are necessary to maintain homeostasis under dynamic
environments, its chronic elevation can affect immunity, behavior, and reproduction [10].

The marbled crayfish Procambarus virginalis belongs to freshwater crayfish species.
P. virginalis is a popular pet species in Europe and North America. P. virginalis is an
invasive species in the Dnipro River in Ukraine. Now the species has been introduced into
the natural ecosystems of the Dnipro near the city of Dnipro. Through the parthenogenetic
method of reproduction and polytrophic omnivorousness, P. virginalis can withstand low winter
temperatures in the European temperate zone.

Studies indicate the need for monitoring to assess certain classes of pollutants, such as EDS,
which are known to realize serious toxicological hazards to aquatic biota at low concentrations [4].

The purpose of this work was to determine the concentration of hormones, namely estradiol
and cortisol, in Procambarus virginalis of different ages as hydrobiont from the Dnipro River in
the city of Dnipro.

2. Methodology
The concentration of estradiol and cortisol was determined by the ELISA method on the Stat
Fax 303 plus enzyme immunoassay (Awareness Technology, USA) using standard reagents
“EstradiolIFA”, “CortisolIFA” (HEMA LLC, Ukraine) according to the instructions for the
reagent set. Estradiol level was determined in caviar, embryos, young crustacean carcasses
samples of Procambarus virginalis, and the muscles of one-month-old (young) crustaceans, five-
month-old (mature) and year-old (older) ones. Cortisol level was fixed in gills and muscles of
different age crustaceans, roe, embryos and juveniles of marbled crayfish.

The statistical analysis was performed using the program Statistic 6.0 for Windows. The
statistical significance was considered at p<0.05. [11,12].

3. Results and discussion
Endocrine control of homeostasis results from the ability of neurons to integrate diverse
sensory and hormonal inputs to coordinate autonomic, behavioral, and endocrine responses
in their key regulatory centers responsible for the cascade of hormonal events required to
modulate critical body functions such as metabolism, reproduction, growth, water balance
etc. [13]. Originally, EDCs were thought to exert their effects primarily through nuclear
hormone receptors, i.e. estrogen, androgen, progesterone, thyroid, and retinoid receptors.
Further studies have highlighted that they also act through non-nuclear receptors for steroid
hormones (e.g., membrane estrogen receptors); non-steroidal receptors (for example, serotonin,
norepinephrine, or dopamine receptors); orphan receptors (for example, aryl hydrocarbon
receptors); enzymatic pathways involved in steroid biosynthesis and/or metabolism, as well as
numerous other mechanisms that overlap with the endocrine and reproductive systems. Some
EDCs have a genotoxic effect, causing deoxyguanosine hydroxylation and/or DNA strand breaks
(both single and double), thereby promoting the malignant transformation of affected cells.
Numerous endogenous and exogenous factors, such as environmental pollution and diet lead to
the deterioration of the reproductive health of individuals of all links of the food chain [3,14,15].

It is known that reproductive processes in crustaceans are controlled by the endocrine system.
These hormones play a significant role in normal growth and development. Water pollutants can
impair reproduction, development, immune response, and other physiological processes, which
can ultimately affect the survival of aquatic organisms. 17beta-estradiol (E2) is important for the
development of crustacean ovaries. Ovaries, hepatopancreas, hemolymph, and nervous tissues
have been shown to be target organs for compounds with estrogenic activity in crustaceans, and
concentrations of 17beta-estradiol in various tissues are closely related to vitellogenesis in the
ovary and hepatopancreas during ovarian development [16,17].
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Epigenetic programming established during development can be altered by exposure to EDCs
during sensitive periods such as the preovulatory and ovulatory phases and cause immediate
adverse outcomes. In addition, changes in methylation profiles and acetylation landscapes that
occur during these periods may predispose to the development of pathologies that occur later
in childhood or adulthood and, more dramatically, may even be transmitted from generation to
generation [3].

According to the results of our research, the average level of estradiol in caviar samples of
Procambarus virginalis was 2107 ng/g fresh weight, embryos – 2876 ng/g, and young crustacean
carcasses – 4924 ng/g.

In the muscles of one-month-old (young) crustaceans, the average level of estradiol was
4634 ng/g of fresh weight, five-month-old (mature) – 4854 ng/g, year-old (older) – 4877 ng/g
of fresh weight. These results highlight the ubiquitous bioaccumulation of estrogens in aquatic
invertebrates depending on the duration of exposure.

The distribution of estradiol in the muscles of Procambarus virginalis can directly
and effectively reflect the effects of EDC. Xenoestrogens can act on several mechanisms
simultaneously. Estrogenic xenobiotics also disrupt the physiology of aquatic organisms,
biochemical processes as triggers of oxidative stress, can affect their reproductive development,
cause transcriptional effects, and they are also quite powerful initiators of signal cascades
from membranes. Transfer of estradiol from the digestive system of Procambarus virginalis to
muscle may pose a potential risk to aquaculture, wildlife and human health associated with the
consumption of aquatic meat. Finally, they contribute to the general accumulation of estrogen
in the environment.

It has been shown that herbicides, namely atrazine, which is commonly found in water bodies,
affect the reproductive process of the corresponding fauna, acting as an endocrine disruptor. In
this sense, it is suspected that this herbicide affects the secretion of some neurohormones involved
in gonadal growth and also changes the circulating levels of steroid hormones that promote the
synthesis of vitellogenin for ovarian growth. In addition, atrazine-induced sexual differentiation
of young crayfish towards a greater proportion of females reduced offspring production, as well as
several embryonic abnormalities, and had a genotoxic effect on crayfish. Finally, some metabolic
imbalances, such as reduced energy stores, are observed in some species along with oxidative
stress and histopathological effects. as well as suppression of the cortisol response [18].

Cortisol functions as both a glucocorticoid and a mineralocorticoid, which is explained
by the unusual structure of its receptors, particularly in fish. This hormone affects the
metabolism of carbohydrates, proteins and fats, and also performs important functions related
to osmoregulation, growth and reproduction. It is commonly called the hyperglycemic hormone,
which ensures the presence of a certain level of glucose in the blood. In aquatic animals, it is
an important component in the stress response. Thanks to the timely correction of metabolic
processes by this hormone, there is an even distribution of energy resources among target tissues
under critical life conditions. Cortisol regulates the processes of osmoregulation through a
mediated increase in the activity of enzymes involved in ion metabolism, in particular, Na-K-
ATPase [19]. This may indicate its stimulating role as an activator of ion-exchange enzymes,
particularly in gill tissues, where the highest activity of these enzymes is observed. It should also
be noted that cortisol affects the final maturation of oocytes in the preovulatory period [20]. It is
believed that the deposition of cortisol by the maternal body together with its local production
by the ovaries may participate in the regulation of oogenesis. There are two critical stages when
cortisone can have a modulating effect on oogenesis. The first stage occurs during vitogenesis
when maternal cortisol is incorporated into the yolk, and the second stage occurs during
maturation and ovulation, when cortisol can play a regulatory role, causing maturation [21].
It has been shown that the stress-induced increase in cortisol, associated with a decrease
in estradiol, affects the functions of granulosa cells in the follicle, worsening the quality of
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oocytes [15]. Recent studies suggest that this hormone may act as a key factor linking the stimuli
of the social environment and the onset of sex change, initiating the transition in steroidogenesis
from estrogen to androgen. In addition, there are significant differences in glucocorticoid content
between marine and freshwater crustaceans. Organotin compounds at different doses can inhibit
the activity of 11beta-hydroxysteroid dehydrogenase isoenzyme 2, which is responsible for the
inactivation of cortisol, which can increase glucocorticoid levels [13,22].

Crayfish gills play an important role in the transport of respiratory gases, excretion of
nitrogen compounds and osmoregulation. The gills are the first barrier to waterborne pollutants.
Gill tissue condition is generally considered a good indicator of water quality and suitable for
environmental impact assessment. Its changes can lead to a decrease in oxygen consumption
and a violation of the function of osmoregulation. A marked decrease in oxygen consumption
can lead to internal hypoxia, which affects metabolism and movement [23].

Based on the results of the study, it was established that the level of cortisol in the gills of
Procambarus virginalis increases (p < 0.05) (by 5.7 and 10 times) depending on age (figure 1A).
In contrast, there was a probable decrease (p < 0.05) in the muscle of 2.2- and 3.2-fold with age,
respectively (figure 1B). This is related to the distribution of energy between tissues. Cortisol
is known to be involved in the development of stress reactions, regulation of water-salt balance,
and carbohydrate metabolism in vertebrates, particularly fish. Significant difference between the
cortisol content in roe, tissues of embryos and juveniles of the investigated crustaceans wasn’t
found (figure 1C). It can be assumed the hormone level changes of in this samples are related
to the direct influence of the surrounding water environment.

Figure 1. The content of cortisol in tissues gills (A), muscle (B), roe, embryos and juvinale
(C) of marble crayfish.

4. Conclusions
The obtained results emphasize the widespread bioaccumulation of EDS, namely compounds
with estrogenic activity, in aquatic invertebrates depending on the duration of exposure, which
may indicate the role of the aquatic environment in the bioaccumulation of xenoestrogens. The
study demonstrates the need to monitor exposure to EDC contaminants due to their effects on
water quality degradation and serious toxicological effects on aquatic biota and human health to
inhibit such potential. Estrogens are clearly necessary for normal fauna and human physiology
but can have serious negative consequences if allowed to accumulate in the environment.

A link between chronic exposure to low concentrations of chemicals via the environment or
food chain and reproductive health in animals has been demonstrated. Xenobiotics, including
parent compounds and their metabolites in aquatic ecosystems, can cause developmental delay,
malformations, behavioral changes, and mortality in non-target organisms.
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The main source of exposure to EDCs for humans is food, particularly of animal origin.
Concerns have been raised about estrogens entering the human food chain, which in turn
is related to how aquatic organisms consumed as food absorb and metabolize estrogens. In
epidemiological studies, EDCs have been associated with immunotoxicity and neurobehavioral
deficits both in consumers of contaminated products, including aquaculture, which accumulated
these substances directly from the environment and in children exposed to EDCs in utero and
through breast milk. The possibility that the bioaccumulate properties of persistent organic
chemicals with hormone-like activity and chronic low-level exposure may contribute to the
overall risk of breast cancer in women, as well as reproductive and developmental effects in
humans, has serious implications for the prevention of these diseases. If consumed at levels
above safe thresholds, they can cause metabolic diseases in humans. But, taking into account
the fact that hormones act at very low doses, especially during sensitive stages of life, this
concept can be extrapolated to EDCs, for which the biological significance of doses of certain
EDCs below regulatory “safe” levels has been shown. These findings may have serious public
health implications, as exposure to EDCs is still occurring worldwide, possibly affecting future
generations and leading to the development of previously unreported diseases.

The tissues of aquatic organisms may contain a mixture of several ecologically toxic
compounds, in addition to endocrine-disrupting contaminants, due to the widespread
contamination of surface waters with poorly treated municipal and industrial wastes. This
phenomenon can have additive, synergistic or antagonistic effects, which can explain their
ultimate biological activity.

Thus, it is possible to note two important aspects related to the issue of contamination of
aquatic biota with compounds that cause the destruction of the endocrine system. The first
aspect concerns the impact of EDCs on the reproduction of wildlife populations, including
aquatic organisms, which may have a negative impact on species conservation. The second
aspect is that, since the effects of EDCs are realized on humans in different ways, primarily
through trophic link food chains, further research is needed for public health policy planning.
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Abstract. The paper uses the method of geospatial biodiversity assessment in the Danube
region based on an expert evaluation of the distribution of species richness of fish, amphibians,
reptiles, birds and mammals. The 10-point grading scale was used to evaluate the number of
species in 200 sample plots of the study region. Points from 1 to 10 were separately calculated
for the species in each taxonomic group. The analysis showed a close relationship between the
Lower Danube floodplain and the small steppe river basins, which together make up a single
natural region. A practical testing of the geospatial assessment of the species richness was
done for the first time in the Danube region. An important applied result of the research is
the opportunity to assess missing elements in the environmental network of the region. This
approach will justify the need to designate various types of protected areas, both at the national
level (natural reserves) and at the international level (the Emerald network sites and wetlands).
The areas could further be used to develop a unified ecological framework, thus contributing to
the protection of rare and endangered species of the region.

1. Introduction
The conservation, and moreover the restoration of biodiversity, is one of the global environmental
challenges facing humanity. For Ukraine, with its valuable natural regions, such as the
Carpathians, Crimea, Danube, Polissia and others, the biodiversity assessment is an initial
step in deciding the further conservation strategy.

The Danube region is regarded as one of the valuable regions in terms of biodiversity, but
traditionally considered in a narrow aspect, only within the boundaries of the Danube Delta.
Based on the centuries-old history of the reciprocal development of the delta, the sea shelf and
the mainland, in this paper we consider the Danube region in a broader aspect, taking into
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account the past natural connection of the small steppe rivers of the region and the Danube
lakes with the unique Danube delta.

The history of biodiversity studies in the Danube Delta has a long tradition [1–3].
Nevertheless, only a few works are dedicated to the biodiversity components of the other areas
of the Danube region [4, 5].

Until recently, biodiversity assessment was based on the absolute values of the number
of species and their abundance, as well as on various indices of species abundance and
biodiversity in general. However, the possibility of using geospatial biodiversity assessment has
significantly expanded the practical application of the obtained data. Nowadays, the methods of
geoinformation systems are widely applied for biodiversity analysis all over the world [6–11]. As a
result, these approaches significantly increase the effectiveness of protected area planning [12–14].

The purpose of this research is a spatial assessment of the biological diversity of the Danube
region by the example of zoological taxa and the development of a methodological approach for
such work.

2. Study area, material and methods
We consider the Danube region as a combination of the small steppe river basins, the left
tributaries of the Danube in the lower reaches, and a chain of their final reservoirs (the Danube
lakes, which used to be estuaries): Kahul, Kartal, Kuhurlui, Yalpuh, Katlabuh, Kytai and
adjacent areas of the Lower Danube (figure 1). The region is studied within the administrative
boundaries of Ukraine, so the basins of some small steppe rivers are not fully included. As the
runoff of such small rivers as the Kohylnyk and Sarata affects Zhebrianska Bay with its rich
flora and fauna (the Danube avandelta), their basins and Sasyk Reservoir are included in this
natural region. The total study area covered 975,425 ha. The region is characterised by complex
ecological relationships among various natural components and their mutual influence.

The Danube River, with its unique and fastest-growing delta in Southeast Europe, is a pivot

Figure 1. The study area.
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of the region. Together with the adjacent small river basins, they have formed a valuable
natural community with different landscape types that contribute to the development of rich
biodiversity. However, the delta and its adjacent areas have also suffered from considerable
man-made transformation. Vast coastal areas were embanked and converted into agricultural
lands. Small rivers were transformed into a set of reservoirs, ponds and canals. Canals and
hydrotechnical facilities were intensively built, focusing on transporting the Danube water to
various parts of the region. Most of these activities had a negative impact on the integrity of
natural communities and led to a decrease in regional species abundance.

Vertebrate taxa such as fish, reptiles, amphibians, birds, and mammals (except for
Chiroptera) were chosen as biodiversity indicators. Compared with other taxa, they are
more often on top of the ecological pyramid and are sensitive to the slightest changes in
ecosystems. Their status makes it easier to judge the environmental processes in the natural
region, and the concentration of their species abundance can diagnose the degree of importance
or transformation of various spatial areas.

The assessment of selective zoological diversity is based on the results of regional fieldwork
carried out during 1970-2022.

A grading scale for species abundance within each taxon was developed to assess diversity.
First, each type of taxon was associated with its own habitat. Then, using QGIS methods, a
regular grid was made for the region, consisting of 200 hexagons, each with an area of about 5
thousand hectares. According to the ratio of habitats in one or another hexagonal polygon, a
quantitative assessment of the species abundance for a particular taxon in the polygon was made.
Given the significant differences in species abundance among birds, reptiles, amphibians, fish and
mammals, ranked scores were determined for each taxon to standardise and align the obtained
data. For this purpose, the share of species abundance in a given hexagon was correlated with
the total species abundance of a given taxon in the region. Based on the scores in each taxon,
a table of the integral zoological value of the species abundance in each polygon was formed.
Therefore, the data from zoological studies were correlated with the obtained regular grid. For
the integral assessment, the method of heat maps was also used in accordance with the scores
within the hexagon, which, on the one side, gives a smoother picture, and on another side,
reliably identifies the most critical parts of the region.

The analysis of the region transformation used the open data on land use classification
posted by the European Space Agency “ESA WorldCover” [15]. According to this classification,
the following types of land surface with different land use are distinguished in the Danube
region: 1) tree vegetation; 2) shrub vegetation; 3) herbaceous vegetation; 4) agricultural
land; 5) buildings; 6) areas without vegetation or with sparse vegetation; 7) reservoirs with
a permanent presence of water; 8) wetlands and reservoirs overgrown with vegetation. We also
classified types 4 and 5 as significantly transformed and the remaining ones as natural and
semi-natural.

Spatial analysis was conducted using the QGIS software.

3. Results
Based on the developed method, we have received maps of species abundance for some taxonomic
groups in the Danube region (figures 2-5). Colour gradation shows the score range of species
diversity: dark green (1), light green (2-3), yellow (4-5), orange (6-8) and bright red (9-10
points).

There are some peculiarities in the distribution of fish species abundance in the region
(figure 2). Thus, the Danube floodplain houses the highest species diversity. In most drainage
basins, the fish species composition is extremely poor. Small rivers are drying up, but the
embanked areas still preserve some species abundance in their middle reaches. Only in the
Kohylnyk and Sarata rivers (the easternmost ones in the figure), the water content of which is
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Figure 2. Abundance of fish species.

higher, relatively low species diversity persists throughout the entire length of their channels
(the Kohylnyk River) almost to the regional borders.

The highest diversity index of reptiles and amphibians is recorded in the Danube floodplain
(figure 3) as all the amphibian species typical for the region are available there, along with
water reptiles (the European pond turtle Emysor bicularis Linnaeus, 1758, dice snake Natrix
tessellata Laurenti, 1768, grass snake Natrix natrix Linnaeus, 1758). Suitable habitats for
reptiles and amphibians are located not only along the slope landscapes of small rivers but also
along numerous forest belts in agricultural lands that ensure a much wider distribution of the
optimal species composition of reptiles compared with fish in the middle reaches of small steppe
rivers.

Birds form the basis of the species richness of vertebrates in the region (figure 4). The avian
diversity is represented by more than 320 species. A deeper colour of the Danube floodplain
indicates the predominance of waterbirds, although their distribution is limited along small
rivers. The species composition of this taxonomic group is very dynamic and depends on
the landscape diversity and seasonality. Birds, due to their plasticity and mobility affected
by external factors can quickly disperse within the Danube region of Ukraine and outside its
boundaries.

The areas of high mammal biodiversity (figure 5) are concentrated in latitudinal zones along
the Danube floodplain and in the north of the region. This diversity is most affected by the
heterogeneity of landscapes and habitats. Thus, the northern part of the Danube region is
located on the elevation, streaked with channels of small rivers, gullies and ravines, with vast
Tarutinska Steppe and forest tracts. This determines the high species diversity of mammals,
mainly rodents (Rodentia). The landscapes of the Danube floodplain are highly mosaic, with
large areas of riverine forests, meadow ecosystems and floodplain lakes that ensures a high
species abundance of all orders of mammals typical for the region. Moreover, the inaccessibility
of the territory together with the border control and environmental regimes, contribute to the
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Figure 3. Abundance of herpeto- and batrachofauna species.

Figure 4. Abundance of avifauna species.

conservation of biodiversity.
An integrated assessment of the whole zoological diversity (figure 6) quite fully illustrates the

cohesion of this natural region, the absence of any hiatuses and clear latitudinal demarcation
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Figure 5. Abundance of mammal species.

lines from the stripes of hexagons with low species abundance, including the transition from
the Danube floodplain to the small steppe basins. This is especially pronounced when species
diversity within the ecological framework is reflected using GIS grids. However, some biodiversity
loss is recorded in the interfluvial areas and the middle reaches of the rivers flowing into Lake
Katlabuh and Stensivsko-Zhebrianski Plavni.

4. Discussion
Geospatial assessment of the ichthyofauna species diversity (figure 2) clearly shows the
consequences of water flow regulation in small rivers, or more precisely in their intermediate
reservoirs of the Danube lakes and, consequently, almost complete isolation of them from the
Danube floodplain, especially during floods. It has caused a rapid depletion of the ichthyofauna
in the lakes and rivers, formerly used for upstream migration by spawning shoals of semi-
anadromous fish species. More than half a century of isolation led to a decrease in the previous
abundance of fish species. The current negative situation can only be solved if the water exchange
between the basins of small rivers and the Danube floodplain is restored. It will improve the
water content of small rivers and progressively restore their slopes and the underground springs
blocked by layers of landslide soils.

The concentration of a high diversity of amphibians, reptiles and mammals in the Danube
floodplain (figures 3, 5) indicates the need to restore the channels and slope sections of small
rivers. Acting as ecological corridors, they will promote the unimpeded dispersal of species in
the meridional and latitudinal directions. Otherwise, it is impossible to maintain the population
homeostasis of representatives of the batracho-, herpeto- and mammal fauna, predominantly
rare and vulnerable species.

Birds, as the most mobile zoological component of biodiversity, easily colonise well-preserved
discrete natural areas along the floodplains and slopes of small rivers (table 1), thus determining
the “elongation” of integral grids of optimal and high species diversity along the channel sections
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Figure 6. Integral assessment of the abundance of zoological species (A – regular hexagons;
B – grids of integral diversity).

of small rivers in figure 6B.

Table 1. The share of natural habitats, in percent of the total area of riverine-floodplain
habitats of the main steppe rivers in the Danube region.

Main rivers of the basin Name of the basin Percent of natural habitats

Kahul Lake Kahul 58.5
Velykyi Yalpuh Lake Yalpuh 82.7
Velykyi Katlabuh Lake Katlabuh 56.8
Kyrgizh-Kytai Lake Kytai 60.1
Drakulia Stensivsko-Zhebrianski Plavni 44.9
Kohylnyk Sasyk Reservoir 70.6

The preserved natural state of some channels and floodplains of small rivers supports the
survival of many animal species, including Ukrainian red-listed ones, thereby enabling the
potential expansion of the genetic exchange corridors between fragmented populations and
subpopulations of animals (except birds).

However, the critical destruction of steppe and meadow areas, converted to agricultural lands,
has led to the loss of many stenobiont animal species. In general, the noticeable predominance
of anthropogenically transformed lands and the isolation of individual natural areas hamper
the protection of regional species diversity. An essential element of biodiversity conservation
in natural communities is the network of protected sites with different statuses. The region
encompasses protected areas of national significance, wetlands of international importance and
the Emerald network sites. The regional ecological network is also developed, focusing on
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integrating valuable areas (cores) into a single system through ecological corridors.
The available data on the biodiversity distribution and existing boundaries of natural

conservation areas enable the identification of gaps and the development of a more effective
system of protected sites. The data analysis indicates the need to designate three new wildlife
reserves and significantly expand the regional ecological network. Total area recommended for
the nature conservation areas is 45,934 ha.

This approach will facilitate the complete restoration of the mutual influence between the
Lower Danube floodplain and small steppe rivers, expand ecological corridors and biodiversity
cores, and contribute to the conservation of fauna populations of this unique natural region.

5. Conclusions
A large-scale geospatial assessment of the Danube region biodiversity has allowed identifying the
most valuable areas, naturally located in the Danube Delta and the lower part of the Danube
lakes, and the areas with an urgent need of restoration.

A holistic view of the region also showed the role of small steppe rivers in the species exchange
and the formation of ecological corridors. The dominance of the Lower Danube floodplain in
terms of the animal species abundance may also be associated with the availability of protected
areas of different statuses.

Despite the significant transformation of the region (a high percentage of agricultural land use,
embankment of the Danube lakes-estuaries, conversion of some sections of small river channels,
the Danube region still remains an important area for biodiversity conservation, not only in its
key part - the Danube Delta, but also within the boundaries of the adjacent small river basins.

The use of a holistic spatial approach to biodiversity assessment provides wide opportunities
for management decision-making, such as identifying potential protected areas, areas for
restoration, etc. The data analysis indicates the need to designate three reserves with a total
area of 18,178 ha and expand ecological corridors with a total area of 27,756 ha.
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Abstract. Saline soils make up almost 25% of the entire earth’s surface. Their areas,
unfortunately, have a steady tendency to expand due to the aridization of the climate and the
global increase in the average annual air temperature of the planet. The increased concentration
of salts in the soil limits the diversity of cultural and conditions the poverty of natural flora,
forms areas of risky agriculture in the south of Ukraine. Seeds are a unique product of evolution,
the main generative organ of plants, characterized by a number of morphological, physiological
and biological features, among which there is adaptation heterogeneity. It is established that by
the number of germination days (the seeds of the cultural flora sprouts for 7–10 days, and in wild
representatives this indicator extends to 10–12 days) the plants can be arranged in the following
order: seven days –Secale cereale L., Triticum durum L., Avena sativa L., Hordeum vulgare L.,
Helianthus annuus L., Matricaria recutita L.; ten days – Beta vulgaris L., Phaseolus vulgaris L.
and twelve days – Valeriana officinalis L. It is found that the most optimal for germination is
the aquatic environment, so the plants are arranged according to the list: Helianthus annuus
L. → Avena sativa L. → Triticum durum L. → Matricaria recutita L. → Secale cereale L.
→ Hordeum vulgare L. → Beta vulgaris L. → Valeriana officinalis L. → Phaseolus vulgaris
L. It is proved that Na+ and Cl–ions differentially affect the seed germination energy: at a
concentration of 0.1% NaCl – Triticum durum L. → Helianthus annuus L. → Hordeum vulgare
L. → Secale cereale L. → Phaseolus vulgaris L. → Avena sativa L. → Matricaria recutita L. →
Beta vulgaris L. → Valeriana officinalis L.; at a solution concentration of 0.2% NaCl – Secale
cereale L. → Triticum durum L. → Helianthus annuus L. → Avena sativa L. → Matricaria
recutita L. → Hordeum vulgare L. → Phaseolus vulgaris L. → Valeriana officinalis L. → Beta
vulgaris L. The results obtained indicate that the chloride load in the seeds of plants manifests
itself in the form of distress as well as eustress. It has been proved that the diagnostic features
of chloride hermesis were more clearly manifested in the representatives of the cultural flora
than the natural ones.

1. Introduction
Due to increasing anthropogenic pressure on the environment, the climatic conditions on the
planet Earth are changing [1]. Saline soils make up almost 25% of the earth’s surface (about
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9 · 108 ha). Unfortunately, their areas tend to expand due to climate aridization and an
increase in the average annual temperature of the planet [2, 3]. In Ukraine, about 1 million
hectares of land have varying degrees of soil salinization. The south of Ukraine forms a zone
of risky agriculture characterized by temperate continental climate with hot summers, high
solar insolation and significant water deficit [4, 5]. Poverty and specificity of both natural and
cultural flora is conditioned by the presence of the sea area (sea, estuaries), intensive evaporation
of water during irrigation, soil salinization [6, 7]. Seeds are a unique product of evolution, the
main generative organ of plants, characterized by a number of morphological, physiological and
biological features, among which there is adaptation heterogeneity [8,9]. Therefore, research on
the similarity of plant seeds to salt stress is becoming increasingly relevant.

Hence, the research aim is to find out the seeds’ similarity of natural and cultural flora under
chloride load in southern Ukraine.

2. Material and methods
The researches object was the seeds of the following plant species that prevail in the herbaceous
cultivated and wild vegetation of southern Ukraine: Beta vulgaris L., Secale cereale L., Triticum
durum L., Avena sativa L., Phaseolus vulgaris L., Hordeum vulgare L., Helianthus annuus L.,
Valeriana officinalis L., Matricaria recutita L. The artificial level of salinity in the laboratory
and vegetation conditions was created by adding the appropriate amount of salt to the water
when wetting and subsequent irrigation according to the scheme: K – natural conditions,
option 1 – vegetation and laboratory control (growing seeds in water), option 2 – growing
in 0.1% NaCl salt solution, option 3 – growing in 0.2% NaCl salt solution of. The choice
of concentration of chloride salts is explained by the fact that such percentage is considered
stressful for seeds [4, 10]. Representatives of cultural flora are hybrids and varieties, which are
located in the south of Ukraine [6]. The seeds of the experimental plants of the wild flora were
collected from hills associations of Zaporizhzhya region (Bogatyr, Terpinnia). The physiological
aspects of determining the germination energy of the experimental plants and their similarity
were performed according to conventional methods [9]. Laboratory and vegetation experiments
were conducted on the basis of the Bogdan Khmelnitsky Melitopol State Pedagogical University,
and the field experiments on the basis of Novotroitsky Farm “Niva”. Statistical analysis of
the obtained data was performed using Microsoft Excel and Statistica 8.0. For comparison
of samples, arithmetic mean (M) and standard error from mean (SEM) were calculated. The
difference p60.05 was considered statistically significant for all indicators.

3. Results
Due to the irrigation of crops, the number of saline soils is increasing annually [6,11]. Therefore,
the study of the adaptive capacity of seeds of representatives of natural and cultural flora to
different concentrations of chloride salts will bring us closer to understanding the strategy of
adaptive transformations.

The obtained experimental data showed that the seeds of Secale cereale L. sprouted 93% in
aqueous solution for 3 days (figure 1, A), 89% – in 0.1% NaCl solution, 95% – in 0.2% NaCl
solution. At 5 days, this indicator had the following values: in aqueous solution – 93%, in
0.1% NaCl solution – 95%, in 0.2% NaCl solution the number of sprouted seeds increased to
100%. At 7 days, the percentage of seed germination did not change. Our data are in agreement
with the opinion of several authors [12], that cereals during germination have a classic effect
of gibberellins, associated with the release of seeds from a resting state, and gibberellin “start”
formation of amylases is a prerequisite for germination.

The experimental data (figure 1, B) showed that the seeds of Triticum durum L. sprouted
well in NaCl solutions with a concentration of 0.1% and 0.2% by the third day. It is shown that
in the aquatic environment 98% of the seeds sprouted on the 3rd day; the percentage did not
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Figure 1. Seed germination energy (%): A – Secale cereal L., B – Triticum durum L.

change on the 5th and 7th days. In NaCl solutions with a concentration of 0.1% and 0.2% 100%
of the seedlings sprouted on the third day, which may be due to the activation of protective
reactions under the action of lections [13], gibberellins, which stimulate the processes of grain
germination [14].

Seed germination of Avena sativa L. (figure 2, A) showed that on the 3rd day the number of
sprouted seeds in water was 50%, on the 5th and 7th day it increased to 99%. In 0.1% NaCl
solution on the third day germinated – 83%, the fifth and the seventh – 90%, but in 0.2% NaCl
solution on the third day – 11% of seeds, the fifth and the seventh – 95%. During the seven–day
period, the largest amount of seeds sprouted in water, although on day 3; 0.1% NaCl solution
was the best conditions for the seeds. Germination was more stable in 0.2% NaCl solution. It
is known that lections are involved in the process of seed germination and ripening [13].

The obtained results proved that the germination of seeds of Hordeum vulgare L. began on
the third day (figure 2, B), with the highest values observed in 0.1% NaCl solution – 95%, in
the aquatic environment – 93%. This pattern remained for the fifth and seventh days of the
experiment. In 0.2% NaCl solution, the smallest number of grains sprouted: 23% on the third
day, and on the fifth and seventh – 88%. The faster the germination process occurred with the
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Figure 2. Seed germination energy (%): A – Avena sativa L., B – Hordeum vulgare L.

seeds that germinated in water, the longer the germination occurred in solutions.
Thus, our results illustrated that Na+ and Cl− ions at 0.1% concentration stimulate seed

germination for the third day after sowing, this position is confirmed by the works of several
authors [7,11]. Water, penetrating through the pollen and the skin into the intercellular spaces
and cells, removes the seed germ from a state of rest. Organic compounds present in the
endosperm undergo certain changes, in particular, increased respiration and activated enzymes,
under the influence of which the spare substances are converted into easily digestible forms.

It has been proved [9, 14] that in cereals during germination there is a classical effect of
gibberellins associated with the release of seeds from rest. After the seeds absorb through
the micropyle of water, the embryo in the area of the shield begins to synthesize GA3, GA4
gibberellins, which are transported to the aleurone layer surrounding the endosperm, and
stimulate the formation of hydrolytic enzymes (α–amylases, etc.). Enzymes begin to break down
the spare starch of the endosperm to the simple sugars used for embryo growth and development.
Thus, gibberellin “start” formation of amylases is a prerequisite for seed germination. The
mechanism of this process is not fully understood. Gibberellins are thought to stimulate
amylase–specific m–RNA synthesis.
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Our studies showed that during the germination of Beta vulgaris L. seeds (figure 3): the first
sprouts appeared on the fifth day in pure water – up to 30%, in 0.1% NaCl solution – up to
20% and the smallest amount was observed in 0.2% NaCl solution – up to 2%. On the 7th day
the highest amount of seeds sprouted in water was 70%, 60% in 0.1% NaCl solution, and the
smallest in 0.2% NaCl solution up to 30%. On the tenth day the most seeds germinated in water
80%, 75% in 0.1% NaCl solution, and in 0.2% NaCl solution – 35%. Therefore, in Beta vulgaris
L., the best germination occurs in water and in 0.2% NaCl solution the worst.

It is found that the seedlings of Phaseolus vulgaris L. began to appear on the third day
(figure 4) in the sample with water and in 0.1% NaCl solution. Up to 50% of seeds have
sprouted in the aqueous medium for 5 days, less than 40% in 0.1% NaCl solution, and 20% in
0.2% ones. On the seventh day, in all samples, the number of sprouted seeds increased: 60% – in
water, 65% – in 0.1% saline, 45% – in 0.2% NaCl solution. El Amrani et al [15] have investigated
the physiological role of seed lections – phytohemagglutinin (PHA). The protective role of PHA
in germination of seeds, based on the ability of lection to be released into the environment, and,
due to specific interaction with the constituent cell walls of pathogenic bacteria, is shown to
cause a delay in their growth.

According to the results of germination of seeds of Helianthus annuus L. it was found that
for 3 days the most seeds germinated in aqueous medium, in 0.1% NaCl solution – 60%, 0.2%
NaCl solution – more than 20% (figure 5). On the fifth and seventh days, 100% of the seeds
sprouted in all samples. Consequently, low–concentration salt solutions at the initial stage of
germination promote rapid unfolding of physiological and biochemical processes in seeds [12]. It
is proved that the rate of germination of Helianthus annuus L. seeds is characterized by inversely
proportional dependence on the salt concentration in the medium.

Analysis of the experimental results obtained from germination of Valeriana officinalis L.
seeds (figure 6, A) showed that by 3 days the highest amount of 20% sprouted in 0.2% NaCl
solution, the smallest in water (10%) and 0.1% NaCl solution (0%), on the fifth day of the
seeds is located in aqueous medium and solution of salts with a concentration of 0.1% NaCl the
percentage of germination did not change, but 20% reached the germination energy in saline
solution of 0.2% NaCl. Seed germination of Valeriana officinalis L. was observed for twelve
days, but during this period the highest values were obtained in the aquatic environment, the
lowest – in 0.1% and 0.2% saline solutions. Therefore, it can be assumed that, under the action
of water, the seed cell enzymes have gone from an inactive state to an active and insoluble

Figure 3. Beta vulgaris L. seed germination energy (%).
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Figure 4. Germination energy of Phaseolus vulgaris L. seeds (%).

Figure 5. Germination energy of Helianthus annuus L. seeds (%).

spare substances have become soluble (starch – into sugar, fats – into glycerol and fatty acids,
proteins – into amino acids). The embryo, using soluble organic compounds, began active growth
and development [3].

The results of germination of Matricaria recutita L. seeds in water; 0.1% and 0.2% NaCl
solutions had the following values: on the third day the seeds germinated intensively in the
aquatic environment and were more than 90%, less intensive germination occurred in 0.2%
solution salts – more than 93%, the lowest amount of 83% was observed in 0.1% NaCl solution
(figure 6, B).

On the 5th day in water, the percentage was more than 95% in the aqueous medium, in
0.2% NaCl solution – 94%; in 0.1% NaCl solution – more than 85%. At 7 days the number
of germinated seeds in the studied media did not change. For the entire germination period,
which was seven days, the highest values were observed in water, the average values were in
0.2% NaCl solution and the lowest values were in 0.1% NaCl solution. This is explained by the
fact that when germination of seeds in water and solutions of salts with different concentrations,
gibberellins are activated in different periods of growth and development [13,16].

The analysis of the results shows that the stress tolerance of plant seeds to salinization
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Figure 6. Seed germination energy (%): A – Valeriana officinalis L., B – Matricaria recutita
L.

is already manifested in the germination phase, thanks to the realization of genetically–laid
potential.

4. Conclusions
The study of seeds’ salt hermesis of natural and cultural flora in the conditions of southern
Ukraine showed that the number of days of germination (seeds of cultural flora germinates for
7–10 days, and in wild representatives this indicator is extended to 10–12 days) plants can be
arranged in the following order: seven days – Secale cereal L., Triticum durum L., Avena sativa
L., Hordeum vulgare L., Helianthus annuus L., Matricaria recutita L.; 10 days – Beta vulgaris
L., Phaseolus vulgaris L. and 12 days – Valeriana officinalis L.

The aquatic environment is the most optimal for germination, but the numbers of sprouted
seeds plants are in accordance with the list: Helianthus annuus L. → Avena sativa L. → Triticum
durum L. → Matricaria recutita L. → Secale cereale L. → Hordeum vulgare L. → Beta vulgaris
L. → Valeriana officinalis L. → Phaseolus vulgargaris L. → Phaseolus vulgaris L.

The study of seed stress tolerance demonstrated the differentiation of the influence of Na+
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and Cl− ions (at a concentration of 0.1%) on physiological and biochemical processes, which
led to the appropriate distribution of plants: Triticum durum L. → Helianthus annuus L. →
Hordeum vulgare L. → Matricaria recutita L. → Beta vulgaris L. → Valeriana officinalis L.
The concentration of 0.2% NaCl solution revealed the following sequence: Secale cereal L. →
Triticum durum L. → Helianthus annuus L. → Avena sativa L. → Matricaria recutita L. →
Hordeum vulgare L. → Phaseolus vulgaris L. → Valeriana officinalis L. → Beta vulgaris L.

The results obtained indicate that the chloride load in the seeds of plants manifests itself
in the form of distress as well as eustress. It has been proved that the diagnostic features of
chloride hermesis are more clearly manifested in the representatives of the cultural flora than
the natural ones, which is caused by the implementation of the interrelation of the genetic
program and phenotypic manifestations, which are related to the special climatic conditions of
southern Ukraine (soil salinity, air and soil drought, etc.), which is of practical importance when
developing strategies for growing crops on saline soils.
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Abstract. The study is focused on gathering information to monitor sustainable land
development and biodiversity. The article discusses the objectives and measures required to
achieve Sustainable Development Goal 15 “Protect, restore and promote sustainable use of
terrestrial ecosystems, sustainably manage forests, combat desertification, and halt and reverse
land degradation and halt biodiversity loss”. This paper shows the results of the analysis of
key indicators and values for Ukraine. It also contains the developed conceptual diagram for
managing the sustainable development of ecosystems and biodiversity. There were identified
the main sources of statistical information, including traditional enterprise-level data and big
data, and analyzed changes in indicators for monitoring the achievement of the Sustainable
Development Goals at micro level under section “Environmental area”. The study also identified
potential sources of information for calculating the presented indicators and explored the use
of big data to develop an information base for monitoring, evaluating, and policy development
related to sustainable land development and biodiversity. Further research and studies are
needed to determine the algorithms of data processing, modelling and constructing of integrated
indicators.

1. Introduction
On September 25-27, 2015, the UN Summit was held in New York within the framework of the
70th session of the General Assembly of the United Nations. During the high-level meeting on
sustainable development, 193 member states of the United Nations (UN) officially adopted a new
program in the field of sustainable development, entitled “Transforming our world: The 2030
Agenda for Sustainable Development”. The program officially entered into force on January 1,
2016 [1].

The term “sustainable development” was first used by the International Commission on
Environment and Development in 1987 and was defined as “development that meets the needs
of the present without compromising the ability of future generations to meet their own needs.”
The concept of sustainable development was adopted at the UN Conference on Development
and Environment in Rio de Janeiro in 1992 [1].

To achieve sustainable development, it is extremely important to coordinate three main
components – economic growth, social integration and environmental protection. These
components are interconnected and extremely important for well-being of individuals and society
as a whole. Therefore, sustainable development is defined as development that meets the needs
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of the present generation without compromising the ability of future generations to meet their
own needs.

UN member states have identified 17 sustainable development goals (SDGs) for the period
up to 2030 and 169 tasks. These goals and objectives can be applied to any society. Achieving
the SDGs requires all countries to integrate them into their national strategies and plans [1].
SDGs are not legally binding. It is assumed that governments of all countries take responsibility
and create national mechanisms that will contribute to the achievement of the stated goals.
In order to promote prosperity and protect the entire planet, the SDGs call for action by all
countries without exception – poor, rich and middle-income countries. They are global in nature
and universal in application, but at the same time take into account development specificities,
national potential, as well as national strategies and priorities. Since they are interrelated, efforts
to achieve them should be comprehensive.

At the global level, a set of indicators is used to monitor and review the process of
implementing goals in the field of sustainable development and tasks of the new agenda
[1]. Countries bear the primary responsibility for follow-up and review of progress in the
implementation of goals, and for this it is necessary to ensure the collection of high-quality,
accessible and relevant data.

Biodiversity is a key theme of the UN’s 2030 Agenda for Sustainable Development which
corresponds to SDG 14 and 15.

SDG 14 is dedicated to “Conserve and sustainably use the oceans, seas and marine resources”.
SDG 15 is dedicated to “Protect, restore and promote sustainable use of terrestrial

ecosystems, sustainably manage forests, combat desertification, and halt and reverse land
degradation and halt biodiversity loss”.

2. Aim and methodology
Aspects of information provision of sustainable development were reflected in the works of
Ukrainian statisticians [2].

Issues related to biodiversity monitoring, aspects of the importance of ensuring the long-term
preservation of and access to data are considered in the works of Hardisty et al [3], Alblas and
van Zeben [4], Alkemade et al [5], Navarro et al [6], Barral and Guillet [7], Moersberger et al [8],
Schmeller et al [9], Schmidt et al [10], Blanco-Zaitegi et al [11], Brörken et al [12], Xie et al [13],
Lu et al [14], Cipullo [15], Estoque et al [16], Ren et al [17], Tóth et al [18], Kong et al [19], Li
and Lei [20], White et al [21], Spangenberg [22].

Study of Hardisty et al [3] is devoted to the issues of Essential Biodiversity Variables
(EBV) – the fundamental variables that can be used for assessing biodiversity change over time,
for determining adherence to biodiversity policy, for monitoring progress towards sustainable
development goals, and for tracking biodiversity responses to disturbances and management
interventions.

The research of Navarro et al [6] contributes to deepening of the understanding of coordinated
observing system adopted by GEO BON, focusing on two interconnected core components –
the Essential Biodiversity Variables as a standard framework for biodiversity monitoring, and
the Biodiversity Observation Networks that support harmonized observation systems – while
highlighting their societal relevance.

Moersberger et al [8] presented two key clusters of needs in Europe over the next 5-10 years:
1) biodiversity data are needed to ensure integrated cross-sectoral policies; 2) biodiversity data
are needed to increase policy impact and effectiveness to fulfil goals of the EU Biodiversity
Strategy.

Schmeller et al [9] presented a globally coordinated approach is needed for biodiversity
monitoring that is linked to environmental data and covers all biogeographic regions. They
identified nine requirements that they believe are necessary for developing and implementing such
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a global terrestrial species monitoring program: 1)designing and implementing an integrated
information chain from monitoring to policy reporting; 2) capacity-building to create a
comprehensive spatial monitoring program; 3) implementing minimal data standards to capture
EBVs; 4) implementing common monitoring protocols; 5) developing and optimizing semantics
and ontologies for data interoperability; 6) integrating emerging technologies (monitoring,
data management and analysis); 7) coordinating diverse but complementary local nodes;
8) facilitating and securing funding.

Schmidt et al [10] reviewed different sampling strategies, methods of data collections and
analysis according to the monitoring of habitat distribution, species population, species trends,
etc.

Tóth et al [18] proposed frameworks of soil-related sustainable development goals and related
indicators which can be monitored in current monitoring schemes.

Spangenberg [22] suggest simple ordinal scale index for monitoring of land use intensity
changes. It is based on the hemeroby concept, measuring the human impact as deviation from
naturalness. This makes it an information collection and presentation tool for those working in
landscape planning and management.

Our research is devoted to information provision for monitoring the sustainable development
of the land and biodiversity, which is primarily related to monitoring the achievement of the
SDG 15.

Parties of the United Nations Convention on Biological Diversity are making efforts to ensure
functioning of the global biodiversity conservation system for the period after 2020, the goal of
which is to stabilize the loss of biodiversity by 2030 and fully restore natural ecosystems by 2050.

The purpose of sustainable development management ecosystems and biodiversity can
be formulated as ensuring adaptability of society to preservation and improvement of the
environment, responsible use of ecosystems and restoration of biodiversity.

3. Method
The use of statistical methods provides an opportunity to assess the level of achievement of the
above-mentioned goal and outlines methods of accounting for aspects of sustainability.

Conceptual block diagram of information provision for the regulation of sustainable
development of ecosystems and biodiversity which characterizes structure and sequence of
operations aimed at justifying management decisions, is shown in figure 1.

A necessary condition for ensuring a systematic study of sustainable and responsible use
of ecosystems and restoration of biodiversity is the formation of a single open database as an
information source for ensuring management.

The content of analytical work consists of bringing disparate information to a logically
constructed system of relationships, which makes it possible to give a reasonable assessment
of both the entire set of facts and each of them separately, and to determine their role in solving
the investigated problem.

The analysis of the dynamics of development components forms the basis of an objective
assessment of the identification of trends and regularities.

The use of statistical methods makes it possible to translate many management problems
into plane of accurate quantitative display with qualitative content, based on real information
provision of calculations in accordance with user needs.

Appropriate software speeds up and improves information processing, significantly expanding
the range of tasks that can be solved using statistical methods in the management process. This
provides a creative approach to the performance of specific management tasks, the search for
new ways to improve the quality and validity of management decisions, and the development of
measures to improve efficiency in all areas of activity.
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Figure 1. Conceptual block diagram of information provision for the regulation of sustainable
development of ecosystems and biodiversity.
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Statistical analysis should be used to determine the relationships between phenomena, the
influence of the main factors on them, among which, in particular, those that arise as a result
of the action of objective laws and cause the emergence of risks are distinguished. To do this,
statistical models of various types of relationships are used – functional, stochastic, correlational.

On basis of the above directions of analysis, possibility of comprehensive usage of their
results to reveal the mechanism of socio-economic phenomena and processes is determined.
In particular, this refers to the economic efficiency of the information obtained based on the
ratio of results and costs for obtaining it.

Based on the results of the statistical analysis, the main directions of management aimed at
ensuring sustainable use of ecosystems and restoration of biodiversity are determined, taking
into account objectively existing potential opportunities. At the same time, a list of tasks is
formed, the sequence of their execution, methods of solving and mutual consistency of these
tasks are determined. This creates a methodology for substantiating management decisions
using statistical methods.

In this way, information provision of the system interconnection of target complex programs
is formed: socio-economic, scientific-technical, digital, environmental, investment, regional, etc.
in the system of ensuring sustainable use of ecosystems and restoration of biodiversity. It
should be noted that in the process of developing and using information provision for sustainable
development, it is necessary to use international standards, classifications and unified definitions
(interpretations) of phenomena and processes that summarize modern world experience, as well
as contribute to the prompt implementation of national analogues.

The problem of training modern specialists in statistics, who are able to perform the
functions of analysts, experts and consultants in the field of management, is connected with the
rapid development of the information society and the widespread introduction of information
and communication technologies. Statisticians-analysts must be aware of availability of the
necessary sources of statistical information in accordance with the formulated management tasks,
systematize and classify it; apply the methods of its processing, generalization and drawing
conclusions, as well as creatively use the obtained results of the analysis to prepare management
decisions regarding sustainable local development and evaluate in real time the consequences of
such management decisions.

4. Research results
4.1. Microdata
Company reporting is an important source of data for the Central Bank monitoring system.
As the primary source of information on company performance, reporting can significantly
improve SDGs monitoring mechanisms by providing stakeholders such as governments, investors
and businessmen with instruments to assess the economic, environmental and social impact of
companies on sustainable development. Accounting data for the formation of key indicators
should be collected at the level of an institutional unit and aggregated by region.

Institutional units usually consist of several different units that produce different
products/services and have different locations. In the system of national accounts, they are
called establishments, and when tied to a certain territory – a local kind-of-activity units –
LKAU [23]. This is especially true for large enterprises. The collection of data by individual
institutions enables organizations with the necessary flexibility to meet a number of reporting
requirements and facilitates compilation of environmental indicators.

For example, collection of data on environment at the level of individual objects will allow
more detailed determination of areas of increased environmental danger. If an entity has facilities
in different locations, it is likely that they operate under different conditions and have different
environmental impacts. Therefore, it is useful to collect and compile environmental indicators
for each facility first and then aggregate the reporting of institutional unit.
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Development of a unified list of main indicators for reporting by institutional units to ensure
monitoring of SDGs achievement was initiated by UNCTAD (United Nations Conference on
Trade and Development) in 2016 and extended in 2017 and 2018 [24]. In 2022, guidelines were
issued on the definition and calculation of the main indicators for monitoring the achievement
of the SDGs at the micro level [25].

The results of a detailed analysis of the changes in the indicators presented in the guide for
2016-2022 at the level of the group “Environmental area” are shown in figure 2.

Based on the results of case studies, discussions at the Advisory Group meeting and taking
into account key international developments in this area, UNCTAD revised the main indicators
of the SDGs. As a result, in 2022 minor changes were made to the measurement methodology and
normalization of indicators, as well as clarification and elimination of inconsistencies. However,
the main result was the addition of the main indicators of the SDGs with an indicator on land
and biodiversity.

In the group of indicators “Ecology” of the micro level was added subgroup B.6 “Land and
biodiversity”, which includes indicator B.6.1 “Lands Used Near Biodiversity Sensitive Areas”.
This indicator is defined as the number and area (in hectares) of plots owned, leased or managed
in protected areas and/or key biodiversity areas (KBA) or adjacent to them, i.e. those areas on
the planet, which are critical to the survival of unique plants and animals, as well as ecological
communities.

Indicator B.6.1 measured in accordance with the proposal set forth in [26]: “KBAs provide a
science-based and internationally recognized means of identifying sites that make a significant
contribution to global biodiversity conservation, while protected areas indicate nationally (and
often internationally) recognized areas of ecological or cultural importance, typically with special
legal protection. Conducting operations in or near such areas indicates an increased risk of
adverse impacts on biodiversity and an increased risk of associated legal or reputational risk.”

For reporting on this indicator B.6.1, the reporting entity must [25]:

• determine the location of surface and underground lands that may be owned, leased or
managed by the organization;

• assess whether the land owned, leased or managed is located in protected areas/KBA and/or
is adjacent to a protected area/KBA and/or contains parts of a protected area/KBA;

• determine amount and size of land owned, leased or managed, which is located in protected
areas/KBA and/or is adjacent to a protected area/KBA and/or contains parts of a protected
area/KBA, expressed in the number of hectares.

Among the potential sources of information, the following were identified.

(i) Information about the location of KBA (figure 3) can be found at [27].
As we can see that for Ukraine the information is presented for the year 2000.

(ii) Information on protected areas (figure 4) can be found by searching the global database
at [28].

A number of events at the international level have changed format and framework of reporting
on sustainable development. Attention should be paid to the fact that in November 2021 at the
twenty-sixth Conference of the Parties within the framework of the UN Conference of the Parties
on Climate Change [29] the International Sustainability Standards Board (ISSB) was announced.
This new international body is engaged in the creation and development of international financial
reporting standards related to sustainable development, which should become mandatory for
institutional units in many countries of the world. Therefore, Ukraine should accelerate national
efforts to create, establish or strengthen the technical capacity that will ensure compliance with
the new reporting standards [30].
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Figure 2. Core Sustainable Development Goal Indicators: Environmental area.
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Figure 3. Key Biodiversity Areas (KBA) database.

Figure 4. Protected areas from the Protected Planet global database.

Recent world events have reinforced the need for guidelines to support policymakers in
building a robust national sustainability reporting infrastructure. This would ensure high
quality reporting and support the implementation of future ISSB standards. All of the above
confirms the relevance and importance of transparent measurement and disclosure, as well as
comparability and reliability of information on sustainable development.

But it should be taken into account that placing an excessive burden on institutional units
may harm the involvement of the private sector in obtaining quality information necessary to
monitor the achievement of the SDGs. Therefore, it is recommended to apply a step-by-step
approach, according to which, for the selected indicators, first the problems that the institutional
unit controls and for which it collects relevant data are identified, or situations in which the
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company has unimpeded access to relevant sources of information.

4.2. Big data
The emergence of “big” data is closely related to the development of information and
communication technologies. In today’s hyper-connected digital world, people and things leave
“digital footprints” in many different forms, creating ever-increasing streams of data, including
commercial transactions, private and public records that companies and governments collect
and store, created by users online materials such as photos, videos, tweets and other messages,
as well as traces left by the Internet of Things (IoT), i.e. those uniquely identifiable objects that
can be tracked.

There is no single, unique definition of this relatively new phenomenon known as “big data”.
At the most basic level, big data refers to data sets whose volume, velocity, or diversity are very
high compared to the types of data sets that have traditionally been used. It is appropriate to
refer to such definitions of the essence of this concept, with which most scientists agree. The first
definition was proposed by Marv Adrian in 2011 in an article for Teradata Magazine: “Big data
is data that cannot be collected, managed and processed with the help of the most commonly
used hardware environments and software tools within the time allowed by the user” [31].

The data revolution, which includes the open data movement, new ICTs for data collection
and the availability of big data, together with the emergence of artificial intelligence and the
Internet of Things, has led to a radical transformation of society. Recently, “big data” began
to be processed and analyzed in order to find relationships in economic and social systems,
which was previously carried out with the help of surveys, experiments and other types of data
collection, on the basis of which solutions were developed and forecasts were built.

Real-time mobile population positioning data and high-frequency satellite data are just main
examples of big data that can be used to monitor the achievement of SDG 15.

Fixed and mobile telecommunications network operators, including Internet service providers,
are an important source of data, and all forms of telecommunications big data (volume, speed or
diversity) are considered for analysis purposes. Most telecommunications data can be considered
as the result of an action (for example, making a call, sending an SMS, accessing the Internet
or recharging a prepaid card).

An example of how mobile network data can track population movements is the 2010 Haiti
earthquake. Figure 5 shows the number of people estimated to be in Port-au-Prince (PaP) on
the day of the 2010 Haiti earthquake and outside the capital 19 days later [31].

One of the main projects aimed at integrating the development of big data for
monitoring, evaluation and policy development within Group on Earth Observations Biodiversity
Observation Network (GEO BON) is UN Biodiversity Lab [32], a geospatial information platform
that maps natural resources and monitors environmental risks in real time using existing data
and new digital technologies.

As part of the above-mentioned project, in 2022 the calculated data sets and indicators were
included in the existing decision support system based on the UN Biodiversity Laboratory.
Project data and indicators will be regularly updated until 2030 through the UN Biodiversity
Lab [32]. The project is also a demonstration of the Observations for Sustainable Development
Goals initiative [33]. The results of the project are expected to provide modern digital foundation
for scaling up this forecasting methodology to more countries around the world working to
monitor progress towards SDG 15. The project envisages widespread use in 170 UNDP partner
countries of datasets, a brief the characteristics of which are presented in figure 6.

Within the framework of this study, the available statistical data on the considered data
sets, included in the existing decision support system, using the electronic database of the UN
Biodiversity Lab [32]. Below, for example, the results for several main blocks are presented.

Global Forest Change. Many organizations deal with forest change issues, so the
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Figure 5. Tracking the mobility of the population in emergency situations using mobile phones
(circles are shown for communes that received at least 500 persons).

definitions related to this concept are important and should be unified during the information
provision of the study. Below are the definitions used by the FAO Forestry Department:

• Forests are lands of more than 0.5 hectares, with a tree canopy cover of more than 10
percent, which are not primarily under agricultural or urban land use.

• “Deforestation” is conversion of forest to another land use or long-term reduction of tree
canopy cover below the 10% threshold.

• “Afforestation” is the conversion from other land uses into forest, or the increase of the
canopy cover above the 10% threshold.

• “Reforestation” is re-establishment of forest formations after a temporary condition with
less than 10% canopy cover due to human-induced or natural disturbances.

• “Forest degradation” is a reduction of the canopy cover or stocking within a forest.

• “Forest improvement” is the increase of the canopy cover or stocking within a forest.

Figure 7 shows changes in forest cover in Ukraine for 2001–2020.
Over the past twenty years (2001–2020), Ukraine lost 10.8 thousand square km, which was

1.8% of the forest cover in 2000.
Biodiversity Intactness Index. Biodiversity intactness index reflects the results of

modeling the average number of originally present biological species, expressed as a percentage
of their total number in a pristine ecosystem. Initially, the data was only available for 2015, but
is now available in a time series covering the period 2000-2015.

Figure 8 shows value of the index for Ukraine in 2015.
Enhanced Vegetation Index (EVI). The Extended Vegetation Index (EVI) reflects the

state of the vegetation during one year. High values of this index (closest to 1) represent dense
and stably productive vegetation. Conversely, low values (close to 0) represent sparse vegetation
with low productivity.
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Figure 6. Datasets, included in the existing decision support system based on the UN
Biodiversity Laboratory.

Average annual EVI values characterize the average annual photosynthetic activity, or
vegetation productivity, for a certain area.

Vegetation productivity often varies naturally from year to year and even from month to
month due to fluctuations in precipitation, temperature, and cloudiness.

With long-term observations, such assessments allow inferences about abnormal conditions,
such as changes in land use or drought.

Figure 9 shows changes of Enhanced Vegetation Index in Ukraine in 2000-2021.
ESA CCI Land Cover. The European Space Agency and Copernicus Climate Change

produced global land cover (LC) maps from 1992 to 2020 at 0.002778° (approximately 300 m)
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Figure 7. Forest change in Ukraine in 2001–2020.

Figure 8. Biodiversity Intactness Index in Ukraine in 2015.

from the complete 300 m and 1 km multi-mission Earth observation (EO) archives. The map
legend contains 22 LC classes that are precisely defined using the Land Cover Classification
System (LCCS) developed by the Food and Agriculture Organization of the United Nations
(FAO). 13 regional soil cover classes are detailed.

Figure 10 shows Ukraine’s Land Cover in 2020.
Methodological decoupling of LC classification and LC change detection (LCC) ensures

temporal and spatial consistency between successive maps. A new land cover map is created
every year 9 months after the start of the year and is reviewed within a maximum of 3 months
after publication. A user tool was developed to convert the LCCS nomenclature into plant
functional type distributions used in various climate models.

5. Conclusions
Information provision for monitoring the sustainable development of land and biodiversity should
be based on an understanding of the integrated use of statistical, administrative data sources,
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Figure 9. Enhanced Vegetation Index (NASA MODIS) in Ukraine in 2000-2021.

Figure 10. Ukraine’s Land Cover in 2020.

metadata for their qualitative use, as well as a combination with big data, such as satellite
images and data from mobile operators.

Recently, special attention should be paid to the collection of information on impacts on
biodiversity in a specific place. Understanding the local context where an organization interacts
with biodiversity is necessary to assess its impact, as well as to identify key drivers of biodiversity
loss (overexploitation of resources, pollution, land-use change and climate change, etc.). It is
also necessary to develop a program of actions that the organization needs to take to manage
its impact on biodiversity.

Advances in computing and data science make it possible to process and analyze big data
in real time. Integrating big data with traditional data should yield high-quality information
that is more detailed, timely, and relevant. New insights derived from such data analysis can
complement official statistics and survey data, adding depth and nuance to information in the
course of monitoring the achievement of the Sustainable Development Goals.
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Analysis of relevant trends over the long term can help maximize efforts to ensure sustainable
land development and biodiversity conservation, and minimize environmental degradation and
other potential negative consequences of increasing human impact on ecosystems.

The algorithms of data processing, modelling and constructing of integrated indicators would
be the future research subject.
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Abstract. Sustainable use of marine water areas is one of the priorities of preserving
biodiversity and the environment as a whole. The problem of a clear plan of rehabilitation
measures, which would be based on complex and balanced solutions arises for their effective
restoration and further functioning. These decisions should take both environmental and
economic aspects into account. Estuaries, unlike marine water areas, are more sensitive to
anthropogenic and climatic changes. They are characterized by shallow water level, functioning
in the conditions of limited water exchange, dependence on river flow and greater anthropogenic
load compared to marine water areas. These features are the cause of more intensive changes in
the structure of biocenoses, rise in emergency situations, loss of productivity and sustainability
of ecosystems as a whole. Thus, there is a need to introduce environmental management for
these reservoirs, which should be based on a multi-component decision support system. This
system will make it possible to develop clear plans for the restoration of marine ecosystems
and prevent negative changes and degradation in them. The proposed scheme for developing
plans for the restoration of the ecosystems of estuaries is represented by three blocks. The first
“Block of data collection” involves the implementation of 3 stages: assessment of the current
state of the reservoir; definition of problems and their ranking; assessment of ecosystem services.
The second block “Search for a solution” is based on 4 components: Component 1. Database
management system; Component 2. Geoinformational system; Component 3. Mathematical
and predictive models; Component 4. Informational and management system for choosing
strategic and operational decisions. The third block “Implementation of measures” involves the
implementation of 4 stages: environmental assessment of decisions and projects, implementation
of environmental measures, evaluation of effectiveness, search for new solutions and their
improvement. The proposed scheme will enable a comprehensive approach to the restoration of
estuarine ecosystems and ensure their sustainable use.

1. Introduction
The United Nations has declared 2021–2030 as the International Decade on Ecosystem
Restoration. The goal of this decade is to bring together all interested parties to prevent,
halt and reverse the degradation of ecosystems on every continent and in every ocean. This
initiative provides many areas of work that will draw attention to the problems of restoring
ecosystems and ensure their sustainable use in the future [1].
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The experience of European countries in the management of ecotones, lagoons and estuaries
is quite broad and has several main directions. All of them are based on the basic principles
of the role of water bodies as ecosystems that provide many ecological, cultural and economic
benefits and advantages for people.

Most approaches to the estuary management are based on the implementation of clear
measures to optimize the hydrological regime, reduce the anthropogenic load, protect certain
biotopes or species, educational measures, etc. [2–6].

In general, most countries are trying to systematically solve the problems of managing coastal
and marine ecosystems both at the legislative level and at the sectoral level (fisheries, recreation,
nature protection). This approach involves giving a certain status to the water body and
subsequently developing a clear management plan that depends on the specifics of the ecosystem
use.

Unfortunately, in Ukraine, approaches to the systematic management of the water bodies
are not carried out. Plans for the management of individual river basins are only partially
implemented [7–9]. This work is carried out within the framework of the implementation
of the approaches of the EU Water Framework Directive implemented by Ukraine. For
estuaries, separate attempts to develop management plans were carried out exclusively within
the framework of management plan development for wetlands of international importance or
touched on the management of hydrological or hydrochemical regimes [10].

Unfortunately, marine ecosystems, especially the coastal ones, have been significantly
transformed over the past 50–60 years due to pollution, construction of industrial facilities,
intensive development of recreation, et cetera. The speed of negative developments was
intensified by the impact of threatening climate changes, which have also intensified in recent
years. Estuaries are especially sensitive in this context since they, unlike marine water areas,
are shallower, function with limited water exchange, depend on river flow and are characterized
by a greater anthropogenic load.

From a scientific point of view, these water bodies are important for the possibility of control
and implementation of various management measures to regulate and restore hydrological,
hydrochemical and hydrobiological regimes. The possibility of introducing active measures
aimed at stabilizing and improving ecological processes is an important condition for restoring
transformed ecosystems to their natural state [11] .

For a long time, the management of these water bodies took place spontaneously and
was aimed at the formation of various ecological states. Most of the feasible anthropogenic
transformations have changed the course of natural processes in these ecosystems. Some
ecosystems were radically transformed, isolated from sea waters, changed both at the level
of abiotic characteristics and at biocenosis level [12–16].

That is why we propose a systematic approach to the environmental management process,
the main element of which should be a multi-component decision support system. This scheme
will enable to develop clear plans for the restoration and sustainable use of marine ecosystems,
as well as to prevent negative changes and degradation of marine water areas.

2. Results and discussion
Despite the obvious need to develop a systematic approach to decision support in estuary
management, there are currently no complete step-by-step schemes that allow for a
comprehensive solution to the tasks of ecological management. The main defects and problems
of modern ecological solutions implemented in Ukraine are:

• lack of systematic scientific studies of the state of water bodies, which should be
implemented on the basis of the basin approach and the requirements of the Water
Framework Directive;
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• lack of works on the assessment of ecosystem services as a tool for understanding the
ecological, social and resource value of water areas;

• insufficient use of elements of the mathematical modelling of hydroecological and socio-
economic processes;

• lack of understanding of the need to involve experts of appropriate qualifications by the
customers and their reluctance to finance the full scope of the development at the design
stage;

Taking the lack of systemic solutions in the management of estuaries into account, there
is a need to develop a complete step-by-step scheme that will allow to comprehensively solve
the problems of ecological management. Water body management has long gone beyond purely
ecological problems and today should be based on a combination of not only ecological indicators
and criteria, but also include social, economic, political and legal instruments. In general, the
functioning of this scheme should be based on a number of principles:

• The principle of a holistic approach towards assessing the state of aquatic ecosystems. It
involves a comprehensive assessment of the body of water and the factors affecting it. It
is important to analyse all key factors that determine the ecological state of the body of
water, and not the individual components.

• The principle of the basin approach. The approach assumes that the drainage basin together
with the body of water forms a single geoecosystem with transit and accumulative functions
and directly affects the formation of the ecological status-class of hydroecosystems.

• The principle of sustainable development. Sustainable development is considered as
a compromise between economic, environmental and social spheres. The concept of
sustainable development is based on three main principles [14]:

– ensuring a balanced economy and ecology;
– ensuring the balance of the economic and social spheres in the human dimension,

which means the maximum use of the resources provided by economic development in
the interests of the population;

– solving tasks related to development not only in the interests of the current generation,
but also of all subsequent generations that have equal rights to resources.

The proposed scheme has three blocks: a data collection block, solution search block, and a
measure implementation block (figure 1). These blocks are sequential and must be implemented
in stages.

Stage 1. Assessment of the current state of the body of water. This stage is associated with
the need to conduct complex hydroecological studies. It is important to note that in
Ukraine on September 19, 2020, the Resolution of the Cabinet of Ministers of Ukraine
approved the Procedure for State Water Monitoring. State water monitoring is
carried out in order to ensure the collection, processing, preservation, generalization
and analysis of information about the state of the bodies of water, forecasting its
changes and developing scientifically based recommendations for decision support in
the field of water use, protection and reproduction of water resources. It is important
to note that this monitoring is based on the basin principle and is regulated by the
EU Water Framework Directive. Today, unfortunately, the water monitoring system
is not fully implemented. Modern works performed by authorized bodies relate to
the formation of reference indicators. At the same time, the assessment is based
on the comparison of the current values of hydrobiological, physicochemical and
hydromorphological indicators, determined in the monitoring process, with their
reference values, that is, those that could exist in the absence of anthropogenic
influence [15].
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Figure 1. Scheme of the stages of making systemic decisions on estuary management

Stage 2. Definition of the problems and their ranking. Work in this stage involves the use of
integrated structural and functional indicators that allow assessing problems in the
ecological state of estuaries or the imperfection of management decisions. At the
same time, there are cases when it is necessary to give prospective assessments to
qualitatively new processes and phenomena that have not been encountered before
and about which, of course, there is no information. The possibility of solving the
mentioned problems, even in the absence of theoretical justifications, is achieved
due to the skilful use of experience, intuition and knowledge of specialists, scientists
working on solving the relevant problems. This method is called the method of
expert evaluations [16]. It allows to rank ecological problems and to determine
environmental management priorities. According to the results of this stage, priority
problems will be determined, the solution of which will have the greatest cumulative
effect.

Stage 3. Evaluation of ecosystem services. Ecosystem services are all the benefits that
humanity receives from ecosystems. In other words, these are services for providing
humanity with natural resources, a healthy habitat, and other ecologically and
economically significant “products”. Among the numerous ecosystem services,
those that provide resources (food, water, forest, raw materials), regulate processes
in ecosystems (impact on the climate, control over floods, natural disasters,
quality of water resources, etc.), provide cultural and social services (aesthetic
and spiritual values of nature) and support the functioning of ecosystems (soil
formation, photosynthesis, nitrogen cycle, etc.) can be selected. Unfortunately,
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the modern paradigm of environmental management does not take this assessment
into account and, accordingly, the adoption of an ecologically important decision
is evaluated unilaterally and does not take all aspects of the use of the estuary
ecosystem into account. Today, there are various approaches to the assessment
of ecosystem services. Thus, the Ramsar Committee, within the framework of
wetland management, proposed a rapid assessment of ecosystem services (Resolution
XIII.17). RAWES (Rapid Assessment of Wetland Ecosystem Services) practical
approach was designed as a simple and rapid assessment system that draws on data
from existing research but does not include detailed quantitative assessment. For a
more efficient and quantitative assessment of ecosystem services, a cost evaluation
should be used [17,18].

The second block of the systemic decision-making scheme for estuary management is based
on the implementation of the decision support system. The essence of the management
process is to make a decision – it is the choice of a course of action from a set of existing
alternative options. In such conditions, the problem of choosing the most rational and effective
solutions, that is, the best solutions, becomes one of the most important tasks of production
management [16].

This system is designed to support various types of activities when making decisions on
sustainable estuary use, restoration and management of the ecological state of the marine
environment with achieving socio-ecological and economic profit. The application of the system
ensures a thorough and objective analysis of the subject area when making decisions in difficult
conditions. In modern conditions, this approach helps to make management decisions, taking
more than one environmental factor into account and makes it possible to assess the short- and
long-term effects of the implementation of management measures. The multi-vector and holistic
approach of this information technology allows state management bodies, private investment
institutions, and local communities to decide on the most appropriate scenario for managing
local marine ecosystem in order to obtain the best socio-ecological and economic effect.

This system is based on 4 components:

Component 1. Database management system. Provides the ability to accumulate and
process primary data. It includes the following databases: climatic,
hydrometeorological, water quality, diversity of flora and fauna, natural
resources and their use, recreational resources and their use.

Component 2. Geoinformational system. Allows to visualize the decision-making process
and demonstrate the scale of changes or potential consequences from the
implementation of management decisions.

Component 3. Mathematical and predictive models. This component is based on the broad
involvement of mathematical modelling of all processes that are observed
during the interaction of living beings with each other and the environment
under the conditions of intense anthropogenic load.

Component 4. Informational and management system for choosing strategic and operational
decisions. Provides an opportunity to predict possible changes in the
ecosystems based on database analysis using hydrological and climate models.
This, in turn, allows to form possible scenarios of ecosystem development.
With the use of dynamic flow charts, it will be possible to choose a strategic
and operational decision or a specific management measure, which will be
aimed at overcoming environmental and socio-economic risks.

The third block of the systemic decision-making scheme for estuary management is
dedicated to the implementation of the decisions made and includes 4 stages.
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Stage 1. Environmental assessment of decisions and projects. This stage involves the
completion of legally regulated evaluation processes of planned measures. Depending
on the type of activity, Strategic Environmental Assessment and Environmental
Impact Assessment are distinguished. Strategic Environmental Assessment (SEA)
is a procedure that is necessary in order to determine, describe and evaluate the
consequences affecting the environment and the health of the population through
the implementation of state planning documents (urban planning documentation: a
master plan, a detailed plan of the territory or a territory zoning plan, schemes
of district planning, strategies, national programs, state target programs and
other programs and program documents that are developed and/or subject to
approval by the state authority, local self-government body), development of
measures to prevent, reduce and mitigate possible negative consequences [19]. The
Environmental Impact Assessment procedure (EIA) is designed to identify the
nature, intensity and degree of danger of the impact of any type of planned economic
activity on the state of the environment and the health of the population [20].

Stage 2. Implementation of environmental measures. As part of this stage, the planned
activities for solving environmental problems of a specific body of water are being
implemented. It should be noted that expert supervision of measure implementation
and ecological and economic audits are integral tools within this stage. Quite often,
non-compliance with technological processes or changes in design solutions occur
during the implementation of measures.

Stage 3. Efficiency evaluation. The effectiveness measure implementation of measures is the
final condition of ecological management. Thus, estuary management aims to solve
not only environmental problems, but also take social and economic aspects into
account. That is why efficiency evaluation should be based on the assessment of the
state of indicator species and habitats, as well as on socio-economic indicators in
the region of implementation of ecological management projects.

Stage 4. Search for new solutions and their improvement. The cyclic nature of ecological
management is an important component of the continuous development and
preservation of the natural resource potential of estuaries. Given that the estuaries
of the region are complex natural multicomponent systems, changes in which can
occur quite rapidly, it is necessary to include constant improvement of control
elements. It is also important to note that our knowledge and management methods
are constantly improving, and this, in turn, can contribute to the search for more
effective measures to restore these hydroecosystems.

3. Conclusions
The Azov-Black Sea coast is represented by a significant number of estuaries and bays, which
functioned for a long time thanks to an artificial connection with the sea. Molochny, Berezansky,
Tyligulsky, Tuzlovsky estuaries, Eastern Sivash, and others are among them. They have
important scientific, social and environmental significance. Most of them are included in the
nature protection territories of Ukraine as national parks and have the status of wetlands of
international importance. On the other hand, they are important from the socio-economic point
of view, since reproduction and feeding of fish takes place in their water areas, and in the future,
fishery.

The functioning of most estuaries in the region has always been related to the level of water
exchange through artificial channels with Azov or Black Sea. For a long time, the management
of these bodies of water took place spontaneously and was aimed at the formation of various
ecological states. The lack of a systemic concept in the development of estuary management
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plans does not make it possible to make the necessary management decision. An important
element in choosing the necessary solutions is the evaluation of ecosystemic services, as a tool
for finding a balance between ecological, social and economic directions of estuary use. These
assessments should determine the development vector of the estuary ecosystem, which will ensure
the rational use of its natural resource potential.

Despite the obvious need to introduce a systemic approach to decision-making for estuary
management, there are currently no methods of holistic assessment of their condition and
decision-making strategies within the framework of ecological management. The proposed
comprehensive approach is a practical tool for ensuring balanced nature management of the
investigated hydroecosystems. Developed scheme of stages of systemic decision-making for
estuary management is based on the implementation of successive stages, with a multi-
component decision support system functioning in its centre. This scheme is cyclical and requires
constant improvement of the decisions made and evaluations of the effectiveness of measures.
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Abstract. This paper provides the comparative morphological analysis of P. ridibundus
chromosomes in different population systems of southern Ukraine. A certain variability and
heteromorphism of individual homologs and of whole chromosome pairs was established. The
chromosomes of P. ridibundus in populations consisting of a single species (Crimea, Zalisne,
Arabat Spit) are relatively stable in quantitative and qualitative terms. Karyotypes are more
variable in the lower reaches of the Dnipro River and Kharkiv Region, where the hybridogenic
taxon P. esculentus lives together with P. ridibundus. It is assumed that such a relative
constancy of chromosomes of southern Ukrainian P. ridibundus in pure RR-systems indicates
both a high potential of their resistance to factors and an intraspecific genetic balance. This
study is especially important in terms of conservation and enhancement of genetic and biological
diversity, which mainly ensures the sustainability of ecosystems functioning.

1. Introduction
The South of Ukraine is characterized by a unique biological and genetic diversity of both
typical widespread species and rare ones, which can preserve their unique relict nature with their
own mechanisms of evolution and speciation [1]. What is interesting here is the hybridogenic
speciation as a special source of increasing biological diversity, and this requires a new strategy for
its assessment, protection and preservation. Pelophylax ridibundus (Pallas, 1771) is involved in
all these processes. It is the most common typical species of amphibians of freshwater reservoirs
of southern Ukraine and one of the parent species of the hybridogenic complex of green frogs
of the genus Pelophylax. The vast majority of “pure” RR populations of P. ridibundus are
distributed in the southern and southeastern parts of Ukraine. In other regions, it is often found
in a complex with other species, namely P. lessonae and the hybrid taxon P. esculentus.

It is known that P. ridibundus is considered to be a complex of cryptic species. According
to the analysis of mitochondrial and nuclear DNA, it was established that this species, in
particular in the south of Ukraine and Crimea, is represented by two genetically differentiated
forms – “western” (= Central European – P. ridibundus) and “eastern” (= Anatolian P. cf.
bedriagae) [2, 3]. On the basis of our morphological studies and the latest literature data, it
has been preliminarily proven that P. cf. bedriagae lives in Crimea, while P. ridibundus lives
in the lower reaches of the Dnieper and further to the north and west. We also assume that P.
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cf. bedriagae, might inhabit southeastern Ukraine, connected with the small rivers of the Azov
region. Almost all known studies in this area are based on molecular and genetic data. It is
quite important at this stage to establish more “visible” diagnostic traits, in particular at the
level of ecology, morphology, and chromosomal indicators. The latter are important given the
fact that amphibians are characterized by stable chromosomal conservatism, in which the same
number of chromosomes is characteristic not only for species, but also for genera and families.
Since it is the karyotype that ensures the stability of the existence of the species, therefore it
is important to investigate how karyologically stable this species is, especially in the conditions
of southern Ukraine. The importance of such features is essential from the point of view of
protection, preservation, and increase of biological diversity, which is based on complex invisible
genetic mechanisms, which can have great potential for understanding the role of hybridization
as a source of speciation.

2. Research aim and objectives
The aim of the study was to identify specific characteristics at the level of karyotypes and
to conduct a comparative morphological analysis of P. ridibundus chromosomes from different
populations of southern Ukraine, including the Crimea.

3. Material and methods
The study was carried out in accordance with all modern requirements for the handling of
experimental objects. Eight individuals of P. ridibundus were used in the study. For comparison
of karyotypes, typical populations of P. ridibundus were selected (figure 1): Kherson Region,
Henichesk District, Arabat Spit, recreation center “Valok” – 1 specimen (point 1); Kherson
region, Hola Prystan District, near Stara Zburyivka village – 2 specimens (point 3); Crimea,
Bakhchysarai District, village Zalisne (the material was collected before 2013) – 3 specimens
(point 4) and a more distant point where the relevant population systems are widespread –
Kharkiv Region, Izium District, near Snizhkivka village – 2 specimens (point 2).

A total of 49 metaphase plates were analyzed, 20 of which were selected for morphological

Figure 1. Populations of P. ridibundus used for analysis (the points are described in the text).
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analysis. The preparation methods of karyological preparations, video recording, analysis and
karyotyping of chromosomes, peculiarities of homologues selection and their typing are described
in detail in our previous works.

4. Results
The standard karyotype of P. ridibundus is symmetrical and represented by two-armed
chromosomes. It is characterized by the diploid number of 2n = 26, and the number of arms
of N.F. = 52. The karyotype includes 5 pairs of large and 8 pairs of small chromosomes. The
1st is a large metacentric, the 2nd, 3rd and 4th pairs of chromosomes are submetacentric, the
5th pair is the smallest metacentric in the group of large chromosomes. The 6th and 7th pairs
are also metacentrics among small chromosomes. The 8th and 9th pairs are represented by
subtelocentric chromosomes (on some plates they can be submetacentric), especially the 9th
pair, which is characterized by a certain variability, since there is a secondary band on its long
arm. The 10th, 11th, 12th, and 13th pairs are submetacentrics. The formula of the P. ridibundus
karyotype is 4 meta-(m) + 7 submeta-(sm) + 2 subtelocentric-(st), 2n = 26, N.F. = 52.

First of all, it should be noted that all the analyzed metaphase plates and karyograms
correspond to the standard karyotypes of P. ridibundus, but at the same time there is a
certain variability and heteromorphism of individual homologs and of whole chromosome pairs.
Particular attention should be paid to the study and clarification of the standard types of the
last 4 pairs of chromosomes. Regarding the 10th pair, it can be said that, in contrast to the
indicated submetacentric type, in the vast majority it is represented by subtelocentric homologs.
All analyzed plates show secondary bands on the long arm of the 9th chromosome pair, which is
not always characteristic of other closely related species, such as the hybridogenic P. esculentus.
The chromosomes of P. ridibundus from Crimea and the Arabat Spit are relatively more stable in
terms of quantity and quality (figure 2). Homologs are easily selected, even with total coloring.

Figure 2. Metaphase plates and karyograms of Pelophylax ridibundus from southern Ukraine
(Crimea, Bakhchysarai District, Zalisne village and Kherson Region, Arabat Spit).

The chromosomes are more variable in the karyotypes of P. ridibundus from the lower
reaches of the Dnipro and Kharkiv Region (figure 3). Pairs often include chromosomes, which
are different in size, but identical in morphology. This may be typical for the first pair of
chromosomes, which was repeatedly emphasized in our previous studies. Heteromorphism of
individual pairs and homologs is also found among the group of small chromosomes, especially
the 6th, and the last three (11th, 12th, 13th). Incomplete sets are often found, which is typical
for all analyzed populations. More often homologs or even whole pairs are lost among the small
chromosomes (figure 4). Among the large ones, homologs of the 5th pair can be lost occasionally
(figure 5).
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Figure 3. Metaphase plates and karyograms of Pelophylax ridibundus from Kherson region,
Hola Prystan District, near Stara Zburyivka village, and Kharkiv Region, near Snizhkivka
village.

Figure 4. Metaphase plates and karyograms of Pelophylax ridibundus with incomplete sets of
chromosomes (Kherson Region, Hola Prystan District, near Stara Zburyivka village (1–2) and
Kharkiv Region, near Snizhkivka village (3)).

Figure 5. Metaphase plates and karyograms of Pelophylax ridibundus with incomplete sets of
chromosomes (Crimea, Bakhchysarai District, Zalisne village (1–3) and Kherson Region, Arabat
Spit (4).

5. Discussion
First of all, the prevalence of population systems of green frogs in Ukraine should be mentioned.
There are pure and mixed populations of parental species – RR, LL, RL, hemiclonal mixed –
RE, LE, REL, and hybridogenic EE-type systems. In southern Ukraine, the most common are
populations of P. ridibundus (RR) and mixed semi-clonal systems – RE and REL with different
ploidy, abundance, and specific sexual structure. In different parts of their range, they have
corresponding percentages, genetic structure, and other specific population characteristics [4].

The main result of the conducted comparative morphological analysis is the relative stability
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of P. ridibundus chromosomes in RR-populations (Crimea, Arabat Spit). Perhaps in such
populations P. ridibundus has a more homogeneous genetic structure, which is manifested
in the relative uniformity of chromosomal parameters, while incomplete sets are still present.
Populations in which individuals with mosaic, i.e. with di-, tri-, and more, and aneuploid
cell lines [5] are found mostly majority in P. esculentus and in all mixed population systems.
One of the reasons for this may be a violation of the process of genome elimination or
other mechanisms that arise during multidirectional hybridogenic speciation. According to
our data, such karyotypes are also present in RR populations. As noted, P. ridibundus from
southern Ukraine has an ambiguous systematic status, in particular in the Crimea there are two
genetically differentiated forms [3,6] that can make their own adjustments of gamete production,
introgression, genome composition, which can be manifested at the chromosomal level. It is
interesting that alleles of the “western” form are less common than the “eastern” form in the
south, moreover, it is believed that the territory of Crimea was inhabited by P. ridibundus of
the Anatolian lineage, directly from the Caucasus. Probably, the extensive delta systems, which
were formed in the regressive stages of the Black Sea basin during the Holocene, Pleistocene, to
the southeast and west of the Crimea, contributed to this.

The karyotypes of P. ridibundus in the lower reaches of the Dnipro River and Kharkiv
Region are much more variable. In this part of Ukraine P. ridibundus lives together with
hybridogenic taxon P. esculentus. The RE-type population system has a very diverse genetic
structure, with the presence of polyploids, a large diversity of parental genomes that are
produced, transmitted, and inherited through complex genetic mechanisms [7–10]. Therefore, all
these factors can be manifested in the variability of homologs, the qualitative and quantitative
characteristics of chromosomes. Of course, we allow for the possibility that our results are related
to geographical variability, different nature spiralization and condensation of the chromosomes
and their individual parts, which can lead to heteromorphism of homologs.

6. Conclusion
The results of the study suggest that such a relative constancy of chromosomes of the southern
Ukrainian P. ridibundus in pure RR-systems indicates a high potential of their resistance to
factors and their intraspecific genetic balance. At the same time, we allow for the possibility of
introgression between the “eastern” and “western” forms. P. ridibundus in mixed RE-systems
has a certain genetic and ecological interaction in the process of hybridogenic reproduction
that directly affects the morphology of the karyotype, which is manifested in the variability
of homologs, their qualitative and quantitative characteristics. The presented materials are
only preliminary and require confirmation with the use of comparative statistical methods of
the relevant chromosomal indicators. It is also necessary to investigate the composition of
the genome, the genetic structure, to what extent molecular variability is comparable with
chromosomal variability, and how it is reflected in different populations of green frogs. This
is especially important from the point of view of preserving and increasing the genetic and
biological diversity, which mainly ensures the sustainability of ecosystems functioning.
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Abstract. The peculiarities of the transformation of river ecosystems in the reservoir at the
construction of mini-hydropower plants have been found out. It was also found that the large-
scale hydraulic engineering in the second half of the XX century caused significant changes in
environmental conditions in the waterbodies, which has led to negative dynamics of species
richness of aquatic organisms in general and phytoplankton in particular. Reservoir building
has a significant negative impact on river ecosystems: currents slow down and disappear, canals
become silted up, harmful substances of household and industrial waste gradually accumulate.
The transformation of rivers into lake-type reservoirs is also accompanied by changes in the
species composition and structure of phytoplankton. Eutrophication of reservoirs becomes
typical. All this leads to significant degradation in aquatic ecosystems.

1. Introduction
At the beginning and in the middle of the XX century, small hydropower plants (MHPPs)
were built on a large number of small and medium-sized rivers in Ukraine. In the 1930-1980-s,
there were estimated more than 1,500 of them, now there are only 98 ones [1]. The building of
reservoirs has caused radical changes in the ecological condition of rivers. Currents slowed down
or disappeared completely on large sections of riverbeds, water exchange began to be determined
by the mode of operation of hydroelectric power plants. This dramatically changed, first of all,
the hydrological and hydrochemical regimes of rivers [2]. Another consequence was siltation and
accumulation of harmful substances from industrial, agricultural and domestic effluents, which
also leads to changes in the hydrochemical regime, mainly due to increased concentrations of
biogenic substances [3, 4].

At the beginning of the 21st century, scientists around the world came to the conclusion that
rivers need to be revitalized. In practice, it is necessary to study each individual case in detail,
and only after that a conclusion can be made about the feasibility of existing hydraulic structures.
In the United States, about 900 dams were dismantled between 1990 and 2015. France and



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012020

IOP Publishing
doi:10.1088/1755-1315/1254/1/012020

2

Canada have also completed important dam removal projects. In Japan, the dismantling of
dams began in 2012 [5–7].

Due to the plans for significant expansion of hydraulic engineering on small rivers of the
Forest-Steppe of Ukraine, it is extremely important to find out the nature of the impact of
MHPP on hydrochemical and hydrobiological regimes. An important aspect of the study is to
identify patterns of composition, structure and functioning of hydrobionts under the conditions
of transformation of river ecosystems into ponds and lakes. It appears extremely necessary to
develop measures to minimize the harmful effects of HPPs for optimizing the state of reservoir
ecosystems. This study is relevant in the framework of the European Framework Directive
(WFD), adopted in 1992 in order to intercalibrate rivers and ensure the synchronization of
research and the possibility of comparison and generalization of information [8, 9].

2. Material and methods
The study was conducted at 7 MHPP reservoirs located on Koropets River (Koropetske
reservoir), Hnily Tikich River (Zvenygorodke and Lotashivske reservoirs), Hirsky Tikich River
(Yurpilske and Hordashivske reservoirs) and Ros River (Steblivske and Korsun-Shevchenkivske
reservoir). In accordance with the existing classification, small hydropower plants (SHPPs)
include hydroelectric power plants with a capacity of 1 to 10 MW, mini-HPPs – from 200
to 1000 kW, micro HPPs – no more than 200 kW. So, the reservoirs of mini-hydroelectric
power stations described in the article are: Koropetskaya HPP (250 kW), Zvenigorodskaya HPP
(400 kW), Lotashiv HPP (420 kW). Yurpolska (not functioning), Gordashivska HPP (400 kW).
Steblivska HPP (3.0 MW) and Korsun-Shevchenkivska HPP (1.2 MW) are already small HPPs.

The selection of material was carried out during expeditions in 2013-2020 in the warm
period (from April to September). Data from hydrological yearbooks, kindly provided by the
Geophysical Observatory of the Hydrometeorological Service of Ukraine in Kyiv, were used
to study the dynamics of hydrological conditions of reservoirs in the region. Processing of
hydrochemical water samples (64 samples) was carried out in a specialized chemical laboratory
of the Ukrainian Hydrometeorological Institute UkrGMI. Temperature, hydrogen index (pH),
and the amount of dissolved oxygen in water were determined directly on the reservoirs using
the certified electronic device Ecotest-2000 (№ 19027-99 in the State Register). To examine
phytoplankton, a Rutner bathometer was used (water samples were taken from a surface
layer and a 1.5 m layer). Water was fixed with a 2% formalin solution. After settling,
the sample volume was increased to 30-100 cubic using a siphon. Determination of the
species and quantitative composition of algae was carried out jointly with the staff of the
Institute of Hydrobiology of the National Academy of Sciences of Ukraine according to standard
methods [10–12]. Assessment of water quality of fishery reservoirs and reservoirs of complex
purpose was carried out according to SOU 05.01-37-385: 2006 [13]. Hygienic classification of
bodies of water was carried out according to State Sanitary Rules and Regulations 2.2.4-171-
10 2010 [14]. Ecological assessment of surface water quality was carried out using generally
accepted methods [10,15].

3. Results and discussion
Hydrochemical characteristics are important markers of the ecological status of waterbodies.
In terms of the content of basic chemicals, the water of the reservoirs of the Forest-Steppe
MHPP meets the state fishery standards (MPC) in most indices. A slight excess of the MPC
for magnesium (in 1.09–1.15 times) was observed in the Yurpil and Korsun-Shevchenkivsky
reservoirs. Exceeding the MPC for this element together with calcium leads to increased water
hardness. However, the increasing change of water hardness has a positive effect on the state of
aquatic organisms, and the decrease – on the contrary. In terms of salt composition, the water
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Table 1. Main hydrochemical characteristics of the MHPP reservoirs in the Forest-Steppe zone
of Ukraine.

Reservoirs∗

Index∗∗ 1 2 3 4

pH 7.63 ± 0.1 7.83 ± 0.1 7.80 ± 0.1 8.0 ± 0.1
Mineralization, mg/dm3 463 ± 23.1 639.7 ± 22.4 661.5 ± 22.1 624.4 ± 20.3
Bicarbonates, mg/dm3 301 ± 13.1 419.4 ± 13.3 411.7 ± 12.8 411.0 ± 12.9
Sulfates, mg/dm3 28.0 ± 2.3 46.5 ± 4.9 53.3 ± 5.4 33.0 ± 3.9
Chlorides, mg/dm3 24.9 ± 2.2 38.3 ± 3.7 44.6 ± 4.6 44.6 ± 3.8
Magnesium, mg/dm3 27.2 ± 2.4 48.3 ± 3.1 44.2 ± 3.2 48.5 ± 5.3
Calcium, mg/dm3 52.7 ± 4.6 48.5 ± 4.9 61.3 ± 6.7 44.0 ± 4.1
Hardness of water 4.9 ± 0.2 7.2 ± 0.2 7.2 ± 0.2 7.0 ± 0.2
Potassium, mg/dm3 52.7 ± 4.4 11.9 ± 0.9 14.9 ± 1.3 13.3 ± 1.6
Sodium, mg/dm3 18.4 ± 1.4 23.7 ± 2.3 30.0 ± 3.0 26.6 ± 2.9
Iron, mg/dm3 0.04 0.05 0.03 0.03

Index∗∗ 5 6 7 MPC∗

pH 8.0 ± 0.2 7.9 ± 0.2 7.7 ± 0.2 6.5–8.5
Mineralization, mg/dm3 624.4 ± 25.2 536.9 ± 26.3 532.4 ± 23.3 1000
Bicarbonates.mg/dm3 411.0 ± 14.1 341.6 ± 13.9 330.4 ± 12.8
Sulfates, mg/dm3 33.0 ± 3.2 35.75 ± 3.9 34.8 ± 3.3 100
Chlorides, mg/dm3 44.6 ± 4.6 41.39 ± 3.7 39.7 ± 3.9
Magnesium, mg/dm3 48.4 ± 4.4 35.09 ± 3.7 35.7 ± 5.1 40
Calcium, mg/dm3 55.8 ± 6.9 56.6 ± 3.8 55.5 ± 6.9 180
Hardness of water 7.1 ± 0.2 5.8 ± 0.2 5.6 ± 0.2 6.5–8.5
Potassium, mg/dm3 13.3 ± 1.1 12.1 ± 1.1 12.5 ± 1.4 50
Sodium, mg/dm3 26.6 ± 2.3 24.4 ± 2.2 24.4 ± 2.6 120
Iron, mg/dm3 0.03 ± 0.001 0 0 0.1

Note: ∗ Reservoirs: 1 – Koropetske, 2 – Zvenygorodske, 3 – Lotashivske, 4 – Yurpilske,
5 – Hordashivske, 6 – Steblivske, 7 – Korsun-Shevchenkivske;
∗∗ according to SOU 05.01-37-385:2006: pH 6,5–8,5; mineralization – 1000; sulfates – 100;
magnesium – 40; calcium – 180; potassium – 50; sodium – 120; iron – 0.1.

of the studied reservoirs belongs to the bicarbonate-calcium type. Bicarbonates predominate in
all investigated reservoirs (table 1).

According to the criteria of pollution by components of a salt composition, water in reservoirs,
on average, was determined as having an index – 2.0, which applies to class II of category 2 (good,
clean). According to ecological and sanitary indices ( State Sanitary Rules and Regulations 2.2.4-
171-10), the average value of the water quality category of reservoirs was determined as 3.66
(4.0), which applies to class IV of category 4 (satisfactory, slightly polluted).

Considering the biogenic substances, there was detected a significant excess of concentrations
of nitrites and phosphates. Exceeding the MPC was observed for the following indices: in
the reservoirs Koropetske (nitrite by 3.5 times), Steblivske (nitrite by 5.0 times) and Korsun-
Shevchenkivske (nitrite by 20.0 times and ammonium nitrogen by 1.4 times). All this indicates
significant decay processes or significant industrial and domestic effluents. Excess MPCs for
phosphates are also related to this. The worst situation is observed in Steblivske (phosphates by
10.6 times) and Korsun-Shevchenkivske (phosphates by 10.2 times) reservoirs. The high levels
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Table 2. Biogenic substances in the MHPP reservoirs in the Forest-Steppe zone of Ukraine.

Reservoirs∗

Index∗∗ 1 2 3 4

Ammonium nitrogen, mgN/dm3 0.03 ± 0.001 0.38 ± 0.001 0.08 ± 0.001 0.1 ± 0.001
Nitrogen nitride, mgN/dm3 0.24 ± 0.02 0.04 ± 0.001 0.01 ± 0.0001 0.03 ± 0.001
Nitrogen nitrate, mgN/dm3 1.01 ± 0.3 0.2 ± 0.002 0.06 ± 0.002 0.1 ± 0.001
Mineral nitrogen, mgN/dm3 1.15 ± 0.4 1.5 ± 0.001 0.14 ± 0.01 0.24 ± 0.002
Phosphates, mgP/dm3 0.09 ± 0.005 0.39 ± 0.003 0.39 ± 0.02 0.2 ± 0.002

Index∗∗ 5 6 7 MPC∗∗

Ammonium nitrogen, mgN/dm3 0.08 ± 0.001 0.161 ± 0.001 0.53 ± 0.01 0.39
Nitrogen nitride, mgN/dm3 0.01 ± 0.002 0.36 ± 0.001 0.4 ± 0.01 0.02
Nitrogen nitrate, mgN/dm3 0.06 ± 0.01 0.77 ± 0.006 0.82 ± 0.02
Mineral nitrogen, mgN/dm3 0.144 ± 0.06 0.93 ± 0.008 1.38 ± 0.04 -
Phosphates, mgP/dm3 0.4 ± 0.002 0.51 ± 0.005 0.51 ± 0.03 0.05

Note: ∗ names of reservoirs, as in table 1; ∗∗ according to SOU 05.01-37-385:2006
ammonium nitrogen – 0.39; nitrite nitrogen – 0.02; phosphates – 0.05.

Figure 1. The ratio of the main groups of phytoplankton (a) and the amount of biogenic
substances (b) in the Koropets reservoir.

(by 3.4–8.6 times) of phosphates were also detected in the rest of the reservoirs (table 2).
Phosphates are known to be primarily associated with detergents, so they are most abundant

in reservoirs located in densely populated areas. The situation with biogenic substances is
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complicated by the regulation of river runoff arising as a result of reservoirs creation. Slowing
down and disappearing of currents leads to the accumulation of harmful substances from runoffs.
The lower parts of reservoirs and the reservoirs in the lower part of rivers are the most polluted.

The upper reaches of reservoirs are characterized by minimal indices of biogenic substances
(nitrites – 0.054 ± 0.001; phosphates – 0.233 ± 0.02), middle parts (0.129 ± 0.01; 0.366 ± 0.03),
lower parts (0.157 ± 0.015; 0.417 ± 0.04). These data clearly reveal the consequences of river
regulation by the dams. The current is maintained in the upper reaches, and the nearest territory
has a minimum amount of settlements. The middle and lower parts contain a predominant
number of settlements, which are related to industrial, agricultural and domestic effluents. The
decomposition of organic matter during eutrophication, which is the source of biogenic substance
accumulation, is also the most significant there.

The above-mentioned hydrochemical parameters play an important role in the formation
of groups of aquatic organisms, primarily phytoplankton. The phytoplankton excessive
development (eutrophication) correlating with a significant excess of the MPC for biogenic
substances, especially phosphates, was observed. A rectilinear dependence of the number of
cyanophytes from the number of biogenic substances has been proved. On the other hand, an
exaggeration of the amount of phosphates leads to inhibition of the activity of algae, especially
diatoms. As shown above, the amount of phosphates depends on a number of reasons, among

Figure 2. The ratio of the main groups of phytoplankton (a) and the amount of biogenic
substances (b) in the reservoirs of Hnily Tikich River.
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the most important are the size of the reservoir, the density of settlements on the banks and
the area of reservoirs along with the flow. The same factors are observed highly influencing the
phytoplankton abundance.

The amount of phosphates is not significant in the small Koropetske reservoir, but
cyanophytes predominate there (figure 1).

The quantitative ratio of different taxonomic groups of algae in general and cyanophytes
in particular differs in the reservoirs of the Gnily Tikich River. There is observed an another
pattern. Thus, one of the two studied reservoirs on the Gnily Tikich River – Zvenigorodske
one is located within the settlements and Lotashivske reservoir is located in sparsely populated
areas. In addition, the Lotashivsky reservoir is upstream, and Zvenigorodske one is in the middle
part. Having almost equal amounts of phosphates in these reservoirs, Zvenigorodske reservoir
has 372±23 thousand cells/dm3 of cyanophytes while Lotashivske reservoir shows the minimum
number of cyanophytes (56 ≥ ±11 thousand cells/dm3) and up to their total absence in the
upper and middle parts (figure 2). There are much more diatoms in the studied reservoirs:
5960 ± 35 thousand cells/dm3 in Lotashivsky reservoir and 7400 ± 43 thousand cells/dm3 in
Zvenigorodske reservoir (figure 2).

Similar results were obtained on the Hirsky Tikich River. Yurpilske reservoir is located in the
upper reaches in sparsely populated areas. There is a minimal amount of biogenic substances and
no cyanophytes. The number of diatoms is 4586 ± 41 thousand cells/dm3. The Gordashivske
reservoir is surrounded on two sides by settlements. Exceeding the MPC of phosphates was

Figure 3. The ratio of the main groups of phytoplankton (a) and the amount of biogenic
substances (b) in the reservoirs of Hirsky Tikich River.
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observed there by 4 times. The cyanophytes (1529 ± 16 thousand cells/dm3) were observed
throughout the reservoir. The number of diatoms was observed by 6-9 times lower (730 ± 23
thousand cells/dm3) comparing the previous reservoirs (figure 3).

The Steblivske and Korsun-Shevchenkivske reservoirs are located in the densely populated
lower part of the Ros River. As shown above, there was observed a significant exceedances
of the MPC for biogenic substances in these reservoirs. This significantly affected the species
composition and abundance of phytoplankton: the number of cyanophytes is 3272±45 thousand
cells/dm3 (Steblivske reservoir) and 5173 ± 52 thousand cells/dm3 (Korsun-Shevchenkivske
reservoir). The number of diatoms is much smaller: 1232 ± 21 thousand cells/dm3 (Steblivsky
reservoir) and 1366 ± 27 thousand cells/dm3 (Korsun-Shevchenkivske reservoir) (figure 4).

The relation between the concentration of nitrites and phosphates and the amount of
cyanophytes according to the results of correlation analysis is characterized as close (R = 0.861)
(figure 5). The observed reservoirs were classified as β-mesosaprobic and β′-mesosaprobic in
terms of saprobity and as mesotrophic (predominant type) in terms of trophicity.

4. Conclusions
In terms of the content of basic chemicals, the water of the reservoirs of the Forest-Steppe
MHPP meets the state fishery standards (MPC) in most indices. A slight excess of the MPC
for magnesium (by 1.09–1.15 times) was observed in the Yurpilske and Korsun-Shevchenkivske
reservoirs. According to the criteria of pollution by components of a salt composition, water
in reservoirs, on average, was determined as having an index – 2.0, which applies to class II of

Figure 4. The ratio of the main groups of phytoplankton (a) and the amount of biogenic
substances (b) in the reservoirs of Ros River.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012020

IOP Publishing
doi:10.1088/1755-1315/1254/1/012020

8

Figure 5. Correlation between the density of cyanophyte groups and the amount of biogenic
substances in the studied reservoirs.

category 2 (good, clean). According to ecological and sanitary indices (State Sanitary Rules
and Regulations 2.2.4-171-10), the average value of the water quality category of reservoirs was
determined as 3.66 (4.0), which applies to class IV of category 4 (satisfactory, slightly polluted).

Hydrochemical indices of some basic chemical parameters and most biogenic substances
exceeded or reached the MPC.

Thus, in the Koropetske reservoir the excess of biogenic substances is by 1.5–2.2 times; in the
reservoirs of the Gnily Tikich River – by 1.2–12.0 times; in the reservoirs of the Gorsky Tikich
River – by 1.4–3.3 times; in the reservoirs of the Ros River – by 1.4–40 times. This in turn
causes excessive development of phytoplankton, leading to “blooming” of water with excessive
development of cyanobacteria.

A close relation has been figured out between the concentration of cyanobacteria and
the amount of biogenic substances in the water, which depends on the territorial location
of the reservoir. The effect of cyanobacteria on certain groups of algae and other aquatic
organisms has been elucidated. Four groups of algae (Euglenophyta, Chrysophyta, Chlorophyta,
Bacillariophyta), the overall density of which reaches 7000 thousand cells/dm3, are found in
case of absence or minimum number of cyanobacteria (up to 3000 thousand cells/dm3) in the
reservoirs. This was observed in the Yurpilske, Lotashivske and Zvenyhorodske reservoirs. On
the contrary, if the density of Cyanophyta increases over 5000 thousand cells/dm3, it remains
only two groups of algae (Chlorophyta and Bacillariophyta) with an overall density of 1000–3000
thousand cells/dm3. This was observed in the reservoirs Steblivske and Korsun-Shevchenkivske.
During the intensive “blooming” of water in the studied reservoirs, the suffocations periodically
occurred, leading to the death of fish, crustaceans and other aquatic organisms.
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Abstract. In 2019-2020, research on the vocal activity of bats was carried out on the territory
of the Wind Farm LLC wind park (800 MW), which is planned to be built near Mariupol
(Donetsk region, Ukraine). There were used three methods of material collection: research on
the vantage points, on transects and at a stationary point throughout the night. The total
number of registered voices is 1554 signals, 695 of which are recorded in 2019 and 859 in 2020.
The article shows the dynamics of voice activity by seasons and phases of the life cycle. Based
on the activity index of mice, the dynamics of this indicator by months is shown. Forage and
migratory behaviour of bats, calculated by determining the index of their activity, shows the
average values. An analysis of the territorial distribution shows that bats confined to settlements
and open water bodies. The species composition of bats, identified for 1235 signals registered
in the territory of the projected wind farm, is stable and represented by widespread at least
10 species belonging to 6 taxonomic ranks. There were revealed some wind turbine generators
near which the implementation of minimization measures is required. In total, according to
forecasts, there are 10-16 such wind turbine generators within the Wind Farm LLC wind park.
Monitoring the state of bats in the project area both during the construction of the wind farm
and its operation is mandatory for the development and implementation of measures to minimize
the possible negative impact on bats.

1. Introduction
The main purpose of the methodological approaches is to summarize the basic requirements for
studying the activity of bats for the needs of the Project, which relates to the construction of a
wind farm together with ancillary infrastructure including a power transmission line.

2. Material and methods
Methods for collecting and analyzing information on the behavior of bats are based on national
and international practices [1–3].
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2.1. Research area
The research area is located 17 km west of Mariupol (Donetsk region, Ukraine), where the
construction of the wind farm is planned (figure 1). The research area covers the entire territory
of the Wind Farm LLC wind park together with the 330 kV power transmission line (PTL-330).

The current location of the planned project with the proposed location of vantage points is
presented in figure 1 and their characteristics is in table 1.

Figure 1. Location of bat detector vantage points within the Wind Farm LLC wind park (a
white line – wind farm boundaries; grey circle is a wind turbine generator (WTG); white circle
are the bat detector vantage points).

2.2. Duration and survey methods
Detector monitoring of bat activity is carried out within one year from the moment when bats
come out of hibernation (March) and until the cessation of autumn migration and search for
winter roost sites (October-November).
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Table 1. Characteristics of bat detector vantage points within the Wind Farm LLC wind park
(number according to figure 1).

Number Habitat North East

1 Farmland, forest belt, main road 47.1022 37.3121
2 Farmland, forest belt, dirt road 47.1204 37.3271
3 Farmland, forest belt, dirt road 47.1292 37.2994
4 Farmland, forest belt, dirt road 47.1273 37.2740
5 Farmland, forest belt, dirt road 47.1253 37.2466
6 Farmland, forest belt, dirt road 47.0999 37.2234
7 Farmland, forest belt, dirt road 47.0940 37.2551
8 Farmland, forest belt, dirt road 47.0763 37.2773
9 Farmland, forest belt, dirt road 47.0241 37.2347
10 Farmland, forest belt, dirt road 47.0389 37.2029
11 Farmland, forest belt, dirt road 47.0588 37.2294
12 Farmland, forest belt, dirt road 47.0712 37.2028
13 Farmland, forest belt, main road 47.1413 37.1878
14 Farmland, forest belt, dirt road 47.1275 37.1630
15 Farmland, forest belt, dirt road 47.1156 37.1403
16 Farmland, forest belt, dirt road 47.0688 37.1275
17 Farmland, forest belt, dirt road 47.0387 37.1570
18 Farmland, forest belt, dirt road 47.0159 37.1364
19 Settlement, seacoast 46.9507 37.2500

2.3. Main provisions of the methodological approaches
Determination of monitoring sites was carried out taking into account the main habitats
presented within the wind farm. There were used ultrasound detectors. Surveys were carried
out in the period shortly before sunset and for at least three hours after dark.

Three research methods were initiated: ultrasound detection in separate vantage points;
ultrasound detection on transects: ultrasound detection at a stationary vantage point throughout
the night.

To characterize the Bat fauna of the region, there were used retrospective data obtained both
within the project area and in adjacent areas.

2.4. Main requirements for environmental safety of the local populations of bats
All surveys were carried out within the wind farm after coordination of the work schedule and
basic methods with the land users. During surveys in all cases there were used headlamps with
electric light. Duration of surveys did not exceed the time intervals established by the method.
No catching was carried out during surveys. Number of researchers was 1-2 persons. Within
the project study area there was not found any colony of bats and swarming sites for day rest
or hibernation. During the study period certain individuals, roosts, potential habitats of bats
were not adversely affected by.

Taking into account the peculiarities of behaviour and biology of certain species of bats, to
determine the species composition, vocal activity and patterns of distribution of the Priazovie
species, the results of research in the adjacent areas were analyzed, which correctly characterizes
certain aspects of the existence of bats at the Wind Farm LLC wind park.
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2.5. Method 1. Ultrasound detection in separate survey vantage points
The study of territorial distribution, species composition, migration activity of bats was carried
out according to generally accepted methods, using mainly their remote component. The studies
were performed when bats were coming out of hibernation, during seasonal migrations and in
the breeding season. In the twilight, as far as the lighting allowed, visual observations were
made, and as darkness fell, there was used a “Pettersson D 240x” ultrasound detector. While
driving, certain vantage points were detected counting the number of bat signals received for 10
minutes and capturing geographical coordinates with the “GARMIN GPSMAP 78s” navigator
for their further processing in the Google Earth computer program. The signals of bats were
recorded with a “ZOOM HandyRecorder H2” digital device.

The spatial distribution and flying activity of bats within the wind farm and buffer zones
were determined at 18 vantage points counting the number of signals perceived by the ultrasound
detector for 10 minutes of detecting (table 1; figure 1).

All 18 vantage points are located within the wind farm in places with the highest density of
future wind turbines in accordance with the planning scheme. To compare the results of the
research, the vantage point number 19 was located in the village of Nova Yalta.

Thus, the total number of vantage points, the information from which we used to characterize
the activity of bats, is sufficient to objectively assess the status of chiroptera complexes of the
project area. Driving the car from point to point, the visual observation, as far as the lighting
allowed, has been carried out. This further characterized the altitudes and flight directions of
the animals.

2.6. Method 2. Ultrasound detection on transects
Taking into account the recommendations of “Surveillance and Monitoring Methods for
European Bats Guidelines produced by the Agreement on the Conservation of Populations
of European Bats (EUROBATS)”, as well as the example of carrying out similar surveys in
Germany [4], 6 transects with a total length of 46 km were created within the Wind Farm LLC
wind park (figure 2; table 2).

Table 2. Characteristics of transects within the Wind Farm LLC wind park.

Area VP at a transect Length, km Approximate time of passage

1 1-8 21.0 1 hour 00 minutes
2 13-15 10.5 0 hours 30 minutes
3 11-12 3.5 0 hours 10 minutes
4 9-10 3.5 0 hours 10 minutes
5 16 3.0 0 hours 10 minutes
6 17-18 4.5 0 hours 15 minutes

Total 1-18 46 km 2 hours 15 minutes

Transects are located so as to cover the main habitats. Agricultural lands, which are divided
into separate fields by forest belts, dominate within the Wind Farm LLC wind park. In the
north-eastern and south-western parts of the wind farm there are ravine-beam systems in the
relief and from the point of view of cracks, caves or underground roosts, these areas are not
very attractive for bats, but can serve as forage places for animals. Among the transport
infrastructure elements, there are two asphalt roads with medium load within the wind farm.
High-voltage power transmission lines and a network of dirt roads also run through the territory.
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Figure 2. Location of transects (a double white line) for detection of the vocal activity of bats
within the Wind Farm LLC wind park (a white line) in comparison with vantage points (1-18).

The main criteria for selecting transects. Taking into account the approximate standard of 1
km of transects for every 500 hectares of the project area, the transect of 46 km covers about
23.0 thousand hectares, which fully reflects the needs of research. Within this transect there
are 18 vantage points, the distance between them is approximately the same. The frequency of
detection is determined 10 times a year (1 – start of bat activity after hibernation; 3 – spring
migration; 2 – breeding season; 1 – summer period; 2 – autumn migration; 1 – search for winter
roost sites). When planning expeditions, favourable weather conditions for bat activity were
taken into account.

According to the functional zones, each transect is 100% located within the wind farm.

2.7. Method 3. Ultrasound detection throughout the night at a stationary vantage point
There was also used the Pettersson D500x ultrasound detector, which was installed to determine
the daily activity of bats on the wind farm territory not far from the planned location of the
wind turbine generator № 130 (figure 3).
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Figure 3. Installation location of the Pettersson D500x ultrasound detector and its settings.

Working conditions. Detector installation height – 2.0 m. Parameter settings of the Pettersson
D500X ultrasonic detector (figure 3). Duration of detection from 18:00 to 06:00. Frequency of
detection – March (1), April (3), May (2), June (1), August (1), September (4), October (4),
November (1); total 17 nights. Weather conditions did not interfere with the free behaviour of
bats (no precipitation, strong winds, low temperatures).

2.8. Analysis of collected data
Data analysis was performed according to generally accepted methods of statistical,
mathematical, tabular, graphical, cartographic and photographic processing using the following
services: Microsoft Office Excel; Microsoft Office Word; Foxit Phantom; STATISTICA 8; Google
Earth Pro; FastStone ImageViewer 4.9 Final.

2.9. Determination of bat activity indicators
It is a common international practice to carry out such studies to determine activity indicators
in order to assess the possible impact of a project wind farm on bats objectively.

Based on the results, the activity index for all bats is determined using the following formula:

Ix = Nx · 60/T,

where: Ix – activity indicator for the species or group of echolocation “x”; Nx – number of bat
flights of the species or group of echolocation “x” observed during registration at the vantage
point / transect (or during all registrations taken into account); T – total duration of the
analyzed registration at the vantage point / transect (or all registrations taken into account),
indicated in minutes.

Such calculations make it possible to characterize the periods of minimum and maximum
activity of bats for further action and measures for the management of natural environmental
complexes.

3. Results
3.1. Research at vantage points (Method № 1)
During expedition trips to the project area from September 2019 to August 2020, 18 detections
were carried out at separate vantage points. Detailed characteristics of the obtained field data
are given in table 3.
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Table 3. Characteristics of the intensity of bat signals in 2019-2020 at the vantage points of
the Wind Farm LLC wind park.

VP T , N , Ix, T , N , Ix, T , N , Ix,
2019 2019 2019 2020 2020 2020 2019-2020 2019-2020 2019-2020

1 99 15 9.09 111 5 2.70 210 20 5.90
2 95 24 15.16 90 11 7.33 185 35 11.25
3 91 11 7.25 90 9 6.00 181 20 6.63
4 95 19 12.00 93 2 1.29 188 21 6.65
5 100 20 12.00 94 2 1.28 194 22 6.64
6 90 13 8.67 90 5 3.33 180 18 6.00
7 91 6 3.96 90 4 2.67 181 10 3.32
8 90 11 7.33 93 22 14.19 183 33 10.76
9 92 13 8.48 92 7 4.57 184 20 6.53
10 91 10 6.59 96 21 13.13 187 31 9.86
11 90 9 6.00 90 3 2.00 180 12 4.00
12 91 6 3.96 95 6 3.79 186 12 3.88
13 91 4 2.64 81 4 2.96 172 8 2.80
14 95 2 1.26 80 4 3.00 175 6 2.13
15 93 6 3.87 80 2 1.50 173 8 2.69
16 91 6 3.96 80 5 3.75 171 11 3.86
17 93 5 3.23 82 8 5.85 175 13 4.54
18 98 3 1.84 87 7 4.83 185 10 3.34
19 94 7 4.47 92 46 30.00 186 53 17.24

Total 1770 190 6.44 1706 173 6.08 3476 363 6.21

Notes: T – survey duration, min; N – number of registered signals; Ix – index of bat activity
(see the Method). ND – (no detection) surveys were not carried out due to a sharp drop in
temperature and lack of animal activity.

Thus, in 2019, 190 signals were received at vantage points, and in 2020 – 173. To determine
the role of separate vantage points, we’ll analyze the number of registered signals at each of
them. We will remind that VPs 1-18 are located within the project wind park, and VP 19 is in
the village of Yalta (Donetsk region, Ukraine). As we can see from the results of surveys (table 3
and figure 4), in 2019-2020 the total number of recorded signals of bats was in the range of 6-35,
on average 17.22 signals for a vantage point. At five points the total number of signals was less
than 10, at 8 VPs it reached 11-20 signals, two points showed a result of 21 and 22 signals and 3
VPs had more than 30 signals. The vantage points that gained maximum values were located as
follows. VP 2 was next to the wind turbine generator 57, VP 8 – between the WTG 28 and the
WTG 24 (in the north of Manhush and not far from the pond), and VP 10 – next to the WTG
126 near the village of Demianivka. In our opinion and according to the results of previous
studies in the Azov-Black Sea region, such a relatively high activity of animals is associated
with the close location of the water area and settlements where bats have the opportunity to
rest and forage in the lighted areas. This assumption is confirmed by the results of detection at
VP 19 near the village of Yalta, where in total 53 signals were registered.

One of the indicators of animal behaviour is the activity index, which characterizes the
theoretical possibility of registering bats over a period of time. Figure 4 shows how the values
of this index change at separate vantage points. However, international practice focuses on the
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Figure 4. The ratio of the survey duration to the number of signals and the index of bat
activity at the vantage points of the Wind Farm LLC wind park in autumn 2019 and in 2020.

Table 4. Monthly dynamics of vocal activity of bats at the vantage points of the Wind Farm
LLC wind park in autumn 2019 and in 2020.

Year Month Duration, min N Activity index, Ix
2019 September 801 142 10.64
2019 October 779 45 3.47
2019 November 190 3 0.95
2020 March 124 0 0.0
2020 April 584 33 3.39
2020 May 405 42 6.22
2020 June 198 27 8.18
2020 August 395 71 10.78

2019-2020 Total 3476 363 M = 6.27

monthly dynamics of the bat activity index, which we calculated in table 4.
As we can see from table 4, the activity of animals, depending on the phenological phase of

their annual cycle, ranged from 0 signals per hour up to 10.78 signals per hour. Such indicators
are quite typical for the region and indicate the absence of natural and anthropogenic conditions
for increased activity of bats within the wind farm. The maximum activity of animals was
registered in August (10.78 signals per hour) and in September (10.64 signals per hour), which
is also traditional for bats, as it is during this period that the first migratory movements and
peak migrations for some species take place. The complete absence of signals at vantage points
in March, when nighttime temperatures drop sharply in relation to daytime temperatures, is a
fairly expected picture, in contrast to the relatively low values of the activity index in April –
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only 3.39 signals per hour. This can be explained by fluctuations in air temperature and atypical
weather conditions (at night in the second half of April, air temperatures dropped to + 3-4◦C).
Surveys in May and June revealed no differences from the average annual bat activity indicators
in the region.

3.2. Vocal activity of bats on transects (Method № 2)
The study of vocal activity of bats on transects was carried out during 12 expedition trips in
the period from November 2019 to August 2020. A total of 104 signals of bats were recorded.
The amplitude of vocal activity indicators within a single transect ranged from 0 to 10 sounds.

The characteristics of the vocal activity of bats during different phases of the life cycle indicate
the absence of periods of unconditional dominance. Thus, on April 13-14, 2020, a maximum of
20 signals was recorded on transects, and 10 of them were registered on the transect №1. This
is not a very typical picture, as according to our retrospective data in the region in mid-April,
activity indicators are not maximum. Instead, in May the activity of animals has always been
high, but within the transects in the project area we can see a rather unusual picture when at
night of May, 11-12, 18 signals were recorded, and the next night of May, 12-13, only 11.

The lack of results during the research in March and November is expected, because during
these periods bats are not very active and located near winter roosts, which are situated more
often than other places in the settlements, outside the transects. A more detailed description of
the summary results of research on transects is shown in tables 5-6.

Table 5. Dynamics of vocal activity of bats (signals) on transects (T1-T6) of the Wind Farm
LLC wind park in autumn 2019 and in 2020.

Date T1 T2 T3 T4 T5 T6 abs. %

11-12.09.2019 5 3 1 1 1 1 12 11.54
19-20.09.2019 4 1 0 0 0 0 5 4.81
11-12.10.2019 6 1 0 0 0 0 7 6.73
18-19.10.2019 0 0 0 0 0 1 1 0.96
12-13.11.2019 0 0 0 0 0 0 0 0.00
13-14.03.2020 0 0 0 0 0 0 0 0.00
13-14.04.2020 10 3 2 1 2 2 20 19.23
22-23.04.2020 2 0 0 0 0 0 2 1.92
11-12.05.2020 6 1 2 4 0 5 18 17.31
12-13.05.2020 6 1 0 1 1 2 11 10.58
08-09.06.2020 6 3 2 1 0 2 14 13.46
15-16.08.2020 6 2 2 1 1 2 14 13.46

Total. abs. 51 15 9 9 5 15 104 100.0
mr Total. % 49.04 14.42 8.65 8.65 4.81 14.42 100.0

Using the methodology of research on transects, data on the activity of animals in settlements
and at crossings between transects were additionally obtained. The LunaBAT DFR-1 PRO
ultrasound detector did not turn off during the entire route, and the capabilities of the built-in
GPS module allowed to “tie” each signal to the terrain. Thus, table 6 presents the results of
research obtained not only on transects but also in adjacent areas.

As we can see from table 6, the number of signals recorded in the settlements (Manhush,
Demianivka, Komyshuvate) is equal to 60, which is a high indicator compared to the short
travel time of these settlements. During the crossings between the transects, 73 signals were



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012021

IOP Publishing
doi:10.1088/1755-1315/1254/1/012021

10

Table 6. Vocal activity of bats (signals) during research on transects of the Wind Farm LLC
wind park in autumn 2019 and in 2020.

Date Transects Settlements Crossings between transects abs. %

11-12.09.2019 12 13 9 34 14.35
19-20.09.2019 5 7 7 19 8.02
11-12.10.2019 7 2 4 13 5.49
18-19.10.2019 1 4 0 5 2.11
12-13.11.2019 0 0 2 2 0.84
13-14.03.2020 0 1 0 1 0.42
13-14.04.2020 20 6 2 28 11.81
22-23.04.2020 2 1 1 4 1.69
11-12.05.2020 18 6 4 28 11.81
12-13.05.2020 11 2 13 26 10.97
08-09.06.2020 14 6 15 35 14.77
15-16.08.2020 14 12 16 42 17.72

Total, abs. 104 60 73 237 100.0

Total, % 43.88 25.32 30.80 100.0

received, which also indicates the high activity of bats, but this is due to the presence of two
large water bodies along which the expedition car was moving at a low speed. It is above the
waters of these reservoirs that bats find a satisfactory forage base.

To reflect the level of activity of bats within the transects, we use not only absolute values,
but also the calculated index of activity, which takes into account the detection time. Table 7
presents the results of such calculations. We can see that despite the largest absolute number of
signals within the transect № 1 (51 signals), the activity index here is equal to 4.25 signals per
hour, which is considered the average result. Within the transects № 2 and № 5, the activity
of animals is the lowest – 2.5 signals per hour. A total of only 15 signals were recorded on the
transect № 6 during the research period, which gives us a result of 5.0 signals per hour taking into
account the transect length and the duration of detection. Although this is the highest indicator
of bat activity on all transects, these values are average in terms of the possible negative impact
of wind turbines on animal populations.

Speaking of the average calculated indicator of vocal activity of bats, we state that for a
46-kilometer total transect within the Wind Farm LLC wind park, 3.85 signals can be recorded
per hour of detecting, which is considered to be a low number of animals.

3.3. Surveys at a stationary vantage point (Method № 3)
The method of obtaining additional information is to survey at a stationary vantage point
throughout the night using the Pettersson D500x ultrasound detector. Such studies primarily
provide information on the species composition of bats and their daily activity. In previous
years, such studies have given us a complete list of bat species in the Azov-Black Sea region.
Moreover, we have consolidated results from the territories of the Prymorsk wind farm (2 years),
the Botiievo wind farm (7 years), the Orlovka wind farm (2 years), the Prymorsk wind farm-
2 (2 years), the town of Melitopol (5 years), the village of Stepanovka-Persha (fragmentary),
the Obytichna Spit (fragmentary). Comparison of the species composition allows us to state
a fairly stable list of species, so it is absolutely correct to use such consolidated regional data
to characterize the species composition and vocal activity of bats for any area of the Pryazovie
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region.
For example, the stationary Pettersson D500x ultrasound detector has been recording the

signals of bats in automatic mode from 18: 00 to 06: 00 (for 720 minutes). A total of 14 surveys
were carried out (6 in 2019 and 8 in 2020).

Analyzing data presented in tables 8-9, we state that the activity of bats in their seasonal
dynamics was rather unstable. Thus, in March and November the lowest rates are traditional,
but behaviour of bats in April was extremely contrast. Even within neighbouring nights of the
detection we can see that in April, 13-14, 106 signals were registered, and the next night under
the same weather conditions there were only 6 signals. Sharp cooling in the second part of April
affected the results of the detection when on the night of April, 22-23, the device recorded only
one signal. Since May, the activity of animals was traditional for the region showing maximum
values in September, 2019 and August, 2020.

Surveys during all night allow to give characteristics of a daily behaviour of animals and
define periods of the highest activity and periods of attenuation.

Table 8 presents data regarding moments of the first and the last registration of bats according
to the duration of activity and shows the time of the median of signals (50 % of their total).

Analysis of tabular data (table 8) shows that half of the sounds heard throughout the
night was recorded before 24:00, and on colder nights (March, first half of April, October and
November) bats are active only during 2-3 hours, then their vocal activity decreases sharply. In
August and September, the duration of the period of animal activity is the largest (more than
8 hours), but the peak of this activity is at the first 2.5-3.5 hours. Such calculations are the
basis for specific well-grounded recommendations to minimize the possible negative impact of
operating wind turbines and the basis for environmental management measures.

4. Species diversity of bats
To obtain information on the species composition of bats that occur in different seasons within
the Wind Farm LLC wind park, three methods of data collection were used: ultrasound detection
on transects, detection at vantage points and a stationary method of detecting automatically
with a detector throughout the night. To these data there were added the signals obtained as a
result of their recording in settlements (accidental counts), during crossings between transects
and vantage points. A total of 1687 signals were obtained, 1235 of which were identified to the
species, using the most modern techniques [5]. Characteristics of counts, the number of signals
of certain species and their dynamics in 2019–2020 are shown in figure 5.

The species diversity of bats on the territory of the Wind Farm LLC wind park in autumn

Table 7. Index of vocal activity of bats on transects of the Wind Farm LLC wind park in
autumn 2019 and in 2020.

Transect Number
of signals Length, km Duration of a

survey, min
Number of

surveys
Total survey

time, min
Activity
index, Ix

1 51 21.0 60 12 720 4.25
2 15 10.5 30 12 360 2.50
3 9 3.5 10 12 120 4.50
4 9 3.5 10 12 120 4.50
5 5 3.0 10 12 120 2.50
6 15 4.5 15 12 180 5.00

Total 104 46 135 72 1620 3.85



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012021

IOP Publishing
doi:10.1088/1755-1315/1254/1/012021

12

Table 8. Activity of bats in autumn 2019 and in 2020 at the Wind Farm LLC wind park
according to the results of the ultrasound detection at a stationary vantage point.

Date N
Survey

duration, min
First

registration
Last

registration
Activity
duration Median

11-12.09.2019 107 720 20:01 03:53 07:52 22:41
19-20.09.2019 120 720 20:20 05:51 09:31 22:52
20-21.09.2019 155 720 22:00 04:53 06:53 22:53
11-12.10.2019 70 720 19:12 01:33 06:21 19:41
18-19.10.2019 5 720 19:23 03:27 08:04 19:51
12-13.11.2019 23 720 17:00 02:10 09:10 17:55
13-14.03.2020 2 720 18:56 19:08 00:12 −
13-14.04.2020 106 720 19:50 01:57 06:07 20:32
14-15.04.2020 6 720 21:35 02:47 05:12 22:50
22-23.04.2020 1 720 21:30 21:30 00:01 −
11-12.05.2020 115 720 20:48 02:28 05:40 23:53
12-13.05.2020 115 720 20:08 04:37 08:29 21:48
08-09.06.2020 95 720 21:34 02:01 04:27 23:12
15-16.08.2020 167 720 20:51 04:48 07:57 23:15

Total 1087 10080 17:00-22:00 01:33–05:51 6:11 21:47

Figure 5. Species diversity of bats on the territory of the Wind Farm LLC wind park (taxonomic
rank).

2019 and in 2020 is characterized by at least 10 species that belong to 6 taxonomic ranks.
Pipistrellus kuhlii, the part of which was 61.1% of the whole complex, was the undisputed
dominant. Within the group of Pipistrellus, there also were Pipistrellus nathusii (23 signals,
1.9%), Pipistrellus pipistrellus (28 signals, 2.3%) and Pipistrellus pygmaeus (3 signals, 0.2%).
Bats, not identified to the species, from the group Pipistrellus kuhlii – Pipistrellus nathusii
amounted to 10.4% (128 signals). Thus, we state that within the project area at least 4 species
of Pipistrellus overall in 2019-2020 amounted to almost 77% of all registered signals.

The subdominant was Nyctalus noctule with 138 signals, or 11.2%. Eptesicus serotinus was
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Table 9. Indicators of the bat activity index at a stationary vantage point within the project
area of the Wind Farm LLC wind park.

N Date Number
of signals

Night
duration∗, min

Activity
index, Ix

Activity
duration∗∗, min

Activity
index, Ix

1 11-12.09 107 612 10.49 472 13.60
2 19-20.09 120 639 11.27 571 12.61
3 20-21.09 155 642 14.49 413 22.52
4 11-12.10 70 711 5.91 381 11.02
5 18-19.10 5 734 0.41 484 0.62
6 12-13.11 23 805 1.71 550 2.51
7 13-14.03 2 671 0.18 12 10.00
8 13-14.04 106 565 11.26 367 17.33
9 14-15.04 6 562 0.64 312 1.15
10 22-23.04 1 534 0.11 1 −
11 11-12.05 115 475 14.53 340 20.29
12 12-13.05 115 472 14.62 509 13.56
13 08-09.06 95 415 12.3 267 19.1
14 15-16.08 167 521 19.23 477 21.01

Total abs. 1087 415-805 0.11-19.23 1-571 0.62-22.52
Average per night 77 597 8.37 368 12.7

Note: ∗ – night duration is calculated according to the astronomical calendar as the interval
between civil twilights; ∗∗ – activity duration is the interval between the first and last registration
of bat signals.

recorded 68 times, which is 5.5% of the total. Other species were extremely rare and each of
them did not score 3% of the total number of signals. This situation is typical for the entire
south of Ukraine and the Sea of Azov region in particular [6].

In relation to all species of bats in Ukraine, the bats of the project area are less than 40%,
which is a sign of relatively low species diversity.

5. Discussion
5.1. Assessment of the impacts caused by the construction and operation of the Wind Farm
LLC wind park (800 MW) on bats in 2019-2020
To assess the possible impact of the wind farm during its construction, an important indicator is
the index of animal activity at the project area. Tables 3-9 show the results of such calculations.
As we can see, the index of bat activity calculated from the results of surveys at separate vantage
points, at the stationary vantage points and within the transects was quite diverse.

Thus, with a time-limited study of the vocal activity of bats (the first 4-5 hours after twilight)
using detection methods at vantage points, the activity index on average was equal to 6.27 signals
per hour (lim: 0.0-10.78). During the detection on transects, this indicator was slightly lower –
3.85 signals per hour. A possible explanation for this is the presence of repeated sounds of one
individual in the records of signals for 10 minutes of the detection in one place, which is almost
impossible to assume when recording signals, constantly moving in the car across transects.

Stationary detections throughout the night gave a little more importance, but we should
take into account some features of such calculations. Table 9 shows the results of the vocal
activity of animals taking into account the time interval between the first and last registration
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of bats (period of activity) on the one hand, and the night duration (interval between evening
and morning twilight) on the other hand. In our opinion, the latter index is more indicative, as
it theoretically includes periods when bats are active but were not in the coverage area of the
detector. Thus, using the method of the stationary detection, we obtained the activity index
which amounted to 12.65 signals per hour for the period of activity, and 7.80 signals per hour
for the dark period of the day (per night).

The estimated total activity index, taking into account the results of three research methods,
was 6.93 signals per hour, which characterizes the project area as the average attractiveness for
bats (table 10).

Table 10. Estimated total index of bat activity on the territory of the Wind Farm LLC wind
park in autumn 2019 and in 2020.

Month Total
signals

Survey
duration, min

Ix
VP

Ix
Transect

Ix
Stationary VP

Average
Ix

March 2 930 0.0 0.00 0.18 0.13
April 168 2515 3.39 4.89 4.08 4.01
May 301 1622 6.22 6.44 14.57 11.13
June 136 748 8.18 6.22 13.73 10.91

August 252 1051 10.78 6.22 19.23 14.39
September 541 2964 10.64 3.78 12.11 10.95
October 128 2494 3.47 1.78 3.11 3.08

November 26 1130 0.95 0.00 1.71 1.38

Total 1554 13454 6.27 3.85 7.80 6.93

5.2. Research area zoning in terms of bat sound density
To obtain more specific information on the territorial distribution of bats in the project area, we
used the Kernel Density method for point objects. The result of applying this technique is the
construction of zones of increased activity of bats, both in certain periods and for all observation
seasons, on a cartographic basis.

Such zoning allows to identify places of potential risk for bats and to provide appropriate
recommendations on environmental management and minimization of impacts. The Kernel
Density method was described by us in previous articles [7–9].

5.3. Characteristics of the functional zones of the Wind Farm LLC wind park (800 MW)
5.3.1. The period of leaving winter roosts by animals (13-14.03.2020). In total, only one signal
was registered in the vicinity of Manhush, an urban-type settlement. Bats were not registered
within the wind farm, which may indicate the absence of conditions for wintering animals.
According to our surveys, the activity of bats in this period depends on weather conditions.
In the Azov-Black Sea region in all the areas where research has been carried out during the
last 10 years, the activity of animals was minimal. The forage base for bats in this period was
also depleted. We state that during the period when the animals leave their winter roosts, no
negative impact of the operating wind farm is expected on them.

5.3.2. The period of the spring migration and the formation of breeding colonies (13-14.03 –
13-14.04.2020). The increase in the number of signals, as an indicator of the activity of bats,
occurred in the next phenological period after the March studies – the spring migration and the
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formation of breeding colonies. There were obtained a total of 29 signals, which were unevenly
distributed throughout the project area. Thus, 20 signals were recorded on transects within the
wind farm, 6 signals in settlements and 2 signals in adjacent areas.

The highest density of signals was obtained in the following areas: 1) between the wind turbine
generators № 45, 47 and 57; there is a small beam system with wet areas, which presumably
attract bats; 2) northeast of the village of Ukrainka, where the nearest wind turbine generator
№ 17 is located at a sufficient distance to reduce the negative impact; 3) in the vicinity of the
village of Manhush near the pond with a large area of open water; the nearest wind turbine
generator is № 24 which is in the zone of increased signal density.

5.3.3. The period of reproduction and the peak activity of local bat populations (22.04-
13.05.2020). During this period, 58 signals were recorded. Analysis of the distribution of bats
and identification of areas of high signal density show us the following picture:

• the village of Demianivka and the forest in its vicinity, this zone includes the wind turbine
generators № 118, 125, 126 and 157;

• with a lower density of points is the next zone which includes the branch of the village of
Demianivka (southwest); no wind turbine generator entered this area;

• within the transect № 1 between the vantage points № 2 and № 3 in the wet descent there
is a zone of medium density, which includes the wind turbine generators № 45 and 47.

5.3.4. The period of summer flights (08-09.06.2020). During this period, we have information
about 35 signals, 14 of which were registered on transects within the wind farm. The rest of
them were in the settlements and during crossings between transects. This number of signals
allows to outline zones of high density of bats:

• the village of Demyanivka and its vicinity close to the wind turbine generator № 126; the
wind turbine generators № 157 and 118 are also in the zone of impact;

• the vicinity of the village of Manhush near the pond with a large area of open water; the
nearest wind turbine generator is № 24 which is in the zone of increased signal density.

5.3.5. The period of the disintegration of colonies, the beginning of autumn migrations and
grouping in flocks (15-16.08.2020). The maximum indicators of the vocal activity were obtained
during the beginning of autumn migrations – 42 signals. Analysis of the registration points of
these signals allows us to show the areas of the wind farm with the highest density:

• the zone of maximum density is located northwest of the village of Manhush; the wind
turbine generators № 21, 22, 23, 24, 27 and 28 are in this zone;

• the medium density zones are located on the transect № 1 (wind turbine generators № 17
and 34), the transect № 4 (wind turbine generators № 126, 127 and 130) and near the village
of Demianivka (outside the wind farm and transects).

5.3.6. The period of autumn migrations and grouping in flocks (11.09 – 19.10.2019). 71 signal
recorded in this period showed that the greatest density is located in the following locations:

• the vicinity of the village of Manhush, wind turbine generators № 23, 24 and 28;
• the village of Demianivka and the forest in its southern vicinity; wind turbine generators

are absent.
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5.3.7. The period of the last flights between roosts and the beginning of hibernation
(12-13.11.2019). The decrease in the activity of bats during this period led to accidental
registrations of animals. We operate with only 2 signals that did not have places of high density.
Both signals were recorded outside the wind farm on the Yalta-Manhush highway. Thus, the
activity of the wind farm during this period will not have a negative impact on bats.

5.3.8. Analysis of the density for the entire study period (September, 2019 – August, 2020).
Thus, applying the Kernel Density technique, we will show the zones of maximum indicators of
bat activity within the project area. Figure 6 shows these areas.

Most bats were registered in the north-western vicinity of the village of Manhush where the
transect № 1 partially passes, and there is a large pond too. This zone can also be divided
into areas (subzones) with different levels of impact on bats. The red, most dangerous subzone
includes wind turbine generators № 23 and 24. The lower risk subzone (orange) includes wind
turbine generators № 22 and 28. The yellow and green subzones are not endangered for animals.

The next thickening of bat registration points is located near the wind turbine generators №
45 and 47 (the transect № 1).

Also within the transect № 1 between VPs № 5 and 6 there is another accumulation of
bat registration points, but this zone lies outside the wind farm and none of the wind turbine
generators is planned to be installed here.

In the village of Demyanivka and around it there was another zone of average frequency of
bat counts. There is only one wind turbine generator № 126, the rest of the turbines are at a
safe distance.

The least risk zone is located at the beginning of the transect № 4, near the Yalta-Manhush
highway. Bats were found here quite regularly, but this area lies outside the wind farm. No
wind turbine generator will be installed there either.

5.4. The impact of the Wind Farm LLC wind park on the life of bats
5.4.1. Impacts caused by the construction. The construction of the wind farm is carried out
in a way that involves the location of the wind turbines in the forest belts. The quality of the
forest belts within the project area in some places is quite high, so site clearing for separate
wind turbine generators can have a negative impact on bats, dendrophiles.

1. Emissions of harmful substances. In the open environment the concentration of pollutants
is not higher than in industrial centers with a high level of air pollution, where bats live
permanently. In addition, during the construction emissions of harmful substances will not
exceed the permissible norms due to the absence of stationary sources of pollution and a
relatively short period of construction work. There is no negative impact on migrating bats.

2. Deterrence by visual effects and noise. Periods of daily activity of builders and bats
may not coincide. Humans and bats coexist in large cities, where traffic does not stop
around the clock. There are equally significant sources of noise in the surrounding areas
(settlements, agricultural machinery, roads). Judging by the fact that we have registered
animals everywhere, deterrence by visual effects is not threatening and the impact of these
factors on resident bats and migrants is at least insignificant.

3. Occupation of the territory by the working sites and equipment. There is plenty of space
on the working sites to avoid obstacles. In addition, the distribution of working sites and
equipment is insignificant and does not interfere with forage flights of the bats because of
the great wind farm area and and big distances between the wind turbine generators (up
to 500 m). Negative impact on bats from temporary placement of equipment is absent.

4. Loss of breeding sites. The roosts of bats, where they spend the day and breed, are usually
located in settlements and farm buildings among the agrocenosis. If the buildings are
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Figure 6. Kernel Density of count points of bats within the Wind Farm LLC wind park in
autumn 2019 and in 2020 (12 expedition trips; 237 signals).

not subject to liquidation during the construction process, the breeding sites are not lost.
Certain risks of loss of breeding sites exist for bats of the dendrophile group (Pipistrellus),
when areas of forest belts will be cut down to install some wind turbine generators. This
phenomenon is mosaic in nature, continuous deforestation is absent in the project, so for
most bats there is an opportunity to find alternative forest belts for breeding. It is for this
group of bats during the breeding period that the risk of negative impact is assessed as
medium, and it is absent during the periods of migration and hibernation.

5. Loss of individuals of certain species. The space on the sites is quite enough to bypass the
obstacles by the animals that have echolocation. As a rule, forage migrations were registered
at altitudes not exceeding 20 m and this altitude interval is safe for bats. Migrants are
represented by widespread species and the loss of individuals, which in one way or another
occurs in nature, will not lead to a critical status of populations as a whole. The negative
impact on migrating bats is characterized as low. Thus, the impact on bats during the
construction of the wind farm is from medium to minimal, and after this short period it is
absent.

5.4.2. Impacts caused by equipment

1. Long occupation of the territory and change of characteristics of the territory. Among the
equipment used in the construction of the wind farm and its infrastructure, heavy machinery
(trucks, tractors, cranes, etc.), cars, and storage of construction materials can impact on
bats. These types of work are accompanied by the formation of large amounts of dust, which
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can be an obstacle for bats if the work is carried out at night. According to our surveys,
the night work at the already built megawatt-class wind farms lasted a short period of time
and was limited to small sites. Thus, the negative impact on bats during foraging had signs
of medium level, and for breeding individuals it was insignificant.

2. Deterrence by mast vertical structures. A high-voltage power transmission line runs near the
wind farm. Visual and detective surveys did not reveal a negative impact on migrating bats
from both vertical structures (supports) and horizontal ones (electric wires). The influence
of dense power transmission lines in settlements, which are the main habitats of bats, has
not been recorded either. There is enough space on the wind farm and in the buffer zones
to bypass the barriers by animals that have echolocation and are easy to maneuver amid
obstacles. There is no negative impact on bats that make forage and migration flights.

3. Barrier effect and obstacles for flight. Bats do not have a well-established narrow forage
migratory corridor, their movements depend more on a satisfactory forage base (insects),
which, in turn, is directly related to crop rotations in agrocenoses. There is a certain
element of a chaotic movement of bats through the wind farm. The distance between the
wind turbine generators is from 550 meters and more, and does not constitute any barrier
effect for small animals, like bats, which have echolocation and are easy to maneuver even
in forests. Obstacles to the flight from the construction of the power transmission line are
also minimal, as the power transmission lines of different capacities are laid throughout the
region, and no negative impact on the bat population has been established.

The negative impact on bats is low, and during their reproductive cycles it is absent.

5.4.3. Impacts caused by the operation of the wind farm (at the level of forecasts)
1. Deterrence due to the rotor movement, flickering shadows, glare of light. The analysis of

researches shows that the altitude interval within the wind farm during the forage flights
for the vast majority of bats does not exceed 20 m. Deterrence due to the rotor movement,
flickering shadows and glare of light according to our surveys are not recorded. Thus, the
negative impact due to the rotor movement, flickering shadows, glare of light effects is
estimated to be low. The effect of these factors require further study, but surveys show
that they are characterized as low and this is due to the small number and vocal activity
of bats during the main reproductive cycles.

2. Additional development of the territory. Potentially, bats can use various niches in the wind
farm structures and technical constructions for day roosts. The negative impact on bats is
estimated to be low.

3. Disturbance due to the night illumination. Bats, on the one hand, avoid light and, on the
other hand, hunt near lanterns which attract insects with their light. Within the wind
farm, night illumination is localized at amplifying stations, offices and other infrastructure
buildings, as well as at the wind turbine generators (at altitudes above 100 m). In the
settlements it is proved that near the illuminated areas the vocal activity of bats is higher
than near the unlit ones. Disturbance due to night illumination is unknown. The negative
impact on bats is low.

4. Collision with wind turbine generators. The low number of bats in the local group,
insignificant forage movements on the territory of the wind farm, the lack of transit
migration routes give grounds to assess the impact of this factor as low. However, according
to the literature, cases of collisions of bats with wind turbine generators are known for the
entire species spectrum of animals encountered in the study area, and this makes them
potentially dangerous animals. After the commissioning of the wind farm, the effect of this
factor should be studied additionally. The probability of collisions of bats with wind turbine
generators is prognostically left at the average level of danger.
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6. Conclusion
Thus, a comparison of the data obtained in autumn 2019 and in 2020 concerning the study of
foraging behaviour and vocal activity of bats allows us to draw the following conclusions:

1. The total number of registered voices is 1554 signals, 695 of which are recorded in 2019 and
859 in 2020.

2. Index of bat activity depending on the research methodology ranged in the interval 3.85 (on
transects) – 7.80 (at a stationary vantage point), and was in average 6.93 signals per hour
(for comparison: Myrne wind farm (the Kherson region) – 7.14 signals per hour; Kalanchak
wind farm (the Kherson region) – 6.62 signals per hour; Overianivka and Novotroitsk wind
farms (the Kherson region) – 10.53 signals per hour; Prymorsk wind farm (the Zaporizhzhia
region) – 7.07 signals per hour; Prymorsk-2 wind farm (the Zaporizhzhia region) – 8.10
signals per hour; Botiievo(the Zaporizhzhia region) – 6.70 signals per hour; Zaporizhzhia
wind farm (the Zaporizhzhia region) – 8.30 signals per hour).

3. Forage and migratory behaviour of bats, calculated by determining the index of their
activity, shows the average values.

4. The distribution of bats in the project area, defined as the difference between the number
of recorded signals in individual habitats, indicates the attraction of animals to settlements
and open waters, while the wind farm area is less attractive to them.

5. The species composition of bats, identified for 1235 signals registered in the territory of the
projected wind farm, is stable and represented by widespread at least 10 species belonging
to 6 taxonomic ranks. The undisputed dominant was Pipistrellus kuhlii, the part of which
was 61.1% of the whole complex. According to the Eurobat commission, this species is in
the group with a low risk of collisions with wind turbine generators, while Nyctalus noctula
with 138 signals, or 11.2% of the whole bat complex, has a high risk of falling under a
moving rotor.

6. There are no species of the category “endangered” among the identified bats. The
distribution areas of all species of the project area are quite wide. Within the Wind Farm
LLC wind park there are no endemic species or unique habitats of their existence.

7. Analysis of the bat distribution, carried out by the Kernel Density method, revealed several
areas of the increased activity of animals. Most bats were attracted to the settlements
(Manhush, Demianivka, Ukrainka) and to open waters. There were revealed some wind
turbine generators near which the implementation of minimization measures is required. In
total, according to forecasts, there are 10-16 such wind turbine generators within the Wind
Farm LLC wind park 800 MW.

We state that the construction and operation of the Wind Farm LLC wind park at the level
of objective forecasts will not have a negative impact on the bat populations of the study area.

Monitoring the state of bats in the project area both during the construction of the wind
farm and its operation is mandatory for the development and implementation of measures to
minimize the possible negative impact on bats.
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Abstract. Global climate change affects the conditions of ecosystems. However, the nature
of changes induced by climatic factors remains unknown due to the complex nature of climatic
transformations. The global trend of temperature increase is associated with an increase in
precipitation and changes in its rhythm. The dynamics of plant communities under the influence
of climate occurs against the background of natural successional phenomena. The aim of
the study is to develop methodological approaches in order to identify aspects of vegetation
variability that are caused by global climate change and give them an ecological interpretation.
Geobotanical descriptions of vegetation in steppe ecosystems were carried out over the last 20
years. Exactly in this period dramatic climatic changes were observed, which allows to compare
climatic and vegetation trends. For ecological interpretation the results of ordination of plant
communities were explained with the help of phytoindication scales. Plant communities exhibit
dynamics that are driven by endogenous and exogenous causes. These aspects of community
dynamics were differentiated using the ordination procedure as different ordination axes. The
axes that reflect endogenous dynamics were described using temporal variables. The axes that
reflect exogenous dynamics were described using phytoindication scales. The phytoindication
scales made it possible to assess the ecological directions of plant community transformation
under the influence of global climate change. The transformation of the plant community
under the influence of global climate change is inconsistent with the concepts of desertification.
The revealed temporal patterns of the plant community have a complex and multidirectional
trajectory. The plant community studied over the twenty-year investigation period exhibited
a dynamic that is a superposition of two processes that are driven by the temperature and
precipitation. The temperature trend is directional and reflects the tendency of global warming.
This trend is accompanied by an increase in species richness and projective cover of the plant
community. At the same time, thermophilicity and continentality of the community increase
against the decrease of soil trophic status, acidity increase and soil carbonation decrease.
Obviously, along with the mineralization of organic matter, the soil decarbonization can also
be the cause of increased carbon dioxide emission into the atmosphere as a result of global
warming. The trend, which is regulated by precipitation, is oscillatory. This trend changes the
regime of moisture, light and cryoclimate of the plant community.

1. Introduction
The main feature of today’s climate is increased global warming since the second half of the
1970s [1]. The global air temperature is predicted to increase steadily through the end of
this century due to continued increases in greenhouse gases such as CO2, and changes in land
use such as deforestation of natural forests [2]. Due to global climate change, which affects
the transformation of regional climate and the value of individual meteorological variables, the
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average monthly air temperature in Ukraine over the past decades differs from the values of
the climatic norm. The air temperature has become higher for most months and for the year
as a whole, only in September, November and December it decreased insignificantly [3]. The
amount of atmospheric precipitation for the territory of Ukraine has not changed significantly,
but the nature and intensity of precipitation has changed markedly [3]. The variability of
precipitation dynamics affects the productivity of plant communities [4–6]. Recently, the
number of cases where half or a month’s worth of precipitation falls in a few hours has
increased [3]. The forms of ecosystem transformation as a consequence of global climate
change are accelerated desertification [7, 8]. The change of water regime in steppe ecosystems
strongly affects ecosystem functioning, productivity and photosynthetic capacity [9–12]. The
intensification and increased frequency of extreme climate change events, including high summer
temperatures and increased precipitation variability, threaten sustainable development in semi-
arid and arid regions through both biophysical and socioeconomic factors [13]. The stability
of terrestrial ecosystems will be further threatened by the increasing frequency and severity
of extreme climatic events [14, 15]. An increase in air temperature and uneven distribution of
precipitation, which is stormy, localized in the warm season and does not provide an effective
accumulation of moisture in the soil, can lead to an increase in the frequency and intensity
of droughts. Changes in precipitation frequency, intensity, and pulse size, as well as seasonal
changes in precipitation, affect arid ecosystem functions, including carbon flux [16–19], water
exchange, and plant physiological status [20]. There are also changes in the values of extreme
(maximum and minimum) temperatures. The minimum temperature has increased in almost
all months and in the whole year. In the secular course of the maximum temperature in winter
months, especially in January, there was a tendency to its growth. In summer months and for
the year as a whole, the trend of maximum temperature change in the trend is insignificant, but
in recent years, the maximum temperature increases. The particularly affected areas include
grassland and desert ecosystems of semi-arid and arid areas [21–23]. A loss of biodiversity
is an obvious consequence of climate change [22, 24]. The warming is evolving according to
positive feedback dynamics. The combination of heat waves and variability in precipitation
dynamics affect carbon exchange [25]. The global climate change is initiated by an increase in
atmospheric concentrations of greenhouse gases, but the warming continuously stimulates the
emission of carbon dioxide into the atmosphere [26–28]. An increase in air temperature leads to
soil evaporation [8, 29–31]. The intensification of heat waves and abnormal precipitation led to
the functional and structural degradation of particularly sensitive terrestrial ecosystems. The
heat waves affect the intensity of plant growth [32–34]. Consequently, a water deficit occurs,
further exacerbating ecological vulnerability and sensitivity and reducing resilience to rapid
degradation in steppe regions [35,36]. An increase in precipitation in the steppe zone can improve
the carbon balance, thereby mitigating the negative effects of a warming climate [37, 38]. The
warming climate and increased precipitation variability can regulate the function and structure
of ecosystems in steppe ecosystems. The transition from vegetation dominated by grasses to
vegetation dominated by shrubs or tree species can be predicted [24]. The most important
indicators of terrestrial ecosystem function are the primary production of aboveground plants
and the activity of soil microorganisms [39]. The activity of soil microorganisms, which transform
the biomass created by plants, determines the intensity of carbon sequestration and carbon
dioxide emission into the atmosphere. The precipitation quantity affects the condition of the soil
biota. Biomass, activity and composition of the microbial community are sensitive to the effects
of environmental factors [40–42]. The water balance and temperature regime affect the functional
state of soil biota [39, 43–45]. The biomass of soil biota decreases with warming [46–48], but
increases with increased precipitation [49]. Estimating the balance of carbon, water, and energy
in terrestrial ecosystems under conditions of climate change is possible only if the importance
of microbial activity in ecosystem processes is elucidated [50].
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2. Research aim and objectives
Grasslands provide many critical benefits to humans, including forage for livestock, food,
biodiversity, carbon storage, and recreation [51]. Studies of the long-term dynamics of plant
communities in steppe ecosystems are largely absent, and such studies are urgently needed to
assess ecosystem responses and feedbacks to climate change [52].

The aim of the study is to develop methodological approaches in order to identify aspects
of vegetation variability that are caused by global climate change and give them an ecological
interpretation.

3. Material and methods
The Stone Graves reserve is located on the border between Donetsk and Zaporozhye regions,
near the village of Nazarovka of Mariupol district on the Priazovsky upland, in the upper reaches
of the Karatysh river, which is a tributary of the Berda river. The Stone Graves reserve has an
area of about 400 hectares, of which almost 300 hectares are part of the Donetsk region and 100
hectares are part of the Zaporozhye region. The most part of the reserve area, about 200 hectares,
falls on powerful granite rocky outcrops of Azov-Podolsky crystalline massif, towering above the
surrounding steppe, which is the largest intrusive area in Donbass and Azov regions [53]. The
rock outcrops are represented by the Western and Eastern ridges with absolute height of separate
tops up to 100 m. According to landscape-geochemical zoning, the landscapes of the Stone
Graves reserve are localized on eluvio-deluvium of crystalline rocks. According to the generic
classification, these are loess uplands tending to erosion processes, so the migration of chemical
elements here is weak and occurs when soils are washed away. The landscapes of the territory
are characterised as self-purifying. The reserve is located in an area of elevated plains, where
upward and downward radial migration of chemical elements takes place. The accumulation
elements are Mn, Co, Sn, and the removal elements are Pb, Zn, Ni. Soil-forming rocks are clay
and clayey sediments and loamy rubbly formations on eruptive and metamorphic rocks. The
soils of the Stone Graves reserve are typical sparse humus black earths on loess-like loam and
weathering products of crystalline rocks, which are the most productive along the bottom of the
depression between two parallel ridges of rocks. Soil thickness decreases along the rock slopes
along with disappearance of loess rocks and increase of area of weathering products of crystalline
rocks to the day surface. The bottom of the basin between the ridges is dissected by gullies [54].

The stationary plot No.1 was created on July 14, 2000 to study the phenological development
of steppe vegetation. The plot is located on the slope of 3° of eastern exposition along the upper
edge of the amphitral catchment of the central gully of the inter-ridge trough at its headwaters.
The geographic coordinates of the area center are N 47.310° E 37.076°. The elevation is 179 m
above sea level. Vascular plant species lists were recorded for each 10 m × 10 m (the area is 100
m2) sampling polygon along with a visual assessment of species coverage using a Braun-Blanquet
scale [55]. The projective cover of plant species was measured at soil level. Plant taxonomic
names follow the Euro+Med Plantbase resource (https://europlusmed.org/). Meteorological
data obtained from NOAA climate data using the rnoaa package [56] for a language and
environment for statistical computing R [57]. Based on the data obtained, indicators such
as average spring temperature (figure 1, a), average temperature of the coldest month of
the year (figure 1, b), and the amount of precipitation during the spring period of the year
(figure 1, c) were calculated. The range scales values according to Y. Didukh [58] were used
for phytoindication. Further, for phytoindication of environmental factors, we used the ideal
indicator method of G. Buzuk [59]. Statistical calculations were carried out using the software
Statistica 12.0 [60].

https://europlusmed.org/
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Figure 1: Dynamics of meteorological parameters during the study period 2000–2021: (a) average
temperature during the spring period, °C (March-May); (b) the average temperature of the
coldest month of the year, °C (January or February); (c) total spring precipitation (March–May),
mm.

4. Results
The 79 plant species were found within the study area during the study period (table 1). The
number of species in the community varied between 51 (in 2007) and 66 species (2014 and 2015).
The number of species increased over time. There was a positive correlation (r = 0.77, p < 0.001)
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between the number of species in the community and the order of years. The regression analysis
revealed that the average rate of increase in the number of species in the community was 0.62
species per year. The projective cover of the community ranged from 70 to 85%. The projective
cover showed an increasing trend. A statistically significant correlation (r = 0.42, p = 0.05)
was found between the projective vegetation cover and the order of years. The projective cover
increased on average by 0.4% with each year.

Table 1: Species diversity and abundance of the plant community (projective cover, %; + is
signed that species presents).

Species Abundance
Achillea nobilis L. ≤ 1
Achillea stepposa Klokov ex Krytzka ≤ 2
Adonis wolgensis Steven ≤ 2
Allium paczoskianum Tuzs. ≤ 2
Artemisia austriaca Jacq. ≤ 1
Asparagus officinalis subsp. officinalis L. ≤ 1
Bellevalia speciosa Woronow ex Grossh. ≤ 2
Berteroa incana (L.) DC. +
Bromus riparius Rehmann ≤ 6
Campanula glomerata L. +
Campanula sibirica L. +
Carduus acanthoides L. ≤ 2
Carex caryophyllea Latourr. ≤ 2
Cirsium ukranicum Besser ex DC. +
Consolida regalis subsp. paniculate (Host) Soó ≤ 1
Convolvulus arvensis L. +
Cota tinctoria (L.) J. Gay +
Elytrigia intermedia (Host) Nevski ≤ 10
Elytrigia intermedia subsp. trichophora (Link) Á. Löve D. Löve ≤ 40
Eryngium campestre L. ≤ 3
Erysimum diffusum Ehrh. +
Euphorbia stepposa Zoz. ex Prokh. ≤ 3
Falcaria vulgaris Bernh ≤ 3
Festuca valesiaca Schleich. ex Gaudin 13-33
Galatella sedifolia subsp. dracunculoides (Lam.) Greuter ≤ 1
Galatella villosa (L.) 1-55
Galium octonarium (Klokov) Pobed. ≤ 2
Galium ruthenicum Willd. +
Goniolimon tataricum (L.) Boiss. ≤ 1
Hesperis tristis L. +
Hieracium virosum Pall. +
Hypericum perforatum L. +
Inula aspera Poir. ≤ 1
Inula oculus-christi L. +
Jacobaea vulgaris Gaertn. +
Klasea erucifolia (L.) Greuter ex Wagenitz +
Koeleria cristata (L.) Pers. ≤ 2
Lavatera thuringiaca L. ≤ 2

Continued on next page
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Table 1 – continued from previous page
Species Abundanc

Limonium platyphyllum Lincz. ≤ 1
Linaria biebersteinii subsp. maeotica (Klokov) Ivanina +
Linum austriacum L. ≤ 4
Medicago falcata L. ≤ 1
Melilotus officinalis (L.) Pall. +
Odontites luteus (L.) Clairv. +
Ornithogalum kochii Parl. +
Phleum phleoides (L.) Karst. ≤ 2
Phlomis herba-venti subsp. pungens (Willd.) Maire ex DeFilipps ≤ 1
Phlomis tuberosa L. ≤ 1
Pilosella echioides (Lumn.) F.W. Schultz ex Sch. Bip. +
Plantago lanceolata L. +
Plantago media L. ≤ 1
Poa angustifolia L. ≤ 10
Potentilla humifusa Willd. ex Schltdl. +
Potentilla recta subsp. laciniosa (Nestl.) Nyman +
Prunus spinosa subsp. dasyphylla (Schur) Domin ≤ 3
Ranunculus scythicus Klokov ex Grossh. ≤ 1
Rhinanthus angustifolius subsp. grandifloras (Wallr.) D. A. Webb +
Rosa corymbifera Borkh. ≤ 1
Salvia nemorosa subsp. tesquicola (Klokov ex Pobed.) Soó ≤ 3
Salvia nutans L. ≤ 5
Scabiosa ochroleuca L. +
Scorzonera molis M. Bieb. +
Securigera varia (L.) Lassen) ≤ 5
Seseli campestre Besser +
Silene bupleuroides L. +
Silene wolgensis (Hornem.) Otth +
Stachys recta L. ≤ 1
Stipa capillata L. ≤ 5
Stipa pulcherrima K. Koch ≤ 2
Taraxacum officinale Webb. ex Wigg. +
Taraxacum serotinum (Waldst ex Kit) Roir ≤ 2
Teucrium polium L. ≤ 2
Thalictrum minus L. ≤ 1
Thesium arvense Horvalovszky +
Thymus pulegioides subsp. pannonicus (All.) Kerguélen ≤ 5
Turritis glabra L. ≤ 1
Verbascum densiflorum Bertol. +
Veronica austriaca L. +
Veronica verna L. +

The phytoindication score of soil water regime ranged from 3.69 to 3.98 (table 2),
corresponding to plant available moisture of 32–33% (figure 2). This indicator did not show
a stable linear trend of variability over time, as indicated by the lack of statistically significant
correlation with the order of years (r = –0.04, p = 0.85). It depended on spring precipitation
(r = 0.64, p = 0.001) and on precipitation in the preceding year, which can be described by
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regression equation: Hd = 32.0+0.00754 Precspr + 0.00178 –Precprev (R2
adj = 0.47, p < 0.001),

where Precspr is the total spring precipitation in current year; Precprev is the total precipitation
in preceding year. The amount of precipitation that the region receives on average is sufficient
to accumulate significant water reserves, if the soil properties allow it. The soils on which the
community under study has formed have a very low water-holding capacity, so the plant species
that make up the community are highly xerophilous.

Table 2: Descriptive statistics of phytoindicator estimates of environmental factors.

Ecological factor Mean±st.error Minimum Maximum CV, %

Soil water regime (Hd) 3.81±0.019 3.69 3.98 2.30
Variability of damping (fH) 5.93±0.043 5.47 6.24 3.38
Soil acidity (Rc) 9.75±0.067 9.18 10.49 3.25
Total salt regime (Sl) 7.45±0.079 6.80 8.34 4.98
Carbonate content in soil (Ca) 11.46±0.033 11.22 11.73 1.36
Nitrogen content in soil (Nt) 3.22±0.086 2.68 3.98 12.54
Soil aeration (Ae) 5.40±0.041 4.96 5.71 3.53
Thermal climate (Tm) 10.24±0.087 9.63 11.29 4.00
Humidity or ombroclimate (Om) 9.94±0.075 9.25 10.46 3.52
Continentality of climate (Kn) 12.38±0.073 11.87 13.15 2.78
Cryo-regime (Cr) 8.87±0.068 8.30 9.52 3.62
Light regime (Lc) 8.91±0.007 8.87 8.96 0.39

The moisture contrast regime was characterized by indices that were in the range of 5.47–6.24.
The moisture contrast regime exhibited a steady linear trend of decreasing indices over time, as
indicated by a negative statistically significant correlation with the order of years (r = –0.49,
p = 0.02). The soil acidity was characterized by phytoindicator scores that ranged from
9.18–10.49, which corresponded to a soil acidity pH of 6.8–7.2. The acidity decreased linearly
with time (r = –0.69, p < 0.001). It should also be noted that acidity was negatively correlated
with mean spring temperature (r = –0.47, p = 0.027). The overall salinity regime was
characterized by phytoindication scores, which were in the range of 6.8–8.34, which corresponded
to a salt content of 0.031–0.060% in the soil solution. The overall salinity regime showed an
increasing trend with time (r = 0.68, p = 0.001) and was also positively correlated with mean
spring temperature (r = 0.62, p = 0.001). The content of carbonate in soil was characterized by
phytoindicator indices, which were in the range 11.22–11.73, which corresponded to the content
of carbonate in soil 8.6–11.3%. The carbonate content in soil showed a decreasing trend with
time (r = –0.71, p = 0.001), and was also negatively correlated with mean spring temperature
(r = –0.62, p = 0.001). The soil nitrogen content was characterized by phytoindicator indices,
which were in the range 2.68–3.98, which corresponded to the content of plant-available nitrogen
in the soil of 0.044–0.11%. The soil nitrogen content showed a decreasing trend with time
(r = –0.87, p = 0.001), and also negatively correlated with mean spring temperature (r = –0.74,
p = 0.001). The soil aeration regime was characterised by phytoindication indices, which were in
the range 4.96–5.71, corresponding to an aeration porosity of 65–77%. This index was stationary
over time.

The thermal climate was characterised by phytoindicator indices that ranged from 9.63–11.29,
which corresponded to a radiative balance of 2016–2250 MJ m−2 year−1. The radiation
balance estimate showed an increasing trend with time (r = 0.66, p = 0.001) and was also
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positively correlated with mean spring temperature (r = 0.65, p = 0.001). The ombroclimate
was characterised by phytoindicator indices that ranged from 9.25–10.46, corresponding to
a difference between precipitation and evaporation of –722 – –485 mm. The ombroclimate
assessment was positively correlated with the average temperature of the coldest month
(r = 0.41, p = 0.05). The continentality was characterised by phytoindication indices, which
were in the range 11.87–13.15, corresponding to a continentality index of 159–172%. The
continentality score showed an increasing trend with time (r = 0.75, p = 0.001). The
phytoindication of the cryo-climate score corresponds to the average temperature of the
coldest month –6 – –3°C and correlates positively with these meteorological indices measured
instrumentally (r = 0.51, p = 0.016). Lighting regime was characterised by scores of 8.87–8.96.
The lighting regime was stationary during the study period.

The principal component analysis identified two components, which together describe 53.1%
of the variation in the original variables (figure 3). The principal component 1 describes a trend
of increasing number of species in the community, thermal regime, soil salinity and continentality
over time and decreasing indicators of plant nitrogen nutrition, carbonation and acidity. The
principal component 2 reflects a positive effect of precipitation and temperature in the coldest
month of the year on moistening, ombrorheme and cryoregime and a negative effect on aeration
and lighting regimes.

5. Discussion
In dynamic ecosystems, such as steppes, environmental fluctuations determine community
composition [61, 62]. Grasslands are also affected by ongoing climate change [63–65].
Anthropogenic impacts result in significant changes in environmental factors that affect the
composition and functioning of plant communities [66]. Identifying the causes that drive changes
in the structure of plant communities is critical because the composition of plant communities
affects important ecosystem functions and services [67,68]. Fluctuations are short-term changes
in the structure of plant communities on the scale of several years [69, 70]. In contrast to
succession, these changes are characterized by the absence of long-term trends in the structure of
communities in one direction or another, the possibility of returning to a state close to the initial
one, and the absence of significant changes in the floristic composition. Most often fluctuations
are considered as changes occurring within one solar cycle (about 11 years) [71]. Fluctuations can
be caused by various factors. The fluctuations can be ecotypic, anthropic, zoogenic, phytocyclic,
phytoparasitic [72]. The ecotopic fluctuations are caused by variability in meteorological and
hydrological conditions [73, 74]. Ecotope changes can cause a chain of different mechanisms
of impact on vegetation cover. Drought is associated with higher temperatures and increased
salinity in arid regions [75–77], and can also cause mass development of locusts that consume a
significant portion of organic matter [78]. Drought has the greatest impact on plant communities
developing on sparse soils [79–81].

The potential to interpret and predict the response of plant communities to global change
is complicated by many factors, such as the type of driver of global change and the ecological
context [82–84]. The phytoindication of the moisture content indicates that conditions within the
study area are favourable for peroxerophytes and xerophytes. These conditions are characteristic
of steppe herbaceous communities on rocky ground. In conditions of precipitation deficit on stony
soils petrophytic communities are formed which specificity consists in high level of species and
syntaxonomy endemism [53]. The precipitation levels observed in the study area can allow for
the formation of significantly larger water reserves. However, the unfavourable water-physical
properties of soils formed on rocks do not allow for the accumulation of water in larger quantities.
As a result, the plant community is formed by species that are able to tolerate water deficits. The
phytoindication assessment of moisture depends on the precipitation conditions of the current
and previous year. The ecological structure of the plant community also changes according
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Figure 2: Dynamics of soil environmental factors assessed by phytoindication: Hd is the plant
available soil water content, %; fH is the index of variability of damping, which varies from 0
to 0.5; Rc is the soil acidity (pH); Sl is the salt content in the soil solution (mg/l); Ca is the
carbonate content in soil (%); Nt is the content in soil plant accessible forms of nitrogen (%);
Ae is the aeration porosity (%).
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Figure 3: Dynamics of climatic factors assessed by phytoindication: Tm is the radiation
balance (m−2 year−1); Om is the humidity index determined as a difference between annual
precipitation quantity and evaporation (mm); Kn is the index of continentality (%); Cr is the
mean temperature of the coldest month of the year (C); Lc is the light regime in 9-grade scale.

to precipitation trends. These changes have a fluctuational character, as they do not show a
stable directional trend. The level of soil moisture is naturally inversely correlated with soil
aeration conditions. Accordingly, the level of soil aeration does not show a directional trend.
Rainfall levels in the spring are coordinated with the temperature of the coldest month of the
year. The warmer the winter in a given year, the better the soil moisture conditions will be.
This relationship is the reason for the correlation of phytoindication estimates of moisture,
ombroclimate and cryoclimate. This relationship is the reason for the correlation between the
phytoindication estimates of cryoclimate and instrumental temperature measurements. Higher
temperatures in winter months and higher precipitation contribute to lower light levels in the
plant community. Obviously, these factors contribute to an increase in the phytomass of the plant
community and thus a decrease in its illumination. Once again, the variation in precipitation and
temperature during winter time did not show a directional temporal trend. These variables are
described by variation in principal component 2, which is characterised by autocorrelation with
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Figure 4: Principal component analysis of variation in phytoindicator estimates of environmental
factors, species richness, projective cover of the plant community, average temperature of the
coldest month of the year, average temperature and amount of precipitation in spring.

lags of 1, 13 and 14 years (positive autocorrelation) and 6–7 years (negative autocorrelation).
The presence of an oscillatory process is fully consistent with the notion of plant community
dynamics as a fluctuation. The species composition of plants in a dry grassland in Central
Europe showed marked dynamics from year to year in response to weather conditions in the
previous two years. These changes in the community are undirected and have contributed to
the stability of this community, which has not changed significantly over the past 90 years.
However, increased drought frequency due to ongoing climate change may lead to directional
changes with the expansion of ruderal species [69].

Environmental changes and resource availability are key mechanisms that support
biodiversity [85–87]. Weather fluctuations prevent competitive exclusion between species co-
occurring at a site and, at the same time, allow species with different strategies and from
different climatic regions to co-exist at the edge of their ecological niches [61]. Differences in
response to climatic extremes between species with different ecological strategies can lead to
non-equilibrium coexistence due to stochastic fluctuations between years [88]. When weather
conditions are favourable for a certain type of species strategy, other species may be reduced
and confined to small areas partly because of direct response to the environment and partly
because of competition. As soon as the weather shifts to a state favourable to other types of
strategies, species with those strategies spread out again, compensating for their losses in the
previous period of time [85]. This is particularly true for dry grasslands on shallow, stony soils
with low water retention, which are characterised by considerable species turnover in response
to weather fluctuations, but remain stable in the long term [89].

Other ecological factors and species richness of the community show a consistent directional
trend of change over time. Climate change is considered a leading threat to biodiversity because
it may increase the rate of species extinction. In addition to extinctions, the distribution of
species is predicted to shift as a result of variations in temperature and precipitation around
the world [90]. Climate change is also expected to increase weather fluctuations within and
between successive years. Extreme climate events and increased seasonal variations have
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already been reported around the world [91]. This trend is driven by directional changes in
temperature regime and is described by principal component 1. After extracting the linear
trend, principal component 1 did not exhibit an oscillatory component. Over the study
period, the species richness of the community and projective cover increased together with the
thermoclimate, continentality and salinity of the soil solution. Also such indicators as the level
of nitrogen compounds supply to plants, acidity, moisture regime variability and soil carbonate
content decreased throughout the study period. Variations in the availability of resources,
such as atmospheric carbon dioxide, nitrogen, and precipitation patterns, can have significant
consequences for the structure of plant communities [92].

Biotic processes, such as shifts in competitive dominance or susceptibility to herbivory, and
abiotic factors, such as environmental filtration, affect the richness and composition of plant
communities at local scales [93–95]. The conditions of soil moisture variability are favourable for
hemicontrastophobes, which are characteristic of ecotopes with moderately uneven moistening
of the root-containing soil layer, which is completely soaked by precipitation only in some rainy
seasons. The steppe zone of Ukraine is generally characterised by uneven precipitation and
rainfall that is of a torrential nature. Such meteorological features lead to an extremely uneven
soil moisture regime against a background of water scarcity.

Community composition and change in richness varies from place to place depending on the
environment, as well as fluctuations in weather conditions, combined with inherent population
and community dynamics over time [96]. Such dynamics can best be understood with detailed
long-term observations at stationary plots [69,97,98]. The phytoindication method estimates soil
acidity as being in the pH range of 6.8–7.2. This agrees with the results obtained experimentally.
The acidity of soils in the reserve is pH7.0 and ranges from pH5.9 to 7.6 [54]. This result
confirms the high accuracy of phytoindication assessments of environmental factors, which can
be achieved by studying multi-species plant communities. It is legitimate that the decrease in
soil acidity was accompanied by a decrease in soil carbonate content. It should be noted that
carbonates are an important carbon reserve in the soil. The decrease of carbonate content in the
soil due to global warming is an important source of its supply to the atmosphere. It is obvious
that decarbonisation of soil is accompanied by transition of insoluble calcium and magnesium
salts into soluble forms that is accompanied by increase in indicators of mineralisation of a soil
solution. The mineralisation of the soil solution is not significant, so this factor cannot act as
a limiting factor. Increased environmental stress can have various effects on plant community
composition, either shifting or increasing niche availability. The repeated removal of plant
material by haying can increase species richness by increasing light availability and creating
favorable conditions for species that can tolerate aboveground removal. Increased drought or
temperature stress can reduce the species richness of plants because many species will not be
able to persist under these new conditions [99,100].

Empirical data and theoretical evidence suggest that the response of ecosystem functions
attenuates as the number of simultaneously introduced factors increases due to the leveling out
of positive and negative effects on functions such as productivity and nutrient cycling [101,102].
Adding resources (e.g., nutrients) is predicted to reduce plant species richness and change
plant community composition due to alterations in competitive interactions between species
for remaining limiting resources (e.g., water or light) [103, 104]. The nitrate content of the
reserve’s soils is 179 µg/g and varies between 93 and 348 µg/g [54]. A decrease in the supply
of soil nutrients, mainly nitrogen compounds, may be a factor in stimulating an increase in the
species diversity of the community. Obviously, an increase in temperature leads to an equilibrium
shift in the processes of mineralisation and humification of organic matter in the soil towards
mineralisation, which leads to a decrease in nutrient reserves. In turn, this transformation
initiates a decrease in soil acidity and decarbonization as a consequence of increased soil
respiration and destruction of soil carbonates. The combined effect of multiple transforming



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012022

IOP Publishing
doi:10.1088/1755-1315/1254/1/012022

13

factors causes a stronger effect on the plant community [105,106].

6. Conclusion
The plant community studied over the twenty-year investigation period exhibited a dynamic
that is a superposition of two processes that are driven by the temperature and precipitation.
The temperature trend is directional and reflects the tendency of global warming. This trend
is accompanied by an increase in species richness and projective cover of the plant community.
At the same time, thermophilicity and continentality of the community increase against the
decrease of soil trophic status, acidity increase and soil carbonation decrease. Obviously, along
with the mineralization of organic matter, the soil decarbonization can also be the cause of
increased carbon dioxide emission into the atmosphere as a result of global warming. The trend,
which is regulated by precipitation, is oscillatory. This trend changes the regime of moisture,
light and cryoclimate of the plant community.
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Abstract. The ecomorphic approach was developed to analyze the structure of natural plant
communities. This method was applied to analyze the ecological structure of an artificial park
plantation in an urban environment. Urban parks perform important and diverse functions in
the urban environment. As anthropogenic objects, urban parks should be subject to adequate
and effective management that can increase the functional value of forest plantations in the city
and ensure their sustainability. In this regard, the choice of the quantitative parameters of the
park plantation to be managed is crucial. We hypothesize that ecomorphic analysis can be the
basis for selecting optimal quantitative criteria for parkland management. Therefore, the goal
of our study was to assess the informational value of ecomorphic analysis for characterizing park
plantation in urban environments. In the park, 166 species of vascular plants were found, which
are represented by phanerophytes (19.9%), nannophanerophytes (8.4%), hemicryptophytes
(40.4%), geophytes (11.4%), theorophytes (18.7%) and geolophytes (1.2%). Sylvants (35.5%)
predominate among the coenomorphs, with slightly less pratants (22.3%), ruderants (18.7%)
and stepants (14.5%). Cultivants (3.0%), psammophytes (3.0%) and paludants (3.0%) were
occasionally found. The proportion of xeromesophytes and mesophytes was the highest (32.5
and 31.3% respectively). The proportion of mesoxerophytes was also relatively high (28.3%).
The proportion of other hygromorphs was relatively low. The trophomorphs were represented
mainly by mesotrophs (71.1%) and a slightly smaller proportion of megatrophs (22.3%). The
oligotrophs were found occasionally (6.6%). Sciogeophytes (57.2%) and heliophytes (30.1%)
prevailed among heliomorphs. The proportion of sciophytes and heliosciophytes was much
lower (3.6 and 9.0 %, respectively). Entomophilous plant species were the most common
among the vegetation cover of the park (71.7%). Anemophilous plants were significantly
inferior to them (26.5%). Autogamous and hydrophilous plants were found occasionally (1.2
and 0.6% respectively). Ballistic diasporeochores prevailed among diasporeochores (39.8%).
The proportion of anemochores and endozoochores was somewhat lower (27.7 and 12.0%
respectively). The results obtained allow to discover the essential ecological features of the park
plantation. The park plantation has many features that bring it closer to natural forests. The
similarity consists in a significant proportion of silvants, shade-loving species, and mesotrophs.
A significant level of anthropogenic impact can be diagnosed on the basis of information about
the increased proportion of ruderants in the plant community. The differential analysis of
the ecomorphic structure in the section by climorphs is of considerable value. This approach
allowed to detect an increased role of the zoogenic factor in the distribution of diaspores
of phanerophytes and nannophanerophytes and an increased role of wind in the dispersal of
geophytes and therophytes. The role of wind is reduced in the dispersion of hemicryptophytes
in the urban environment.
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1. Introduction
The urban environment indirectly affects the formation of flora by changing the living conditions.
There is also a direct impact through the physical destruction of plants, turning the flora
into a variegated conglomerate of elements of both local and alien origin [1, 2]. Urban flora
is a set of species that exist independently in the urban area. From the point of view of
modern floristics it is a local flora or elementary flora of the regional level [3]. Hemeroby
is the resilience of plants and their response to anthropogenic impact. From this point of
view, there are two main categories [4–6]. Hemerophiles are species that respond positively
to anthropogenic interference and increase their number in its presence [7]. Hemerophobes
are species with a strongly negative reaction to anthropogenic factors [8–11]. A more detailed
classification is also used [12], which includes the following categories. Agemerobic species are
unstable to the impact of urbanization. Frequently these are forest and marsh species, which for
various reasons are not adapted to life in urban conditions. Oligogemerobic species are weakly
resistant. Mesohemerobic species are moderately resistant, withstand extensive anthropogenic
impact. Intensive anthropogenic impact can be withstood by β-euhemerobic species. In turn,
α-euhemerobic species inhabit meadows that are fertilized or in highly degraded forests and
field weeds. Polyhemerobic species are typical ruderal plants, and metahemerobic species live in
completely disturbed habitats [13,14].

There are four most important types of factors of anthropogenic impact on the living ground
cover in recreational forests. Mechanical damage (up to complete destruction) when trampling
the ground organs of plants, including renewal buds. The least protected plants with tall
succulent shoots and renewal buds located above the soil surface or at its surface suffer the most.
Relatively more resistant are species with rosette arrangement of leaves, low elastic shoots, with
sufficiently protected buds of renewal. Changes in physical parameters of the soil – moisture,
aeration, density, temperature, etc. [15]. As a result, the normal functioning of underground
plant organ systems is disrupted. In this case, the nature of underground organs is of great
importance: the depth of their penetration and distribution in the soil profile, strength, etc.
Cutting off ground shoots and digging up plants that attract the attention of recreationists with
their decorative effect. At the same time, generative shoots of flowering plants are particularly
affected, which inhibits the process of natural reproduction of the species’ cenopopulation. Berry
picking, harvesting of food or medicinal raw materials. Obviously, the last type of anthropogenic
impact with rare exceptions (for example, mass harvesting of cranberries) does not have a
decisive impact on forest ecosystems of urbanized areas. However, it is impossible not to take
into account the existence of this factor.

Stress is a process of internal changes in the body systems in response to any strong or
prolonged environmental impact [16, 17]. There is a broader interpretation of this term. Stress
is a nonspecific response of the organism to any requirement presented to it, accompanied by
the restructuring of protective forces [18]. From the point of view of this concept, the change
in the nature of plant growth and development can be considered as an adaptation syndrome,
which characterizes the degree of restructuring of the plant organism under the influence of
anthropogenic pressure, as a compensatory reaction, on the one hand, to the deterioration of
living conditions, and on the other hand, to reduce the intensity of competitive relations. The
adaptation syndrome is a combination of three phases [19]. The phase of the primary stress
reaction is a signal to activate the body’s defenses. The phase of adaptation, or resistance,
occurs during prolonged exposure to a factor that can cause stress. The degree of stress effect is
determined by the level of restructuring of the organism – the more significant the impact, the
more the organism changes. At this stage, plants show different forms of growth, can increase
the intensity of growth and reproduction. The phase of exhaustion, which occurs after prolonged
exposure to the stimulus, when the body loses the achieved adaptation. Reduction of resistance
to the source of stress is expressed in a decrease in the size of individuals, in reducing the intensity
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of their growth and reproduction. Ultimately, the plant may die. The duration of a particular
phase is determined by the adaptive capabilities of the species. In some species the stage of
depletion occurs quite quickly, in others the phase of adaptation is relatively long. Species with
greater plasticity are more stable. An expressive indicator of the state of a species is the type of
its cenopopulation in a particular community, determined by the ratio of individuals of different
age groups – the age spectrum [20].

Woody plants in urban areas can grow in various kinds of green spaces (in yards among
residential buildings, on streets and highways, in squares, gardens and parks, in forest parks and
in so-called urban forests) [21–24]. Forests in urbanized areas perform a variety of functions:
environmental, sanitary and recreational [25–28]. The forest plantations have a positive impact
on the atmosphere and climate of the city. They are able to change air temperature, illumination,
wind speed, etc. Of course, this impact is more significant, the better the preservation of
plantations [25, 29]. The forest transforms various climatic components while changing the
radiation regime to the greatest extent [30–32]. Under the forest canopy, the illumination is
much less, and in different types and in different parts of the forest it is different, because the
composition of the rocks, the light permeability of the canopy, and the completeness of the stand
differ. The total radiation is sharply reduced, because a significant part of it is intercepted by
the crowns of trees and shrubs [33, 34]. The lighting becomes very variegated, which depends
not only on the tree and shrub canopy, but also on the movement of the sun during the day,
on the swaying of trees by the wind, on cloudiness [35]. The changes occur throughout the
growing season due to the onset of different phenological phases [36]. At the same time, each
type of forest has its own specifics, primarily due to the unifier species and the structure of the
ecosystem. In artificial plantations (forest crops), the main species and planting density have a
decisive influence on the light regime [37,38]. Wind speed is decreasing in the forest [39]. Inside
the forest, at a distance of 30–50 m from the edge of the forest, the wind speed decreases to
30–40%, at a distance of 120–240 m, there is complete calm, especially if there is undergrowth
in the plantation [40]. In summer, in cloudless and calm weather, in the contact zone between
the city and neighboring green spaces, there is often a so-called breeze is a local breeze directed
from the forest towards the city buildings during the day, and at night it blows in the opposite
direction [41]. It is able to reduce the air temperature by several degrees. The reason for its
occurrence is the difference in the thermal regime of the forest and urban development. As a
result of this movement, the air in the city is cleaned and humidified, which also contributes to
the improvement of the ecological situation [42,43].

Urban green spaces and suburban forests play an important, though not decisive role in
maintaining the stability of the atmospheric gas composition [44]. The amount of carbon
monoxide absorbed by the green mass and the amount of oxygen released by it depend on
the condition of the plantation, its age, species composition, completeness and a number of
other factors [45]. Green spaces serve as a reliable filter that cleans the air from dust [46]. In
the forest, dust particles settle on trunks and branches, on the surface of leaves, stick to resinous
secretions. The efficiency of dust collection is determined by the structure of plantations and
their species composition [47]. The leaf surface is of great importance. Dust is retained more on
rough, pubescent or sticky leaves than on smooth leaves, and even more so on needles. Small
leaves usually trap dust better than large ones. Leaves of complex configuration clean the air
more efficiently. On average, 1 hectare of forest can retain from 30 to 70 tons of dust. Multi-
tiered plantations are more effective than single-tiered ones, deciduous forests are more effective
than coniferous ones, but conifers retain their dust trapping functions all year round [48].

Forests clean the air from industrial and transport emissions, which are often toxicants [49].
Among them is sulfur dioxide, which can cause serious damage to the human respiratory system.
On average, 1 hectare of forest can annually retain up to 400 kg of this compound. Lead
emissions contained in exhaust gases are very dangerous for human health. Lead in particularly
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large quantities accumulates in plants growing in the immediate vicinity of transport routes.
Sharp-leaved maple and small-leaved linden are among the tree species that accumulate toxic
substances in the largest quantities. Coniferous species such as pine, spruce and larch are highly
sensitive to toxicants [50–52].

Noise is a negative factor in a big city [53, 54]. The constant exposure to noise can lead to
the development of neuroses, insomnia, hypertension, reduced performance, especially in older
people. Forest plantations dampen sound waves, eliminate the most harmful high-frequency
sounds and reduce noise levels. The level of noise pollution reduction depends on the density
of crowns, the structure of plantations, their species composition. The most effective in noise
absorption are sharp-leaved maple, poplar, linden, oak, elm, birch; a little less effective are
coniferous stands. Mixed plantations with shrubs growing under the trees have the best
screening properties. The loose soil surface also increases the noise absorption potential of
the forest [55, 56]. Plants secrete phytoncides – volatile or water-soluble substances that can
destroy pathogens or delay their development. The activity of phytoncides is closely connected
with the species composition and age of plantations, with the physiological state of trees, with
the season, time of day and many other factors. It is established that for most people, 5–7-hour
stay in the forest improves tone and well-being. However, negative feelings may also appear.
For example, a high content of turpentine vapors in a coniferous forest on a hot sunny day can
worsen the condition of people suffering from cardiovascular diseases; it is better for them to
rest in oak forests [57]. Recreation is one of the factors of forest formation, which often has a
rather negative impact on forest ecosystems [58,59].

2. Research aim and objectives
Thus, urban parks perform important and diverse functions in the urban environment. As
anthropogenic objects, urban parks should be subject to adequate and effective management that
can increase the functional value of forest plantations in the city and ensure their sustainability.
In this regard, the choice of the quantitative parameters of the park plantation to be managed
is crucial. We hypothesize that ecomorphic analysis can be the basis for selecting optimal
quantitative criteria for parkland management. Therefore, the goal of our study was to assess
the informational value of ecomorphic analysis for characterizing park plantation in urban
environments.

3. Material and methods
3.1. Data collection
The study was carried out in the recreational zone of the Botanical Garden of Dnipro National
University named after Oles Gonchar, Dnipro City, Ukraine (48.43◦N 35.05◦E). The urban park
was created after World War II on the site of a natural thermophilous oak forest [60,61]. Vascular
plant species lists were recorded for 3×3 m sampling point, along with a visual assessment of
species coverage using a Braun-Blanquet scale [62]. The projective cover of plant species was
measured at soil level, understory (up to 2 m in height), and canopy (above 2 m in height).
All species were identified to species level at all sites. Plant taxonomy is based on Euro+Med
Plantbase (https://europlusmed.org/).

3.2. Ecomorphes
Belgard [63] created a typology of forests of the steppe zone of Ukraine in the late 40s of the
last century, which is a vivid example of the effectiveness of the application of the principles of
biogeocenology and in this sense, this concept should certainly be recognized as structuralist.
The typology was supplemented by the system of plant ecomorphs. According to the ideas
of Belgard, the ecomorph reveals the relationship between organisms and the environment
and reflects the adaptation of individual plant species to the most important elements of
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biogeocenosis: to the phytocenosis as a whole and to each of the structural elements of the
ecotope (thermotope, heliotope, trophotope, hygrotope, thermotope) separately. Any system
of life forms (biomorph, ecomorph) has the following broad philosophical basis [64]: a) plants
have different ecological amplitudes, i.e. they are more or less limited in their ability to tolerate
different environmental conditions; b) there is often a correlation between morphology and
adaptation; c) a plant in its successful existence represents what can be called an automatic
physiological integration of all factors of its environment. The term ecomorph is preferred
because the life form usually refers to adaptations that are expressed in the appearance of the
plant, while adaptations not to all structural elements of the biogeocenosis have physiognomic
manifestation. Belgard considered ecotope as a combination of climatope and edatope (or
edaphotope). He divided climatop into thermotop and heliotop (space factors), edatop (or
edaphotop) is divided into trophotop and hygrotop (terrestrial factors).

3.3. Coenomorphes
The plant coenomorph characterizes the adaptation of a living organism to the biogeocenosis as
a whole. The plants of the steppe zone of Ukraine are represented by the following coenomorphs:

1) stepants (St) are steppe plants;
2) sylvants (Sil) are forest plants;
3) ruderants (Ru) are plants of weed communities;
4) psammophytes (Ps) are plants of sandy communities;
5) pratants (Pr) are meadow plants;
6) paludants (Pal) are plants of marsh plants;
7) petrophytes (Ptr) are rock plants;
8) halophytoids (Hald) are plants of salt marshes;
9) halophytes (Hal) are plants of salt marshes;

10) calcophytes (Clc) are plants of communities of chalk outcrops;
11) chasmophytes (Chs) are plants of communities of gravelly outcrops;
12) aquants (Aq) are aquatic plants
13) culturants (Cul) are cultivated plants.

In other geographical zones, such coenomorphs as tundrants (Tn) are tundra plants, montants
(Mont) are mountain plants, littorants (Lit) are littoral plants on the sea coasts, desert plants
(Ds) are desert plants can also be distinguished.

The forest species include the most typical species that make up forest communities. In
addition to woody and shrubby plants, sylvants also include grasses, mosses and lichens, which
are closely related to the forest environment. Stepants are represented mainly by herbaceous
species, as well as some shrubs, mosses and lichens. The vast majority of steppe species are
drought-resistant and light-loving, preferring soils with neutral or slightly alkaline reaction. The
meadow species (pratans) are herbaceous perennial mesophytes. Pratants differ from forest
species by their light ecology. The forest grasses also disappear after the destruction of the
forest canopy, and meadow grasses, on the contrary, develop more rapidly. Paludants include
mainly herbaceous and moss species that grow in conditions of excessive moisture. Halophytes
include semi-shrubs and herbaceous species that live on saline soils and are characterized by
light-loving and, as a rule, significant osmotic pressure of cell sap. Ruderants are weeds with
diverse ecological properties and usually gravitate to soils with high nitrogen content.
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3.4. Terrestrial and cosmic factors
Along with coenomorphs, other ecomorphs are distinguished by the criterion of adaptation to
the most essential environmental factors. According to Williams [65], the factors of life of green
plants should be divided into two groups:

1) cosmic factors are light and heat;
2) terrestrial factors are water and food.

Therefore, Belgard’s system distinguishes ecological groups of plants similar in adaptation to
certain cosmic factors:

1) climamorphs are adaptations to climate conditions in general;
2) heliomorphs are adaptations to lighting conditions;
3) thermomorphs are adaptations to the conditions of thermal climate regime.

And ecological groups of plants are similar in adaptation to certain terrestrial factors:
1) trophomorphs are adaptations to soil fertility conditions
2) hygromorphs are adapted to the conditions of humidity regime.

3.5. Climamorphs
Belgard used Raunkiaer life forms [66, 67] as climamorphs: phanerophytes, chameophytes,
hemicryptophytes, cryptophytes (geophytes, hydrophytes), therophytes, epiphytes. When
choosing the features of life forms for recognition and classification of relationships between
plant life and climate, Raunkiaer was guided by three basic rules: a) the feature must be
structural and essential; it must represent an important morphological adaptation; b) the trait
must be obvious enough to be easily seen in nature to which life form the plant belongs; c) all
the life forms used must be of such a nature that they constitute a homogeneous system; they
must represent a single viewpoint or aspect of the plants and thus enable comparative statistical
treatment of the vegetation of different regions.

Considering these requirements, Raunkiaer differentiated life forms according to the type
and degree of protection provided to the growth points of perennial buds, which are responsible
for recovery after an unfavorable season. With the exception of some tropical climates that are
constantly warm and humid, all of them show a certain seasonal rhythm with alternating periods
that are favorable or unfavorable for growth. When comparing two climates, the difference
between them in the favorable season may be relatively small, while the differences in the
unfavorable season can be significant and of great importance. The unfavorable seasons may
be caused by cold or drought, or both, they may be short or long, they may be one or two
per year, but it is likely that those structural differences between plants that allow them to
survive the unfavorable seasons are a good indicator of the plant climate. Based on these facts,
Raunkiaer developed his classification of life forms, which depends primarily on the degree of
protection provided to the perennial bud. The system consists of the following five main classes,
arranged in accordance with the increased protection of the buds: phanerophytes, chameophytes,
hemicryptophytes, cryptophytes and therophytes. Raunkiaer believed that life forms are formed
historically as a result of adaptation of plants to climatic conditions of the environment. The
percentage distribution of species by life forms in plant communities in the study area is called
the biological spectrum. Biological spectra for different physiographic zones and countries serve
as indicators of climatic conditions. Raunkiaer classified plants according to where the growing
point is located in less favorable seasons, provided that the plant retains the ability to survive
these difficult conditions. Depending on the place on Earth, this unfavorable period can be, for
example, in the cold winter period or in the dry summer time. In temperate regions, the growth
point during the unfavorable season corresponds mainly to winter buds.
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3.6. Trophomorphs
Among trophomorphs are distinguished:

1) oligotrophs (OgTr) are adapted to poor soils;
2) mesotrophs (MsTr) are adapted to moderately rich soils;
3) megatrophs (MgTr) are adapted to rich soils;
4) alkalitrophs (AlkTr) are plants of saline physiologically poor soils;
5) parasitic plants (Par), semiparasitic plants (S/par), saprophytes (Sapr) and calciphiles (Ca).

3.7. Hygromorphs
Among hygromorphs are distinguished:

1) euxerophytes (EuKs) are highly drought-resistant species;
2) xerophytes (Ks) are drought-resistant species;
3) mesophytes (Ms) are plants of moderate moisture environment;
4) hygrophytes (Hg) are amphibious species;
5) pleistophytes (Pl) are aquatic plants with floating leaves;
6) hydatophytes (Hy) are plants completely immersed in water.

The transitional forms can be named through the combination of two hygromorphs that are
located next to each other. In this case, the leading mode is denoted by the second one, and
the auxiliary mode is denoted by a prefix, for example: xeromesophytes – mesophytes that are
more drought-resistant than ordinary mesophytes, or: mesohygrophytes – hygrophytes that are
able to exist in more arid conditions.

3.8. Moisture variability
The ecological analysis of floodplain ecosystems cannot be complete without taking into account
the floodplain factor. Therefore, it is necessary to distinguish between floodplain ecomorphs,
namely:

1) extra-floodplain species – occur mainly outside the floodplain;
2) short floodplain – characteristic of floodplains where the flood lasts no more than 10 days
3) medium floodplain – species can withstand floods that last no more than 40 days;
4) long floodplain – withstand floods that last more than 40 days.

The duration of the flood depends on the size of the river: in small rivers it lasts no more
than 10 days, in large rivers the flood can last more than 40 days. The number of species
that are able to adapt to flooding decreases in proportion to its intensity. Therefore, the species
diversity of floodplain communities decreases from short floodplain ecosystems to long floodplain
ecosystems. Therefore, the diversity of plant communities in short floodplain ecosystems of small
rivers is higher than in long floodplain ecosystems of large rivers.

3.9. Heliomorphs
Among heliomorphs are distinguished:

1) heliophytes (He) are light-loving species;
2) scioheliophytes (ScHe) are light-tolerant species;
3) heliosciophytes (HeSc) are shade-tolerant species;
4) sciophytes (Sc) are shade-loving species.
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3.10. Thermomorphs
Among thermomorphs are distinguished:

1) microtherms (MT°) are species originating from the polar geographical climatic zone;
2) mesotherms (MsT°) are species originating from the temperate zone;
3) megatherms (MgT°) are species originate from subtropical or tropical zones;
4) eurytherms (EuT°) are species that can grow in almost all climatic zones of the Earth.

3.11. Generative ecomorphs
These ecomorphs mainly reflect adaptation to growth conditions, so they can be called
vegetative. Along with vegetative ecomorphs, there are generative ecomorphs, which characterize
the attitude of species to pollination and spread of diasporas. The problem of creating a system
of generative ecomorphs was solved by Tarasov [68].

Pollenochores are groups of plants that are distinguished by the type of pollination (for spore
plants – by the type of gamete transfer). Among them are distinguished:

1) autogamy plants (Ah) – self-pollinated;
2) hydrophilous plants (Hdph) – pollination is carried out with the help of water;
3) gametohydrophilous plants (Hdgph) – gamete transfer occurs in the aquatic environment;
4) anemophilous plants (Anph) – pollen is distributed by wind;
5) entomophilous plants (Ent) – pollen is distributed by insects;
6) protandrous plants (Pa) – earlier maturation of pollen compared to the stigmas of pistils

in plant flowers. It is an adaptation to cross-pollination.
7) protogynous plants (Pg) – earlier maturation of stigmas in the flowers of plants compared

to pollen.
Diasporochores (ecobiochores) is a group of plants that are distinguished by the types of

plant diaspora dispersal. According to the ways of diaspore dispersal, they are distinguished:
1) endozoochory (EndZ) – transfer of seeds by animals after eating and defecation;
2) synzoochory (SynZ) – transfer of plant fruits by animals when they harvest stocks.
3) myrmekochory (Myrm) – transfer is carried out by ants;
4) epizoochory (EpZ) – transfer on the surface of animals, diaspores are tenacious;
5) anemochory (Anch) – spreading of seeds, fruits and plant spores by air;
6) hydrochory (Hdch) – diaspores are transported by water;
7) autochory (Ach) – self-dispersing plants spread fruits, seeds, spores and vegetative parts of

the plant organism with the help of the plant itself without the action of external agents;
distinguish between active seed dispersal from a cracked ripe fruit (mechanochory), burying
of fruits in the soil (geocarpy), shedding of fruits and seeds only under the influence of gravity
(barochory);

8) barochory (Bar) – a kind of autochorus, shedding of fruits and seeds only under the influence
of gravity;

9) ballistochory (Bal) – diaspores are scattered by elastic stalks when shocked;
10) geochory (Gch) – diaspores crawl and burrow into the ground, changing their shape;
11) cryptogeochory (KrGch) – hidden geochorus;
12) pervolvent (Perv) – movement of a plant under the influence of wind due to its rolling

(tumble-field);
13) anthropochory (Antrch) – spreading of seeds, fruits and plant spores by humans.
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4. Results
4.1. Climamorphs
In the park, 166 species of vascular plants were found, which are represented by
phanerophytes (19.9%), nannophanerophytes (8.4%), hemicryptophytes (40.4%), geophytes
(11.4%), theorophytes (18.7%) and geolophytes (1.2%) (figure 1). Acer negundo L., Acer
platanoides L., and Robinia pseudoacacia L. were the most common among phanerophytes.
Among nannophanerophytes, Parthenocissus quinquefolia (L.) Planch. and Sambucus nigra L.
were the most common. The most numerous among hemicryptophytes were Alliaria petiolate
(M.Bieb.) Cavara et Grande, Anthriscus sylvestris (L.) Hoffm., Chelidonium majus L., Geum
urbanum L., and Viola odorata L.. Among therophytes the most numerous were Galium aparine
L., Impatiens parviflora DC., Stellaria media (L.) Vill. Among geophytes the most numerous
were Cirsium arvense (L.) Scop. and Humulus lupulus L. Helophytes were represented by only
two species – Phragmites australis (Cav.) Trin. ex Steud. and Sium latifolium L..

Figure 1. Structure of life forms according to Raunkier (climamorphs): Ph is phanerophyte;
nPh is nannophanerophyte; Ch is chameophyte; HKr is hemicryptophyte; T is therophyte; G is
geophyte, Hel is helophyte.

4.2. Coenomorphs
Sylvants (35.5%) predominate among the coenomorphs, with slightly less pratants (22.3%),
ruderants (18.7%) and stepants (14.5%). Cultivants (3.0%), psammophytes (3.0%)
and paludants (3.0%) were occasionally found. Sylvants prevail among phanerophytes
(figure 2). The proportion of sylvants among nannophanerophytes was also high. The
proportion of stepants, which varied in the range of 12.9–21.4% was established for
nannophanerophytes, hemicryptophytes, geophytes and therophytes. The pratants dominated
among hemicryptophytes (35.8%). The ruderants dominated among therophytes and geophytes
(31.6 and 45.2% respectively). Helophytes were represented by paludants. The highest
coenomorphic diversity was found for hemicryptophytes (2.24), with a slightly lower diversity for
therophytes and geophytes (2.02 and 2.26, respectively). The lowest coenomorphic diversity was
characteristic of phanerophytes and nannophanerophytes. Naturally, the diversity of helophytes,
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Figure 2. Structure of coenomorphs: Cul are culturants; Pr are pratants; Pal are paludants; Ps
are psammophytes (psamants); Ru are ruderals; Sil are silvants; St are stepants. Ceonomorphic
diversity: Ph – 0.39, nPh – 1.75, HKr – 2.24, T – 2.02, G – 2.26, Hel – 0. Specific diversity:
Ph – 0.08, nPh – 0.46, HKr – 0.37, T – 0.41, G – 0.53, Hel – 0.

which are represented by only two species, was equal to zero. The lowest specific diversity was
characteristic of phanerophytes, and the highest was characteristic of geophytes.

4.3. Hygromorphs
The proportion of xeromesophytes and mesophytes was the highest (32.5 and 31.3%
respectively). The proportion of mesoxerophytes was also relatively high (28.3%). The
proportion of other hygromorphs was relatively low. The hygromorphic structure of
phanerophytes and nannophanenophytes was almost identical. These climamorphs were
represented mainly by the mesophytes. The hygromesophytes were represented among
hemicryptophytes and geophytes (6.0 and 10.5 % respectively). The therophytes were
characterized by a low proportion of mesophytes due to the increase in the proportion of
xeromesophytes. The helophytes were represented by the hygrophytes and mesohygrophytes.
The hygromorphic diversity was the highest among hemicryptophytes, and the lowest among
therophytes and helophytes. The lowest specific diversity was typical for phanerophytes, and the
highest was typical for geophytes. The specific diversity of climamorphs showed no significant
differences.

4.4. Trophomorphs
The trophomorphs were represented mainly by mesotrophs (71.1%) and a slightly smaller
proportion of megatrophs (22.3%). The oligotrophs were found occasionally (6.6%). The
proportion of megatrophs was the highest among phanerophytes (30.3%) and hemicryptophytes
(26.9%) (figure 4). Accordingly, these climamorphs were the most demanding to soil fertility.
The proportion of oligotrophs was the highest in nannophanerophytes (14.3%). The helophytes
were represented exclusively by the mesotrophs. The level of trophomorph diversity was at the
same level for all climamorphs, except for helophytes.
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Figure 3. Structure of hygromorphs: Ks are xerophytes; MsKs are mesoxerophytes; KsMs are
xeromesophytes; Ms are mesophytes; HgMs are hygromesophytes, MsHg are mesohygrophytes.
Hygromorphic diversity: Ph – 1.57, nPh – 1.58, HKr – 2.09, T – 1.68, G – 1.87, Hel – 1. Specific
diversity: Ph – 0.31, nPh – 0.41, HKr – 0.34, T – 0.34, G – 0.44, Hel – 1.

Figure 4. Structure of trophomorphs: MgTr are megatrophs; MsTr are mesotrophs; OgTr are
oligotrophs. Trophomorphic diversity: Ph – 1.06, nPh – 1.15, HKr – 1.19, T – 0.97, G – 0.77,
Hel – 0. Specific diversity: Ph – 0.21, nPh – 0.3, HKr – 0.2, T – 0.19, G – 0.18, Hel – 0.

The greatest diversity was typical for the hemicryptophytes. The lowest specific diversity was
characteristic of the geophytes, and the highest was characteristic of the nannophanerophytes.
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4.5. Heliomorphs
Sciogeophytes (57.2%) and heliophytes (30.1%) prevailed among heliomorphs. The proportion
of sciophytes and heliosciophytes was much lower (3.6 and 9.0 %, respectively). The proportion
of heliophytes was the highest among terophytes, geophytes and helophytes (figure 5). The
proportion of heliophytes was lowest for nannophanerophytes. The highest proportion of
sciophytes was found for hemicryptophytes. Sciophytes should be noted to be also found
among the therophytes and geophytes. The highest proportion of heliosciophytes was among
phanerophytes. The greatest heliomorphic diversity was typical for the hemicryptophytes. This
diversity was also quite high for therophytes and geophytes. Nannophanerophytes were the
least diverse in terms of light level preferences. The lowest specific diversity was typical for
nannophanerophytes, and the highest was typical for geophytes.

Figure 5. Structure of heliomorphs: HeSc are heliosciophytes; ScHe are scioheliophytes; He are
heliophytes, Sc are scioheliophytes. Heliomorphic diversity: Ph – 1.36, nPh – 0.37, HKr – 1.52,
T – 1.45, G – 1.47, Hel – 1. Specific diversity: Ph – 0.27, nPh – 0.10, HKr – 0.25, T – 0.29, G –
0.34, Hel – 1.

4.6. Pollenochores
Entomophilous plant species were the most common among the vegetation cover of the park
(71.7%). Anemophilous plants were significantly inferior to them (26.5%). Autogamous and
hydrophilous plants were found occasionally (1.2 and 0.6% respectively). The entomophilous
species were most common among nannophanerophytes (92.9%) (figure 6). The anemophilous
species were most commonly found among phanerophytes and helophytes (39.4 and 50.0%,
respectively). The hydrophilous species were found among geophytes. The autogamous species
were found among therophytes. Pollenochoric diversity was the highest among geophytes.
The lowest specific diversity was characteristic of nannophanerophytes, and the highest was
characteristic of geophytes.
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Figure 6. Structure of pollenochorus: Ah are autogamous plants; Anph are anemophiles; Ent
are entomophiles, Hdph are hydrophilus plants. Pollenchoric diversity: Ph – 0.97, nPh – 0.37,
HKr – 0.82, T – 1.03, G – 1.17, Hel – 1. Specific diversity: Ph – 0.19, nPh – 0.1, HKr – 0.13,
T – 0.21, G – 0.27, Hel – 1.

4.7. Diasporochores
Ballistic diasporeochores prevailed among diasporeochores (39.8%). The proportion of
anemochores and endozoochores was somewhat lower (27.7 and 12.0% respectively). Other
diasproochores accounted for 0.6–4.8 of the total number of species. Endozoochores were mainly
found among nannophanerophytes (78.6%). Among phanerophytes, anemochores were mainly
found (60.6%). Among herbaceous species, ballistic species prevailed (47.4–56.7%). The highest
diasporechoric diversity was found for hemicryptophytes. The lowest specific diversity was
characteristic of nannophanerophytes, and the highest was characteristic of geophytes.

5. Discussion
In ecology, there are two alternative perspectives on the nature of ecological communities:
continualism and structuralism [69].

Continualism considers the response of an organism to the effects of environmental factors as
a species-specific property, which is generally described by a bell-shaped curve [70–72]. Hence,
it is natural to conclude about living organisms as indicators of environmental properties, which
became the basis for the creation of many indicator scales [73]. One of the first such scales was
created by Ramenskiy, the founder of continualism [74]. Other phytoindicator scales differ in
their resolution, the list of environmental properties indicated, and the aspect of the species
response curve to an environmental factor: whether it is an optimum zone based on which
Ellenberg scales are indicated [75–77], or whether it is the range of the factor within which
the species can exist, as provided in the range scales of Tsyganov [78] or Didukh [79]. The
principles of phytoindication are a practical consequence of biotope theory [80–82] according to
which biocenosis [83,84] depends on the observed physical properties of the environment [85–87].
And an ecosystem, in turn, is a combination of biotope and biocenosis. Within the framework
of structuralism, environmental factors take a second place and the intrasystem interactions
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Figure 7. Structure of diasporochores: Ach are autochores; Anch are anemochores; Bal
are ballistae; Bar are barochores; Endz are endozoochores; Epz are epizoochores; Hdch are
hydrochores; Myrm are myrmecochores; Synz are synzoochores. Diasporochorous diversity:
Ph – 1.75, nPh – 0.95, HKr – 2.16, T – 2.06, G – 1.82, Hel – 1. Specific diversity: Ph – 0.35,
nPh – 0.25, HKr – 0.36, T – 0.42, G – 0.43, Hel – 1.

are advanced, which leads to explaining the observed boundaries of plant communities as
those of an endogenous nature [88]. The most orthodox branch of structuralism is Sukachev’s
biogeocenology [89–91].

More recently, the conflict between continuism and structuralism has taken the form of
a competition between ecological niche theory [92] and neutral diversity theory [93]. The
constructive position of this confrontation is to soften the problem, namely, which of the
alternative representations is the only true and which is false [94]. The solution moves to the
question of under what circumstances one of the views explains a greater range of observable
facts than the other, and under what circumstances the priority goes to the competing viewpoint.

Biogeocenosis is a combination of biocenosis and ecotope [91]. The term ecotope was
coined by Vysotsky [95], but in English-language literature Sørensen [67] or Tansley [96] are
considered as its authors. An ecotope is the smallest unit of the Earth’s surface that possesses
homogeneity of at least one property of the geosphere: atmosphere, vegetation, soil cover, rocks,
water, etc., with a non-extreme variation of other properties [97]. Ramensky [98], along with
ecotope (habitat), which is determined by direct acting factors (heat, light, aeration, nutrient,
soil reaction, salinity), distinguishes entopia (location), which is determined by the indirect
topological conditions. In the tradition of biogeocenology, an ecotope includes a climatope
and an edaphotope. The climatotope, in turn, consists of a heliotope and a thermotope,
and the edaphotope consists of a hygrotop and a trophotope [89]. Sukachev [90] considers a
biotope as the zoological equivalent of the botanical term ecotope. However, the history and
practice of using these terms allow them to be interpreted as the equivalent of abiotic properties
of the environment within the framework of continuism (biotope is a component part of the
dimensionless concept of ecosystem) and abiotic properties of the environment transformed by
biota (ecotope is a component part of biogeocenosis as ecosystem within the boundaries of
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phytocenosis) within structuralism. In the late forties of the last century, Belgard [63] created
the typology of the forests of the steppe zone of Ukraine, which is a bright example of the
effectiveness of the principles of biogeocenology and in this sense this concept should certainly be
recognized as structuralist. The typology was supplemented by the system of plant ecomorphs.

According to Belgard’s ideas, an ecomorph reveals the relationship between organisms and
the environment and reflects the degree of their adaptation to the most important elements
of the biogeocenosis. The term ecomorph is preferred because the life form usually refers to
adaptations that are expressed in the external form of the plant, whereas adaptations to all
structural elements of the biogeocenosis do not have a physiognomic manifestation. The key
feature of the Belgrad system of ecomorphs is the coenomorph which is the adaptation of plant
species to the phytocoenosis as a whole [99]. The ecomorph system has been extended to
other components of the biogeocenosis [100–103], which allows us to interpret coenomorph as
adaptation of biotic and bioinert component of biogeocenosis to the biogeocoenosis as a whole.
In turn, the adaptivity is defined as the responses of various objects to the environmental
factors, which manifests itself in changes in the structure and functions of responding objects
and their groups in response to various changing conditions, resulting in the maintenance of their
existence [104]. Coenomorphs are distinguished along with adaptations to the most essential
environmental factors such as climate (climomorphs), light regime (heliomorphs), thermal regime
(thermomorphs), soil fertility (trophomorphs), and moisture regime (hygromorphs) [105]. The
boundaries of the gradations of the corresponding factors are determined by the internal
integrity of such categories as forest type, which in essence is equivalent to the concept of
biogeocenosis type [106]. These gradations were proposed by Matveev [107] to represent in
a score form and use for the purpose of phytoindication of the corresponding environmental
factors. However, Belgard developed a system of ecomorphs primarily to assess the condition
of the biogeocenosis as a whole. The spectra of hygromorphs, trophomorphs, climomorphs,
thermomorphs, heliomorphs within a particular coenomorph illustrate the idea that under
conditions of varying environmental properties a biogeocenosis can preserve its integrity and
identity [108, 109]. Therefore, attempts to interpret coenomorphs as a tool for phytoindication
of biotopes [110] are somewhat inconsistent with the purpose of this concept and the nature
of ecological groups that are denoted by this term. Assuming that coenomorphs are discrete
representations of the ecological continuum of plant organisms, this concept carries no additional
information and is therefore degenerate for indicating biotope properties. In such a case, there is
no objective criterion for distinguishing coenomorphs and, ultimately, their number and quality
can be arbitrary. Often, a concept such as an ecological and cenotic group is used as an equivalent
of the term coenomorph, or they refer to the ecological and cenotic relationship of a species.
However, such a position is subject to criticism on the basis of the conceptual essence of the term,
which implies the conditions of existence of biological objects, rather than their association with
something [111]. Therefore, it is critically noted that the floristic studies should either abandon
the use of community names to denote the habitat of individuals or their populations at all, or
justify the possibility of their use in an ecological sense [112, 113]. If coenomorphs are discrete
classes of plant species that are separated from each other to a greater extent than can be
assumed based only on the continuum nature of ecological differences between species, then
information on the coenomorphic membership of a species and, consequently, the coenomorphic
structure of a community, can carry additional information for indicating the properties of an
ecotope [114,115].

Our results indicate a high level of plant community diversity within the city park. The plant
community is represented by the different ecological groups. The tree layer is represented by
phanerophytes, in the undergrowth predominantly nannophanerophytes are represented. The
grass stand is represented by hemicryptophytes, geophytes, therophytes and helophytes. The
wide ecological diversity of plant climomorphs in the park plantation indicates a potential for
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sustainability of this plant complex. On the other hand, the climomorphic structure indicates
the presence of a permanent disturbance regime in the park plantation, which manifests itself
in an increase in geophytes and thermophytes. It should be noted that the helophytes are
represented by only two plant species. In the natural state along the thalweg of the gully, on the
basis of which the city park was formed, a stream flowed, so the diversity of helophytes could
be much higher. The low diversity of helophytes indicates a significant transformation of the
landscape cover of the urban environment.

The ecomorphic analysis is applied to analyze the plant community as a whole.
We applied the ecomorphic approach to the differential analysis of plant community
climomorphs. The climomorphs were found to differ significantly in their ecomorphic structure.
Thus, phanerophytes and nannophanerophytes differ from herbaceous layer plants in their
coenomorphic structure. The phanerophytes are expectedly represented by the silvants. The
diversity of coenomorphic structure of nannophanerophytes increases due to the growing
proportion of steppants. The steppe shrubs usually form marginal complexes of forest
communities in steppe, which ensures their ecological stability. An increase in the proportion
of steppes among nannophanerophytes can be regarded as an element of maintaining the
sustainability of artificial forest plantations in urban environments. Among herbaceous plants,
the proportion of steppe and meadow species is systematically high, while the proportion
of forest species is insignificant. This structure emphasizes the amphicenotic nature of the
plant community structure. The cenotic elements of different nature have priority in different
horizontal layers of the community. Among the therophytes, the ruderants predominate. This
advantage is carried out against the background of a decrease in the proportion of silvants. Thus,
the disturbance of ecological regimes, which provide the forest type of the cycle of substances
and energy flow, leads to ruderalization of the ecological environment of the park plantation.

Phanerophytes and nannophanerophytes are represented by the mesoxerophytes, xeromeso-
phytes and mesophytes. In plant layers the proportion of both mesoxerophytic and mesophytic
hygromorphs decreases, but the proportion of xeromesophytic hygromorphs increases. This
trend should be regarded as a decrease in the tolerance of herbaceous cover to the moisture
conditions. The structure of trophomorphs is rather stable in the section of climomorphs. The
plant community of the park plantation is mesotrophic.

The plant community is dominated by sociogeliophytes and the highest proportion of
this heliomorph is characteristic of nannophanerophytes. The diversity of phanerophytes in
comparison with nannophanerophytes increases at the expense of heliophytes, and the diversity
of the herbaceous layer increases at the expense of both heliophytes and sociophytes. It is
obvious that the forest stand of park plantation forms a wide variety of crown architectonics,
which creates conditions for life of both light-loving and shade-loving species of herbaceous
plants. A competitive strategy for the tree species is to adapt to the deficit of light under the
canopy of other tree species. Obviously, a mosaic of light conditions is a characteristic of park
plantings. Continuous park plantation management procedures prevent the development of a
dense canopy of woody species that is observed in natural forests.

The predominance of entomophilous plant species in park plantations raises the problem
of comprehensive protection of the animal component in urban forests. It is also important
to note the potential of the plant community as a factor supporting animal diversity
in the urban environment. Significant differences are observed between phanerophytes
and nannophanerophytes with respect to diaspore structure. The diaspores of park
plantation phanerophytes are distributed predominantly by wind, while the diaspores of
nannophanerophytes are distributed predominantly by animals. The phanerophytes of the
regional flora are represented by anemochores in 59.6% of cases and by endozoochores in
19.2% of cases, which is fully consistent with the values found in the park plantation. In
turn, among phanerophytes in the park, there are almost twice as many synzoochores as in
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the regional flora (6.1% vs. 3.85%). The endozoochores are also more typical for the park
plantation nannophanerophytes than for this climomorph in the regional flora as a whole (78.6%
vs. 66.67%). At the same time, the nannophanerophytes of the park plantation are twice as
rarely represented by the anomochores as is observed in the regional flora (7.1% vs. 14.6% in
the regional flora). Among the hemicryptophytes, the anemochores occur much less frequently
than in the regional flora (10.4% vs. 20.8% in the regional flora), whereas among the park’s
therophytes and geophytes, the anemochores occur more frequently than in the regional flora
(19.4% vs. 9.9% in the regional flora for therophytes and 31.6% vs. 20.8% in the regional
flora for geophytes). Thus, the park plantation has a specificity of its diaspore structure. It
consists in the increased role of zoogenic factor for diaspore dispersal for phanerophytes and
nannophanerophytes, the increased role of wind in geophyte and terrorophyte dispersal and the
decreased role of wind in hemicryptophyte dispersal.

6. Conclusion
The ecomorphic approach was developed to analyze the structure of natural plant communities.
This method was applied to analyze the ecological structure of an artificial park plantation in
an urban environment. The results obtained allow to discover the essential ecological features
of the park plantation. The park plantation has many features that bring it closer to natural
forests. The similarity consists in a significant proportion of silvants, shade-loving species,
and mesotrophs. A significant level of anthropogenic impact can be diagnosed on the basis of
information about the increased proportion of ruderants in the plant community. The differential
analysis of the ecomorphic structure in the section by climorphs is of considerable value. This
approach allowed to detect an increased role of the zoogenic factor in the distribution of diaspores
of phanerophytes and nannophanerophytes and an increased role of wind in the dispersal of
geophytes and therophytes. The role of wind is reduced in the dispersion of hemicryptophytes
in the urban environment.
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Abstract. Methods of using on-board energy storage system on rolling stock are considered.
Their use ensures a reduction in energy consumption and reduces the impact on the environment.
Concepts of managing energy flows in the traction system of an electric rolling stock equipped
with onboard energy storage systems are considered. It is proposed to apply the concept of
control on an electric locomotive for quarry railway transport, which consists in reducing the
current consumption from the traction network during the acceleration of the rolling stock and
compensating the power during movement with the lowest voltage on the current receiver. For
the selected control concept, a simulation of the train movement on the test section was carried
out while varying the value of the limit current consumed by the electric locomotive from the
traction network. The power of the energy storage device and its working energy capacity is
determined. Based on the results of the study, it is justified to limit the current consumed by
the electric locomotive of the traction network at the level of 600 A.

1. Introduction
Increasing the efficiency of quarry railway transport is an important direction for achieving the
goals of decarbonization and sustainable development of mining enterprises.

A well-known method of increasing the efficiency of electric traction systems is the use of
recuperation [1]. For this, it is necessary to use energy storage systems in the electric traction
system. For electric traction systems of quarry transport, it is expedient to use on-board energy
storage systems (OESS), because, firstly, it allows the most effective use of recuperation energy,
and secondly, it provides the possibility of autonomous movement of electric rolling stock in
non-electrified sections.

The concept of managing energy flows in the electric traction system is important for the
effective use of OESSs. The analysis of the sources shows that the structure and parameters
of the traction electric drive and OESS depend on the type of rolling stock and its operating
conditions [2].

Nowadays, several types of an electric rolling stock equipped with OESS are in operation.
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The traction electric drive MITRAC Energy Saver [3] is designed for use in urban electric
transport. OESS is built using supercapacitors. Discharge of the supercapacitor occurs when the
tram accelerates. During electrodynamic braking and at a stop, the OESS is charged. The EV-
E301 regional railcar train of Japan’s JR East [4] operates on a route that has a non-electrified
section. The strategy of control is as follows: when moving along an electrified section, the
traction and auxiliary systems of the train are powered and the OESS is charged from the
catenary network. When moving through a non-electrified section, the traction and auxiliary
systems of the train are powered by the OESS. During electrodynamic braking, auxiliary systems
are powered and OESS is charged. At the stop, auxiliary systems are powered and the OESS is
charged from the contact network. Accumulators are used in OESS.

A feature of the Flexity 2 tram system developed by Bombardier for Nanjing [5] is that the
contact network is available only near the stops. Therefore, the operating algorithm of the OESS
is similar to that described above: when moving under the contact wire, the tram accelerates
and the OESS is charged. Movement between stops is carried out with the power supply of the
traction and auxiliary systems from the OESS. OESS is built using accumulators.

The tram system of the CAF development in Birmingham [6] functions similarly. The OESS
of the rolling stock is built based on supercapacitors.

When the BEC‐819 train, created by Hitachi [7] is moving in the traction mode, the traction
and auxiliary systems are powered from the contact network through active rectifiers. There is
no energy exchange with the OESS in this mode. When moving in coasting mode, charging of
the OESS from the contact network begins. In the mode of electrodynamic braking, the OESS is
charged. When moving along non-electrified areas, traction and auxiliary systems are powered
by OESS.

The Combino Plus tram manufactured by Siemens [8] is equipped with a hybrid OESS, which
includes batteries and supercapacitors. During acceleration, the tram systems are powered
by supercapacitors. Power is supplied from the batteries in the driving mode with speed
maintenance or coasting. During electrodynamic braking, supercapacitors are charged. At
the stop, batteries and supercapacitors are recharged from the contact network.

Let’s consider the algorithms of OESS operation on autonomous rolling stock.
A diesel train produced by Hitachi [9] uses battery-based OESS. OESS feeds the traction and

auxiliary system during acceleration. After a speed of 30 km/h, a diesel generator connects,
which provides energy to the diesel train system. During electrodynamic braking, OESS is
charged. At a stop, auxiliary systems are powered from the OESS.

The tram produced by CRRC for Tangshan [10] is equipped with fuel cells and hybrid OESS.
The fuel cell works with a certain power during the entire movement. When accelerated, the
traction system is additionally powered by supercapacitors. In steady motion mode, if necessary,
the traction system is powered by batteries. During electrodynamic braking, supercapacitors
are charged. At the stop, OESS is recharged from fuel cells.

To ensure long-term autonomous movement of rolling stock on non-electrified sections, as well
as in the case of a battery power source, OESS is built based on batteries of various types [11–15].
For the most part, this rolling stock is in trial operation, including checking and finalizing OESS
management strategies.

It is worth noting that inertial energy accumulators were used on rolling stock [16, 17].
However, their exploitation was more of an experimental nature and they did not become
widespread.

A generalization and analysis of energy exchange control concepts for electric traction systems
can be found, for example, in [18–20]. Here we note that one of the methods of controlling
the OESS consists in reducing the current consumption from the main power source during
the acceleration of the rolling stock and ensuring optimal operating modes of the main power
source. This OESS concept of control can be applied to an electric locomotive for quarry railway
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transport and is based on the following.
Observation of the operation of traction units at mining enterprises shows that the voltage

on their current receivers can significantly decrease – down to a minimum voltage equal to
7.5 kV in the case of an alternating current electric traction system. Mostly, this happens when
a loaded train is moving uphill. To prevent the minimum voltage protection from triggering,
the control system or the driver limits the electric locomotive’s current consumption from the
traction network. As a result, the speed of the train decreases, and the passage time of the
section increases.

To eliminate the above situation, it is possible to use an OESS, which, in case of reaching
a certain value of current that the electric locomotive consumes from the catenary network,
will feed the traction electric drive and auxiliary systems. Thus, there is a problem with
researching the processes of energy exchange in the traction system of an electric locomotive
with an onboard OESS while limiting the current consumed from the contact network and
determining the parameters of the OESS.

2. Research material and results
Direct modeling of the processes of energy consumption by an electric locomotive with an
asynchronous traction electric drive during the movement of a train on a section of the track
will not ensure high reliability of the results, since the traction network has a complex topology,
its parameters cannot be determined with high accuracy, the nature of the movement of trains
along the feeder zone is random. Therefore, let’s assume that the movement of the electric
locomotive under study in the section takes place at a voltage of 7.5 kV, that is, it is carried
out at the minimum value of the voltage on the current receiver. Such a scenario corresponds
to the worst conditions of the power supply of electric rolling stock.

The current consumed from the contact network is determined both by the mode of operation
of the traction electric drive and by the power consumed by auxiliary systems. Let’s assume
that when a certain value of the current consumed by the electric locomotive from the contact
network is exceeded, the OESS must be connected to power its systems. We will calculate the
power and working capacity of the OESS at different limit values of the current that can be
consumed from the network.

For example, let’s study the electric locomotive described in [21]. Its traction characteristic
is shown in figure 1a, and the profile of the section from the crushing plant to the reloading
point is shown in figure 1b.

(a) (b)

Figure 1. Traction characteristics of the electric locomotive (a) and profile of the track section
(b).

To solve the traction task, a mathematical model of train movement on a section of the track,
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given in [22], was used. With its help, the dependence of the tangential power was received for
the case of the movement of a loaded train from the loading point to the crushing plant (figure 2).

Figure 2. Dependence of the tangential power of the electric locomotive.

One of the variants of the structure of the traction system of the electric locomotive under
study, in which power compensation from the OESS is ensured, is shown in figure 3. Here the
intermediate circuit, to which the traction electric drive and auxiliary systems are connected, is
fed jointly from the input converter and the OESS.

Figure 3. Structural diagram of the traction system of the electric locomotive: P – pantograph,
IC – input converter, TT – traction transformer, 4QS1, 4QS2 – four-quadrant converters;
AUXCS – auxiliary systems of electric locomotive control, ACM1 – auxiliary converter module
of control section, ACM2 – auxiliary converter module of booster section, OESS – energy storage
system, ES – energy storage, MC – matching converter, TDCS – traction electric drive of the
control section, TDBS – traction electric drive of the booster section, TI1…TI16 – traction
inverters, M1…M16 – traction induction electric motors.

The power flow management algorithms are as follows.
In traction mode (figure 4a), the power consumed from the traction network is determined

through the active component. If the total load is a tangential power and auxiliary systems,
exceed this power, then the OESS is connected to the power supply of the load.

In the electrodynamic braking mode (figure 4b), the energy coming from the traction electric
drive can be used to power the auxiliary systems of the electric locomotive (priority use), charge
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the OESS, and recuperate into the traction network (in case there is an excess of the total power
of the auxiliary systems and the power, with which the energy storage (ES) is charged). If there
is not enough energy to power auxiliary systems, the rest is compensated from the traction
network. If during braking, the power coming from the traction electric drive exceeds the total
power of auxiliary systems and OESS, the excess energy is recovered to the traction network.
At the same time, the latter is possible if there is an OESS power limit.

(a) (b)

Figure 4. Energy flows in the traction system of an electric locomotive is traction mode (a)
and EBD mode (b): P – pantograph, IC – input converter, TD – traction electric drive, OESS –
on-board energy storage system, ES – energy storage, BC – matching converter, AUX – auxiliary
systems, PC – power that is consumed from the traction network, PDC1 – power that enters
the intermediate circuit from the input converter, PDC2 – the power that comes from to the
intermediate circuit from OESS, POESS – power that is consumed from ES, PDC3 – power that
is transmitted to the traction electric drive, PDAUX – power consumed by auxiliary systems, Pk –
tangent power of the electric locomotive, P ′

DC3 – power that comes from the traction electric
drive, P ′

DC2 – the power that is transferred to the OESS, P ′
DC1 – the power consumed from the

traction network in EDB mode.

To perform the calculations by the above, energy flow management algorithms were
developed, the block diagram of which is shown in figure 5. The diagram does not show the
calculation of the energy that is recovered to the traction network.

As mentioned above, two scenarios of operation are possible in EDB mode.
In the first scenario, the capacity of ES is sufficient to store all available energy. In this case,

the power must ES meet the condition

POESS ≥ PLnomηTDηDC (1)

where PLnom – nominal tangent power of the electric locomotive, ηTD – the efficiency of “traction
converter – electric motor – reduction gear” is taken as equal to 0.9; ηBC – the efficiency of the
matching converter of the OESS assuming to be equal to 0.9.

The second scenario foresees that the storage capacity is selected from the condition of
power compensation in traction mode. The storage capacity in this case is calculated using
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Figure 5. Block diagrams of the energy flow management algorithm in the traction system of
the electric locomotive.

the expression

POESS ≥
PLnom
ηTD

+ PAUX − UCICAη1

ηBC
(2)

where η1 – the efficiency of the “traction transformer – input converter – filter” link is taken as
0.95; PAUX – the power of auxiliary systems of the electric locomotive is assumed to be equal
to 300 kW, UC – the lowest voltage on the current receiver, equal to 7.5 kV, ICA – the limit
current consumed by the electric locomotive from the traction network.

Figure 6 shows the dependence of the power of the ES (figure 6a) and the working energy
capacity of the ES (figure 6b) on the limited current consumed by the electric locomotive. The
calculations have been provided for the limit current range of 400...1000 A. The power of the ES
and the working energy capacity were determined during the calculations. The corresponding
dependencies are shown in figure 6.

The analysis of dependencies in figure 6 shows that in the first scenario – determination of
the OESS power from the condition of complete energy absorption in the EBD mode – the ES
power is a constant value. The working energy capacity in this case has a non-linear character
with a minimum of about 600 A.

For the second scenario – determining the power of the energy storage device from the
condition of power compensation while limiting the current consumption – the power is ES
a linear dependence. The dependence of the working energy capacity is non-linear, and in the
current range of 600...800 A it has a shade with an almost constant value.
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(a) (b)

Figure 6. Dependencies of power (a) and and working energy capacity (b) of the energy storage
(green line – scenario 1, red line – scenario 2).

It should be noted that the power values calculated according to (1) and (2) at a certain value
of the limit current of the electric locomotive give the limits of the range in which the power can
be ES. If the power is ES less than calculated by expression (2), then the power compensation
mode will not be provided. If the ES power is greater than calculated according to (1), then
there will be an irrational use of ES, since this value is the maximum ES power with which it
can work in the case under study.

Thus, the determination of ES power and working energy capacity requires additional
research. In general, both determining the parameters of the ES and determining the parameters
of the entire traction system is a complex task [23–25].

Regarding the determination of the limit current of an electric locomotive, which can be
consumed by an electric locomotive from the catenary network, the following must be taken into
account.

1. A system of copper contact wire and a bimetallic supporting cable is used in the contact
suspension on the quarry railway transport. The continuous current of the PBSM-95+MF-
100 contact network is 660...820 A depending on the degree of wear of the contact wire
[26, 27], while an increase in current by 1.3 times is allowed if the duration of its flow does
not exceed 3 minutes. Since the actual degree of wear of the contact wire is unknown, and,
in addition, there may be several electric locomotives on one feeder zone, it is advisable to
take the limiting current close to the lower limit of the range.

2. It is shown in [21] that when moving along the investigated section of the track, the
movement of an electric locomotive with nominal power in the traction mode is carried
out only uphill, and most of the time – 70.5% of the total time of movement in the traction
mode – the traction drive operates with a power that does not exceed 1500 kW. The
maximum value of the tangent power on flat areas is 3500 kW, which is 52.2% of the
nominal power. That is, in speed maintenance modes, about 50% of the power of the
electric locomotive is sufficient. Based on this, the current of the electric locomotive will be

I1 =
Pk

U1η cosϕ
(3)

where Pk – tractive power, which is equal to 3500 kW; U1 – the voltage on the current
receiver, equal to 7.5 kV; η – efficiency factor of the electric locomotive, which can be taken
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(a)

(b)

(c)

Figure 7. Dependencies of changes in energy (a), power (b) of the energy storage, and current
consumed by the electric locomotive from the catenary network (c).
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as equal to 0.86, cosϕ – the power factor of the fundamental harmonic, which is assumed
to be equal to 0.95.
After performing the calculations, we will get that the fundamental harmonic of the network
current of the electric locomotive is about 570 A.

3. Decreasing the limit current of the electric locomotive leads to a reduction in the power –
and therefore the cost – of the traction transformer of the input converter and the filters
associated with it. However, it leads to an increase in the power and capacity of the OESS.
Since the cost of electrical equipment is unknown, this aspect is not taken into account
when determining the limiting current.

Thus, by comparing the first two aspects and the results of the calculation of the ES
parameters, the limit current of the electric locomotive can be taken as equal to 600 A.

For example, figure 7 shows the dependencies of the change in the energy of the ES (a), its
power (b), and the current consumed by the electric locomotive from the catenary network (c).
The current limit is set to 600 A.

As can be seen from figure 7, when a current of 600 A is reached, the ES “switches on” to
work. This happens during acceleration and movement on hills. In the EDB mode, when driving
downhill, braking at the end of the movement, the energy enters the ES and even returns to the
contact network. At the same time, the current that the electric locomotive consumes from the
contact network does not exceed 600 A.

Thus, the algorithm described above can be used to determine the parameters of the onboard
energy storage during working with current limitations. It is rational to simulate the movement
of the train during the entire half-passage, as well as maneuvering during loading and unloading
if during these operations the power is supplied from the onboard energy storage. To improve
the accuracy of calculation results, it is necessary to improve mathematical models, in particular,
to determine the losses in the traction electric drive.

3. Conclusions
The concepts of onboard energy storage management have been analyzed. Their use on rolling
stock allows for storing of the energy during braking, which is later used during the movement
of rolling stock.

For the electric locomotive of quarry railway transport, it is proposed to implement the mode
of operation to limit the current consumed by the electric locomotive from the catenary network,
and the energy exchange processes for this method of control have been investigated.

Calculations have been made and a justification has been provided for determining the limit
current that can be consumed by an electric locomotive from the catenary network. Restriction
of the limit current to 600 A is rational for the electric locomotive under study.
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Abstract. This scientific paper provides an analysis of the current state of biogas production
and potential for improvement through optimizing biogas production and diversifying
production. The analysis uses data from open sources and reports, such as EBA’s Statistical
Report and analytical reports on market and digestate analysis. The authors present a
comparison of electricity costs and biogas plant distribution in Europe, confirming that the
higher the cost of electricity, the more widespread the introduction of biogas plants as an
alternative energy source. The paper also discusses the potential of green ammonia production
during anaerobic digestion, which can increase the efficiency and sustainability of biogas
production technologies. The innovative technology of ammonia production from livestock waste
during anaerobic treatment reduces the amount of water needed for dilution and transforms
dissolved ammonia, which is toxic for anaerobic fermentation, into a useful final product.
The paper highlights the potential for economically attractive approaches that use existing
infrastructure and can contribute to energy independence and sustainability. The authors
conclude that optimization in terms of more optimal process conditions and diversification
of production approaches can increase the sustainability of biogas production technologies and
ensure broader use.

1. Introduction
The decrease in carbon dioxide emissions and adherence to green energy production has been
in focus of European community for decades [1]. That adherence is declared in sustainable
development programs by the EU and worldwide. For example, the strategies Europe 2020 [2],
Europe 2030 [3], and The Long-term Strategy of the United States [4] declared the EU’s and
US’s goals for CO2 emissions decreasing. However, the recent actions of the European Union
related to Russian invasion of Ukraine has added a new focus on urgent solving of energy issues
and development of new approaches of energy production.

Therefore, it is relevant to provide evaluation of the economic potential of the new energy
production methods. Ammonia is an energy source that has recently received much attention due
to its advantages, including decreed emission. However, using it as an energy source nowadays is
irrelevant due to high production costs. However, recently, a new carbon-free method of ammonia
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production has been proposed [5] that may be more efficient compared to the traditional process
of ammonia production.

2. Materials and methods
The current state of biogas production is analyzed using reports and data of open sources. The
estimation of the amount of biogas in Europe was taken from EBA’s Statistical Report [6, 7].
The location of the biogas plants in Ukraine was collected and aggregated in online Google Map
layer. The potential of the ammonia and market analysis was calculated based on the USA’s
and the EU’s statistical data. Market analysis of the digestate was taken from the analytical
report [8] and evaluated through calculations based on the statistical data on farm animals.

3. Results and discussion
3.1. Current state of biogas production from organic waste in Ukraine and in the EU
Current energy crisis creates the conditions that needs the development of the energy production
systems solving urgent current needs and that are sustainable in long-term. And economic
efficiency is one of the most significant factors driving the development of specific technologies.
This statement is confirmed by comparing data on electricity cost and biogas plants’ distribution.
There is a correlation that the higher the cost of electricity, the more widespread the introduction
of biogas plants as an alternative energy source. Thus, the most developed biogas production has
place in Germany and Italy, where the cost of electricity is the highest among EU countries, 140
and 135 €/MW [9], respectively (figure 1). It is also important to note that a significant part of
the structure of electricity prices in these countries is a tax (that is, the price of energy purchase
is artificially increased to fill countries’ budgets and prioritize energy efficiency). Accordingly,
if the activity is profitable, the entrepreneur will carry out such activity. The crisis requires
precisely these conditions of dependence on the energy resources of the Russian Federation and
the food crisis caused by the war in Ukraine. It seems relevant to provide approaches that are
economically attractive and use existing infrastructure.

The development of anaerobic technologies in Europe is spread unevenly (figure 2). In some
countries, there is an oversaturation of the market with biogas plants, in particular, focused
exclusively on the production of energy, which can be unsustainable [10]. At the same time,
there are countries where anaerobic fermentation is not widespread, and there is significant

Figure 1. Average industry retail electricity prices in 2015 [9].
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Figure 2. Number of biogas plants in European countries, arranged in descending order [6].

potential for its introduction. Thus, more than 11,000 biogas plants are operating in Germany
and more than 1,600 in Italy. However, for example, in Romania and Bulgaria, the number
of such plants is about 10 units per country, despite the relatively large territories of these
countries.

In general, as of 2018, more than 50 facilities were producing biogas operated in Ukraine,
of which 33 used organic waste. The total capacity of biogas plants was 44 MW. It is planned
to build several biogas plants, particularly under the Ukrainian companies MHP and Danosha.
The location of biogas facilities in different regions of Ukraine is presented in (figure 3).

3.2. Increasing economic efficiency of anaerobic fermentation for energy production
3.2.1. The potential of production of green ammonia during anaerobic digestion. Increasing
economic efficiency by optimizing biogas production and diversifying production is the
requirement for the anaerobic treatment technology to ensure energy independence of states.
Both of these approaches will increase the sustainability of the approach and ensure the broader
use of biogas production technologies [10]. Optimization in terms of more optimal process
conditions is carried out quite widely and is inherent in many studies [11–13]. Here we will discuss
the use of biofertilizers obtained in the process of anaerobic fermentation and the production of
ammonia during the anaerobic fermentation of waste with a high nitrogen content.

Modern approaches make it possible to obtain additional products from organic waste when
using anaerobic fermentation and ensure an increase in the efficiency of the process. The problem
of accumulating a significant amount of ammonia in the anaerobic fermentation process, which
leads to inhibition, has been known for a long time [14]. In order to reduce the inhibitory
effect, there is a need to dilute the waste with water in an amount that could reach up to 12
times compared to the original substrate, which leads to additional costs and environmental
impact. Using a sustainable technology of biogas production from livestock waste, it is possible
to obtain such ammonia as a pure product, which can later be used as a fuel on a par with green
hydrogen. The essence of the innovative ammonia production technology is the absorption of
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Figure 3. Location of facilities producing biogas in Ukraine.

ammonia during destruction in the process of anaerobic fermentation by the sorbent placed in
the reactor and its subsequent regeneration (figure 4) [5]. Therefore, this approach reduces the
amount of water needed for dilution and ensures the transformation of this dissolved ammonian
which is toxic for anaerobic fermentation, into a final helpful product.

It is important to note that such technologies have high potential because, for example, the
technology can, for the first time, ensure the production of ammonia cheaper than when using
the Haber-Bosch process. In addition to anaerobic fermentation, there were other methods
of obtaining ammonia from livestock waste, for example, using Escherichia coli [15] or using a
hydrothermal approach [16]. However, they probably use not fewer resources than the traditional
ammonia production approach.

The European Commission currently encourages the use and various production methods
of green ammonia. Thus, there are projects funded by the European Commission on the
electrochemical production of ammonia [17] and the use of ammonia in fuel cells for marine
vessels [18].

The global market for green ammonium is 17 million dollars [19]. However, such relatively
small market indicators are related precisely to the fact that there was no technology on the
market that would be cheaper than the production of ammonia by the traditional method. It is
predicted that the cost of green ammonia will gradually decrease, mainly due to the discovery of
methods that make production cheaper and the introduction of ammonia production approaches
in the industry. Thus, the price over 30 years may drop several times from the estimated average
cost of 1,000 $ per ton to 500 $ per ton, potentially making it cost-competitive with ammonia
obtained by traditional technology [20]. Figure 5 shows the forecast for the cost of ammonia
until 2050.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012025

IOP Publishing
doi:10.1088/1755-1315/1254/1/012025

5

Figure 4. An innovative method of producing ammonia from livestock waste during anaerobic
treatment [5].

Figure 5. Ammonia cost forecast until 2050 [20].

In Europe, the potential of ammonia production from livestock waste by anaerobic
fermentation reaches 10 million tons per year [21]. Ammonia production potential in the USA
is commensurate with European ones (figure 6).

It is important to note that today the production of energy from ammonia produced by the
Haber-Bosch process is considered unprofitable. So, the amount of energy required to produce
a ton of ammonia by the Haber-Bosch method is 38 GJ. At the same time, 22.5 GJ of energy
can be obtained from one ton of ammonia [22].
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Figure 6. The potential of ammonia production using anaerobic fermentation technology from
livestock waste in the USA and the EU [5].

In Ukraine, this method’s potential for ammonia production can reach up to 0.1 million
tons per year. Vinnytsia, Cherkasy, and Kyiv regions have the most potential for ammonia
production due to the location of many livestock complexes.

Considering that the cost of ammonia is about 1,135 dollars per ton [21], the potential market
for ammonia produced in this way can be about 11 billion dollars for Europe and the USA and
about 0.11 billion dollars per year for Ukraine.

3.2.2. The potential of anaerobic digestate production. The anaerobic fermenters biofertilizers
market is estimated at 45 Bn $ as of 2019, with a compound annual growth rate (CAGR) of
7.8% and a growth potential of over 75 Bn $ in 2026 (figure 7) [8].

However, the indicated figures look incomplete, as both the European Union and Ukraine
have additional potential for the production of biofertilizers. The cost of the solid fraction of
biofertilizers is 122 $ per ton [22], which is significantly cheaper than other types of fertilizers.
The generated waste is 5,913,382 tons and 234,547 tons per day in Europe and Ukraine,
respectively. Therefore, the market of biofertilizers can potentially reach about 263.3 and about
10.4 Bn $ per year in the EU and Ukraine, respectively. It is worth noting that the provided
calculations were carried out using a rough methodology, assuming that all waste was sold as a
solid fraction without considering mass changes in waste during fermentation. The calculation
of the potential of the biofertilizer market in Europe and Ukraine is presented in table 1 and
table 2. Data calculated considering that one animal of poultry, pigs, cows produces 0.16, 5.10,
55.00, kg of waste per day, respectively [23].

Also, the efficiency of the process may be enhanced by using addition technologies such
as waste catalysis [26, 27], the use of nanoparticles [28–35] to provide additional purification.
In addition optimization could be reached by using modern decision-making tools such as
ontologies [36–39].

4. Conclusions
In conclusion, ammonia production by anaerobic fermentation of livestock waste has a high
potential for Ukraine and the European Union. It is one of the promising ways to Ukraine’s
role in ensuring Europe’s energy security, especially considering that the existing infrastructure
of pipelines does not require significant modernization for the transportation of ammonia.
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Figure 7. The economic potential of the biofertilizer market in the European market [8].

Table 1. Market potential of biofertilizers in the European Union.

Animal waste
type

Number of animals,
thousands of heads [24]

Waste production,
t/day

Biofertilizer market
potential, Bn $
per year

Poultry 1570000 251200 11.19
Pigs 150320 766632 34.14
Cattle 89010 4895550 218.00
Cows 1809330 5913382 263.32

Table 2. Market potential of biofertilizers in Ukraine.

Animal waste
type

Number of animals,
thousands of heads [25]

Waste production,
t/day

Biofertilizer market
potential, Bn $
per year

Poultry 251200 35278 1.57
Pigs 766632 29210 1.30
Cattle 3092 170060 7.57
Cows 229305 234547 10.44

Implementation of the modern approaches that correlate with sustainable development goals
and the concept of circular economy may be an effective approach to solving European energetic
challenges caused by Russian invasion of Ukraine.
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Abstract. Recently, hydro units are used in maneuverable modes, which leads to an increase in
the load on all elements of hydro units. It can lead to unpredictable failure of their components
and even failures in the operation of the hydroelectric power plant. Therefore, the use of
diagnostic systems is appropriate for solving such problems. The most promising non-destructive
diagnostic systems are vibration diagnosis systems. However, the effectiveness of their use
depends on the diagnosis algorithms, which depend on the features and functioning of the
diagnosed unit of the power unit. In this work, some models of vibration signals of hydraulic
units and features of the construction of vibration diagnostics systems of hydrogenerator units
are considered

1. Introduction
Using the machine in maneuverable modes, which modes can lead to premature or unpredictable
failure of their components and even to failures in the operation of the hydroelectric power
plant. The ISO 19283:2020 standard [1] provides a comprehensive standardized description
of test procedures that allow for a comprehensive approach to the diagnosis of the condition
of hydraulic units based on the monitoring and diagnosis of the structural elements of the
of the structural elements of the hydroelectric power plant. The requirements for automated
monitoring and diagnostic systems are defined in the ISO 61850-7-410 standard [2] and other
standards [3–7]. In addition, when building a system for monitoring and diagnosing hydro
generators, it is necessary to take into account that a significant number of hydro generators
are low-speed machines with a low frequency of rotation of the hydro generator up to 150 rpm.
Such features of the machine should be taken into account when choosing a diagnostic method.
A significant part of the problems related to control and diagnostics of power equipment can be
considered as problems of pattern recognition in the diagnostic space. However, on the other side
of the problems that arise during an operation and repair of power equipment, the methodologies
used during the implementation of smart control and diagnostic systems should be divided into
two separate groups:

• detection of a change in the technical condition caused by defects at an early stage of their
development, when damages have not yet appeared in a clear form;

• search for defects based on their already identified signs.
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Based on the assessment and with the knowledge of probable processes, it is possible to carry
out remaining useful life prediction of the equipment and plan possible maintenance actions
based on the actual technical condition of the equipment. The application of forecasts in practice
allows flexible changes to be made to plans for reorganizing the use of generating power plant
equipment to cover demand both on the electricity market and to meet one’s own needs.

2. The structure of power equipment maintenance system
The main prerequisite for forecasting the remaining useful life prediction of hydro unit is the
availability of information about the technical condition of the equipment or its components [8,9].
To obtain primary information, modern monitoring and diagnostic systems are equipped with
smart sensors [10, 11]. Smart sensors provide the possibility of self-monitoring, which ensures
obtaining data without abnormal values, which can be used without preprocessing to determine
the state of the equipment or its units.

The obtained data are intended for use as input data for analysis systems of means of
diagnosing the technical state of the component. The technical condition of the component
depends on the actual conditions in which the generator operates. Actual conditions are
determined with the help of additional sensors that are part of Smart sensors. As a rule,
the assessment is performed by comparing the measured or calculated state with the permissible
values under which the correct operation of the equipment occurs.

This significantly allows you to expand the possibilities of existing methods to ensure the
solution of the previously mentioned maintenance tasks according to failure prediction.

The structure of the maintenance system according to the actual technical condition of the
equipment is represented on figure 1 [6].

Figure 1. The principle functional structure of fault diagnosis system with predictive
maintenance.

3. Physical and mathematical models
For the solution of problem of the remaining useful life prediction of hydro units, it is necessary
to build models based on individual quantitative data describing the state of a specific unit of
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a specific machine, taking into account the history of its use. If there are no physical diagnostic
models, the analytical or computer modeling methods are used, which based on the appropriate
algorithms [12–17].

Therefore, to elaborate algorithms for the functioning of monitoring and diagnostics systems,
it is advisable to use the processes of autoregression (AR process), which have become widely
used during the implementation of mathematical models of various types information signals and
allow to elaborate algorithms for diagnosing technical objects that have a low frequency of shaft
revolutions [18,19]. A theory of the same processes has been considered in the papers [20–28].

By definition, a stationary linear autoregressive (AR) process is defined as

ξt + a1ξt−1 + . . .+ apξt−p = ζt (1)

where {aj , aj 6= 0, j = 1, p} are autoregressive parameters; p is the order of autoregressive;
{ζt, t ∈ Z} is a stationary random process with infinitely divisible distribution, it has independent
values, P{ζ0 = 0} = 1. This process is often called as the generating process. It is assumed that
the process is stationary in the narrow sense and ergodic theorems are fulfilled [19].

Linear stationary autoregressive processes can be given by

ξt =
∞∑
τ=1

φar(τ)ζt−τ (2)

where φAR(τ) is a kernel of the linear AR process [19].
It is assumed that

φar(0) = 1;
∞∑
τ=1

|φar(τ)|2 <∞ (3)

Kernel φAR(τ) is connected with parameters of autoregression [19]:

φar(τ) =



0 k < 0

1 k = 0

k∑
τ=1

aτφar(k − τ) k = 1, p− 1

p∑
τ=1

aτφar(k − τ) k = p, p+ 1

(4)

where: φAR(τ) – is a kernel of linear stationary autoregressive process.
The process ξt is assumed to be strictly stationary random process, and ergodic theorems

are carried out [13]. The process ξt has a Kolmogorov representation one-dimensional form
logarithm of characteristic function (CF):

lnfζ(u, t) = lnfζ(u, 1) = imζu+

∫ ∞
−∞
{eiux − 1− iux}dKζ(x)

x2
(5)

where parameter mξ and spectral functions of jumps Kξ(x) define unequivocally the
characteristic function of the random process.

It is necessary to remark that special installations are constructed for experimental
research [29–36]. A special experimental stand was created at the Institute of Electrodynamics
of the National Academy of Sciences of Ukraine. It was used for carry out practical research
on vibration analysis. Figure 2 shows a general view of the experimental stand. It was used
for research of the influence of the operation of bearing assemblies of electric machines (EM) in
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different speed modes of its operation on the components of vibration processes that accompany
the operation of the machine. The main goal of the research is to experimentally identify the
connections between typical defects such as misalignment, eccentricity, lubricant quality, damage
to the outer or inner ring of the bearing as a result of metal pitting (pitting) and the parameters
of diagnostic signs that clearly allow the defect to be detected.

Figure 2. Installation for vibration tests of bearings.

Experimental setup consists of three parts: an electric drive, a massive shaft, a mounting unit
and vibration measurement instruments of the tested bearing. Rotation of the tested bearing,
installed in the attachment and vibration measurement unit, is provided by a direct current
electric motor of the P-51 type through a massive shaft. Motor 11 kW ensures rotation of the
tested bearing at speed is in the range 10 to 1000 rpm. Usage of a special coupling with rubber
fingers makes it possible to reduce the vibrations caused by the operation of the electric motor.
The reduction of the vibrations of the shaft of the experimental installation is facilitated by
usage of sliding bearings. The bearings are made of PTFE. Three units of the experimental
installation were placed on a massive plate. The main purpose of the bearing assembly and
vibration measurement is the ability to artificially reproduce the main defects of the bearing
and the placement of primary vibration-transducing equipment (accelerometers). To measure
the vibration accelerations of the bearing under study, an accelerometer type ABC-017 was used,
which made it possible to measure the acceleration of vibrations of the bearing in the frequency
band of 20 Hz . . . 30 kHz. It is installed in the radial direction in relation to the tested bearing.
Research was carried out on rolling bearings of type 309 ESH2 with various types of defects (skew,
lack of lubrication, defects of inner and outer rings, rolling bodies caused by metal spalling due
to its fatigue). When carrying out experiments on the influence of the angular velocity of EM
shaft rotation on quantitative assessments of the main diagnostic features, the speed mode of
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shaft rotation varied directly with the values vrot ∈ (250, 500, 750, 1000) rpm. Autoregressive
parameters were used as diagnostic features. A bearing misalignment type defect was modeled.
Educational groups were formed in the diagnostic space a1, a2. Two-dimensional histograms
corresponding to the selected test conditions are presented in figure 3 and figure 4.

Figure 3. Histogram of diagnostic parameters of the serviceable bearing.

Figure 4. Histogram of diagnostic parameters the misaligned bearing.

4. Algorithms of diagnosis
Figure 5 illustrates algorithm in training mode.

The learning algorithm, first, an evaluation of diagnostic signs is carried out. Then, on the
basis of these populations, a vector of estimates of their mathematical expectations, an estimate
of variances, and the construction of covariance matrices of correlations between diagnostic
parameters and an assessment of the characteristics of the distribution of diagnostic signs were
built. If necessary, linear transformations of covariance matrices and normalization of covariance
matrices are performed to construct effective decision rules [19].

At the stage of planning the experiment (figure 6), the threshold C and the required number
of observations N are calculated.

In the diagnostic mode, diagnostic signs assessed and a decision made on the technical
condition of the diagnostic object based on the constructed solving rules (figure 7).
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Figure 5. Algorithm in training mode.

Figure 6. Algorithm in experiment planning.

The proposed forms of presentation of educational aggregates in the relevant training blocks
of the EM diagnostic system allow organizing the functioning of such systems using the Smart
concept.

5. Conclusions
Solving the problems of diagnosing the technical condition connected with the solutions of the
problems, the identification of the processes of genesis of defects and the search for defects of
nodes. For the evaluation of diagnostic features, the use of autoregressive processes is proposed.
According to the proposed mathematical models, experimental results and with taking into
account the standards ISO 19283:2020 and ISO 61850-7-410 algorithms of vibration system for
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Figure 7. Algorithm in diagnostic mode.

monitoring and diagnosing hydro generators has been developed which enables the functioning
of the diagnostic system of the hydro power station by the Smart technology. The possibilities
of application showed on the experimental stand. Application results and algorithms used in
the system are given. The use of the proposed structures and algorithms make it possible to
organize the operation of such systems using the concept of Smart systems.
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Abstract. The concept of a continuous-time conditional linear random process involves a
random kernel being integrated stochastically by a process with independent increments, which
is often called a “generative process”. In cases where the “generative process” is Poisson,
the resulting model represents an investigated signal as a sum of numerous stochastically
dependent random impulses each of which occurs according to some inhomogeneous Poisson
arrival process. This model can be applied to represent various processes related to energy
consumption, such as electricity loads of electrical power systems, gas and water consumption,
and other energy resources, while also considering the signals’ cyclostationarity, which is
usually caused by the rhythmic nature of consumer behaviour. A member of the discrete-
time conditional linear cyclostationary random processes class is the random coefficient periodic
autoregressive (RCPAR) model, which is appropriate for use in energy informatics, including
estimation, forecasting, and computer simulation purposes. The primary objective of the
paper is to establish a procedure for simulating the hourly electricity consumption of small
and medium-sized enterprises using the RCPAR model, which has periodic parameters and
creates cyclostationary properties while also accounting for the investigated process conditional
heteroscedasticity. The statistical estimation step of the proposed procedure uses the general
methodology for estimating the parameters of the RCPAR model and the methods of statistical
analysis of cyclostationary signals. This step is used to identify the simulation characteristics.
The simulation step is based on the methods of cyclostationary white noise generation and its
transformation by a digital linear filter with random parameters. The last ones are obtained
using the Gaussian random vectors computer simulation methods, taking into account the
cyclostaionarity property.

1. Introduction
The development of mathematical and computer-based models for stochastic signals, processes,
and noises is a crucial step in the creation of information measurement and control systems within
the electric power industry [1,2], as well as automated systems for energy consumption analysis
(electric, gas, water consumption), information technology for monitoring and diagnosing the
technical conditions and environment of energy facilities, etc. The models form the theoretical
foundation for the design and implementation of such systems and technologies, and provide
the basis for signal processing algorithms, diagnostic decision-making methods, and energy
consumption forecasting. An adequate mathematical model must accurately represent the
physical mechanism behind the signal or process, enable theoretical analysis, and facilitate the
detection and estimation of informative characteristics of energy objects. Moreover, it should
also be suitable for creating computer simulation models to solve practical problems.
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Modern problems and challenges in the energy sector, which are associated with the volatility
and partial controllability of sustainable energy generators, the uncertainty of the behaviour
of energy consumers (which is no longer necessarily in line with traditional load profiles),
decentralization, modification of the dynamic characteristics of sustainable energy systems,
require comprehensive scientific applied research in the domain of energy informatics, which
combines computer science, control systems, and energy management systems in a single
methodology [3]. Important areas of energy informatics are the collection, analysis, deployment,
and exploitation of energy status data, modelling, simulation, and prediction of the behaviour
of energy objects and processes [3], including energy consumption computer simulation. Energy
consumption data analysis and simulation are also useful instruments for the problems of user
segmentation based on energy consumption behaviour, electricity consumption pattern (load
profiles) analysis, power consumption forecasting, etc. Modelling, computer simulation, digital
twin technology [4], etc. can be interconnected to create a complex digital energy ecosystem
called as “Energy Metaverse” [5].

Mathematical models represented as continuous-time or discrete-time linear random processes
(LRP) are very useful for solving the above problems in energy engineering [6, 7]. In the
mentioned above application domains, the different implementations of linear periodic random
processes [6,7] are also very useful, which allows taking into consideration the cyclostationarity
of the studied signals or processes, caused, for example, by the rhythmic daily (weekly, yearly,
etc.) behaviour of electricity, gas, or water consumers, vibrations of the bearings of energy
facilities, and other energy objects that are subject to monitoring and diagnosis.

Linear random processes are commonly used for mathematical modeling of signals that are
additively comprised of a large number of independently occurring independent impulses (with
random parameters) forming a Poisson flow [6]. However, when these impulses are dependent
random functions, a more appropriate model would be a conditional linear random process
(CLRP) [8], which is defined as a stochastic integral of a random kernel driven by a ‘generative’
inhomogeneous process with independent increments (LRP has a similar construction, where
the kernel is a deterministic function).

For the problems of statistical monitoring, forecasting, diagnostics, and computer simulation,
discrete-time LRP is mostly used in the form of an autoregressive sequence, and for
cyclostationary processes as periodic autoregression [6, 7, 9]. Similarly, the random coefficient
autoregressive (RCA) model [8, 10] is an effective tool for the statistical analysis of CLRP.
Properties, methods of the parameters estimation of the RCA model in the case of its
stationarity, and corresponding computer simulation methods have been studied by many
authors (a comprehensive review of corresponding results is given in [10]). The random
coefficient periodic autoregressive (RCPAR) model has been defined as RCA model with
periodic coefficients. The periodicity conditions of its moment functions and multidimensional
distribution functions have been established. Expressions for estimating the parameters of the
periodic autoregression model with random coefficients in the general case have been obtained
in [8], and the properties of the estimates have been confirmed by the results of computer
simulation modelling.

The primary objective of the paper is to develop the method of computer simulation of
electricity consumption using random coefficient periodic autoregressive model.

2. Conditional linear random processes
A real-valued conditional linear random process ξ(ω, t), ω ∈ Ω, t ∈ (−∞,∞) (where {Ω, F,P}
is some probability space) has been defined in [11] as follows:

ξ(ω, t) =

∞∫
−∞

ϕ(ω, τ, t)dη(ω, τ), ω ∈ Ω, t ∈ R, (1)
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where Ω is a sample space; ϕ(ω, τ, t), τ, t ∈ R is a real-valued two-dimensional random field,
which is called kernel ; η(ω, τ), τ ∈ (−∞,∞) is a stochastically continuous process with
independent increments, expectation and variance of this process have the following properties:
Eη(ω, τ) = a(τ) < ∞ and Var [η(ω, τ)] = b(τ) < ∞, ∀τ ; random field ϕ(ω, τ, t) and random
process η(ω, τ) are stochastically independent.

The representation (1) exists in the sense of mean-square convergence of the sequence of
appropriate integral sums if and only if the following holds [8]:

E(ξ(ω, t))2 =

∞∫
−∞

∞∫
−∞

E (ϕ(ω, τ1, t)ϕ(ω, τ2, t)) da(τ1)da(τ2) +

∞∫
−∞

Eϕ2(ω, τ, t)db(τ) <∞. (2)

If kernel ϕ(ω, τ, t) is deterministic function then ξ(ω, t) is LRP [8].
Conditional (conditionally) linear random process (1) has been characterized for the first time

by Pierre [12] for the case of a homogeneous and compensated ‘generative’ process η(ω, τ). In
particular, Pierre studied the central limit theorem for the sequence of linear functionals from
conditionally linear random processes with continuous and discrete time with application to the
problems of mathematical modelling of radar clatter.

If defined above random process η(ω, τ) is a Poisson process, then the expression (1) in the
following form:

ξ(ω, t) =
∞∑

k=−∞
ϕ(ω, τk(ω), t), (3)

where ... < τk−1(ω) < τk(ω) < τk+1(ω) < ... are the times of jumps of the Poisson process,
which are equal to the times of random impulses ϕ(ω, τk(ω), t) occurrence (ϕ(ω, τk(ω), t) = 0 if
t < τk(ω)), and random functions ..., ϕ(ω, τk−1, t), ϕ(ω, τk, t), ϕ(ω, τk+1, t), ... are stochastically
dependent (at nonrandom time moments ... < τk−1 < τk < τk+1 < ...).

The modelling of power system loads as a linear periodic random process is based on the
representation of the studied process expressed as the sum of a numerous independent impulses
(with random duration and amplitude) occurring at Poisson moments of time. According to the
results of experimental studies [8] it is shown that the processes of electricity consumption
of individual households are stochastically dependent. This confirms the adequacy of the
CLRP model for the tasks of mathematical modelling, forecasting, and simulation of electricity
consumption processes at the level of households, residential areas and enterprises. Moreover,
taking into account the cyclic behavior of energy users, it can be shown that the investigated
electricity load process will be cyclostationary [9] with a period of T = 24 hours, that is,
n-dimensional (n ≥ 1) cumulative distribution function F (x1, x2, ..., xn; t1, t2, ..., tn) =
P (ξ(ω, t1) < x1, ξ(ω, t2) < x2, ..., ξ(ω, tn) < xn) of the random process is periodic by its time
arguments [9]:

F (x1, x2, ..., xn; t1, t2, ..., tn) = F (x1, x2, ..., xn; t1 + T, t2 + T, ..., tn + T ).

Let ξ(ω, t), t ∈ (−∞,∞) be the energy system load, mathematical model of which is
represented above as a cyclostationary CLRP. Then

ξt(ω) =

th∫
(t−1)h

ξ(ω, s)ds, t ∈ Z, h =
T

L
, L ∈ N

is the discrete-time random process which is equal for each t ∈ Z to electricity consumption
during time interval [(t− 1)h, th]. In particular, if h = 1 hour, then ξt(ω), t ∈ Z is hourly
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electricity consumption. If ξ(ω, t), t ∈ R is cyclostationary continuous-time process with the
period of T , then ξt(ω), t ∈ Z is cyclostationary discrete-time process with the period of L.

Discrete-time conditional linear random process is represented as [8]:

ξt(ω) =

∞∑
τ=−∞

ϕτ,t(ω)ητ (ω), t ∈ Z, (4)

where ϕτ,t(ω), τ, t ∈ Z is an infinite dimension random matrix (kernel), ητ (ω), τ ∈ Z is
sequence of independent random variables (white noise) with finite variance; ϕτ,t(ω) and ητ (ω)
are stochastically independent, also in the present paper only the case of centered ητ (ω), is
considered, that is Eητ (ω) = 0, then the series (4) is mean-square convergent if the kernel

ϕτ,t(ω) satisfies the condition of E
∞∑

τ=−∞
|ϕτ,t(ω)|2 <∞, ∀t ∈ Z.

Discrete-time linear random process can be obtained from (4) if ϕτ,t(ω) is nonrandom
function.

3. Random coefficient periodic autoregressive model
Our idea of statistical estimation of characteristics of CLRP (4) is founded on the following
assumptions. A discrete-time LRP can be represented as the response of a linear digital filter
(with non-random coefficients that generally change over time, for example, periodically) to
an input signal which is white noise in the strict sense. Very important case for practical
applications is linear random process in the form of an autoregressive sequence, which is the
output of a recursive digital filter to input white noise.

Discrete-time CLRP (4) can be represented as the output of digital filter with random
coefficients (because impulse response ϕτ,t(ω) is random function) on the input white noise
ητ (ω). If this filter is created so that it has only a recursive structure, then the random signal
at its output will be a sequence of autoregression with random coefficients.

Random coefficient autoregressive model of the order p ∈ N is represented as follows [8, 10]:

ξt(ω) =

p∑
k=1

(ak,t + αk,t(ω))ξt−k(ω) + ηt(ω), t ∈ Z, (5)

where ηt(ω) is centered strict-sense white noise with the finite variance Var (ηt(ω)) = σ2t < ∞;
at = (a1,t, a2,t, ..., ap,t)

′ is a sequence of vectors of nonrandom coefficients (here and further A′

is a matrix, which is transposed to the matrix A); αt(ω) = (α1,t(ω), α2,t(ω), ..., αp,t(ω))′

is a sequence of independent centered random vectors with the covariance matrices Rt =
E(αt(ω)α′

t(ω)); αt(ω) and ηt(ω) are independent.
As we already mentioned above, the most comprehensively studied is the case of the stationary

RCA model, for which we have Var (ηt(ω)) = σ2t = σ2, at = a = (a1, a2, ..., ap)
′, Rt = R, that

is, characteristics are not time varying.
The discrete-time random process (5) is called random coefficient periodic autoregressive

model (RCPAR), if there exists the number L ∈ N (period), such that

σ2t = σ2t+L,at = at+L,Rt = Rt+L. (6)

The methods for characteristics estimation of RCPAR model have been studied for the first
time by Franses et al [13], but with some boundaries, in particular non-random parameters
a1,t, a2,t, ..., ap,t were considered as cosine function with the period L (and the parameters of
that functions were estimated), moreover, in their model V ar (ηt(ω)) = σ2 = const, elements of
the vector αt(ω) are independent and also have constant variances. The method of statistical
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estimation for the RCPAR model in general case have been developed in [8] and can be
used for parameters specification for the applied problems of electricity consumption computer
simulation.

Thus, having the results of experimental observations (or measurements) of ξt(ω), we need
to estimate the elements of the vector at = (a1,t, a2,t, ..., ap,t)

′, t = 1, L, variances σ2t , t = 1, L,
and also elements of covariance (p × p)-matrices Rt, t = 1, L. Note that since each matrix Rt

is symmetric, then we need to estimate only p(p+ 1)/2-sized vectors γt = vec(Rt), t = 1, L [8].
For the convenience of further explanations, we write (5) in the following form [8]:

ξt(ω) =

p∑
k=1

ak,tξt−k(ω) + ut(ω) = x′t−1(ω)at + ut(ω), (7)

where ut(ω) =
p∑

k=1

αk,t(ω)ξt−k(ω) + ηt(ω) = x′t−1(ω)αt(ω) + ηt(ω); x′t(ω) =

(ξt(ω), ξt−1(ω), ..., ξt+1−p(ω)).
Let (ξ1−p(ω), ..., ξ0(ω), ξ1(ω), ..., ξqL(ω)) be the sample (sample size is equal to qL+ p) of

sequence (7) observations, where q ∈ N (number of cycles) and period L are considered to be
known.

A two-stage algorithm for estimating the coefficients of the stationary RCA model by the
method of least squares has been justified by Nicholls and Quinn [8, 10, 14]. The obtained
estimations are consistent and asymptotically normal. The approach for statistical estimating
the coefficients of the RCPAR model has been developed in [8], it is based on the above results,
but takes into account the cyclostationarity properties of the sequence (7).

Taking into account the periodicity of probability distribution of the process (7) and
periodicity of its parameters, let us consider L nested subsequences, that is:

ζl,s(ω) = ξ(s−1)L+l(ω) = x′(s−1)L+l−1(ω)a(s−1)L+l + u(s−1)L+l(ω), l = 1, L, s = 1, q. (8)

Every l-th sequence from (8) is stationary (as a function of s) random sequence, moreover,
all that sequences are jointly stationary.

Thus, on the first step the least squares method is used [8] to (8) for every l = 1, L obtaining
the estimations âl(ω) = (â1,l(ω), â2,l(ω), ..., âp,l(ω))′, l = 1, L of non-random parameters of
RCPAR model on the following form:

âl(ω) =

(
q∑
s=1

x(s−1)L+l−1(ω)x′(s−1)L+l−1(ω)

)−1 q∑
s=1

x(s−1)L+l−1(ω)ξ(s−1)L+l(ω), l = 1, L. (9)

On the second stage, using the estimations âl(ω), l = 1, L the following has been obtained:

û(s−1)L+l(ω) = ξ(s−1)L+l(ω)− x′(s−1)L+l−1(ω)âl(ω), l = 1, L. (10)

According to [8] statistical estimations γ̂l(ω) and σ̂2l (ω) of the parameters γl and σ2l , l = 1, L
have the following form:

γ̂l(ω) =

(
q∑
s=1

(
z(s−1)L+l(ω)− z̄l(ω)

) (
z(s−1)L+l(ω)− z̄l(ω)

)′)−1×
×

q∑
s=1

û2(s−1)L+l(ω)
(
z(s−1)L+l(ω)− z̄l(ω)

)
, l = 1, L,

(11)

σ̂2l (ω) =
1

q

q∑
s=1

û2(s−1)L+l(ω)− z̄′l(ω)γ̂l(ω), l = 1, L, (12)
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where zt(ω) = D′vec(xt−1(ω)x′t−1(ω)), z̄l(ω) = 1
q

q∑
s=1

z(s−1)L+l(ω), l = 1, L; D is a

duplication matrix [8] of size p2 × p(p + 1)/2, which are created in the following way:

D′ =
p∑
i=1

i∑
j=1

vij(vec(Tij))
′; vij is a vector, consisting of p(p + 1)/2 elements, among them

[(j − 1)p+ i− j(j − 1)/2]-th element is equal to one, and other elements are equal to zero
(1 ≤ j ≤ i ≤ p); Tij is a (p × p)-matrix, where (i, j)-th and (j, i)-th elements are equal to
one, and other elements are equal to zero.

4. Hourly electricity consumption simulation
The general approach for the computer simulation of electricity consumption based on RCPAR
model has been illustrated on the figure 1.

We should emphasize that characteristics of RCPAR model (Setting 2 – Setting 4) have

Figure 1. Structure of electricity consumption simulation using RCPAR model.
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to be specified as periodic function (see formula (6). The characteristics can be obtained
from statistical analysis (estimation step) of electricity consumption data using the expressions
(9) – (12). Before performing the estimation procedure according to (9) – (12) the electricity
consumption time series data should be centered by the periodic mean estimation (the usual
averaging estimator [15] can be used).

In stage Simulation 1 the simulation of centered independent random vectors has to be
performed with a given covariance matrix. We recommend generating them as normally
distributed random vectors. The method of multivariate normally distributed random vectors
simulation is well known and is considered, for example, in [16], we should take into account
only that the covariance matrix is time-varying and periodic. That is, according to [16] (section
6.2) step Simulation 1 should be performed for each time stamp in the following way:

• simulation of the vector (the size depends on the order of RCPAR model) of independent
standard normal random variables;

• performing the Choleski decomposition of the covariance matrix given in the Setting 3 step;

• simulation of the centered normal random vector (see step Simulation 1), using the linear
transformation of the vector of independent standard normal random variables by the lower
triangular matrix, which is obtained using the Choleski decomposition.

In stage Simulation 2 the centered white noise should be simulated with periodic variance,
given in step Setting 4. The probability distribution is recommended to be normal as well.
The well-known methods (e.g. polar method, described in [16], section 5.3) can be used for this
simulation, taking into account the time-varying periodic variance of simulated white noise. That
is, step Simulation 2 should be performed for each time stamp in the following way: simulation
of the standard normal random variable and then multiplying it by the standard deviation given
in step Setting 4.

In stage Simulation 3 the RCPAR sequence is simulated using the random objects obtained
in the previous steps. Taking into account the mentioned relationship between the random
coefficient autoregressive model and digital filters stage Simulation 3 can be performed in the
following way:

• design the linear recursive digital filter with random coefficients, given and simulated in
steps Setting 2 and Simulation 1;

• feed the white noise from Simulation 2 to the input of this filter;

• output is the computer simulation of RCPAR sequence.

In stage Simulation 4 the deterministic component should be added, which is also a discrete-
time periodic function. This function is the mathematical expectation of simulated electricity
consumption time series. It has the same period as other above periodic functions.

The verification and validation stages cover checking the computer code for any programming
errors, comparing simulated and real data visually (realizations, probability characteristics and
parameters) and using the statistical estimations and tests, etc.

The realization of hourly electricity consumption of the enterprise belonging to the category
of SME (small and medium-sized enterprises) has been represented in the figure 2 (A). On the
same figure 2 below (B) the realization of computer simulation model of the first order has been
represented. Mean absolute percentage error (MAPE) is one of the most common performance
criteria to validate simulation models [17] and time series forecasting [18]. For the presented
example MAPE is equal to 15.12 percent.

We should emphasize the difference between the RCPAR-based computer simulation model
of electricity consumption and other close established constructive models such as periodic
autoregressive (PAR) model [6, 7] (or more general periodic moving average (PARMA) model
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Figure 2. Time series of hourly electricity consumption of SME (A) and its computer simulation
model (B).

[6]) and seasonal autoregressive moving average (SARMA) model [18]. All these models
can be used both for computer simulation of electricity consumption, as well as for its
forecasting. PARMA and RCPAR-based simulation models have periodic parameters, and they
are cyclostationary sequences while SARMA is a wide-sense stationary model with constant
parameters. PARMA and SARMA models are linear while RCPAR can simulate the nonlinear
dynamics representing both periodic heteroscedasticity and conditional heteroscedasticity
(random conditional variance) of electricity consumption. Finally, the RCPAR-based computer
simulation model follows from a physically reasonable mathematical model of electricity loads in
the form of a conditional linear cyclostationary random process. The experimental comparison
of the above models is a task for future research.

The prospective research should be also related to estimation (and utilizing in simulation
process) of order of the model, which can be periodic function, also the probability distribution
of random objects on the stages Simulation 1 and Simulation 2 can be analyzed as different from
normal.

The developed computer simulation model as presented above doesn’t consider the
very important and widespread case of additional weekly (168-hour) cyclicity of electricity
consumption, caused, for example, by the days off. A possible way of improvement, in our
opinion, is the use of a multivariate random coefficient periodic autoregressive model. For the
hourly simulation, the corresponding model would be 24-variate with the period equal to 7.

5. Conclusion
The mathematical model of electricity loads has been represented in the form of cyclostationary
conditional linear random process, which made it possible to justify the model of hourly
electricity consumption as a cyclostationary discrete-time conditional linear random process.

Random coefficient periodic autoregressive model, as a particular case of discrete-time CLRP,
has been used to create the computer simulation method of hourly electricity consumption
of SME, taking into account its cyclostationarity (periodic heteroscedasticity) and conditional
heteroscedasticity.

The first step of this method is statistical estimation of the periodical characteristics of
RCPAR model, taking into account its cyclostationarity. The estimations are then analyzed and
used for the simulation model parameters specification. RCPAR-based simulation is performed
as digital recursive filtration (with random coefficient) of input cyclostationary white noise.

The improvements of the model are possible in the direction of using the non-gaussian
distributions of filter coefficients or input white noise and also taking into account the weekly
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cyclicity of electricity consumption.
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Abstract. Understanding the overall magnitude of the deviations that may occur within the
results of one or more codes allows avoiding discrepancies in decision making in the context
of emergency preparedness and response. The uncertainty of the assessment input data plays
a significant role in this. Currently, emergency centers around the world use a number of
atmospheric dispersion modelling and dose projection tools that have the same functionality,
are used for the same purpose, but may produce different results. This article reveals the problem
of uncertainty in the results of atmospheric dispersion modelling and dose projection, which are
laid down at the stage of input data for actual software products and decision support systems.
The paper lists the main factors that can affect the uncertainty of the assessment results. On the
example of the JRODOS system, possible options for describing the source for the spectrum of
emergency events at NPPs are considered. Special attention is paid to assimilation of radiation
monitoring results and response to hostilities.

1. Introduction
Modern approaches to the emergency response to radiation accidents at nuclear facilities
worldwide are coherent. They aim to prevent human losses and establish control over the
source of releasing radioactive substances. Mechanisms and procedures for responding to similar
accidents are not designed for casualties of a terrorist or military nature, taking into account
the principle of peaceful use of atomic energy. The existence of software evaluation tools and
decision-making support systems for population protection during radiation accidents is no
exception. These tools are the most effective if they provide the full range of input parameters
to run the models [1, 2]. However, the response procedures require decision-making based on
incomplete data or within the scope of information currently available to the decision-maker in
unforeseen conditions.

Today, world emergency centers use modern assessment tools such as the European ARGOS
system [3] or the American regulatory RASCAL software complex [4]. The development of a



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012028

IOP Publishing
doi:10.1088/1755-1315/1254/1/012028

2

complex real-time decision support system for off-site response to radiation accidents RODOS
has been actively supported and coordinated since the beginning of the 90s within the framework
of the European Commission’s scientific programs. The Java version of this system is called
JRODOS [5]. Currently, the further development of this product is continued. Its improved
versions are periodically presented by the leading developer of JRODOS – Forschungszentrum
Karlsruhe GmbH – on behalf of the JRodos Developers Consortium. It includes 15 institutions
from different European countries. Since 2013 this system has been successfully used in
the emergency centers of Ukrainian NPPs and regulatory body during emergency response
measures for nuclear and radiological accidents. The JRODOS system consists of several
mathematical models and databases for conducting predictive calculations on the consequences
of possible radiation accidents and planning urgent and early countermeasures for protecting
the public. This system is increasing the technical and strategic capabilities of responding to
national and cross-border emergencies. The JRODOS models and databases can be adapted for
different characteristics of the NPP location and geographical, meteorological, and environmental
conditions. Using this system in a state of continuous arrival of numerical weather prediction
data, timely information on the chronology and activity of the release allows prompt forecasting
of radiological consequences on local and global spatial scales.

2. Uncertainties problem
Some decision support systems (DSS) have a flexible interface and allow to specify output data
of the simulation in several ways. Variability of the data entry approach facilitates prompt
response to incomplete information regarding the state of the affected object. The package of
the primary input data includes source term data, meteorological conditions, calculation settings,
and desired results list or their format.

Figure 1 presents the impact of uncertainties regarding the release under unstable
meteorological conditions. Case zoes for taking immediate countermeasures for population
protection in the case of a severe accident may differ significantly depending on the release
moment.

The magnitude and radionuclides mixture are distinguished in addition to the chronological
uncertainty of the temporal distribution of emissions. It may also differ significantly and depend
on the initial activity of the dose-forming radionuclides in inventory. Currently, various views
are considered in the framework of many international projects. This type of uncertainty can be
significantly leveled at the stage of emergency preparedness by comparing existing approaches,
such as [6], unlike the chronological one.

The World Meteorological Organization investigates uncertainties associated with the
numerical data of the meteorological forecast [7]. Some modern DSS allows analyzing of
consequences of cases for several variants of meteorological conditions or source terms. Such
studies make it possible e to determine the influence of the forecast quality on the final result. It
includes zone configuration for the adoption of urgent countermeasures for population protection.
In practice, comparative analysis of the calculation results obtained by various organizations
is carried out mainly within the framework of international projects and less often within
the framework of special emergency exercises. The work [8] contains a list of examples and
approaches for comparing results obtained using different codes or DSS.

3. Radionuclide vector, physical and chemical forms
Radionuclide mixes and physicochemical forms of release depend on a complex of factors such
as activity of radionuclides in the reactor core and spent fuel pool, features of safety systems,
phenomenological stage of fuel damage, etc. Grouping by physico-chemical classes describes the
behavior of radioactive vapor-gas mixture within containment. More generalized distribution
of radionuclides by physico-chemical forms is also characteristic at the modeling stages of the
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Figure 1. Chronological uncertainty effect.

atmospheric path of distribution and transport along food chains – nobel gases, aerosols, and
organic and molecular forms of iodine. Moreover, the same radionuclide (for example, 131I) in
different forms has a different nature of deposition on the underlying ground surface. It also
plays a different role in dose formation for different pathways of exposure.

Several mathematical models based on the processes of heat and mass transfer and
aerodynamics are used to describe radionuclides transport in the closed emergency room of
nuclear enterprises. These models are part of integrated calculation software products such as
MELCOR [9], MAAP, CONTAIN, etc. These codes use analytical and numerical solutions,
operating with empirical and semi-empirical relations. Transport of nuclear fuel fission products
is described; the power and composition of the emission of radioactive substances from the
premises of emergency objects into the atmosphere are calculated with the help of such tools.
The leading representatives of integral codes of this group have a similar structure and cover
the main stages of modeling the transport of radioactive substances in process rooms for most
design and post-design accidents that are considered during the safety analysis of nuclear power
plants.

For example, MELCOR [9] is an integrated computer code at the engineering level. It
stimulates the severe accident at a nuclear power plant with light water reactors. This code
was developed at Sandia National Laboratories for the US regulatory body. The International
Atomic Energy Agency (IAEA) member countries, including Ukraine, actively use this code.
MELCOR allows the simulation of a wide range of emergency processes at a nuclear facility.
The code enables modeling the transport of fission products along with such processes as
the thermal-hydraulic reaction of safety systems and adjacent structures, degradation and
movement of fuel masses, the interaction of core melt with concrete of building structures,
generation, transportation, and combustion of hydrogen, etc. The modeling basis with this
code is a nodalization scheme. It is a spatial division of the power unit objects into separate
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volumes according to the principle of priority of this or that equipment/room contribution to
the determining parameters of the emergency process. Thermal-hydraulic parameters within
the same book at a particular moment are considered the same—chemical properties group
MELCOR fission products. The behavior of chemical elements and their isotopes is regarded as
the same within the same class.

There are the following ways of obtaining data on the radionuclide mix in a radioactive
release:

1) receiving information from actual measurement points of releases control subsystem (vent
stack);

2) use of the general JRODOS library for the formation of source term;

3) analytical assessments of source term according to the phenomenological stages of fuel
damage.

The other two paths are preferred but not mandatory if the information provided by the first
path is sufficient for the current calculations in the JRODOS system. During the shortage of
information (whole or partial), using the two named ways of data formation is necessary.

Initial data for the source term estimating are data on reactor inventory, or data on the
radionuclide vector and activity of the coolant, in the absence of more than normative damage
to the occupied zone [10, 11]. Data from the JRODOS general library can be used to generate
data. It should contain source term according to defined chronological stages:

• coolant release;

• gas gap release;

• fission products release due to partial fuel damage of the reactor core;

• fission products are released due to reactor core melting (in-vessel and ex-vessel phases).

Parameters of the release during accidents with different degrees of damage to the reactor
core are determined by several chemical elements and the site of their release into the coolant
in case of reactor core damage. The document NUREG-1465 [12] provides information on the
approximate relative share of the fission products released from reactor core into the containment
air space at various stages of fuel damage for PWR and BWR-type reactors.

Special attention is paid to the distribution of iodine radionuclides during the assessment of
the release parameters. This radionuclide is a dose-forming radionuclide by the physicochemical
forms of the most critical pathway of exposure. It is necessary to consider the distribution of
iodine according to its physical and chemical conditions to determine the rate of dry deposition
and the iodine washing from the radioactive cloud. The JRODOS system makes it possible to
take into account three forms of iodine:

• aerosol (CsI);

• elementary/molecular (I2);

• organic (CH3I).

In modern approaches to realistic forecasting of the radiological consequences of accidents at
water-water reactors, the following distributions are distinguished according to 2 ways of exiting
the vapor-gas mixture: containment and a fast-acting reduction unit for releasing steam into
the atmosphere. A higher amount of organic iodine distribution is chosen for a conservative
assessment (especially for transboundary transport).
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4. Leakage pathways
Radionuclides can bypass such a barrier as containment during an accident. They can also first
enter the air space of the containment and only then enter the environment due to the leakage
of the containment (figure 2). The first pathway of propagation is typical for accidents caused
by the flow of the primary circuit into the second (failure of steam generator collector). At the
same time, radionuclides bypass the containment, immediately entering the second circuit and
entering the atmosphere without purification. Another path of propagation is characteristic of
accidents associated with the rupture of pipelines of the first circuit up to the maximum design
accident.

Figure 2. Leakage ways scheme of the steam-gas mixture.

It is necessary to consider the presence or absence of retenrtion to correctly assess the
radionuclides released from the containment to the environment. The discharge may be
subjected to various mechanisms of retention of radionuclides by safety systems (sprinkler
system, bubbling) and under the influence of natural retention mechanisms (sedimentation,
decay), depending on the release pathway. At the same time, the activity depends on the length
of radionuclides delay before the release. The retention factor refers to the activity ratio of
iodine and long-lived aerosols released into the environment to the activity created due to the
accident (data from NUREG-1228 [6]).

The efficiency of the filtering system through which the vapor-gas mixture passes is considered
in the case of emissions after cleaning with filtering means. It happens if their efficiency is
preserved during the course of the accident. At the same time, radioiodine distribution by
physicochemical forms changes dramatically. Practical calculations show that the dose-forming
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groups will be noble gases (Kr, Xe) and organic compounds of radioiodine during accident
scenarios with operating filtered containment venting system (FCVS). At the same time, in
such methods, the delay time before release into the atmosphere plays a significant role in the
radiological consequences results.

Speed radionuclides entering the containment depend on a containment leakage rate. The
following intensities of leakage from the containment are accepted in international practice:

• 0.1 – 0.3%/day (normal leakage for PWR-type reactor containments, 0.3%/day – VVER-
1000);

• 100% per day (failure of containment isolation valves);

• 100% per hour (corresponds to the containment destruction of).

The delay time of radionuclides before the release into the atmosphere is a determining factor
in the calculation of poblic exposure doses in the part of external exposure from nobel gases
(dose from the cloud) and radioiodine (dose from inhalation). It is possible to find the activity
at any time after the shutdown of the reactor or movement of the steam-gas mixture at any
time of its exposure in the free space of the containment knowing the inventory at the end of
compaign.

5. Effective release height
Methodological approaches to assessment of the effective release height in various literary sources
are presented quite ambiguously. However, we note that all these approaches introduce the
following concepts:

• release from tall pipes;

• release from low pipes (guideline №. 50-SG-S3 of the IAEA [13]).

The dawnwash effect can be also considered (estimation of the initial parameters of the
atmospheric dispersion) in the second case to increase the realism degree of the calculation.

The plumerise as a component and as a result of the heat energy of the release according to the
current parameters is defined by the pre-programmed calculation procedures (Mathcad/Excel)
as a part of the real-time calculation. They are used regarding to the IAEA method № 50-SG-S3
for cases:

• unstable and neutral stability class (medium and high boundary of the mixing layer);

• for conditions of a stable atmosphere (low boundary of the mixing layer).

It should be noted that reducing the effective height of the release increases the degree of
conservatism in the assessment results of radiological consequences in near range.

The JRODOS system allows the setting of the total release height. It considers the plume
rise as a dynamic component and a result of the heat energy of the release. It uses the additional
parameters: thermal power of the release, vertical flow rate, and cross-sectional area (nozzles,
vent stacks, etc.).

6. Types of input data entry
Modern DSS have a reasonably flexible policy for entering initial data. It allows entry of the
source term in terms of release fractions and reactor core inventory at the time interval or the
integral release activity without reference to reactor core inventory.

Modern DSS is moving to the IRIX (International Radiological Information Exchange, [14])
format source library standard. The standard significantly facilitates data exchange between
organizations and in an international context (table 1).
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Table 1. Types of source terms by methods of input data entry on the share/activity of the
emission of modern DSS JRODOS [5].

Data entry type Description

F1 Release fraction [%] on the time interval from the initial activity in the
fuel (reactor core inventory).

F2 Released activity [Bq] on the interval from the list of the JRODOS
radionuclides.

F3 Released activity [Bq] on the time interval for 131I and the sum of activity
for noble gases and aerosols (including the possibility of distribution
setting by aerosol fractions).

F4 Released activity [Bq] on the time interval for iodine, noble gases, and
aerosols (including the possibility of distribution setting by fractions of
aerosols).

F5 Released activity [Bq] on the time interval individually for each nuclide
concerning the reactor core inventory.

F6 Released activity [Bq] on the time interval individually for each nuclide
without reference to the reactor core inventory.

F7 Activity release rate [Bq/s or Bq/h] on the interval individually for each
nuclide without reference to the reactor core inventory.

TECDOC-955 was one of the first international documents covering the systematization of
source temrs for NPP severe accidents. The source selection algorithms are based on the events
tree concept according to branching criteria. It corresponds to the factors affecting the release
intensity (power unit status, operation of safety systems, retention and filtration of the vapor-
gas mixture, etc.). Such algorithms are implemented in the International InterRAS system and
its subsequent evolution as a software product, RASCAL.

7. Assimilation of radiation monitoring data
Application of radiation measurement data near the emergency power unit (monitoring grid,
mobile vehicles, etc.) contributes to the validation of the model and the results confirmation of
atmospheric dispersion modeling and dose projection. However, these systems may be partially
unavailable in the case of military attacks or occupation. The reliability of the information
provided by the radiation monitoring stations remains a separate issue.

Ukraine still needs an integrated automated monitoring system for detecting, analyzing, and
forecasting possible radiological consequences of accidents. Accident release may spread beyond
the sanitary protection zones of nuclear power plants, other atomic installations, and radiation-
hazardous objects in Ukraine and beyond. However, the development of an integrated automated
radiation monitoring system is planned until 2024 [15].

There are currently many challenges to developing real-time radiation impact assessment
tools. Now, one of the ambitious directions of DSS development is solving the inverse problem
of determining coordinates and characteristics of the emission source based on the results of
field measurements. The practice of calculations for a wildfirefire in the Chornobyl exclusion
zone shows that it is usually possible to estimate the integral characteristics of the release quite
quickly if measurement data are available in the near range. However, this procedure requires
considerable time to collect and process data to provide an inversion calculation in relatively
large spatial scales.

Conducting inverse modelling for events on a large spatial scale requires the involvement



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012028

IOP Publishing
doi:10.1088/1755-1315/1254/1/012028

8

of specialized software tools and separate methodological approaches. In addition, the task is
complicated because the format and completeness of the output data are individual in each
case. Also, there currently needs to be methodical approaches regarding the consideration of
radiation monitoring data in the constructed models of atmospheric dispersion of the DSS and
its subsequent correction or refinement in real-time. The issue of forming universal approaches
to inverse modelling remains open.

8. The problem of forecasting radiological consequences of military causes
The emergency preparedness and response phases are divided by the principle criteria (an
announcement of the event class) according to the current IAEA classification for peacetime
conditions. The classification of events as objects of the first threat category (for example,
nuclear power plants) under martial law declared is not regulated by national or international
regulations. It can be assumed that the situation around the Zaporizhzhia NPP is intermediate,
given the repeated activation of Ukraine’s crisis center’s regulatory body during the first nine
months of the full-scale invasion. It includes synthesizing elements of both the readiness and
the response phases. Some examples of air mass movement trajectories modeling for the
Zaporizhzhia NPP are presented in fig.3.

Today there is no experience in international practice on performing safety analyzes of nuclear
installations under the war conditions. It includes a lack of methodology and initial data for
their conduct (intensity of shelling, degree of damage to buildings and structures from the
impact of various types and calibers of ammunition, action personnel, and population behavior
in conditions of hostilities and extreme stress, etc.).

Several conditional reference scenarios of severe damage to the reactor core at the VVER-
1000/B-320 type reactor plant were considered a representative event for NPP industrial sites
considering the above. The creation of the emissions library made it possible to simulate multi-
unit scenarios, such as total station blackout for all power unit on-site.

Also, the accident at a spent nuclear fuel dry storage facility was considered, given the
assumption of a possible mechanical destruction of spent fuel cask (as a result of hostilities or
a terrorist attack), additionally for the Zaporizhzhia NPP. It was considered for one VSC-24
container containing 24 spent fuel assemblies with a minimum spending time of 5 years.

The question of the results ambiguity of atmospheric dispersion modeling and the prediction
of radiation doses is based on several uncertainty factors from the input information to the
endpoints report on the results. The following can be distinguished among them:

• detail and completeness of input data for assessment and analysis of the situation (state
of the nuclear installation, source term, pathway and effective height of the release, time
resolution, physical and chemical forms, number of calculated radionuclides, etc.);

• provider and completeness of parameters of numerical weather data of (spatial and temporal
resolution, completeness of the list of meteorological parameters);

• atmospheric dispersion model and parameterization;

• dose models, number of reference groups by age, exposure routes;

• model of countermeasures, form, and completeness of the final results presentation of the
assessment or forecast (scale, data format, deterministic or probabilistic interpretation);

• type and completeness of accompanying databases (height of roughness of the underlying
ground surface, population density, land use, types of shelters, features of the infrastructure,
dose coefficients, etc.);

• degree of experience and qualification of the expert.
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a) b)

c)

Figure 3. Examples of modeling trajectories of air masses leaving the industrial site of
Zaporizhzhya NPP using software HYSPLIT: 08.10.22 (a); 04.11.22 (b); 29.11.22 (c) [16,17].
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9. Author contributions
The research results presented in this publication are the culmination of the collective efforts
and distinct contributions of each author:

• Volodymyr O. Artemchuk : Conceived the research idea, provided the rationale for its
relevance, and played a pivotal role in drafting the article. Additionally, contributed to
the formulation of key conclusions.

• Yurii O. Kyrylenko: Conducted extensive research on the radionuclide composition and
the physical and chemical forms involved. Developed a comprehensive diagram illustrating
the paths of steam-gas mixture leakage and contributed significantly to the corresponding
report.

• Iryna P. Kameneva: Undertook a comprehensive review of contemporary assessment tools
used in global crisis centers, providing valuable insights. Focused on the intricate issues
of uncertainty and conducted research related to the assimilation of emergency monitoring
data.

• Valeriia O. Kovach: Conducted in-depth studies aimed at determining the effective height
of discharges and provided detailed descriptions thereof. Furthermore, played a significant
role in defining input parameters.

• Andrii V. Iatsyshyn: Supported the justification of the research’s relevance and played a
crucial role in conducting research related to the prediction of radiation consequences in
military events. Additionally, contributed to the formulation of key conclusions.

Each author’s unique expertise and dedication have been instrumental in the completion of
this research, enriching its depth and breadth.

10. Conclusions
Consequences of acts of nuclear terrorism or military attacks on nuclear facilities may
significantly impact the public and environment. They are associated with high uncertainties or
insufficient initial data for calculations. Modern emergency preparedness and response modeling
tools (as DSS) are not designed for use under conditions of such uncertainty.

At the same time, there are many methodical approaches to the deriving source term during
accidents accompanied by significant release of radioactive substances into the environment.
These approaches help to approximate and sometimes re-analyze a dynamic picture of
radionuclide concentrations in the air and total fallout. They also allow the conduct of
comprehensive assessment on impact on the public and environment. A review of their
application features showed that the development of approaches to the source term description is
an effective tool for providing initial data in various variants and forms necessary for calculating
radiation consequences in DSS and other software tools.

The main characteristics of the source term represent a package of initial data for modeling
atmospheric dispersion and dose projection during a severe accident at a nuclear power plant.
It was found that there needs to be a universal methodology and procedures for responding to
events with a high degree of uncertainty, particularly in the data regarding the source term.

The problem of uncertainties requires further research and analysis from the point of view
of the experience gained during the response since the beginning of the full-scale invasion of
the Russian Federation, the military attack, and the seizure of the Zaporizhzhia NPP at the
beginning of March 2022.
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Short-term forecasting of electricity imbalances
using artificial neural networks
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E-mail: blinovigor81@gmail.com, miroshnyk.volodymyr@gmail.com, shorl@ukr.net

Abstract. Currently, the problem of improving results of short-term forecasting of electricity
imbalances in the modern electricity market of Ukraine is a current problem. In order to solve
this problem, two types of neural networks with recurrent layers LSTM and LSTNet were
analyzed in this work. A comparison of the results of short-term forecasting of daily schedules
of electricity imbalances using LSTM and LSTNet neural networks with vector autoregression
model (VARMA) was carried out. Actual data of the balancing market were used for the
research. Analysis of the results shows that the smallest forecast error was achieved using the
LSTM artificial neural network architecture.

1. Introduction
Today, one of the important factors affecting the reliability and efficiency of the Integrated
Power System (IPS) of Ukraine [1,2] is the instability of electricity imbalances, which has been
observed since the implementation of the new model of the wholesale electricity market [3].

Electricity imbalance – calculated in accordance with the rules of the electricity market [4]
for each calculation period, the difference between the actual volumes of sale or consumption,
import, export of electric energy of the party responsible for the balance, and the volumes of
purchased and sold electric energy registered in accordance with the market rules. The overall
electricity imbalances includes: the error of the forecast of the consumption of electric energy,
the error of the forecast of the volumes of generation of renewable energy sources (RES) [5],
the difference between the actual release of balancing service providers and the dispatch team,
interruptions in power supply due to emergency situations in the power system.

At present, forecasting the value of overall electricity imbalances is a rather urgent task.
In real time, the transmission system operator buys or sells the electricity needed to cover
imbalances in the balancing market. According to the results of the balancing market sessions,
the prices of imbalances are determined, according to which market participants get invoices for
non-compliance with the declared volumes of electricity sales.

Access to prior information on electricity imbalance allows:

• the transmission system operator to improve the accuracy of creating the energy system
operating mode. It also enables optimizing the balancing market and ancillary services
market operations, thus increasing the reliability of the IPS of Ukraine functioning;

• market participants, including power companies, to determine their participation strategies
in different market segments to reduce the cost of electricity [6];
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• reducing the cost of imbalances for electricity suppliers, which has a positive impact on the
retail electricity market and the prices of end consumers [7].

Previous developments to solve this problem were related to the study of autoregression
models (ARIMA, ARIMAX, SARIMA, VARMA) [8]. Considering the widespread use of neural
networks in various fields of application, it is appropriate to use this tool to solve the problem
under study. Therefore, the purpose of this work is to develop and research models of artificial
neural networks of deep learning for short-term forecasting of electrical energy imbalances of the
power system and to compare the results with the results obtained using the VARMA vector
autoregression model, which according to previous studies had the most accurate results.

2. Aim and methodology
Two types of neural networks with recurrent LSTM layers [9] and LSTNet [10] were built
to predict electricity imbalances. After which two linear layers with hyperbolic tangent and
sigmoid activation functions, respectively. Training was performed on 100 epochs and the ADAM
optimization algorithm with a training step of 0.001.

The structure of the LSTM network is described using formulas (1-6) [11]. At the first stage,
the information to be replaced is selected according to the conditions of the sigmoid layer (1).
After that, the next layer determines the values to be updated (2) and builds a vector of values
C ′
t, which can be added to the state of the cell (3). Then the old state of the cell Ct−1 is replaced

by the new Ct according to equation (4). The last step is to calculate the source information
using several filters (5, 6).

ft = σ(Wf [ht−1, xt] + bf ), (1)

it = σ(Wi[ht−1, xt] + bi), (2)

C ′ = tahn(Wc[ht−1, xt] + bc), (3)

Ct = ftCt−1 + itC
′
t, (4)

ot = σ(Wo[ht−1, xt] + bo), (5)

ht = ottahn(Ct), (6)

where σ is the activation function; Wf , Wi, Wc, Wo are weighting factors; bf , bi, bc, bo – shear
coefficients; xt – input data; ht−1, ht – forecast values; C ′

t is the correction vector of the memory
cell; Ct, Ct−1 – state of the memory cell.

The memory vectors (C) and the LSTM output of the previous step (h) are initialized to zero
values at each prediction step xt. The vector C ′

t represents a new version of the memory values,
and the vectors fi and ii regulate the extent to which the memory vector is updated with new
values. Due to the fact that the values of Wf , Wi and bf , bi are estimated during the learning
process. The neural network regulates the update dynamics of C optimally from the point of
view of minimizing the loss function. In addition, the presence of a memory vector makes it
possible to reduce the effect of blurring or explosion of the gradient during the backpropagation
of the error, while using a bypass connection, which smoothes the surface of the error of the
neural network, significantly speeds up learning and allows to achieve a lower prediction error.

The built LSTNet network has the following components [10]:

1. Convolutional. The goal of an unconnected convolutional network is to extract short-term
patterns in the temporal dimension.The output matrix simultaneously enters components
2 and 3.

2. Recurrent. Uses RELU as a hidden activation function. Result: hidden state for each
timestamp.
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3. Recurrent-skip. A repeating structure with temporal relationships to extend the temporal
range of information, thus facilitating the optimization process. The structure of this layer
is presented in the form of the following formulas:

rt = σ(xtWxr + ht−pWhr + br), (7)

ut = σ(xtWxu + ht−pWhu + bu), (8)

ct = RELU(xtWxc + rt ⊗ (ht−pWhc) + bc, (9)

ht = (1− ut)⊗ ht−p + ut ⊗ ct, (10)

where p is the number of hidden cells;
4. Temporal Attention Layer. Learns the weighted sum of hidden representations at each

window position of the input matrix. As a result, a concatenation of the context vector and
the hidden representation of the last window together with a linear projection is obtained.

5. Autoregression. Breaks the final forecast into linear and non-linear components. The linear
component solves the problem of local scaling, while the nonlinear one contains repeating
patterns.

Both models are developed in the PyCharm environment using the Python programming
language.

3. Results
Overall data include hourly volumes of positive and negative imbalances of the IPS of Ukraine
for the period from 07/20/2020 to 07/16/2021 (a total of 8,784 values), training/test split is
90%/10%. The input vector includes 4 previous values; the forecasting horizon is 1 hour, the
number of training epochs is 5000. The best prediction results were achieved with 20 hidden layer
neurons. Data obtained from the official website of the National Energy Company Ukrenergo
(balancing market and settlement of imbalances data). The test sample for comparison is 36
days. For comparison, the VARMA model was used.

Table 1 shows the average, maximum, and minimum relative errors for the test day of
07/20/2021 and the test sample as a whole, and table 2 shows the RMSE errors.

Table 1. Assessment of the accuracy of the studied models using MAPE, %.
Positive electricity imbalances
07/20/2021 Test sample

LSTNet VARMA LSTM LSTNet VARMA LSTM
MAPE, % 46.95 40.86 20.73 132.78 140.84 66.25
δ, max, % 97.62 82.33 70.57 8253.21 5130.41 1789.01
δ,min, % 2.72 8.01 0.01 0.01 0.02 0.01

Negative electricity imbalances
07/20/2021 Test sample

LSTNet VARMA LSTM LSTNet VARMA LSTM
MAPE, % 66.91 17.18 9.1 52.7 34.2 17.98
δ, max, % 78.62 35.55 23.05 221.43 322.16 279.56
δ,min, % 52.21 3.07 1.84 0.21 0.14 0.04

Figures 1-4 show daily values of MAPE, RMSE between actual ∆Pf and forecast values of
electricity imbalances ∆Pp.
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Table 2. Assessment of the accuracy of the studied models using RMSE, MW.
Positive electricity imbalances Negative electricity imbalances

Model LSTNet VARMA LSTM LSTNet VARMA LSTM
07/20/2021 489.47 454.15 209.79 1015.72 342.87 163.74
Test sample 631.29 489.58 239.15 632.36 348.35 222.37

Figure 1. Daily graphs of MAPE values for positive electricity imbalances.

Figure 2. Daily graphs of RMSE values for positive electricity imbalances.

According to the data indicated in tables 1 and 2 and illustrated in figures 1-4, the most
accurate forecasting results of both positive and negative electricity imbalances were obtained
using the LSTM model. At the same time, the graphs of daily MAPE and RMSE errors for
LSTM results have less pronounced local extrema, which indicates the preservation of the trend
throughout the entire range of the test sample, i.e. greater stability of forecasting results. The
results obtained with the LSTNet model are much worse: by 50% compared to the other models
for positive imbalances and by 47% and 66% compared to VARMA and LSTNet, respectively,
for negative imbalances.
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Figure 3. Daily graphs of MAPE values for negative electricity imbalances.

Figure 4. Daily graphs of RMSE values for negative power imbalances.

When forecasting positive electricity imbalances using the LSTM neural network, the errors
of forecasting results increase slightly, with the exception of the third test day. This is due to
the significant asymmetry of the distribution of positive imbalances. The use of the studied
neural network for forecasting negative imbalances made it possible to reduce forecasting errors
by 2÷5 times.

For example, figure 5 shows the values of electricity imbalances predicted using the built
models, compared with the actual ones for 07/20/2021.

The analysis of the received forecasting results of the considered models shows the need
to improve the method to include the impact of external factors on the value of electricity
imbalances. Great asymmetry of imbalance data can be adverse in particular by finding
other influencing factors and building a more flexible model of the connection between them.
The significant asymmetry of the imbalance data suggests that data preparation can strongly
influence the accuracy of forecasting results. Additional, some kind of mixture distribution
models could be used for improving of forecast accuracy.
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Figure 5. Graphs of electricity imbalance values, predicted using built models, compared with
actual values for 07/20/2021.

4. Conclusions
The use of artificial neural networks made it possible to reduce the error of forecasting total
electricity imbalances for different testing periods. LSTM shows the lowest values of MAPE
forecasting error, for positive imbalances the daily forecast error is 20.73%, while for VARMA
model the error is 40.86% and LSTM is 46.95%. When predicting negative imbalances, LSTM
also has the lowest error value of 9.1%, compared to VARMA of 17.18% and LSTNet of 66.91%.
The forecast on the entire data sample has significantly larger errors especially on the data
of positive electricity imbalances, LSTM 66.25%, VARMA 140.84%, LSTNet 132.78% and for
negative imbalance LSTM 17.98%, VARMA 34.2%, LSTMNet 52.7%. Therefore, the smallest
error of forecasting results is achieved using an artificial neural network based on LSTM. In this
way, the LSTM is the most effective method for imbalances forcasting in terms of flexibility and
ability to model multivariate data, which essentially increases the effectiveness of forecasts.

The results of the conducted research prove the success of the proposed forecasting models
and indicate the need for their further development taking into account additional factors.

ORCID IDs
I Blinov https://orcid.org/0000-0001-8010-5301
V Miroshnyk https://orcid.org/0000-0001-9036-7268
V Sychova https://orcid.org/0000-0001-7385-1680

References
[1] Kyrylenko O V 2016 Intelligent electrical networks: elements and modes (Institute of Electrodynamics of the

National Academy of Sciences of Ukraine)
[2] Verkhovna Rada of Ukraine 2017 On Electricity Market URL https://zakon.rada.gov.ua/laws/show/

2019-19?lang=en#Text
[3] Spodniak P, Ollikka K and Honkapuro S 2019 The relevance of wholesale electricity market places: the

Nordic case Working paper ESRI URL http://aei.pitt.edu/id/eprint/102242
[4] Natsionalna komisiia, shcho zdiisniuie derzhavne rehuliuvannia u sferakh enerhetyky ta komunalnykh posluh

2018 Pro zatverdzhennia Pravyl rynku [On Approval of Market Rules] URL https://zakon.rada.gov.
ua/laws/show/v0307874-18?lang=en#Text

[5] Goodarzi S, Perera H N and Bunn D 2019 Energy Policy 134 110827 ISSN 0301-4215 URL https:
//doi.org/10.1016/j.enpol.2019.06.035

https://orcid.org/0000-0001-8010-5301
https://orcid.org/0000-0001-9036-7268
https://orcid.org/0000-0001-7385-1680
https://zakon.rada.gov.ua/laws/show/2019-19?lang=en#Text
https://zakon.rada.gov.ua/laws/show/2019-19?lang=en#Text
http://aei.pitt.edu/id/eprint/102242
https://zakon.rada.gov.ua/laws/show/v0307874-18?lang=en#Text
https://zakon.rada.gov.ua/laws/show/v0307874-18?lang=en#Text
https://doi.org/10.1016/j.enpol.2019.06.035
https://doi.org/10.1016/j.enpol.2019.06.035


ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012029

IOP Publishing
doi:10.1088/1755-1315/1254/1/012029

7

[6] Ortner A and Totschnig G 2019 Energy Strategy Reviews 24 111–120 ISSN 2211-467X URL https:
//doi.org/10.1016/j.esr.2019.01.003

[7] Golmohamadi H and Keypour R 2018 Sustainable Energy, Grids and Networks 13 93–111 ISSN 2352-4677
URL https://doi.org/10.1016/j.segan.2017.12.008

[8] Blinov I, Miroshnyk V and Sychova V 2022 Comparison of models for short-term forecasting of electricity
imbalances 2022 IEEE 8th International Conference on Energy Smart Systems (ESS) pp 01–04 URL
https://doi.org/10.1109/ESS57819.2022.9969288

[9] Thadajarassiri J, Hartvigsen T, Kong X and Rundensteiner E A 2021 Proceedings of the AAAI Conference
on Artificial Intelligence 35(11) 9859–9867 URL https://doi.org/10.1609/aaai.v35i11.17185

[10] Lai G, Chang W C, Yang Y and Liu H 2018 Modeling Long- and Short-Term Temporal Patterns with Deep
Neural Networks (Preprint 1703.07015) URL https://doi.org/10.48550/arXiv.1703.07015

[11] Hochreiter S and Schmidhuber J 1997 Neural Computation 9(8) 1735–1780 ISSN 0899-7667 URL https:
//doi.org/10.1162/neco.1997.9.8.1735

https://doi.org/10.1016/j.esr.2019.01.003
https://doi.org/10.1016/j.esr.2019.01.003
https://doi.org/10.1016/j.segan.2017.12.008
https://doi.org/10.1109/ESS57819.2022.9969288
https://doi.org/10.1609/aaai.v35i11.17185
1703.07015
https://doi.org/10.48550/arXiv.1703.07015
https://doi.org/10.1162/neco.1997.9.8.1735
https://doi.org/10.1162/neco.1997.9.8.1735


IOP Conference Series: Earth and Environmental Science

PAPER • OPEN ACCESS

SWOT analysis of electric transport and V2G implementation for power
system sustainable development in the terms of Ukraine
To cite this article: G P Kostenko et al 2023 IOP Conf. Ser.: Earth Environ. Sci. 1254 012030

 

View the article online for updates and enhancements.

This content was downloaded by semerikov from IP address 193.151.14.31 on 30/10/2023 at 13:33

https://doi.org/10.1088/1755-1315/1254/1/012030
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstqlvuz18goQAHBkGFaeWp_WkZ6V1KbYilhgwQLDDMykuC29261EpgJa50QaS9gvhC-BvkoW4PKyYijYDJwabaoQHdjZmsKKkWHfTjAJuTjt43rG_ZRZNXXbJDUDP4RLDsu-x38AH__LVZcrfL-sBE8TvdQO6TMyN4o56A5Jltu0VJS-CfdQFcInalbQic38qJ5_RZ7-egFlQjbrANds5iP4aSBQ_dtiSnIBvp7HtPr67JUya3iRYolfG71KjBzLWXr4v-EYQ20mgK0JrAe6G2l1jtpEcSSJmqbvpfRYV6JqqMMeLtb&sai=AMfl-YRtSZqEcUlrDgA3JIxxBdRzUDozUu3cvOfpp5LSjsI4mieq7eheQ7x2nEgWjOysfalrT8rUQJtqVkog-fA&sig=Cg0ArKJSzF2ZqcnKbdVT&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://ecs.confex.com/ecs/245/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DJournals%26utm_campaign%3D245Abstract%26utm_id%3D245


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012030

IOP Publishing
doi:10.1088/1755-1315/1254/1/012030

1

SWOT analysis of electric transport and V2G
implementation for power system sustainable
development in the terms of Ukraine

G P Kostenko, O V Zgurovets and M M Tovstenko
General Energy Institute of the NAS of Ukraine, 172 Antonovycha Str., Kyiv, 03150, Ukraine

E-mail: a_p_kostenko@ukr.net, oleks.zgur@gmail.com, tmn@ukr.net

Abstract. An analysis was carried out to examine the prospects for the integration of smart
charging technologies, such as Vehicle-to-Grid (V2G), into the power system in Ukraine. The
country is experiencing a growing concern regarding greenhouse gas emissions. The transport
sector in Ukraine is one of the most energy-intensive sectors of the economy and contributes
significantly to environmental degradation. The use of internal combustion engines in transport
also increases the country’s dependence on imported fuel due to the high demand for petroleum
products. The integration of electric transport and smart charging technologies, particularly
V2G, is seen as a critical solution with immense potential to mitigate climate change. V2G
technology is becoming increasingly relevant as the world transitions towards a more sustainable
energy future. V2G refers to the bi-directional flow of energy between electric vehicles (EVs) and
the grid. With V2G, EVs can not only consume energy from the grid but also supply energy back
to the grid during peak demand periods, helping to stabilize the grid and increase its resilience.
Therefore, it is imperative to develop a stable policy to promote these technologies and compare
the features of the policy of integrating electric vehicles and the energy system in Ukraine. A
qualitative strategic planning methodology, Strengths, Weaknesses, Opportunities and Threats
(SWOT) analysis, was used to evaluate the diverse measures and initiatives related to electric
transport development and infrastructure while integrating them into the power system. This
analysis identified problems associated with the impact of EV charging on the power system,
such as the inability to provide increased energy needs or limiting the EV charging infrastructure
load. However, a high percentage of renewable energy sources, increased social awareness of
climate change, and reduced prices of electric vehicles could provide the necessary opportunities
for developing electric transport in Ukraine.

1. Introduction
Today, the electrification of transport around the world is considered one of the key conditions
for decarbonization for the implementation of the Paris Agreement and the implementation of
nationally determined contributions, both in the countries of the world, Europe, in particular
in Ukraine. The expansion of electric vehicles and renewable energy sources can greatly help
in reducing the impact of climate change, but their effective integration is crucial. There is
a widespread inclination to encourage electric vehicles by offering incentives at various levels,
but a well-defined and consistent policy is necessary to foster the growth of electric mobility
and related technologies. Of course, the widespread implementation, development and mass
use of electric vehicles and its charging infrastructure should take place synchronously and in
coordination with the corresponding transformation of the energy system.
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The purpose of this study is to review the current state and perform a comprehensive analysis
of the prospects for the development of smart charging technologies for electric transport and
their application in Ukraine. Also to consider the possibilities of creating new efficient energy
transmission systems “electric transport – electric power industry”, as well as to determine the
main advantages and obstacles to the use of smart charging technologies in the electrical grids
of Ukraine.

2. Modern state of the EV fleet and charging infrastructure development in
Ukraine
In Ukraine, the transport industry, along with the energy sector, produces up to 28% of
CO2 emissions. The volume of greenhouse emissions from the use of internal combustion
engines (ICE), and with them the risks of global climate change and air pollution, make it
expedient to widely introduce electric transport at all levels of transportation organization,
and first of all it concerns the private use of electric vehicles and urban passenger transport
(municipal fleet of electric buses, service road equipment, taxis, delivery services, etc.). This is
also required by Ukraine’s international environmental obligations.

While electrified transportation such as metros, electric trains, trolleybuses, and trams have
been widely adopted for public transportation in many countries and are considered mature
technologies, private electrified transportation like electric vehicles (EVs) have faced limited
adoption in the past due to limitations in battery technology such as heavy weight, high price,
short life, and long charging duration. However, recent breakthroughs in battery technology have
made EVs a viable alternative to traditional gasoline vehicles, with fast declining prices and no
local greenhouse gas emissions. EVs also boast high energy conversion efficiency compared to
traditional vehicles, which suffer from inefficiencies associated with internal combustion engines.
Many countries have implemented government programs that offer financial subsidies and tax
exemptions to incentivize the purchase of EVs, while car manufacturers offer a range of EV
models with varying specifications and prices, providing buyers with a wealth of options to suit
their budgets [1].

According to the plans of the European Commission, by 2030, electric vehicles should make up
half of all urban vehicles. It is expected that such a transition to an electric drive will significantly
reduce emissions of noxious pollutants into the air and the level of acoustic pollution of the
environment. According to the National Transport Strategy, Ukraine expects to completely
switch to municipal transport with electric motors by 2030, completely replacing buses and
fixed-route taxis.

Implementation of transport “greening” programs will allow Ukraine to significantly reduce
greenhouse gas emissions, which is necessary to fulfill its obligations under the Paris Climate
Agreement. According to the Ministry of Infrastructure of Ukraine as of 01.01.2022, there are
about 10.2 million cars in the country. By replacing the Ukrainian motor transport system with
an electric one, significant environmental results can be achieved.

The first electric cars in Ukraine were officially registered back in 2012. A noticeable increase
in their number occurred in 2016 (1602 units against 470 units in 2015), which was associated
with the beginning of the law on the abolition of duties on imports of electric vehicles from
January 1, 2016. In 2021, 8,500 electric vehicles were registered in Ukraine. This is about 20%
more than in 2020. The creation of a national infrastructure of charging stations will be an
impetus not only for the spread of private electric transport, but also for municipal, and for the
development of new services using electric vehicles, for example, in the field of logistics.

In 2022, the demand for electric cars in Ukraine increased 15 times due to the shortage
provoked by military aggression and the rise in fuel prices. Due to the crisis in the fuel market
in Ukraine, there was a rapid increase in demand for electric vehicles. Today, together with
“hybrids”, the number of electrified cars is more than 100 thousand (of which 42.3 thousand are
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Table 1. Number of registered electric vehicles by regions of Ukraine.

# Region of Ukraine Number of electric vehicles
Nov 1, 2021 Nov 1, 2022

1 Kyiv 7176 8965
2 Odessa region 4733 4871
3 Kyiv region 3730 3312
4 Kharkiv region 3178 3500
5 Dnipro region 2680 3836
6 Lviv region 2172 3246
7 Vinnytsia region 957 1656
8 Zaporizhia region 851 1241
9 Zhytomyr region 784 1305

10 Poltava region 637 1120
11 Rivne region 633 906
12 Khmelnytsky region. 518 1098
13 Chernivtsi region 515 917
14 Ternopil region 509 1035
15 Mykolaiv region 483 676
16 Ivano-Frankivsk region 481 803
17 Donetsk region 471 902
18 Cherkasy region 426 914
19 Volyn region 426 747
20 Transcarpathian region 410 832
21 Kherson region 248 409
22 Sumy region 223 447
23 Kropyvnytsky region 221 495
24 Chernihiv region 148 343
25 Lugansk region 50 254
26 AR of Crimea 2 24

Ukraine (total) 32662 42289

pure electric vehicles, and more than 10 thousand were registered during 9 months of 2022).
As of November 1, 2022, the number of registered electric vehicles in Ukraine was 43854 units,

and even more than 70,000 hybrids were registered in Ukraine. [1]. As for the distribution of
electric vehicles by regions of Ukraine, as shown in table 1, the list is leaded by Kyiv, where as
of November 1, 2022 there were 8965 registered EVs. And in the entire Kyiv region, together
with Kyiv, their number reaches 12277 units or almost 28% of the total number in the country.

Main specific of the Ukrainian EV market is that the vast majority of it (up to 85%) are used
electric vehicles from the USA and European countries. The most popular and widespread EV
model in Ukraine is Nissan Leaf [1].

As there are more and more electric vehicles in Ukraine every month, this brings the
development of charging infrastructure to the forefront. Note that for increasing the number of
electric vehicles, it is critically important to develop a dense network of charging stations near
the place of residence and work. Having the opportunity to charge near the place of residence,
the consumer is more likely to choose an electric car when buying a car mobile. At the same
time, it is economically unprofitable for businesses to build networks of charging stations without
a sufficiently developed electric vehicle market in the short term [2].
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According to [3], EVs can be charged at various locations such as large charging stations,
street chargers, workplace chargers, and private home chargers. However, this new load, which
requires a large amount of electric energy from the power system in a short time, can have
detrimental effects on the distribution network if not managed properly. Consequently, utility
companies will need to make significant infrastructure upgrades, which can be an economic
burden. Therefore, to mitigate these negative effects, it is essential to conduct comprehensive
studies [4] to understand and assess the characteristics of EVs’ load and their probable effects
on the electric power system, particularly the distribution networks. Furthermore, optimal
integration techniques of EVs into the power grid should be developed and incorporated into
the design, operation, and planning processes [5].

For charging stations and connectors, monitoring and accounting at the state level is not
yet available, and with the outbreak of hostilities it is impossible physically. Data from open
sources show that compared to 2020. the number of stations and charging ports (each station
may have several connectors of different types) has decreased. So, if as of 1.01.2021 there were
11.5 thousand connection points (or connectors) in Ukraine, then as of 1.11.2021 – 7.8 thousand,
the total number of charging stations – 3244. This is due to the fact that in 2021 Ukrainian the
charging infrastructure market significantly changed its configuration – some operators merged,
others left the market [6]. However, even so, at the beginning of 2022 the ratio of the number of
electric vehicles to the number of connection points in Ukraine is 4.2. This is a high index, at the
level of the best among European countries (the same index is, for example, in the Netherlands).

3. Charging strategies and technologies for electric vehicles
The rise in the number of electric vehicles has made them a significant component of the power
supply system, both regionally and nationally. As electric vehicles continue to develop, the
integration of smart grid technologies and electrical networks is being done with additional
requirements and restrictions to effectively integrate them into the hybrid power supply system.
In Ukraine, similar to other developed countries, there are opportunities for integrating electric
vehicles into the electrical network to regulate the load of the power system. This integration
process involves considering the charging modes of traction batteries of the cars [6].

The strategy is to charge vehicle batteries mainly during the minimum load of the power
system, and during peak periods of time – to generate energy from the battery to the network.
The mass use of electric vehicles in this mode will reduce the demand for electricity during
peak periods, which, in turn, reduces the need for peak power plants and helps reduce harmful
emissions, Since such generating sources are usually more environmentally friendly and efficient
compared to power plants, which provide a constant (base) load. This task is relevant both for
many European countries and for Ukraine.

Load shifting (pick shaving and valley filling) using the charging and discharging electric
vehicles on the principle is similar to the system-wide one using pumped hydroelectric energy
storages. To determine the regulating potential for the use of EVs in real conditions of power
consumption, it is necessary to take into account the pattern of use of electric vehicles in
a particular case of the operational load mode of the substation (vehicle mode in motion,
charge/consumer mode, discharge/generator mode). Subject to the increasing fleet of electric
vehicles and the effective use of V2G technology, it will be possible to take into account when
designing the electrical network given source of active load. The most potential locations
for charge-discharge stations in cities are parking lots in residential areas, near shopping and
entertainment centers, etc.

In general, the creation of conditions for the spread of electric vehicles in Ukraine and
the development of proper infrastructure has already begun at the state level, because the
National Transport Strategy until 2030 and the developed appropriate action plan provide for
such stimulation of the use of electric vehicles so that their fleet will make up to 70% of the total
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number of cars [6]. In general, in addition to the total number of charging points, the quality
characteristics of charging are no less important – in other words, whether there are enough
“fast” connectors in the country now. Currently, there are about 24% of “fast” connectors in
Ukraine – each of them accounts for three “slow” ones. On the one hand, the European average
in 2020 was lower than Ukrainian and amounted to 1 to 9 (”high-speed” charging accounted
for 11.1% of the total). On the other hand, increasing the number of DC points is critical for
accelerating the pace of electric mobility in Ukraine. After all, the capacity of batteries in new
models of electric vehicles is constantly growing, having reached 70-80 kWh today. There are
also already powerful electric vehicles with a battery capacity of about 100 kWh (for example,
Tesla).

It’s important to mention that the infrastructure of charging stations is concentrated mainly
in large cities, and on intercity routes the number of charging points is extremely limited.
Therefore, it is believed that electric cars are most convenient for movement within the city.
Conventional outlets are located both at gasoline stations and in roadside establishments, but
it should be borne in mind that the time to recharge the car in this situation will be about
8-10 hours. In the case when there is an urgent need to urgently recharge during the day, it is
necessary to look for high-speed charging, which is quite difficult.

Considering the experience of other nations, it can be contended that the demand for electric
vehicles is predominantly influenced by factors such as the cost of electric vehicles, infrastructure
development, and government incentive programs. Commercial freight carriers and private
electric vehicles need more detailed programs to encourage, support and subsidies from the state.
In addition, the mass use of electric transport will have an important social and environmental
consequence – it will contribute to improving air quality in cities, which is one of the urgent
threats in large cities of Ukraine. As for freight electric transport, its use may be the most
economically feasible in large cities and agglomerations with a high population density, when it
is not necessary to overcome very long distances.

The implementation of measures and initiatives to promote the development of the EV market
has already begun in Ukraine:

– From January 1, 2022, the relevant laws came into force, providing for amendments to
the Tax (Law No. 1660-IX [7], temporary exemption of electric vehicles and related goods
from VAT taxation until 2026) and Customs (Law No. 1661-IX [8], temporary, until 2031,
exemption from import duty) codes to stimulate the development of the electric transport
industry in Ukraine.

– At the beginning of 2022, the Ministry of Infrastructure of Ukraine initiated the development
of key changes in state building codes in terms of the placement of gas stations on the
roads [9].

– In June 2022, “The Cabinet of Ministers approved the order developed by the Ministry
of Energy “On the creation by the state enterprise “National Nuclear Energy Generating
Company “Energoatom” of a network of high-speed automobile electric charging stations
[10]. It is assumed that within two years Energoatom will create 120 automobile electric
charging stations: 40 – high power (from 160 kW) and 80 – average power (from 60 kW).
Charging stations will operate in regional centers and on the main highways of Ukraine.

– The Cabinet of Ministers has approved the introduction of “smart grids” in Ukraine until
2035 and its implementation action plan, following the proposal of the Ministry of Energy
on October 14, 2022 [11]. This concept and action plan provide a framework for the
implementation of modern technologies in the Ukrainian electric power industry, including
during the reconstruction and restoration of energy infrastructure damaged by the Russian
aggression. The restored energy sector of Ukraine is expected to embody modern energy
ethical technologies and meet European energy efficiency standards. The concept aims to
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gradually reduce electricity losses in networks, decrease CO2 emissions, increase investments
in the modernization of power grids, and improve the quality and reliability of power supply
for electricity consumers, which will directly affect electric transportation and optimize its
interaction with the power system.

As a result of Action Plan implementation of this Concept by 2035, it is planned to reduce
electricity losses in the power grids in Ukraine as a whole from 11.6% to 7.5% or by 6 billion
kWh, which is equivalent to 3 million tons of burned coal at thermal power plants [12].

To facilitate the transition to electric transport, there are several actions that need to be
taken, such as obtaining funds from international financial organizations to acquire electric
vehicles for Ukrainian cities, creating a system to partially cover the costs of purchasing electric
vehicles, and implementing various measures to enhance the environmental sustainability of
transportation. For instance, introducing a road toll system that depends on the car’s level of
environmental standards, restructuring the technical condition monitoring system, and more.

4. The main characteristics of V2G
To prevent negative impacts on networks and energy systems, the European approach to
developing infrastructure for electric vehicles is based on Smart Grid principles – intelligent
power supply networks where charging stations, charging management systems, and electric
vehicles can be controlled by energy companies to address the following challenges in power
systems: enhancing network infrastructure efficiency, balancing peak loads, and developing
appropriate network intellectual infrastructure. Smart networks are a necessary condition for
optimizing power supply system operations and ensuring energy efficiency in the energy industry.
Their application enables control and optimization of the charging process and the regulation
of the energy consumed by vehicles based on network status during charging. To establish a
consistent technical policy for solving these issues in Europe, a set of standards is being developed
that regulates different aspects of charging station and device operation.

To date, several modifications of the concepts of smart networks for vehicles have been
developed, depending on the number and type of active elements and their interaction and
charging schemes. These include the concepts of V1G (Unidirectional Smart Charging, vehicle –
network, unidirectional charging) and V2G (Vehicle-to-Grid, vehicle – network, bidirectional
charging) and V2B/V2H/V2X (Vehicle-to-Building, vehicle – building/ Vehicle-to-Home, car –
private house/ Vehicle-to-Everything, car – anything, bidirectional charging). The V1G system
allows you to control the charging of electric vehicles in such a way that, if necessary, the charging
power is increased or decreased. Unlike the V1G concept, the V2G and V2B/V2H/V2X concepts
need several elements to work, such as a bidirectional charger, a communication protocol for the
interaction between the charger and the car, a vehicle with all V2G capabilities, and an efficient
system control (see figure 1).

Vehicle-to-grid (V2G) is a specific type of energy storage system that utilizes the batteries of
electric vehicles (EVs) to store and release electricity to and from the power grid. V2G systems
can provide a range of benefits, including supporting grid stability and reliability, reducing
peak demand, and enabling the integration of renewable energy sources. V2G systems work
by allowing EVs to charge when electricity is cheap and plentiful, and discharge their stored
energy back to the grid when demand is high and electricity prices are elevated. This enables
EV owners to earn revenue by selling their excess electricity back to the grid, while also helping
to balance the grid and improve its overall efficiency.

While V2G systems are still in the early stages of development, they hold significant potential
for the future of energy storage and grid stability. As more and more EVs are introduced onto
the market and integrated into the grid, the potential for V2G systems to provide a significant
source of flexible, reliable, and cost-effective energy storage will only continue to grow.
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Figure 1. Scheme of bidirectional V2G charging [13].

Numerous research studies have been conducted to analyze the impact of uncontrolled electric
vehicle (EV) charging on distribution networks. These studies take into consideration many
uncertainties such as the start time of charging, charger power rating, charging location, EV
battery capacity, EV battery state of charge (SoC) at the start of charging, penetration level, and
the status of the distribution network [14]. These studies evaluated the impacts of uncontrolled
EV charging on the distribution network’s total power demand, transformer loading and lifespan,
cable loading, voltage profile, power losses, voltage and current unbalance, and harmonics
distortion. In addition, several studies have proposed potential solutions to integrate EVs
optimally, such as delayed charging, smart charging, vehicle-to-grid (V2G) technology, vehicle-
to-building (V2B) technology, and vehicle-to-home (V2H) technology [1,15–20]. These solutions
could provide electrical services like frequency regulation, voltage regulation, and reactive power
compensation, as well as peak shaving and valley filling, integrating renewable energy sources
(RESs), spinning reserves, and improving power quality [1, 21]. With the continued growth of
EVs, understanding their impact on the distribution network and exploring effective integration
solutions is crucial for ensuring a stable and efficient energy system.

The process of charging electric vehicles can be divided into two broad categories (see figure 2):
unidirectional and bidirectional charging. Unidirectional charging refers to the flow of energy
from the grid to the electric vehicle, which can be either uncontrolled, delayed, or controlled
charging. On the other hand, bidirectional charging refers to the flow of energy in both directions,
allowing electric vehicles to not only draw power from the grid but also feed power back to the
grid or to buildings and homes. This process is enabled by technologies like vehicle-to-grid
(V2G), vehicle-to-building (V2B), and vehicle-to-home (V2H) systems.

Figure 3 provides a visual representation of the different charging and discharging methods
impact on the power system. By implementing bidirectional charging solutions and other
advanced technologies, the electric vehicle industry can work to minimize the negative impacts
of uncontrolled charging on distribution networks while also providing a range of benefits to the
power system and consumers alike.

The illustration depicted in figure 4 demonstrates how the profile of total power demand
within the distribution system will be altered based on various charging and discharging methods.
These methods include uncontrolled charging, delayed charging, controlled charging, as well as
V2G, V2B, and V2H [22].

5. SWOT analysis of V2G implementation in Ukraine
The need to carry out a comprehensive assessment of all factors of influence of the external and
internal environment to determine the possibilities and prospects for increasing electromobility
in Ukraine is a condition for the development of an appropriate strategy, the basis for which is
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Figure 3. EVs charging impacts on power systems [22].

SWOT analysis [23].
The internal environment of the subject being analyzed is characterized by factors that can

be considered as strengths (S) or weaknesses (W), which are influenced directly by the subject.
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Figure 4. Power demand with uncontrolled (a), delayed (b), controlled (c), and V2G, V2B,
V2H (d) charging methods [22].

On the other hand, the external environment is characterized by factors that are outside the
subject’s control and can be identified as opportunities (O) or threats (T) [23]. The advantages
of the method: simplicity and the ability to spend small funds on its implementation, flexibility
and the presence of many options, joint study of external and internal factors.

When considering the strengths of the development of electric transport and V2G technology,
it was found that the use of electric vehicles instead of cars with internal combustion engines
significantly reduces air pollution in cities. Traditional cars, even with high-quality petroleum
fuels, emit a lot of pollutants. And electric cars are at the stage exploitation has no emissions.
Emissions generated due to the generation of electricity are mostly left out of cities and sprayed
to a significantly higher altitude, which is safe for public health.

Moreover, it was noted that V2G technology has the potential to lower the overall cost of
owning electric vehicles and can be extended for localized use such as home energy storage and
backup power in emergency situations. From the perspective of the grid operator, V2G provides
a new resource for regulating and accumulating electricity, thereby offering a solution to the
problem of fluctuations resulting from the increased use of renewable energy sources [2]. It also
helps alleviate network congestion and obviates the need to modernize network infrastructure.
Furthermore, V2G promotes a circular economy, enhances energy security, fosters a cleaner
environment, and reduces noise pollution from vehicle engines. Consequently, the adoption
of V2G technology and electric vehicles will trigger a significant shift in the way cities are
structured, leading to substantial economic activity. For grid aggregators and operators,
V2G technology creates new opportunities in the electricity sector, such as providing network
balancing and renewable energy storage services in collaboration with utility companies, network
operators, and consumers. Office and real estate owners can also benefit from V2G technology
as it facilitates localized peak load reduction, load equalization, and balancing of electricity
demand, ultimately reducing the total cost of electricity [2].
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An electric engine with the calculation of losses during charging has an efficiency of about 85-
90% of the electricity required from the network, which is 3 times higher than the efficiency of an
internal combustion engine, which is about 30-35%. At the same time, if we take into account the
losses in oil refining and the generation and transmission of electricity, then in terms of energy
costs, these technologies are generally comparable. But for different countries and regions of the
world, this balance is different depending on the structure of electricity generation. EVs through
the driving specifics in cities are more efficient in terms of energy use than traditional cars.

Electricity is on average cheaper than gasoline and fluctuations in its price are insignificant
compared to prices for motor fuel from oil. An electric car with the same characteristics will
consume several times less fuel. As a result, depending on the country and energy source, the
fuel costs of an electric car can be from 3 to 10 times lower. A car with an internal combustion
engine has about 10,000 moving parts and components. In electric vehicles there are 1000-2000.
The mechanics of parts of an electric car are much simpler and, accordingly, the wear of parts
is less, and the cost of this is lower.

Also, an electric car is much easier to drive than a car with an internal combustion engine,
due to one gear, a low center of gravity (due to the low location of the battery, which is usually
located above the bottom of the car). Due to the absence of an engine in the front of the car, the
electric car not only gives you additional space for the transport of goods, but also significantly
increases the safety of the car.

Among the weaknesses is the cost of EV for its owner, which is still the biggest obstacle to its
mass distribution. On average, the retail price of a middle-class car with an internal combustion
engine is twice the price of an electric counterpart. In most models of electric vehicles, many
parts are similar to cars with internal combustion engine. And the most expensive part of EV
is a battery, which accounts for up to 40% of the final price of an electric car. EV battery cost
decreasing will allow electric vehicles to become competitive in price. Furthermore, uncontrolled
or haphazard charging of electric vehicles (EVs) can lead to a significant and uneven increase
in the electrical load profile, particularly during the evening peak load. This is because most
people tend to charge their EVs when they return home from work, resulting in an estimated
increase of 8-10% in the evening peak load. This can pose a significant challenge for distribution
networks. Moreover, the uneven geographical distribution of EVs and charging stations in cities
and areas can also cause local substations to exceed their capacity, particularly in areas with a
high concentration of EVs or charging stations [8].

Threats to the development of electric mobility are associated with the lack or limited access
to the raw material base, including for the production of batteries, difficult political situation,
strict national environmental standards and other regulatory requirements, restrictions on land
use, insufficient development of related infrastructure, economic factors, etc. In addition, with
the growing demand for electric vehicles requires new projects, and they are very expensive.

The results of fulfilled SWOT analysis are given in table 2.
After studying the successful experiences of countries that have implemented electric vehicles

and V2G systems, it can be concluded that the demand for electric vehicles is heavily influenced
by the cost for end-users, the development of necessary infrastructure, and government incentive
programs. In order to encourage the use of electric vehicles in both commercial and private
sectors, the government should provide detailed support programs and subsidies. Ukraine’s
implementation of transport “greening” programs would reduce greenhouse gas emissions
and fulfill obligations under the Paris Climate Agreement. If Ukraine replaces 70% of its
motor transport system with electric vehicles, it would achieve significant environmental
results. However, the introduction of electric vehicles should be accompanied by infrastructure
development, systems for interaction with the power system, and compliance with international
environmental standards. Despite the higher initial cost of electric transport, its operating costs
are expected to be lower in the long term, and as battery costs continue to decline, the share of
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Table 2. Strengths, weaknesses, opportunities and threats of V2G implementation in Ukraine.
Strengths Weaknesses

• Environmental friendliness, reduction of air
pollution (especially in cities)

• Sustainable growth of the electric car fleet in
Ukraine, constant growth in demand

• The efficiency of the electric motor is 85-90% (the
efficiency of the internal combustion engine is 30-
35%)

• An electric car is more efficient in the urban cycle
in terms of energy consumption

• Electricity is much cheaper than fuel, character-
ized by lower price fluctuations

• Favorable climatic conditions
• Availability of existing electric transport and

infrastructure
• High share of private car ownership
• Developed IT sector (smartphones, mobile appli-

cations, etc.)
• Availability of a research base for the study of

projects for the development of electric transport
and infrastructure

• High price for new electric vehicles and the high
price of replacing batteries

• Low share of electric vehicles in the country’s
park compared to cars with internal combustion
engines

• Lack of additional incentives
• 85% of electric vehicles are used, with partially

degraded batteries
• The need for daily charging, the need to

determine the time and place
• Relatively short mileage and additional reduction

in power reserve in winter
• Lack of a sufficient number of equipped parking

areas for electric vehicles
• Integration of electric vehicles with the power

system is a complex long-term process that re-
quires the development of rules and coordination
of actions of all participants at all levels (charging
infrastructure, energy market, renewable energy
sources, energy supply companies, etc.)

• Lack of own production of electric vehicles,
batteries, V2G devices

Opportunities Threats

• Reduction of CO2 emission (implementation of
NVVP2)

• Reducing the use of natural gas and petroleum
products, reducing dependence on energy imports

• Implementation and development of smart grid
networks

• The growing number of electric car models on the
market

• The growing popularity of electric vehicles
• Implementation of the incentive and subsidy

program
• Use of electric transport as aconsumer-regulator

of electrical load and as a distributed (mobile)
storage of electricity

• Increasing the flexibility of the power system
• Use of batteries as a power reserve in emergency

situations in the power system

• Probable rise in price of electricity
• Further outflow of the solvent population without

disabilities (due to war, economic downturn or
lack of prospects for self-realization)

• Large secondary market for more affordable cars
with internal combustion engines

• Charging electric vehicles directly depends on
human life and increases the unevenness of the
gene (especially in the evening peak zone)

• Uncontrolled charging causes a number of
negative effects in the power system (impact on
grid stability and electricity quality)

• Deterioration of distribution electrical networks
• Accelerated battery degradation when participat-

ing in the V2G system (increase in charging-
discharge cycles)
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electric transport in the market is projected to increase.
Today there is an increase in demand for electric vehicles, but there are no economic and

legal levers to stimulate the use of traction batteries as a maneuverable source, besides, V2G
technology is not approved at the legislative level, there are no technical requirements for the
relevant charging stations, and the network of standard charging stations is still underdeveloped
[24].

The development of the infrastructure of powerful high-speed charging stations in Ukraine
requires the modernization of the existing power grid and bringing it in line with European
standards in order to ensure the ability of the power system to meet the needs of the charging
infrastructure of electric vehicles, the number of which is constantly growing [25].

An action plan aimed at promoting electric vehicles in Ukraine should include several key
measures. Firstly, it should encourage the innovative development of electric vehicles by
stimulating their production in the country. Secondly, economic and other incentives should
be introduced to promote the use of electric vehicles, including electric buses, bicycles, scooters,
and other similar forms of transport in urban areas. Thirdly, a national network of high-speed
charging stations for electric vehicles should be established along major international roads.
Fourthly, incentives should be provided to carriers to reduce emissions of pollutants, greenhouse
gases, and noise from vehicles. Fifthly, an interactive map should be created that identifies
favorable locations for electric charging stations throughout Ukraine, including regional contexts.
Sixthly, a monitoring system should be established to collect data on electricity consumption
by charging stations to ensure the proper management and balancing of the energy system.
Finally, there should be legislation determining the rights and obligations of operators of electric
charging stations, the procedures and conditions for their participation in the electricity market,
the rights and obligations of distribution system operators, suppliers, and consumers when using
electric charging stations, as well as the procedure for connecting these stations to the electricity
network.

In addition to all the above measures, it is also necessary to inform the public about state
support for electric transport, in particular, timely and widespread information about benefits
for electric vehicles and certain restrictions for cars with internal combustion engines. It is
necessary to be widely informed about the advantages of electric vehicles in the media. For
example, the fact that Tesla owners undergo a technical inspection remotely, which saves a lot
of time, or that electric cars are much safer than cars with internal combustion engines, and
this has been repeatedly proved by relevant tests. The policy of stimulating the widespread use
of electric transport should be noted in all key development strategies of Ukraine: economic,
energy, environmental, climate and infrastructure.

6. Conclusions
Using strategic planning methods, an analysis was conducted to examine the potential for
implementing vehicle-to-grid (V2G) technology for electric transport and integrating it into
the power system in Ukraine. The study showed that the transport sector in Ukraine has a
significant impact on the environment, is energy-intensive, and contributes to the country’s
dependence on imported fuel. Electric vehicles (EV) and V2G smart charging technologies offer
a promising solution to address climate change. Therefore, there is an urgent need to develop
a stable policy to promote these technologies by comparing and determining the features of
integrating EV and the power system in Ukraine.

A SWOT analysis was conducted to identify strengths, weaknesses, opportunities, and threats
related to the development of EV and infrastructure integration with the power system. The
study revealed potential problems related to the impact of EV charging on the power system,
but opportunities such as a high percentage of renewable energy sources, public awareness
of climate change, and lower prices for EVs can help promote their development in Ukraine.
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The widespread adoption of EVs and related infrastructure, smart charging technologies, and
adherence to international environmental standards can form a new sector of the economy and
energy system in Ukraine (E-Mobility). The concept of developing electric transport in Ukraine
should cover all types, including electric cars, minibuses, passenger buses, and trucks. Although
EVs have a higher initial cost, their operating costs are significantly lower. As battery costs
decrease in the future, the initial cost of EVs will be comparable to that of traditional vehicles,
leading to an increase in their share in the country’s total fleet.

In Ukraine, V2G technology is still in its early stages, with a limited number of pilot projects
and trials currently underway. However, the potential benefits of V2G technology in Ukraine
are significant, including the ability to reduce energy costs, improve grid stability and reliability,
and support the integration of renewable energy sources. To fully realize the potential of V2G
in Ukraine, there are several challenges that must be overcome. These challenges include a
lack of infrastructure and investment, regulatory barriers, and the need for more research
and development to optimize the technology. Overall, while there are significant challenges
to overcome, the potential benefits of V2G in Ukraine are substantial, and efforts to develop
smart technologies should continue to be one of the priorities for power sector.
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Abstract. The world meets poly crises in climate, pandemic, energy, food, human rights,
and migration; hot and cold wars have come in Europe and other regions. The scope of the
tasks becomes unprecedented, and their complexity demands high-level skill sets and teaching
culture. Education moves into epicentres of the fight for better sustainability and resilience.
The United National Sustainable Development Goals Four (SDG4) supposes allocating and
diligently using several trillion US dollars for the next decades. The ambitious goals drive the
educational system to be at a decent level regarding outcome and process. Saving gratitude to
functions of a fundamental human right, a public good, gender equality, and an absolute right
to education for all, the author urges that high-quality education is the priority because it will
help society to cope with a new level of challenges and even existential threats the climate-
like. The article describes the methodology and the importance of soft-hard skills for teaching
and learning. The secondary-based sources research illustrates practical results regarding the
educational process. The Triple Bottom Line principle (Planet, Profit, People) encompasses
many disciplines engaging the main aspects of sustainability and resiliency and climate change
for the university curricula in a coherent way. The article considers future trends in high
education and case studies connected with the European Green Deal, environmental, social, and
governance (ESG) reporting and practical aspects of Green Growth and De-Growth Theory. The
Quality of Education reflects the regulator’s requirements and social and personal expectations.
Life-long learning becomes a norm. The authors consider university products, processes and
platforms through the lens of future trends, threats and opportunities. In times of turbulence,
the results obtained through students’ upskilling and reskilling programs should fit the demands
of new jobs, technologies, and financial mechanisms.

1. Introduction
The world meets poly crises in many domains: climate, pandemic, energy, food, human rights,
and migration; hot and cold wars have come in Europe and are filtering through other regions.
The scope of the tasks becomes unprecedented, and its complexity entails high-level skill sets to
meet demands.

Sustainability allows pursuing long-term value and raising resilience to turn disruptions into
opportunities. Education is the universal recipe for operating in advance and when challenges
emerge.

So, the high quality of education moves into epicentres of the fight for better sustainability
and resilience. The United National Sustainable Development Goals Four (SDG4) supposes
allocating worldwide and diligently using several trillion US dollars for the next decades. The
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ambitious goals drive the educational system to be at a decent level regarding outcomes and
flexibility of teaching and learning processes.

The EU Green and Tweens transition [1] and Paris Agreement [2] have initiated a paradigm
shift from short-term to long-term values to ensure the internalisation of environmental, social,
and governance (ESG) externalities. The EU Council approved the Corporate Sustainability
Reporting Directive (CSRD), marking it as an expansion of the corporate EU [3]. The latter
impacts universities and academia to teach the board members and executives managers because
non-financial ESG reporting has become mandatory for European companies. The same trend
also prevails for the world. Under new regulations, large companies will include reporting on
climate-related risks and the impact of activities on climate change. Mandatory disclosure
comprises direct and indirect greenhouse gas (GHG) emissions, GHG reduction targets and how
the companies plan to implement these goals. Enforcement of the new rule implies sufficient time
to implement the new disclosure requirements. It shapes newly sizable requests for universities
and academia to create new courses.

United Nations Sustainable Development Goal (SDG) [4] addresses SDG4 as “Ensure
inclusive and equitable quality education and promote lifelong learning opportunities for all”.
That is a heart for the achievement of all seventeen SDGs. SDG4 articulates gratitude to
functions of a fundamental human right, a public good, gender equality, and an absolute right
to education for all. During the poly-crisis, the author believes that high-quality education is
the priority because it will help society cope with new challenges and even existential threats
the climate-like.

The hard truth is that the world can slide into a new period of war, poverty and disease. The
Russian aggression forced countries like Germany to increase their defence budget significantly,
and countries like Sweden introduced military service again. Education, healthcare, and social
workers funding will move to tanks, missiles and cybersecurity [5]. However, even today,
most transformative digital companies rapidly scale educational platforms reaching millions of
learners, companies, and institutions. Life-long learning becomes an avenue to find new roles,
skills, and jobs in a time of uncertainty. Graduates and children need to access high-quality
education in their lifecycle terms. These two drivers fuel further development.

Society, stakeholders, and students must obtain a spectrum of general, specific, and ’ready
to use’ knowledge across targeted domains: energy, climate, security, industries, transport,
buildings, agro, and healthcare. For example, energy contributes heavily to achieving many
SDGs. So, raising energy engineering awareness inside curricula becomes a priority. The same
ambition applies to science and innovations, policy and industry retention. Capital flow follows
government regulation and market signals to pursue the opportunity to achieve growth and scale.
Whatever happens, people, enterprises, and institutions need to grow new leaders, employees
and researchers. People deserve to get equal access to education for all.

2. Methodology
The system and critical thinking, the theory of changes, and social research methods are the
methodologies of this work. Provided the social nature of the researched subject, the secondary
sources [6] became the distinguish sources for practical examples. The system thinking approach
includes classifying objects, elements, links, and tasks as a holistic system by thinking over
models [7]. Critical thinking supports open-minded mode [8] and allows researchers to recognise
fakes, biases, half-true statements and narratives, and omitted facts. On the one hand, students
can learn this discipline in the framework of high-quality studies and training, and its systematic
application helps decision-makers to justify the subjects from many angles, on the other hand.
For planning and development, the theory of change (ToC) [9] gives an outcome-based concept
directed to complete the list of actions with the following evaluation of strategic individual
projects and programs. The ToC presented the results of inputs, activities (short-, medium-,
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and long-term changes), outputs, outcomes, and intended impacts. The author uses secondary
data analysis as long as the primary public data collects sufficient foundation to process high-
quality education for better sustainability and resiliency.

Following Elkington, the author of the Triple Bottom Line principle (Planet, People, Profit),
this article does not consider the De-Growth theory as “a communistic narrative” [10]. Indeed,
there are resource limits for growth in the world [11] Otherwise, some researchers believe that
Green Growth for free does not exist [12] because there is no such thing as a “free lunch”. Under
some circumstances, brown growth, or sustainability and resilience necessities, could temporarily
leave Green Growth and climate agenda behind. For example, it is compulsory during wars.
Typically, “the quality of education” (QE) comprises the education system’s characteristics,
reflecting the degree of compliance of accurate educational results achieved with regulatory
requirements and social and personal expectations. In this article, the concept of “the quality
of education” refers to both the result (outcomes) and the process (offline, online, hybrid) of
education. The SDG4 functions’ QE’ as a fundamental human right, a public good, gender
equality, and an absolute right to get education for all have taken for granted.

Data works for those familiar with model thinking [13] G.E. Pukhov Institute for Modelling
in Energy Engineering of NAS of Ukraine carry on a pioneer study of digital resiliency. Among
others, the institute is simulating the future of critical infrastructure regarding the Internet and
the decentralised electricity market of Ukraine. Behind these studies stand serious mathematics
and topology methods [14]. It brings additional opportunities to spread models and methodology
across national infrastructure for long-term planning. Such plans can touch not only energy
and utilities but, correspondingly, ICT, finance, healthcare, food, water, transport, defence,
databases, and manufacturing domains. The ultimate objective aims at increasing the digital
resiliency of critical infrastructure. Digital resiliency is “the ability to anticipate, withstand,
recover from, and adapt to adverse conditions, stresses, attacks, or compromises on systems
that use or are enabled by cyber resources” [15].

Culture, philosophy, and individual mindset usually impact the context of sustainability and
resilience in our perceptions. For example, the difference between resilience and anti-fragility
defines differently depending on the consideration method. Resilience increases the system’s
stability, and anti-fragility targets it to become a different system. From more traditional
standpoints, the subjects of resiliency and anti-fragility can overlap or possibly, be congruent.
Culture and Philosophy help to translate ethical dilemmas related to the tsunami growth of
artificial intelligence (AI), robots, the Internet of things(IoT), digital technology and uncrewed-
driving cars and facilities. That is not an accident that the position of Chief Philosophical Officer
(CPO) is a subject of discussion in the specialised literature [16]. Is the golden age of philosophy
coming again? Behind granular theories and project management guidance, researchers will see
better the big picture of technological systems, jobs and education.

3. Future skills: main trends
3.1. Future skills, educational process and life-long learning
The Council of Europe Charter on Education for Democratic Citizenship and Human Rights
Education has adopted that all learners acquire the knowledge and skills needed to promote
sustainable development according to SDG4.7, Educationforsustainabledevelopment and
globalcitizenship [17]. UNESCO highlighted the educational system, teaching and learning
processes with outcomes as core elements [18]. The educational system, the policy, institutions,
regulation, monitoring, improvements, and resources mobilising complies with SDG4. Observing
plenty of literature entails the “no consensus” on the definition of quality education, and the
latter largely depends on the context. With the Sustainability, Resiliency, and Climate Change
context, the quality of education addresses both the results, particularly to meet future skills
for the labour market, and the education process.
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Online education increased share compared with offline and hybrid education. It happened
because of COV ID − 19 and the blossoming of technology: ICT – Information and
communication technology, EFA – Education for all, DE – Distance education. An educational
institution can capture this opportunity to teach and learn or sometimes in remote mode with
the implication of the e-learning process [19]. When we talk about distance learning, we should
indicate what we mean. Distance learning involves a particular program, for example, Moodle,
with all the necessary theory, practical tasks, control or test tasks, instructions, and other
materials. That allows students to learn the material, work out practical cases and check the
material’s absorption level. Unlike distance, someone began to call remote training “as not in the
classroom”, which is not entirely accurate from a methodological point of view. Indeed, personal
contacts are hard during the study through Zoom, Google Meet, Teams, and Webex. However,
remote or distance learning allows students from different countries to study the subjects and
obtain knowledge.

For technology adoption and automation to create productivity growth in Europe, there are
three main prognoses where the educational system and the governments have a role to play:
1. Reskilling and upskilling human capital of the people already in their working lives (more
than 50% of the total number); 2. Tens of millions of new jobs; for instance, 80 million people
have to retrain in heat pump installation. It is a small part of the clean tech sector. 3. Over 50
million jobs could be automated by 2030. There will be a critical need to create new and teach
different jobs [20].

Most jobs requiring green skills represent annual growth within 8-20% and are fresh and new:
Sustainability Manager, Wind Turbine Technician, Solar Consultant, Ecologist, Environmental
Health and Safety Specialist, Compliance Manager, Facilities Manager, and Technical Sales
Representative. Below are some examples of trends-evoking skills and prospective jobs to cover
up-skill and re-skill deliverables for the trends. The topic of jobs gained and lost resulting in
the technology adoption for the years ahead is always hot. Automatisation and AI will have a
tremendous impact. Universities have enough work to maintain the transition from the current
status of the workforce to the future architecture of skills aligned with the labour markets. Quite
logical that new technologies will displace relatively easy automated workers. Occupations that
require a combination of hard and soft skills can seek new employees, given that the last jobs
for automation are full of social and emotional skills, creativity, and cognitive capacity.

3.2. Sustainability, resilience, and climate change
Poly-crises and climate change have initiated a paradigm shift from short-term to long-term
values where non-financial externalities, environmental, social, and governance(ESG) are the
unseparated part of any consideration, products, and practices. So, educational institutions
can provide adaptation in their curriculums by measuring performance and return, managing
operations, marketing, organisational leadership, incentives and governance [3] and dealing with
ESG issues foreseen familiarity with bio-diversity, human rights, supply chain equality, diversity
and inclusion, climate change mitigation and adaptation [21]. As never before, climate change
literacy and numeracy come to the fore. A combination of hard and soft skills allows learners
to achieve cross-disciplinary objectives, which causes a necessity to obtain emotional and social
intelligence skills [22].

Developing sustainability, resiliency, and climate change initiatives with governmental
support through ESG policy and blended finance will also impact the new technology and
critical market infrastructure. That is an argument for why education has to re-educate the ESG
teams. For instance, the solar PV industry creates an additional 1 300 jobs for each gigawatt
capacity just for the manufacturing stage [23]. The culture of lectors and professors increases
the ranking of the institutions. Academic honesty and an ability to create new approaches
and absorb existing knowledge and International best practices save stakeholder time to achieve
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better sustainability and resiliency.

3.3. COVID-19: great reset
COVID-19 has taught society to raise awareness of automation and the urgent need to accelerate
related processes towards more tech and digital. In 2016, some academics concluded that up
to 86% of restaurants, 75% of retail and 59% of entertainment jobs could be automated by
2035 [24] incumbent understanding of digitalisation becomes much more profound and broader.
The following justifications regarding trends and cyber-attacks confirm an increasing role of
digitalisation, cybersecurity, AI and immersing technology awareness.

Here are selected business trends in 2023 and further years (selected) [25]: 1. E-commerce
growth persists post-pandemic; 2. 5G vastly improves data collection and AI capabilities;
3. Employees actively seek out remote and hybrid work; 4. Companies focus on sustainability;
5. Businesses experiment with immersive technologies like augmented reality (AR), virtual
reality (VR), and mixed reality (MR); 6. More people become freelancers and entrepreneurs;
7. Innovation impacts last-mile delivery – nearly all businesses suffered supply chain disruptions
due to the pandemic; 8. Customers save costs through AI.

An increasing number of cyber-attacks on critical infrastructure, financial, healthcare, and
other networked systems negatively impact ESG, environment and social justice. Regulators and
the insurance industry cannot tackle cybersecurity. The World Economic Forum [26] suggests
including cyber risks in ESG strategies because of three foundations: 1. It presents a threat
to value, particularly intangible assets; 2. It presents a threat to society; 3. Insurance cannot
mitigate the risk indefinitely.

3.4. Ukraine, rebuilding – a trillion-dollar challenges
Now post-war future of Ukraine is widely discussed in the world. There are plenty of project
estimations that it takes hundreds of thousands to even one trillion dollars to rebuild and
rehabilitate the country. The private-public-partnership (PPP ) is one of the most practical
ways for upcoming rebuilding [27].

Rebuilding Ukraine could be the biggest Western project since Marshall Plan after WW2 [28].
It looks like the venture with a long story of massively failed projects: big budgets, huge promises,
big teams, and plans reminded documentation of fantasy. Do not forget to mitigate the risks of
corruption. Ukraine and the West do not have the experience to manage these vast opportunities
and risks. McGrath urges that learning is the only way out of the uncertainty trap.

Following her adopted advice, she did it together with Flyvjberg and Gardner [29]: 1. Work
backwards, starting with the goal; 2. Understand odds. Most big ambitious projects fail; 3. Plan
slow, act fast; 4. Lego blocks. Small steps best build big ones; 5. Build the Team; 6. Master the
unknown unknowns. Dispel the myth that exact projects are unique; 7. Know that the most
significant risk is the human factor.

Standardisation and regulation barriers frequently stand behind advanced practices, so the
revision is urgent, especially for industries with a complicated and safety-significant supply
chain [30]. It encompasses several technical, scientific, legal, financial, and military areas,
professional education and study. The rebuilding plan for Ukraine should cover regulations
much beyond the current status.

Not only Ukraine itself but any country and their unions don’t have the traction to
cope with the magnitude of the rebuilding objective Ukraine is facing. Behind this new
chapter in Ukrainian history should stand advanced technologies and innovations such as new
generation internet, modelling, AI, IoT, 5/6G, Data, Quantum computing and censoring, ML,
Dl, blockchain, clouds, and others. Like any sizable or significant transformations, project
leaders matchmake academic, educational, and industry within and across countries. In advance,
therefore, the government and universities need to look for teachers, researchers, and experts
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from industry, academia, and entrepreneurs. That is a relatively frugal solution and sustainable
for any country, even though it takes time.

3.5. R&D internalisation, energy system, and new generation of Internet
When Ukraine is now more into maintaining the energy system operational, the EU countries
address thoughts to market design for fulfilling three objectives: fairness, optimal investment,
and optimal operation. [31]. It brings us to analyse some specific concepts:

Overcentralisation vs decentralisation. A decentralised market model for the resilient energy
system comes to the fore for scientists and practitioners because of overcentralised physical
energy structure doesn’t fit emergency and market needs. The war is a visible driver to zoom
into decentralising the electricity, water, and power market models. With the introduction of
new technologies, such as wind, storage, smart grids, solar, and prosumerism concept, these new
becomes an integral part of a complex energy system, its elements, and interwoven grids.

Digital Resiliency and New Generation Internet. Producers and suppliers can exchange their
roles, which gives impetus for prosumerism and smart-response and metering development.
That is why digitalisation heavily impacts all processes in the electricity and affiliated markets.
The flow of reliable data, in combination with nascent next-generation internet technologies,
represents the start of the transition to a new norm.

R&D internalisation. Due to nations and companies having unequal access to new
technologies, developed counties set up different incentives and institutional frameworks. The
US Defence Advanced Research Projects Agency (DARPA) [32] is one of the best role models.
Another excellent example is Canada’s innovation ecosystem where the Mitacs (Monreal) [33] is
a catalysing force with focus areas and application domains fitted to future challenges. Mitacs
can engage the expertise of universities, academia, and thousands of experts in Canada and
worldwide. What is unique, they deal with big names, such as Ericsson, Cisco, and Oracle.
The technological giant Ericsson, for example, launched in Canada’s Quantum hub to support
research [34]. They also onboard people in the team after up-skilling and re-skilling them using
the study’s 5G and virtual reality technologies. This practice helps the company to design new
processes, methodologies, technologies, and new ways of collaboration.

4. High-quality education: case-study
4.1. Disciplines and process
The effective incorporation of sustainability and resiliency concepts and principles through all
levels of the education system may pose particular challenges. The global market only for green
energy will exceed $1.1 tn by 2027. Demand for jobs only for sustainability managers will rise 8%
annually until 2030, with up to 14 Mio jobs in 2030 [35]. Such hectic demand for educational
service couples with the multidisciplinary nature of the sustainability, resiliency and climate
change issues. So, regulators, universities and academia also need to adjust their up-skilling
and re-spilling program and standards for specific disciplines, generations, and demography.
Targeted competencies find their reflection in the scientific and methodological materials of the
courses. Moreover, as a rule, competencies do not depend on the form of training: full-time,
distance learning or mixed form. The exception is social skills, which require different approaches
to their formation in various processes and platforms for learning.

When it comes to distance learning, the regulatory acts sometimes are not aimed at
improving the educational process. In particular, it concerns reducing the pedagogical burden
of distance learning. It is always happened, for example, in Ukraine before the war. The
factors of optimisation of distance learning include the increased role of visualisation of material
(theoretical material presented in the form of video lectures, as well as some practical tasks
using video and audio files). The pandemic time shows it is unrealistic to insist on this with a
minimum of teaching hours, only relying on the teacher’s enthusiasm.
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Universities play a central role in developing knowledge, including many domains, such as
engineering, sciences, architecture, law, management, economics, sociology and even philosophy.
They share knowledge and deal with academia, research institutions, government agencies, civil
society and the private sector to ensure better employability of students. The extensive range
of disciplines and backgrounds requires different approaches, including the main aspects of
sustainability, resiliency and climate change, in the curricula coherently.

4.2. Distinctive curricula
The distinct requirements arise from the need to address sustainability, resiliency, and climate
change. In today’s educational landscape, teachers play multifaceted roles, serving as mentors,
interpreters of knowledge, and bridges between generations. Their influence significantly impacts
students’ personalities and values. Therefore, it is crucial for educational curricula to incorporate
specific and general knowledge tailored to students’ needs, encompassing the following aspects:

1. Multidisciplinary and system thinking : A modern education should equip students with the
ability to prioritize effectively. In times of peace, addressing climate change might take
precedence, while during periods of turmoil, focusing on the sustainability and resilience of
territories or sectors becomes crucial. Universities now emphasize teaching critical thinking
and problem-solving skills, as well as the theory of change. Learning is indispensable to
navigate uncertainty in situations involving mega projects and potential risks, as evidenced
by the case of Ukraine.

2. Integrating culture and philosophy : The culture of teaching plays a pivotal role in
delivering quality education. Teachers not only impart knowledge but also mold students’
personalities, instilling values and fostering critical thinking. Academic integrity is gaining
prominence, with a growing emphasis on originality and the ability to express one’s ideas.
Ensuring academic honesty from the early stages of education fosters respect for others’
work.

3. Developing a comprehensive set of skills: Training programs need to adapt to the evolving
demands of the professional world. This includes equipping students with both hard and
soft skills, understanding taxonomy, and cultivating effective stakeholder relations. Striking
a balance between theory and practice becomes essential. Specific skills in handling data
(primary, secondary, and treaty), sustainable finance, innovative financial mechanisms, and
ESG (environmental, social, governance) policies are crucial. Additionally, cybersecurity
literacy and numeracy are necessary to manage cyber risks effectively. Equipping students
with game-changer and mega-project skills, legal knowledge for public-private partnerships,
and financial and technological tools for strategic planning and risk management is essential
for their future success.

Incorporating these elements into education enables students to be well-prepared for the
complexities of a rapidly changing world and to contribute positively to society’s sustainable
development.

4.3. Digital learning and EdTech platforms
The software makes learning more modern and efficient. The pandemic boosted digital and
remote learning all around the world. As never before, the Digital Learning and Edtech
industry provides equal opportunity and access to education for all. About 150 best EdTech
companies [36] reached over three billion people and generated approximately USD 20 billion in
revenue. The Digital Learning market is steadily growing by double digits annually.

Zooms, Teams, Webex, Viber, Facebook, and others became survival facilities for most
institutions and companies. The author got a first-hand experience as a lecturer at the university.
Here are some pros and cons. In particular, Moodle allows a unified presentation of theoretical
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material, including video lectures, practical, test tasks, and methodical recommendations,
allowing students to navigate more quickly in the material. Moodle presents an ability to process
large amounts of information, including test surveys, and place and check different types of work.
Professional Zoom allows the host to divide students into small groups, which is evident during
the discussion.

Meanwhile, the teacher can visit subgroups and check how the task goes. Overall, both tools
help to engage active methods of training. By conducting classes through Zoom, the lecture
encounters some advantages and disadvantages. The advantages include good visibility and
audibility of the material, which does not constantly occur in the old-school audience. The
Zoom drawbacks are the difficulty obtaining quick feedback and the limited ability to lead a
lecture-discussion.

All major universities and companies with good financial positions have advanced EdTech
platforms. Let us consider the state of the arts regarding EdTech platforms and Digital Learning.
For example, the Yale School of Management offers offline study and two online programs:
delivered live and cohort-based asynchronous [37]. The Yale School delivers teaching and
research dealing with two online certified learning providers 2U/GetSmarter’s learning platform
offers 24/7 assistance to fit into a busy lifestyle. Short courses typically last for six-eight weeks
in a cohort-asynchronous manner to prepare future leaders. ExecOnline is helpful when the
school conducts three or six weeks of courses integrated with interactive programmes with short
videos.

The top 150 EdTech companies focus on three major sectors: Life-Long Learning, Higher
Ed, and K-12 by leveraging technology to increase access and affordability of quality and
outcomes for learners. Re-skilling is an adult consumer learning, as the Life-Long Learning
workforce represents 42% of all categories. In parallel, EdTech leaders have achieved the highest
Return on Education (RoE), having extraordinary growth and traction. Edtech companies
include publicly listed digital learning companies Grammarly, Coursera, 2U/GetSmarter, Grand
Canyon Education, Kahoot, Docebo, Upwork, ExecOnline, Afya, and Arco [38]. In other words,
universities have a wide choice to pick out what is better for their students and teachers, and it
is not easy because of financial reasons and technological items.

4.4. Case study
Some observers have noted signs of distrust in the levels of university qualifications. Ernst
& Young, for example, did not find evidence that university success correlates with work
performance achievement. It gives life to skills-based or competency-based hiring practices.
Many large companies with extensive human resources (HR) departments can assess applicants
for their skills in-house. Small and medium-sized companies, however, still rely on qualifications
as they do not have the resources to conduct assessments in-house. Public-sector employers and
regulated professions are obliged by law to value qualifications [39].

What can help universities and academia to deliver sustainability and resiliency education
and increase the level of trust and quality for diplomas and certificates? The sustainability and
resiliency skill requirements are highly innovative. The Hart Research Associates found that
the critical skills that distinguish innovators most from non-innovators are creativity, critical
thinking, and problem-solving. Linguistic patterns as “come up with new ideas and solutions”,
the “willingness to question ideas”, the “ability to present ideas in the audience”, “alertness to
opportunities”, “analytical thinking”, and “ability to coordinate activities”; and the “ability to
acquire new knowledge”, these are actual signs labelled required non-routine skills [40].

Some selected examples illustrated were moving in the primary, secondary, and tertiary
educational processes to cope with climate crises and for better sustainability and resiliency.
The Harvard Business School [3] has excellent traction as it is also fair for Columbia Business
School [41]. The Black Rock has ’In-House’ learning and development programmes [42].
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Here are the results of our secondary research regarding the expectation of bachelor students
regarding education and the future labour market. The Institute of Sociological Research of
the Kyiv National Economic University named after Badym Hetman conducted the primary
research in 2022 from 25.01 to 05.04. For successful quality assurance in line with the Bologna
Process, the institute used an internal and QA system based on proven ICT, online, and mobile
technologies:

(i) Offline study. 79.3% of respondents consider themselves satisfied with studying at university
students. If chosen by composition, then the most Satisfied with the role of the teacher:
defence teacher and student – 86.2%, the level of teaching – 72.4%.The level of satisfaction
with the theoretical (58.6%) and practical (55.1%) secondary training. Worst is the situation
with students’ social and everyday life and assessment of international relations university
(35.4%). Yes, for social infrastructure, 34.5% of respondents were satisfied with the logistics
use – 41.3% leisure visits, and 44.8% were students. The results demonstrate that the
university’s ranking largely depends on the culture of lectors and professors.

(ii) Online learning. When considering this synchronous (Zoom, Team, Meet) e-mode or
classroom activity (Moodle and others), respondents equally distributed such difficulties,
respectively, 51.7% and 55.2%. Answers indicate significant difficulties tackling hardware,
computer tools, and communications equipment, and the software – programs themselves
are not a subject of complaints. Such difficulties stem from poor communication because of
the types of equipment, low bandwidth, or even zero access to the Internet. Such problems
relate to financial or technical obstacles for the students and teachers working from their
homes. Now the situation has turned from bad to worse because of the Russian invasion
of Ukraine. Teaching and learning are almost impossible because of additional mobile
connection problems.

(iii) Hybrid learning. Even though the respondents put first place the negative consequences of
the “lack of constant access to the Internet”, 34.5% answered emphasised an inconvenient
distance learning platform (Moodle, MS Office 365) – 34.%. That is quite likely that the
platform does not support the issue. Insufficient training of students and lectures on how
to use the platform is the case. 20.7% of the respondents confirmed this opinion.

(iv) Interestingly, 79.3% of the students agreed that receiving current and controlled tasks is
more convenient. Plus, 75.8% rated having more free time as a positive factor because
they got additional time avoiding time-extensive travelling to the university, the road and
inconvenient schedules (the availability of free time between classes, even an hour and a
half), or long breaks between classes. The students are happy to get more flexibility for
productive activity and at home, which indicates a necessity to better instruct the platform’s
users from the teaching and learning side.

5. Conclusions
The quality of education reflects the regulator’s requirements and social and personal
expectations, a fundamental human right to education as a public good based on inclusivity
and gender equality. Quality refers to the content and results obtained through students’ up-
skilling and re-skilling. The process breaks down into offline, online, and hybrid. Universities
should set up and hone their educational products, processes and platforms by covering the
following items:

(i) These disciplines’ sustainability, resiliency, and climate have come to the global cutting
edge in different orders. The culture of teaching and teaching is paramount for the quality
of education, and it impacts all human activities, including policy, law, technology, finance,
industries, and a mindset of critical and system thinking and problem-solving. That is
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why universities must adopt curricula via environmental, social, and governance(ESG)
considerations together with hard and soft disciplines.

(ii) Prioritisation. In a time of peace, climate change is the priority. In wartime or turbulence,
sustainability or resilience can be a more important priority in the short and medium-
term perspective. Under some circumstances, even brown technologies based on fossil fuel
and other necessities could temporarily leave Green development behind. For example,
during wars or severe energy and food problems, middle and low-income countries sometimes
cannot find another choice to survive.

(iii) Wars and Education. The funding for ’classical’ education in a time of peace inevitably
succumbs to military and cybersecurity arrangements. The curricula, unfortunately, witness
an increasing role of the military. However, ongoing digitalisation, cybersecurity, AI and
immersing technology awareness still leave the opportunity for further development for
denoted professions.

(iv) Demand for New Jobs in the labour market: Reskilling and upskilling human capital are
urgent because about 50% of the total work will change; It embraces tens of millions of new
jobs; for instance, 80 million people have to retrain only for heat pumps. Over 50 million
jobs could be automated by 2030.

(v) The proposal to Teach the New Jobs: educational institutions should provide adaptation
in their curriculums regarding transformation for better sustainability and resiliency,
measuring performance and return, incentives and green governance.

(vi) Quality process of Education. Options: 1. The up-skill and re-skill programme for students
and specialists. Environmental, social, and governance(ESG) are the unseparated part of
any consideration today; 2. Online, Offline, Hybrid. Online education increased share
compared with offline and hybrid education. Within online, universities have a choice to
deliver live or cohort-based programmes. Eventually, educational institutions can capture
teaching with the implication of market fit.

(vii) Educational Platforms. For successful quality assurance, conducting research and delivering
teaching in line with the Bologna Process, the universities and academia need to have
a system based on proven communication technology and access to online and mobile
technologies. There are many current proposals from EdTech Platforms where the cost
of licences and technical support are the main bottleneck.
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Abstract. Green energy is a key factor for achieving global sustainable development goals.
Energy safety is the basic condition for any state to function and for any economy to grow.
Moreover, stable supply of energy resources is a pre-requisite for supporting adequate life
quality level for the population, which is the main function of a state. In this context, the
problem of training specialists in green energy has become an object of an increasing research
interest in many countries, including Ukraine. Ukraine has not been experiencing any specific
problems with energy security since gaining independence in 1991, except for minor issues
with natural gas supply. However, in autumn and winter of 2022, the necessity to reconstruct
the Ukrainian energy safety system became specifically acute. The factor having caused the
problem is of a man-made nature and was brought forth by the neighboring state’s military
aggression. Russian military forces have been purposefully and methodically devastating the
Ukrainian energy infrastructure with missile strikes over the past several months. Thanks to the
technical and technological aid offered by partner countries and introducing emergency power
outage schedules across the country, Ukrainian energy companies have managed to sustain the
energy system in a relatively operational condition for three months by now. Nevertheless, we
should envisage the future challenges and build a strategy for the post-war reconstruction of the
Ukrainian energy system. Renewable energy sources have a colossal potential and may become
a powerful force in the future development of Ukraine’s energy industry. However, in practice,
the energy industry must be supplied with a sufficient number of highly professional specialists
to realize this opportunity. On the example of Ukrainian HEIs, this article offers an example
and a methodology for analysing higher educational establishments’ potential and preparedness
to satisfy the predicted demand in personnel and to ensure sustainable development of the
renewable energy market. Another finding of this research is the system of markers to measure
the success of an educational programme in green energy which can be applied by educational
institutions to build the programme enhancement strategy. Also, the authors define directions
for perspective development of energy education in Ukraine.

1. Introduction
During the entire independence period, Ukrainian energy system has provided a stable and
reliable footing for the economy. For instance, in the pre-crisis year of 2013, all areas of
energy system operation collectively supplied 8.4% of the Ukrainian GDP [1]. This achievement
became possible with significant natural deposits of energy minerals and fossil fuels (coal,
natural gas, uranium) and the network of nuclear, thermal and hydroelectric power plants.
The mentioned factors fully covered domestic consumer needs in energy resources and ensured
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industrial development. In addition, a share of Ukraine’s energy resources was exported, which
was an added source of replenishment for the state budget. Earlier studies reported that reserves
of natural energy minerals in the bowels of the earth should have been sufficient for tens and
even hundreds of years, which would guarantee stable energy security for Ukraine [2]. Ukraine
did experience problems with supporting the economy’s need in natural gas; nonetheless, the
problems had been solved every time. Also, the energy sector was fully equipped with the full
professional and qualification spectrum of specialists who were trained at about two hundred
higher education institutions all over the country [3], although the the facilities inherent in the
country’s energy infrastructure still needed to be radically modernized to comply to the current
national needs and global environmental requirements. At that time, the leading specialists
and energy scientists were engaged in studying this issue, as well as in improving the country’s
energy strategy.

Russian ongoing aggression in 2014-2021 and an unprecedented large-scale military attack in
2022-2023 brought drastic and destructive changes to Ukraine’s energy security. Ukrainian
territories owning the greatest potential of natural energy resources and energy extraction
enterprises were either occupied or annexed by the aggressor state. Since March 2022,
Zaporizhzhia nuclear power plant in Enerhodar has been under occupation. While military
units of the aggressor army are located on the plant’s territory, they are undertaking provocative
actions that undermine radiation and nuclear security [4]. Also, in the first months of the war,
Kakhovka Hydropower Plant was occupied, and Okhtyrka Thermal Power Plant was demolished.
As a result of airstrikes by missiles and unmanned aerial vehicles on the Ukrainian energy
infrastructure, about three quarters of the country’s energy production capacity had been
destroyed by mid-January 2023 [4]. The experts conclude that most of the damaged objects
belonging to the country’s energy infrastructure cannot be reconstructed. Quite apart from the
losses caused by war and hostilities, it is considered inexpedient to restore several individual
objects since they were put into operation in Soviet times and by the time they were destroyed,
they had reached a critical level of moral and physical wear. In the aftermath of the above-
mentioned losses in the energy system, scheduled and emergency power outages for end users
have been introduced throughout the country. Such measures are temporary, and their purpose
is to prevent the complete failure of the Ukrainian energy system. Thanks to implementing these
measures and significant technical and technological aid from the partner countries, Ukrainian
energy companies manage to support the energy system of Ukraine in a relatively operational
state.

The situation described above has created an impetus to realize the need for technological
modernization and transformation of the Ukrainian electricity generation in the post-war period.

As can be inferred from a detailed analysis of the statements articulated by the leading
specialists at the Ministry of Energy of Ukraine and the goals declared by the Energy Strategy
of Ukraine until 2050, it is expected that nuclear energy will remain the basic component of
energy generation in Ukraine [4]. What is more, alternative energy sources should progress,
and new products and innovative technological solutions should be searched for. The above
prompts us to predict that the specific share of renewable energy in the structure of the overall
electricity generation will grow. The roadmap for introducing and advancing renewable energy
sources will create conditions for sustainable development and satisfy the principal requirements
of environmental friendliness and climate neutrality, accessibility and social justice. In addition,
such an action plan fully meets the goals of integrating the Ukrainian energy system into the
European ENTSO-E power grid.

Renewable energy strategies can be realized in Ukraine if two interrelated conditions are met.
The first condition requires implementing technical means and innovative engineering solutions
to develop renewable energy in Ukraine. These tools and solutions are costly, and it will be
exceedingly difficult to implement such projects in practice independently and autonomously



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012032

IOP Publishing
doi:10.1088/1755-1315/1254/1/012032

3

within a short period. Attracting grants and large-scale technical aid from developed countries
together with searching for various other possibilities and sources will accelerate advancements
in renewable energy.

The second mandatory condition is regular personnel supply. This condition requires from
Ukraine independent and autonomous solutions. Therefore, it is urgent to assess the capacity of
Ukrainian HEIs to train sufficient numbers of highly professional specialists in renewable energy
on a regular basis. The success of the entire renewable energy development project in Ukraine
will depend on the positive answer to this question.

Considering the above, this paper seeks to remedy these problems by analyzing the
preparedness and capacity of Ukrainian HEIs to satisfy the expected demand for personnel
in the growing renewable energy market.

2. Literature review
Education plays a key role in promoting environmental-friendly culture, primarily through
perception and acceptance of ecological values by the youth. In recent years, this thesis has
been attested by various methods and proved by scientists from such countries as the USA,
China, Vietnam, Hungary, Brazil, Israel, India, Iran, Malaysia, and Nigeria [5–17]. Surveys
such as those mentioned above prompted us to select the importance of educational policies
in ensuring rational nature management in Ukraine as the main hypothesis of this study. In
this context, growing knowledge about energy saving methods among young people and rapid
transition of the economy to renewable energy sources within the framework of the practical
implementation of the Sustainable Development Goals is particularly relevant.

Studies by Singh et al [8], Hoque et al [9], Friman et al [16] recommend familiarizing
young people with the basics of renewable energy in primary and secondary schools through
gamification, which will facilitate and promote a culture of rational energy resources use and is
supposed to encourage teenagers to opt for higher education in the field of renewable energy. At
the same time, Colmenares-Quintero et al [7], Kinol et al [17], and Eshiemogie et al [15] argued
that significant attention should be paid to high-quality special training of energy engineering
specialists by HEIs. Moreover, a study by Szeberényi et al has revealed that representatives
of primary, secondary and higher schools believe that low-income families cannot afford using
renewable energy sources [13]. Therefore, raising the living standard in the country is an effective
factor in activating the transition to renewable energy sources. Taking into account the fact that
a country’s standard of living is significantly determined by the quality of higher education,
sufficient attention should be paid today to improving the training quality of graduates in
energy specialties at the universities. Colmenares-Quintero et al propose to improve the quality
of training of energy engineers with Problem based learning and design thinking methods [7].
Ji has proved that the quality of higher education in the field of energy can be enhanced by
increasing investments and strengthening the environmental component of training [11]. Saputro
et al have substantiated introducing STEAM approach into the educational process that will
deepen the students’ comprehension of renewable energy sources [18]. Popescu et al. have
indicated that introducing a pilot course on the technical, legislative and geopolitical aspects of
the transition to renewable energy sources into the educational process of the university would
be an advantageous approach [19]. We also fully support the conclusions made by Heffron and
Foley that higher education should become the key tool for providing young people with specific
knowledge and skills to prevent climate change on the planet [20]. To achieve this aim, as
highlighted by Fartash et al, countries should develop a network of HEIs preparing a sufficient
number of highly-qualified professionals in renewable energy and undertake in-depth research
in this field [14]. It is also important for governments to foster interest and motivation among
young people to obtain specific specialties in renewable energy.
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3. Methods
The statistical data array analyzed in this study is drawn from five main sources.

The State Statistics Service of Ukraine has supplied data on the volume of the gross national
product, the energy balance, and the number of people employed in various sectors of the
economy [1]

The Unified State Electronic Database on Education in Ukraine has been used a source of
information on the bachelor’s and master’s training programs in specialties 141 “Electrical power
engineering, electrical engineering and electromechanics” and 145 “Hydropower engineering” in
Ukrainian universities [3].

The normative framework has been outlined by the current legislative and regulatory acts
issued by Verkhovna Rada of Ukraine and the Cabinet of Ministers of Ukraine, documents by
the National Agency for Ensuring the Effective Use of Energy Resources and the International
Renewable Energy Agency.

The data array obtained from the above sources served as the information base of this
research. Both qualitative and quantitative methods were used in this investigation to visualize,
prove and evaluate the information base:

(i) By employing the cartographic method, we attempted to visually represent the territorial
distribution of Ukrainian HEIs, where training in specialty 141 “Electric power engineering,
electrical engineering and electromechanics” is being delivered in the 2022-2023 academic
year.

(ii) Selective and tabular methods were adopted to describe in detail the current
educational programs for training bachelors and masters in the specialties 141 “Electric
power engineering, electrical engineering and electromechanics” and 145 “Hydropower
engineering” at Ukrainian HEIs, which focus on training professionals in renewable energy.

(iii) Logical generalization and comparative methods were used to explore and compare
educational programs training specialists in renewable energy at Ukrainian HEIs with the
highest contingent of students as of January 2023.

4. Results and discussion
Reducing or precluding any energy dependence of the country’s economy on any other country is
the basis for preserving independence, decision-making autonomy and provision for all domestic
energy needs. This aspect is especially relevant if a country that owns significant reserves of
energy resources pursues an overly aggressive foreign policy. The above exactly describes the
situation Ukraine has recently found itself in, and one of the solutions that may be offered would
be to realize the Ukraine’s aspiration to autonomously provide for all the needs of the national
economy in energy resources. This, among other things, can be achieved by diversifying the
growing share of renewable energy in the total volume of energy generation in the country.
Simultaneously, all areas of the country’s life should transfer to the latest energy-efficient
technologies. This will be an induced measure due to the fact that energy consumption per
unit of manufactured products in the Ukrainian economy is 3-4 times higher than the similar
indicators in the world’s developed economies [21], whereas implementing the intended goals
will allow to ensure an increase in the level of energy efficiency in Ukraine now and in the near
future.

The idea of strengthening the role of renewable energy in the Ukrainian economy has been
around for the past two decades and was not inspired by the war or the blackouts. In the
Ukrainian legislation, the first normative documents highlighting certain aspects of developing
renewable energy in the country date back to 2009. In fact, the first document discussing
renewable energy in Ukraine was titled the Decree by the Cabinet of Ministers of Ukraine
“On signing the Agreement on financing the program Supporting the implementation of the
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Ukrainian Energy Strategy in the field of energy efficiency and renewable energy sources” No.
1524-p, dated December 16, 2009 [22]. The authority to secure the necessary financing under
the 2010-2011 European Union aid program at the state level was entrusted to the National
Agency for Ensuring the Effective Use of Energy Resources (now the State Agency for Energy
Efficiency and Energy Saving of Ukraine [23]. In 2023, more than thirteen years after the decree
was issued, the problem is still gaining momentum.

In October 2014, the Cabinet of Ministers of Ukraine approved the National Renewable
Energy Action Plan for the period until 2020 [21]. Even though the deadline for implementing
the plan has already passed, the document remains valid and relevant today. The document
states that according to the calculations by the experts at the Institute of Renewable Energy
at the National Academy of Sciences, the annual technically achievable energy potential of
renewable energy sources in Ukraine is able to reach 50% of the total energy consumption in
the country. In addition, the document envisaged increasing the share of renewable energy to
11.0% in the structure of Ukraine’s own production. In the years preceding the war, the share
of renewable energy in the structure of domestic production in Ukraine fluctuated within the
range of 7.2-10.3% [24]. These data imply that it has not yet been possible to fully utilize the
potential of renewable energy.

We believe that one of the reasons that did not allow the Ukrainian enterprises to unlock
the utmost potential of renewable energy in Ukraine is the failure to attend to one of the most
important and key components, that is, failure to provide the industry with highly qualified
personnel. For instance, the National Plan had mentioned issues related to the personnel supply
only twice – first, to assign the Ministry of Education of Ukraine, in collaboration with other
institutions, to create educational and methodological support for the activities undertaken by
centers for professional development and certification of specialists who install energy equipment
that works on renewable energy sources; second – to recommend to include questions regarding
the prospects for producing energy carriers from renewable energy sources and alternative types
of fuel in Ukraine in the programs of educational institutions of all levels for the purpose of their
popularization [21]. It follows that no questions related to training highly professional specialists
in renewable energy were raised in the plan.

In December 2017, Ukraine joined the Charter and in February 2018 became a full member
of the International Renewable Energy Agency (IRENA), founded in January 2009 [25, 26].
Participation in IRENA enabled Ukraine to access the world-class experience and knowledge in
developing and implementing technologies for utilizing renewable energy. It is also important
to receive specific practical recommendations on devising national policy provisions from the
Agency’s specialists. IRENA also implements measures that contribute to increasing the
knowledge potential of participating countries, i.e., organizes special programs for training and
education, and encourages scientific and research work. It is this function that is particularly
important and relevant in the context of our research topic.

Thus, we can conclude that there is a clear understanding at the governmental level that
development of renewable energy sources will become an indispensable condition for ensuring
Ukraine’s energy independence. In addition, renewable energy will save traditional fuel resources
and improve the natural environment. However, a major step has not been taken at the
regulatory level, namely, no prerequisites have been created to adequately staff the prospective
renewable energy development projects.

The evidence suggests that alternative energy sources and renewable energy represent a lever
for successful reconstruction of Ukraine, positive outcomes of which reach out far beyond the
post-war period. However, there is a question that we cannot leave unanswered, that is, if
Ukraine has sufficient human resources to achieve the ambitious goals set by the authorities.
To answer this question, we will analyze the current situation in training renewable energy
professionals in Ukraine. Training specialists capable of being directly engaged at renewable
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energy facilities in Ukraine is being delivered within two specialties: 141 Power Engineering,
Electrical Engineering and Electromechanics; 145 Hydropower [3]. Specialists trained in other
related specialties (142-144) can also be employed in the renewable energy sector, although after
appropriate retraining.

As of January 2023, 56 institutions of higher education in Ukraine are training specialists
for master and bachelor’s degrees in specialty 141. The territorial distribution of educational
institutions is presented in figure 1 [3].

Figure 1. Territorial distribution of educational institutions training specialists in specialty
141 “Electrical power engineering, electrical engineering and electromechanics” in the 2022-2023
academic year.

The largest number of educational institutions training students in specialty 141 are
concentrated in the Ukrainian cities of Kharkiv, Kyiv and Dnipro. This distribution is natural
and predictable, since these cities represent regions with a substantial number of energy
infrastructure facilities and industrial enterprises that need a constant supply of personnel
trained in general energy engineering. In addition, institutions of higher education in Kyiv
supply specialists for the rest of Ukrainian regions, since educational degree received at one of
the capital’s universities is considered more prestigious.

According to our observations, training specialists in electricity is being conducted throughout
Ukraine, including higher education institutions temporarily displaced due to hostilities or
occupation. Examples of displaced HEIs are Volodymyr Dahl East Ukrainian National
University (relocated from Luhansk to Syeverodonetsk in 2014, and later, in 2022, to Kyiv),
State Higher Educational Institution “Donetsk National Technical University” (relocated from
Luhansk to Pokrovsk in 2014, and to Lutsk in 2022), State Higher Educational Institution
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“Pryazovskyi State Technical University” (relocated from Mariupol to Dnipro in 2022), Donbas
State Machine-Building Academy (relocated from Kramatorsk to Ternopil in 2022).

Tables 1 and 2 demonstrate that only 15 Ukrainian HEIs deliver undergraduate and/or
graduate educational programs specializing in renewable energy [3]. Two educational programs
are not institutionally accredited. Only four HEIs offer both bachelor and master programs.

The fact that most educational programs in renewable energy are accredited until mid-2023
or mid-2024 is of significant concern. Thus, out of 11 bachelor’s level educational programs,
three are accredited until July 1, 2023, and two programs are accredited until July 1, 2024.
The prospects seem even gloomier for the graduate programs, since out of eight educational
programs, one program is accredited until July 1, 2023, and five programs are accredited until
July 1, 2024. One of the factors explaining this situation is the martial law, which has been
introduced in Ukraine and which made it impossible to perform the full scope of accreditation
procedures. At the same time, it cannot be guaranteed that all the existing programs will
successfully renew the accreditation after the martial law expires. In other words, there is a
certain risk of curtailing the currently existing educational programs.

At present, only 394 students in total are enrolled on all accredited educational programs
related to renewable energy in all the four years of study. By the time the students are awarded
their bachelor’s diploma, it will require six months for those who are in the fourth year of study
now (the nearest graduation is expected in July 2023) and up to three and a half years for
those who are in the first year of study (2022 entrants are expected to graduate in July 2026).
Qualified graduated bachelors will enter the labor market gradually, which will not immediately
satisfy the potential demand for the number of professionals required to enable the renewable
energy sector to develop intensively. In addition, some of these students will continue their
studies being enrolled on graduate programs after completing the undergraduate degree, which
will postpone their entry into the labor market and add another one and a half or two years to
the graduation date from the undergraduate courses. At the moment, 91 students are enrolled
on the existing accredited master degree educational programs in renewable energy. If these
students do not choose to continue their studies at any of the postgraduate schools, they will
enter the Ukrainian labor market as certified specialists in January-February 2024 and 2025.

Thus, in 2023-2026, the industry will be replenished with 485 certified professionals provided
that all renewable energy education programs are successfully accredited and all students
currently enrolled in education programs at the two educational levels successfully complete
their studies, are awarded bachelor’s and master’s degrees, and join the workforce instead of
joining the next educational stage.

In addition to graduates majoring in renewable energy, the Ukrainian labor market
employs graduates majoring in the specialty 145 “Hydropower”. Only three Ukrainian
HEIs train specialists in Hydropower at undergraduate and graduate levels. These are The
National University of Water and Environmental Engineering (in Rivne), Zaporizhzhia National
University (in Zaporizhzhia) and National Technical University “Kharkiv Polytechnic Institute”
(in Kharkiv). At all the three universities mentioned, the titles of educational programs for
bachelor and master levels coincide with the name of the specialty.

Table 3 below presents the numbers of students who are pursuing an educational degree in
specialty 145 “Hydropower” at Ukrainian HEIs in January 2023 [3].

The situation with accreditation seems to threaten only one educational program, which we
do not consider critical. However, the number of certified specialists who will replenish the
army of hydropower professionals in 2023-2026 will be only 104 specialists even under favorable
conditions.

The statistical data above suggest that Ukrainian higher education institutions do not possess
adequate potential to prepare more than 589 graduates in two renewable energy specialties by
2026. This number may satisfy the need in covering staff turnover and staff rejuvenation at
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Table 1. The contingent of undergraduate students majoring in Electric Power Engineering,
Electrical Engineering and Electromechanics studying in educational programs in renewable
energy as of January 2023.

HEI
Educational program, number
of undergraduate students (persons)
and state accreditation validity

O.M. Beketov National
University of Urban
Economy in Kharkiv

Alternative and Renewable Energy Sources
91
(accreditation valid until 01.07.2028)

Lviv Polytechnic
National University

Energy Systems for Sustainable Development
77
(accreditation valid until 01.07.2023)

National Technical University
of Ukraine “Igor Sikorsky
Kyiv Polytechnic Institute”

Alternative and Renewable Energy Sources
75
(accreditation valid until 01.07.2023)

Odesa National
University of Technology

Alternative and Renewable Energy Sources
52
(accreditation valid until 01.07.2024)

Odessa Polytechnic
National University

Renewable Energy Sources and Energy Complexes
51
(accreditation valid until 01.07.2029)

National Aerospace
University “Kharkiv
Aviation Institute”

Alternative and Renewable Energy Sources
33
(accreditation valid until 01.07.2024)

“Zaporizhzhia Polytechnic”
National University

Renewable Energy Engineering
8
(accreditation valid until 01.07.2026)

Kyiv National University
of Technologies and Design

Intelligent Systems in Renewable
Energy and Electric Vehicles
7
(accreditation valid until 01.07.2023)

Ukrainian State University
of Railway Transport

Alternative Energy Sources and
Environmentally Friendly Transportation
0
(accreditation valid until 01.07.2027)

National University
“Yuri Kondratyuk
Poltava Polytechnic”

Renewable Energy and Power Supply
for Electric Transport
8
(no accreditation data available)

Kyiv National University
of Construction and

Architecture

Alternative and Renewable Energy Sources
4
(no accreditation data available)

Total number of students
pursuing the accredited
educational programs

394
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Table 2. The contingent of graduate students majoring in Electric Power Engineering, Electrical
Engineering and Electromechanics studying in educational programs in renewable energy as of
January 2023.

HEI Educational program, number of graduate students
(persons) and state accreditation validity

National Technical University
of Ukraine “Igor Sikorsky
Kyiv Polytechnic Institute”

Alternative and Renewable Energy Sources
16
(accreditation valid until 01.07.2024)

Odesa National University
of Technology

Alternative and Renewable Energy Sources
20
(accreditation valid until 01.07.2024)

Odessa Polytechnic
National University

Renewable Energy Sources and Energy Complexes
15
(accreditation valid until 01.07.2025)

National Aerospace University
“Kharkiv Aviation Institute”

Alternative and Renewable Energy Sources
8
(accreditation valid until 01.07.2024)

Oles Honchar Dnipro
National University

Alternative and Renewable Energy Sources
15
(accreditation valid until 01.07.2023)

Kherson National
Technical University

Alternative and Renewable Energy Sources
13
(accreditation valid until 01.07.2024)

National Technical University
“Kharkiv Polytechnic Institute”

Sustainable and Renewable Energy: Electrical
Engineering and Microelectronics
4
(accreditation valid until 01.07.2026)

Yuriy Fedkovych Chernivtsi
National University

Alternative and Renewable Energy Sources
0
(accreditation valid until 01.07.2024)

Total number of students pursuing
accredited educational programs 91

the existing facilities. However, ensuring the expected increase in the share of renewable energy
to 25% of the total volume of electricity generation in Ukraine is unlikely to be achieved in
2035 with these numbers of graduates. In addition, we should consider that highly professional
specialists in renewable energy are highly valued in the labor markets of the world’s developed
countries. Since the salaries in these countries considerably exceed the salaries in Ukraine, the
country may face the risk of young professionals’ outflow.

To diminish the migration risks and increase the applicants’ interest in studying educational
programs in renewable energy at Ukrainian HEIs, we recommend to introduce success markers
into their content. In order to determine such markers, we have analyzed three undergraduate
educational programs and three graduate educational programs in renewable energy, which had
the highest contingent of students at the corresponding educational level for the time of the
study. The evidence received by analyzing specified educational programs [27–32] enabled us to
formulate the following markers of the program’s success:
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Table 3. The contingent of students majoring in Hydropower as of January 2023.
HEI Educational program, Educational program,

number of undergraduate number of graduate
students(persons) and students(persons) and
state accreditation validity state accreditation validity

The National University 32 (accreditation valid 12 (accreditation valid
Water and Environmental until 01.07.2026) until 01.07.2026)
Engineering
Zaporizhzhia National 29 (accreditation valid 10 (accreditation valid
University until 01.07.2028) until 01.07.2028)
National Technical University 16 (accreditation valid 5 (accreditation valid
“Kharkiv Polytechnic until 01.07.2025) until 01.07.2025)
Institute”

Total number of students 77 27
pursuing the accredited
educational programs

(i) highly professional teaching staff involved in delivering the educational program, their high
scientific potential and practical workplace experience in the field of renewable energy,
command of foreign languages at a level sufficient to teach major disciplines

(ii) providing the educational process for the educational programs with modern certified
laboratories with high-tech equipment, for example, Siemens, Kinco, Hitachi-Omron,
Mitsubishi Electric. This can be seen in the case of Cherkasy State Technological University,
where teaching specialists in energy has been significantly enhanced with the new equipment
received under USAID program. A wide range of equipment, particularly, the demonstration
stands, has been deployed to deliver disciplines “Electrical and structural materials”,
“Energy-saving modes and technologies”, “Industrial electronics”, which enables students,
for example, to calculate solar energy, improves their professional practical skills, increases
their satisfaction with the quality of the educational services and enhances the overall
efficiency of the educational process

(iii) close cooperation and the availability of double degree programs with universities in
France, Great Britain, the Netherlands, Spain, Portugal, Greece within the framework of
EUREC graduate programs; with the universities of the Netherlands, Denmark and Norway
within the framework of the Erasmus Mundus graduate programs in wind energy, with
the universities of the USA, Austria and Germany within the framework of the graduate
programs in renewable energy sources and sciences in the field of solar energy, etc.

(iv) introducing a practice-oriented approach to education. This can be illustrated by a positive
example of collaboration between the Department of Electric Power Engineering and
Control Systems (Lviv Polytechnic National University), LLC “Sambir Solar Station” and
PE “Art-Energo”. The laboratory of “Renewable Electricity” was equipped with modern
equipment [28]. Another example is provided by the Renewable Energy Sources department
(National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”) who
initiated the Ukrainian-Polish Center for the Improvement of Renewable Energy Sources
and Energy Efficiency Technologies, thanks to which both teachers and students have been
acquainted with the leading experience of Polish universities and companies who are engaged
in developing renewable energy and energy efficiency [29]
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(v) opening possibilities for the students enrolled on the educational programs in renewable
energy to participate in international mobility programs initiated by universities in the UK,
Germany, Poland, Spain, etc. (with 1-2 semesters mobility period)

Replication or targeting the previously listed markers should spur demand for the educational
programs in renewable energy among young people, as well as demand for the graduates
among the potential employers. Implementing high-quality educational programs in renewable
energy will build an effective ecosystem of electric car service in Ukraine, which will become
an additional factor in improving the quality of life for the population and improve the
environmental situation in the country [33]. A high-quality education will also encourage
graduates to launch their own business in the field of renewable energy.

5. Conclusions
In summary, the results of this research show that in the near future, if the current situation in
the specialist training in renewable energy persists, it will not facilitate achieving the goals of
intensive development of renewable energy announced by the Ukrainian government. On this
basis, this study formulates the most effective directions for increasing the number of highly
qualified specialists in renewable energy on the Ukrainian labor market in the post-war period:
(i) increasing the level of remuneration in the renewable energy sector in Ukraine
(ii) securing more investments into the development of human capital, satisfactory working

conditions and sufficient social package at renewable energy enterprises in Ukraine. Special
attention should be paid to the social protection of young professionals and the development
of their talents

(iii) expanding opportunities for professional development and retraining for specialists from
the primary and secondary labor markets trained in specialties referred to specialism 14 to
match the operational specifics related to the field of renewable energy. In this context, it
is important to deploy the experience of both international renewable energy organizations
and Ukrainian experience in the field of professional retraining for energy engineers

(iv) enhancing the activities performed by the HEI representatives in compliance with the
requirements for successful accreditation of all current educational programs in renewable
energy. In this context, it is important to focus on the best practices of the world’s leading
universities in specialized courses and educational programs.

(v) enriching curricula with the disciplines that acquaint students with the leading global
experience in the field of renewable energy, the basics of international energy standards,
and sustainable development management. It would also be beneficial to design educational
programs so as to ensure the possibility of academic mobility for students, their practical
training at leading renewable energy companies

(vi) launching existing educational programs at all educational levels for those HEIs where
exclusively bachelors or exclusively masters in renewable energy are being trained at
the moment. This will significantly expand the contingent and improve the quality of
educational services

(vii) launching new educational programs in renewable energy at both undergraduate and
graduate levels in Ukrainian HEIs within the scope of specialty 141. In this context,
it is important to increase the level of productive cooperation between Ukrainian HEIs
where specialized educational programs can launch in collaboration with the enterprises
that operate in the industry

(viii) increasing the professional and qualification level of lecturers and teachers participating
in delivering renewable energy educational programs. It is also important to continuously
update the methodological base of the courses taught within the educational programs
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(ix) increasing the prestige of the entire spectrum of professions related to renewable energy in
public opinion. Regional and local authorities should play a key role in the implementation
of this direction.

Implementing the above measures and the directions listed above within a short period of
time will fetch a significant socio-economic and ecological effect. The social component will
be ensured by reducing the number of the unemployed population and increasing the level and
quality of life in Ukraine. The economic effect will manifest itself in a different way, that is, from
a reduction in the Ukrainian economy’s need for external energy resources to an increase in the
share of energy in the gross domestic product. The country will be able to obtain an ecological
effect through reducing negative consequences for the environment, which will be achievable due
to a reduction in the production of the traditional energy resources.
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Abstract. Today, the world is transitioning to the 4th and 5th Generation District Heating
(GDH) systems of heating networks. The main advantages of 4GDH and 5GDH are the
reduction of the temperature of the coolant to +50 – +60℃ and the use of various designs
and operating principles of thermal energy storage. Therefore, special attention is devoted
to the search for new types of coolants, heat-accumulating materials and research of their
properties and determination of optimal operating modes. One of the energy storage systems
that has become widespread in recent years is the mobile thermal energy storage (M-TES) that
has tanks filled with heat storage material. Specially created heat storage materials are often
used, which work under the necessary technological conditions and meet the strict conditions
of safe transportation of liquids. This article is devoted to the search for new components for
the creation of heat storage material, which will be used in capacitor-type TES together with
the ”thermal core”, which is created from a material with a phase transition. As a result of
experimental studies of the thermocycling process of water and aqueous solutions, depending
on the components added, the priority components such as guar gum and xanthan gum were
chosen.

1. Introduction
The rapid growth of energy consumption in industry and by the population has changed the
requirements approaches to heat and power supply. To meet the ever-increasing demand,
advanced economies are using more energy efficient 4GDH and 5GDH generation heating
systems. Their main features are the environmental friendliness and economic expediency of
the use of resources, the minimization of heat losses during heat supply, ensuring the stability
of the energy and heat systems [1, 2]. The main advantages of 4GDH and 5GDH systems are:

• lowering the temperature of the coolant to +50 – +60℃, which saves energy costs for its
heating;

• the use of various energy sources with a wide involvement of renewable generation sources
operating with the use of thermal energy storages (TES), which makes it possible to stabilize
the heat supply system and equalize peak loads [3, 4];

• the use of main pipelines to supply heat to the consumer in winter, as well as cold for the
central air conditioning system in summer;

• high degree of automation and dispatching of process control.
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One of the main elements in many links of energy supply are heat carriers and heat storage
materials [5]. Nowadays, researchers pay great attention to the study of the thermal properties
of common liquid heat carriers, heat storage materials and materials with a phase transition [6,7]
and conduct active research to find new compositions as well [8, 9].

The most common coolant is water, since it has an abnormally high value of specific heat
capacity of 4.2 kJ/(kg·K). This explains its ability to quickly heat up and cool down, respectively,
the TES has a fast charge and discharge time. However, the main task of the TES is a long
time of heat accumulation. To extend the accumulation time, multifunctional powders are used
that are capable of forming water-soluble polymers (WRPs). Multifunctional powders due to
their various chemical, physical and thermophysical properties are used in pharmaceutical, food,
mining, paper textile, industries, as well as in construction, agriculture, oil production, etc. For
research, the following substances were selected: carboxymethylcellulose, guar and xanthan
gums, from which solutions were prepared with mass concentrations of 1% and 10%. The
advantage is that they are able to form solutions with stable physicochemical parameters during
thermal cycling. These solutions are characterized by low corrosivity, resistant to crystallization,
economically viable, environmentally friendly and fire and explosion safe.

Liu et al [10, 11] propose a new approach to the heat supply system by creating M-TES,
which will allow organizing a mobile heat supply process for enterprises and public utilities.
Mobile heat supply is of particular importance during the war in Ukraine. The main element
is a capacitive-type TES filled with accumulative substances for low-potential heating systems.
For this, a test bench was created to study the process of thermocycling of heat carriers and
heat storage materials.

The purpose of the research is to determine the possibility of using some components to
create a heat storage material by thermocycling their aqueous solutions with subsequent use in
heat storages and heat supply systems with an operating temperature range from 50℃ to 120℃.

2. Materials and methods
The choice of components for creating heat storage material was carried out taking into account
the technological parameters and the specifics of its use in mobile thermal energy storage,
namely:

• the rate of discharge and charge of thermal storage tanks M-TES;

• longer accumulation time;

• explosion and fire safety during transportation of M-TES;

• availability and economic feasibility of the used components.

Taking into account the specified technological requirements, some water-soluble polymers
were selected for research, which we will consider in more detail [11, 12].

2.1. Materials
Carboxymethylcellulose [13,14] (CMC, food additive E466) is obtained by processing cellulose of
the general composition [C6H7O2(OH)3−x(OCH2COOH)x]n, where x = 0.08 − 1.5 (figure 1).

CMC (LLC “Khimpostachannya”, China) is a substance with amorphous properties that acts
as a weak acid. By its chemical nature, it is a highly polymeric ionic electrolyte.

CMC is a colorless substance that dissolves in water, has no odor and is safe to use. CMC
is insoluble in vegetable oils and animal fats, does not decompose under the action of sunlight.
But it dissolves in organic acids: formic, lactic and glacial acetic.

To obtain a homogeneous CMC solution, dry substances are soaked in water at a temperature
of 80–85°C, then cold water is added. With an increase in temperature, the viscosity of CMC
solutions decreases or phase separation or gel formation occurs.
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Figure 1. Carboxymethylcellulose.

Xanthan gum [15, 16] (C35H49O29)n is a natural chemical compound that is used
primarily as a food additive E415 and belongs to the group of stabilizers. Xanthan gum
(LLC “Khimpostachannya”, China) is a linear hydrocarbon polysaccharide, the molecular
weight and properties of which can be controlled by changing the living conditions of
Xanthomonascampestris microorganisms (figure 2).

Figure 2. Xanthan gum.
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Xanthan solution does not interact with alkalis and acids (except hydrochloric), alcohols
and enzymes, and is also stable in the temperature range from 120 to 18°C. The water-soluble
polymer (WRP) based on xanthan gum is characterized by high viscosity in the pH range from
2 to 12, therefore, a WRP with a dense structure is formed, which stabilizes foodstuffs for a
long time and prolongs their shelf life.

Guar gum (C6H10O5)n [17] is a white or yellowish powder with a characteristic odour. It is
obtained from ground seeds of guar beans containing up to 70% gum (figure 3).

Figure 3. Guar gum.

Guar gum (TM “Zhyvy Zdorovo”, Ukraine) is used as a thickening agent or stabilizer. The
main advantage of natural plant polysaccharides is low cost, but their technological indicators
are low, which narrows the scope of application. Therefore, chemically modified derivatives of
guar, cellulose and starch are used, which have the necessary technological properties.

In the early 1970s, hydroxypropyl guar (HPG) was obtained, which became the most widely
used thickener for process fluids. HPG makes it possible to obtain a polymer that is more viscous
and resistant to high temperatures. Guar products typically contain 8 – 12% non-hydrated
residue, HPG residue is 1 – 4%

In some experiments, a solution of sodium bicarbonate (NaHCO3) with a mass concentration
of 10% was used. In addition, antifreeze “DEFREEZE” (JSC “Bishofit”, Ukraine) was added to
the composition of the heat storage material. “DEFREEZE” is a non-toxic light yellow liquid,
consisting of distilled water, natural magnesium hexahydrate, organic stabilizers and corrosion
inhibitors. It does not contain synthetic and toxic substances, including ethylene, alcohols,
amines, nitrites.

2.2. Test bench
The study of the thermocycling process of heat storage liquid was carried out on an experimental
bench, the description of which is presented in [18]. The stand in a simplified form simulates
the process that occurs in the heat storage capacity of M-TES [19]. The test bench can be
represented as two containers installed one inside the other (figure 4).

A heat storage of the capacitive type has two metal containers:
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Figure 4. Test bench “Heat storage of capacitive type” (1 – tank 1, 2 – tank 2, 3 – electric
heater, 4 – thermocouples, 5 – microprocessor module “TRITON 6004TS”, 6 – electricity meter).
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• external tank 1 filled with heat carrier (or heat storage material);

• tank 2, which is installed in the centre of tank 1, is filled with phase change material (PCM)
and hermetically closed, similarly to the M-TES design. Tank 2 is called the “thermal core”
and provides an increase in the heat storage capacity of the tank 1, equalizes the temperature
field in the tank volume, reduces stratification by the height of the battery, shortens the
“charging” time and extends the “discharging” time.

Ceresin was used to fill the “thermal core”. Ceresin is PCM of natural origin, with a phase
transition in the temperature range of 61 – 78°C, which coincides with the working temperatures
of M-TES. Preliminary studies of specific heat capacity changes before and after thermocycling
proved the feasibility of using this material [20]. Substances in tank 1 and 2 were heated by
an electric heater 3 installed in the lower part of tank 1 (or an electric device in the case of an
experimental stand).

The temperature was measured with thermocouples 4 using a microprocessor module
“TRITON 6004TS” 5 (Scientific and Production Private Enterprise “TEREKS”, Ukraine).
The temperature was recorded using thermocouples and automatic cold junction temperature
compensation. The main characteristics of the microprocessor module are shown in table 1.

Table 1. Technical characteristics of “TRITON 6004TS” microprocessor module.

Indicators Value

Number of thermocouples to be connected 16 (8 diff.)
Types of used thermocouples T, K, L, R, S and other
Input voltage range 5±19.5 mV, ±39.0 mV, ±1.17 V
Measurement cycle time 4 c
Bandwidth of input circuits 0 – 25 Hz
Cold junction compensation sensor type PT100, PT1000
Data exchange interface USB
Exchange speed by interface to 115200 bit/c
The length of the communication line to 5 m
Supply voltage from USB, from 220 V 50 Hz
Dimensions 94 mm 160 mm 50 mm
Mass, not more than 300 g

Visualization of experimental studies was carried out using the Data Recorder software
installed on a PC. Heat consumption was measured with an electric energy meter 6.

2.3. Research methodology
The studied substances in the specified combinations (table 2) are placed in tanks 1 and 2. In
tank 1 samples of heat storage material with a volume of 1 liter are examined. Tank 2 contains
PCM material with a volume of up to 100 ml, which was specially selected experimentally [20].

Tank 2 is the “thermal core”. The volumes of the studied substances were selected in a ratio
of 10:1 respectively. The containers are hermetically sealed with lids, on which are pre-installed
thermocouples: t1 is the ambient temperature; t2 is the temperature of the water system in tank
1; t3 is the temperature of the substance in tank 2.

Using the Data Recorder program, the visualization of the beginning of temperature
measurements is observed. Meter 6 records the energy indicators. We record the indicators
of the microprocessor module 5 and the heat meter 6.
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Table 2. Order of heat storage materials combination when conducting experimental studies.

Number of experiment Tank 1 Tank 2

Experiment 1 water PCM
Experiment 2 water+antifreeze PCM
Experiment 3 water+NaHCO3 PCM
Experiment 4 water+NaHCO3+antifreeze PCM
Experiment 5 water+NaHCO3+antifreeze+CMC PCM
Experiment 6 water+guar gum (10 g) PCM
Experiment 7 water+guar gum (1 g) PCM
Experiment 8 water+antifreeze+guar gum (10 g) PCM
Experiment 9 water+xanthan gum (1 g) PCM
Experiment 10 water+antifreeze+xanthan gum (1 g) PCM

Heating of the studied substances is carried out in the temperature range similar to the
temperature load of M-TES. At the temperature of t2 = 85℃, the heat supply is turned off
and the temperature and power consumption continued to be measured. At the temperature
t2 = 30℃, the experiment is completed.

When conducting research, the following parameters are measured:

• temperature changes in the heat storage material in the tank 1, PCM in the tank 2 and the
temperature of the surrounding air;

• heating and cooling time, which will allow to determine the charging and discharging time
of the TES;

• energy consumption spent on heating heat storage material and material with a phase
transition to the specified temperatures.

Each experiment was repeated four times. Graphical dependencies, which are based on the
averaged data, are presented below.

Substances that can be added as components of the future heat-accumulating material were
selected for study. The combination of substances in the tank 1 and the tank 2 are shown in
table 2. The serial number of each experiment corresponds to the numbering in the figures
presented in section 3 of this article.

3. Results
With the help of the “TRITON 6004TS” microprocessor module, graphical dependences of
the temperature changes of the samples over time were obtained. Dependencies are built on
their basis, which make it possible to evaluate the effectiveness of the components. Experiment
No. 1 is chosen as a “reference” because instead of a heat storage material, water is used, the
thermophysical characteristics of which are known. We will conduct a comparison relative to its
results.

The energy consumption estimate for each of the experiments is shown in figure 5.
The maximum energy consumption per cycle was recorded in experiment No. 1, where water

heats the PCM. The lowest energy consumption per cycle was observed in Experiment No. 10,
where the heat storage material includes antifreeze and xanthan gum in the amount of 1%. The
difference between these experiments is 27.3%, which is a significant difference for the average
consumer and unacceptable for industry.

In experiments No. 4, No. 5 and No. 9, the energy consumption for 1 cycle is 21.5% less
than in experiment No. 1 that confirms the effectiveness of using the CMC component, xanthan
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Figure 5. Average energy consumption per cycle.

Figure 6. Average period of time per cycle.

gum, and NaHCO3. In experiments No. 7 and No. 8, where guar gum is used, the results are
identical to experiment No. 1.

The duration of one cycle for each experiment conducted in test bench is presented in figure 6.
The experiment time includes the heating time and the cooling time, which is equal to one

cycle. It can be seen in figure 6 that the shortest cycle time was in experiment No. 1 where
the water heated the PCM. This can be explained by the abnormally high specific heat capacity
compared to any other liquid. In experiment No. 2, water was replaced with a heat storage
material made of water and antifreeze, which extended the cycle time by 15%. But the longest
cycle time is in experiment No. 7, which is 24% longer than experiment No 1, which indicates
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an extended period of accumulation due to the addition of 1% guar gum. Also, it is necessary to
note experiments No. 4, 8, in which the cycle time is extended by 14.7% and 13.8%, respectively.
But during the thermocycling process in experiment No. 4, foaming, an increase in the volume
of heat storage material and a sharp smell were observed, which makes it impossible to use soda
as a component. In experiments No 9 and No 10, the cycle time was increased by 9.5% and
11.4% respectively.

The ratio of the spent energy to the time of the “heating-cooling” cycle is presented in figure 7.
The ratio of the spent energy to the time of the “heating-cooling” cycle allows to assess the

efficiency of the heat storage material. Therefore, experiment No. 1 is the least effective, as it

Figure 7. Ratio of energy consumption from time.

Figure 8. Dynamics of change in the weight of PCM materials (row 1 – initial mass of PCM,
row 2 – final mass of PCM (after thermocycling)).
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requires a significant supply of energy with a minimum accumulation time. Experiment No. 10
is the most effective, as it has the lowest value of the ratio, in general it is 34.8%. That is, when
conducting further research, xanthan gum is one of the priority components.

The composition of the substance in experiment No. 2, which shows a difference from
experiment No. 1 by 25.6%, is, as a rule, effective when used in heating systems of private
houses. Experiments No. 4, No. 5 and No. 9 have similar results and are 31.6%, 29.5%, and
28.3%, respectively.

The dynamics of changes in the mass of PCM materials at the beginning of the research and
after 40 cycles of thermocycling are shown in figure 8.

The PCM sample, in this case ceresin, was filled into container 2 and did not change
throughout the entire cycle of experiments from experiment No. 1 to experiment No. 10.
Weight measurements were carried out before and after thermal cycling. Samples were weighed
on an Ohaus AX224 (USA) electronic balance (220g/0.1mg) with automatic calibration. The
initial mass before Experiment No. 1 was 107.53 g, after the last Experiment No. 10, the mass
was equal to 106.2 g. This means that in the process of 40 cycles of thermocycling (heating-
cooling) the mass changed within 1 – 2% and this material can be used to fill the “thermal core”
of M-TES. Such minor changes in mass, as well as the absence of volume expansion observed
during the research, testify to the safety and reliability of this PCM.

4. Conclusions
The conducted experimental studies made it possible to draw the following conclusions:

• heat storage material, in addition to water and antifreeze, must contain guar gum, as they
allow to create a substance that significantly extends the term of heat storage compared to
water by 15 – 24%;

• the lowest energy consumption per cycle was noted with the addition of xanthan gum, this
indicator decreases relative to the energy consumption of water by 27.3%. When the ratio of
spent energy to the time of the thermocycling cycle is maintained, this trend is maintained
and amounts to 34.8%;

• during long-term thermocycling of ceresin for up to 40 cycles, which fills the “thermal core”
in the M-TES design, changes in the mass of PCM occur up to 2%, which indicates the
safety and reliability of its use.

As a result of the conducted experimental studies, the expediency of using water, antifreeze,
xanthan and guar gum as part of the heat storage material was established. Determining the
concentrations of these substances will be the subjects of further research.

The safety of using ceresin in the “thermal core” was also confirmed by studying the change
in mass before and after thermosetting.
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MILP formulation of the UC-problem with boundary

conditions on the autonomous forecasting horizon
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G.E. Pukhov Institute for Modelling in Energy Engineering of the NAS of Ukraine, 15 General
Naumova Str., Kyiv, 03164, Ukraine

E-mail: ssaukh@gmail.com

Abstract. The intervals for determining the variables in the standard MILP-formulation of
the UC-problem are analyzed. The need to take into account the state and load values in
the pre-forecast and post-forecast time has been established. The suitability of the standard
MILP-formulation of the UC-problem, problem with initial conditions, for solving dispatch
control problems and the unsuitability of such a formulation for solving the generation capacity
planning problems is shown. The standard MILP-formulation of the UC-problem on the cyclical
forecasting interval is proposed. The suitability of the proposed MILP-formulation of the UC-
problem for its application in the problem of planning the development of the generation capacity
of power systems with a large share of RES is shown.

1. Introduction
The unit commitment (UC-) problem is probably the most important task in power system
operation management [1–3]. The improvement of the quality of such management is provided by
the use of mathematical models of the optimal load of units. The vast majority of mathematical
formulations of the problem of effective management of power systems based on the criterion
of minimum operating costs have the form of a problem of mixed integer linear programming
(MILP) [1, 4]. The constant improvement of mathematical formulations of the UC-problem of
the optimal load of units is due to the need to ensure acceptable adequacy of model solutions.
In modern formulations of the UC-problem, operational characteristics of various technologies
of electricity production and network restrictions on its transmission and distribution are taken
into account in quite detail. In addition, each new mathematical formulation of the UC-problem
is examined for its compliance with the conditions for the existence of a single optimal solution
and the possibility of finding it using existing methods and available algorithms [3, 4].

Mathematical formulations of the UC problem are considered for a short-term forecast period
lasting from one day to a week or a month, in some cases up to one year, with hourly reproduction
of load modes of units, placement of power reserves on them, load of the transmission line
network, etc. [1]

The different formulations of the UC-problem have one thing in common: they are all
developed on the basis of linear time, where there are past, present, and future periods. UC-
models establish a cause-and-effect relationship between the mode states of units in linear time
and, as initial data, use available data on the state of units, the duration of their stay in such
states, as well as on the volume of load of units and the amount of energy accumulated in
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electricity storage systems. Thus, known formulations of the UC-problem are problems with
initial conditions.

Mathematical formulations of the UC-problem in the form of UC-constraints are used in the
formulation of problems of planning the long-term development of power systems, especially
power systems with a high level of penetration of renewable energy sources or extensive use of
non-traditional energy storage technologies. Thus, operational costs for maneuvering, starting
and stopping units, i.e. costs for ensuring the flexibility of power systems, are additionally taken
into account in the formulation of the tasks of long-term development of power systems [5–10].

The planning of the development of power systems is carried out on the basis of optimization
models of operating and capital costs for periods of time lasting several decades. In order to
achieve the adequacy of the representation of the future load modes of power units in power
system models, the costs of their start-up and power maneuvering are taken into account, which
is extremely important in the conditions of penetration into the power system of a significant
share of variable and unpredictable volumes of electricity production at the generating units of
wind and solar power plants, as well as daily, weekly and seasonal irregularities in electricity
consumption.

Usually, the simulation of load modes of power units is carried out in hourly, less often,
half-hourly or fifteen-minute steps. Such detailing in time of load modes of power units is used
for short periods of time lasting a day or a week and cannot be used for the entire multi-year
planning period due to the excessive computational complexity of the mathematical problems
that arise. Therefore, the model load modes of power units, determined on short-term forecast
periods, are extended to monthly or seasonal periods, based on the assumption of periodicity of
power unit load modes.

UC-models are used to simulate short-term load modes of power units. Such models were
developed to solve the problems of dispatching control of the electric power system. UC-models
are predictive models and require input data on the load of power units at the beginning of the
forecast period, i.e., those that naturally characterize the current load mode of power units. The
application of UC-models in the tasks of planning the development of power systems gives rise
to two methodological problems: the first is the uncertainty of data regarding the load of power
units at the beginning of each short-term planning period; the second is the non-periodicity of
the model load modes of the power units.

These problems are solved below by formulating the power unit load model in the form of a
UC-problem with boundary conditions.

2. Nomenclature
2.1. Indices and sets
g ∈ G Thermal generators.
l ∈ Lg Piecewise production cost intervals for generator g: 1,. . . ,Lg.
s ∈ Sg Startup categories for generator g, from hottest (1) to coldest (Sg).
t ∈ T Hourly time steps: 1,. . . ,T .

The dimension of the set G is determined by the number of power units in the power system.
The dimensions of the sets Lg and Sg are determined by the degree of detailing of the technical
and economic characteristics of each power unit with regard to fuel consumption in different
modes of its start-up and load. The dimension of the set T is determined by the duration of
the simulation period and the time steps of its presentation. Usually choose a daily or weekly
duration of such a period with hourly steps of its presentation.
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2.2. Parameters
clg Cost coefficient for piecewise segment l for generator g ($/MWh).
cug Cost of generator g running and operating at minimum production P g ($/h).
D(t) Load (demand) at time t (MW).
R(t) Spinning reserve at time t (MW).
P l
g Maximum power for piecewise segment l for generator g (MW).

P g Maximum power output for generator g (MW).
P g Minimum power output for generator g (MW).
DTg Minimum down time for generator g (h).
UTg Minimum up time for generator g (h).
RDg Ramp-down rate for generator g (MW/h).
RUg Ramp-up rate for generator g (MW/h).
SDg Shutdown rate for generator g (MW/h).
SUg Startup rate for generator g (MW/h).
TCg Time down after which generator g goes cold, i.e., enters state Sg.

T s
g Time offline after which the startup category s is available, (T 1

g = DTg, T
Sg
g = TCg).

W (t) Aggregate renewable generation available at time t (MW).

2.3. Variables
pg(t) Power above minimum for generator g at time t (MW), ≥ 0.
pW (t) Aggregate renewable generation used at time t (MW), ≥ 0.
plg(t) Power from piecewise interval l for generator g at time t (MW), ≥ 0.
rg(t) Spinning reserves provided by generator g at time t (MW), ≥ 0.
ug(t) Commitment status of generator g at time t, ∈ {0, 1}.
vg(t) Startup status of generator g at time t, ∈ {0, 1}.
wg(t) Shutdown status of generator g at time t, ∈ {0, 1}.
cSUg (t) Startup cost for generator g at time t ($), ≥ 0.

3. MILP formulation of the UC problem with initial conditions
We will use a MILP UC formulation based on [11]. We assume that the production cost is

piecewise linear convex in pg(t), where Lg is the number of piecewise intervals and P
0
g = P g

is the start point of the first interval. Let generators have UTg > 1. We then formulate the
UC-problem as follows:

min
∑
g∈G

∑
t∈T

(∑
l∈Lg

(clgp
l
g(t)) + cugug(t) + cSUg (t)

)
(1a)
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∑
g∈G

(pg(t) + P gug(t)) + pW (t) = D(t) ∀t ∈ T (1b)

∑
g∈G

rg(t) ≥ R(t) ∀t ∈ T (1c)

pg(t) + rg(t) ≤ (P g − P g)ug(t)

−(P g − SUg)vg(t)− (P g − SDg)wg(t + 1) ∀t ∈ T , ∀g ∈ G (1d)

pg(t) + rg(t)− pg(t− 1) ≤ RUg ∀t ∈ T , ∀g ∈ G (1e)

pg(t− 1)− pg(t) ≤ RDg ∀t ∈ T , ∀g ∈ G (1f)

pg(t) =
∑
l∈Lg

plg(t) ∀t ∈ T , ∀g ∈ G (1g)

plg(t) ≤ (P
l
g − P

l−1
g )ug(t) ∀l ∈ Lg, ∀t ∈ T , ∀g ∈ G (1h)

ug(t)− ug(t− 1) = vg(t)− wg(t) ∀t ∈ T , ∀g ∈ G (1i)

t∑
i=t−UTg+1

vg(i) ≤ ug(t) ∀t ∈ [UTg, T ], ∀g ∈ G (1j)

t∑
i=t−DTg+1

wg(i) ≤ 1− ug(t) ∀t ∈ [DTg, T ], ∀g ∈ G (1k)

pW (t) ≤W (t) ∀t ∈ T (1l)

cSUg (t) ≥ csg

(
ug(t)−

T s
g∑

i=1

ug(t− i)

)
∀s ∈ S, ∀t ∈ T , ∀g ∈ G (1m)

cSUg (t) ≥ 0 ∀t ∈ T (1n)

plg(t) ∈ R+ ∀l ∈ Lg, ∀t ∈ T , ∀g ∈ G (1o)

pg(t), rg(t) ∈ R+ ∀t ∈ T , ∀g ∈ G (1p)

pW (t) ∈ R+ ∀t ∈ T (1q)

ug(t), vg(t), wg(t) ∈ {0, 1} ∀t ∈ T , ∀g ∈ G. (1r)

Constraints (1b – 1r) are standard in UC problem formulations with time-varying startup
costs [1, 11]. We use typical one binary formulation for startup costs using only the status
variable u.

4. MILP UC formulation with initial conditions
Let’s analyze the areas of definition of those restrictions, the effect of which does not coincide
with the areas of definition of the unknown variables used in them.

In the functional constraints (1d), unknown values wg(T + 1) of the functions wg(t) are used,
which on the right go beyond the time domain of the definition of these functions. Therefore,
the values of wg(T +1) should be considered as parameters, and the indicated constraints should
be represented as follows

pg(t) + rg(t) ≤ (P g − P g)ug(t)−
(P g − SUg)vg(t)− (P g − SDg)wg(t + 1) ∀t ∈ [1, T − 1], ∀g ∈ G (2a)

pg(t) + rg(t) ≤ (P g − P g)ug(t)−
(P g − SUg)vg(t)− (P g − SDg)wg(T + 1) t = T, ∀g ∈ G (2b)
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In the next constraints (1e-1f), unknown values pg(0) of the functions pg(t) are used, which
on the left go beyond the time domain of the definition of these functions. Therefore, the values
of pg(0) should be considered as parameters, and the indicated constraints should be represented
in the following forms

pg(t) + rg(t)− pg(t− 1) ≤ RUg ∀t ∈ [2, T ], ∀g ∈ G; (3a)

pg(t) + rg(t)− pg(0) ≤ RUg t = 1, ∀g ∈ G. (3b)

and

pg(t− 1)− pg(t) ≤ RDg ∀t ∈ [2, T ], ∀g ∈ G; (4a)

pg(0)− pg(t) ≤ RDg t = 1, ∀g ∈ G. (4b)

In constraints (1i), unknown values ug(0) of the functions ug(t) are used, which on the left
go beyond the time domain of the definition of these functions. Considering the values of ug(0)
as parameters, we will present the indicated constraints in the form

ug(t)− ug(t− 1) = vg(t)− wg(t) ∀t ∈ [2, T ], ∀g ∈ G; (5a)

ug(t)− ug(0) = vg(t)− wg(t) t = 1, ∀g ∈ G. (5b)

The area of definition of the ug(t) functions included in the constraints (1j) is shortened
from the left by the value UTg. To extend the effect of the constraints (1j) to the entire area
of definition of the ug(t) functions, the unknown values vg(0), vg(−1), . . . , vg(2 − UTg) of the
vg(t) functions should be considered as parameters, and the indicated constraints should be
represented as follows

t∑
i=t−UTg+1

vg(i) ≤ ug(t) ∀t ∈ T , ∀g ∈ G (6)

Also, the area of definition of the ug(t) functions included in the constraints (1k) is shortened
from the left by the value DTg. To extend the effect of the constraints (1k) to the entire area
of definition of the ug(t) functions, the unknown values wg(0), wg(−1), . . . , wg(2−DTg) of the
wg(t) functions should be considered as parameters, and the indicated constraints should be
represented as follows

t∑
i=t−DTg+1

wg(i) ≤ 1− ug(t) ∀t ∈ T , ∀g ∈ G (7)

Functional constraints (1m) contain values ug(0), ug(−1), . . . , ug(1−TCg), which should also
be considered parameters.

Thus, in the presence of values of

wg(T + 1), (8a)

pg(0), (8b)

vg(0), vg(−1), . . . , vg(2− UTg), (8c)

wg(0), wg(−1), . . . , wg(2−DTg), (8d)

ug(0), ug(−1), . . . , ug(1− TCg), (8e)

∀g ∈ G
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MILP UC formulation (1) with changes (1d) to (2), (1e-1f) to (3-4), (1i) to (5), (1j) to (6)
and (1k) to (7) can be considered as a problem with initial conditions. In tasks of dispatch
management, namely in tasks of short-term forecasting (a day, a week or a month ahead), the
initial conditions of loading units of power system are naturally known. At the same time, the
values of the wg(T + 1) parameters are assumed to be zero [1].

Solving problems with initial conditions provides short-term forecasting of dynamic load
modes of power system units. In general, the load regimes of the units at the beginning and at
the end of the forecast period do not coincide. This means that the received forecast solutions
cannot be propagated beyond the forecast interval by their periodic reproduction. Therefore,
such prediction intervals are non-autonomous (figure 1).

Figure 1. Non-autonomous period T of power units load in the UC-model. Loads of power
units in t+0 and t + T do not match.

5. MILP formulation of the UC problem with boundary conditions
Planning of long-term development of generating capacities of electric power systems is carried
out on the forecasting time horizon, which is usually replaced by a representative set of short
intervals of daily or weekly duration. Each short interval corresponds to a separate month
or season of the selected forecast years. At such short intervals with hourly detail, the UC
constraints of the optimization tasks of minimizing investment and operating costs for the
entire planning horizon are formed. The UC constraints ensure the adequacy of optimization
solutions in modern conditions of significant penetration of electricity production technologies
from renewable energy sources and increased requirements for maneuverability and flexibility of
electric power systems [2, 6–8,10,12].

A common drawback of the known MILP formulations of the UC problem defined on short
autonomous intervals is the impossibility of providing their initial conditions. Therefore such
conditions are either set arbitrarily, without justification, or are not set [2,7,8,10,12]. To avoid
the need for initial conditions, the domains of the UC constraints that require such conditions
are reduced. In both approaches, we have a methodological problem and its negative impact
on the adequacy of solutions to the problems of planning the long-term development of electric
power systems.

We propose a solution to this problem by an MILP formulation of the UC problem as an
MILP formulation with boundary conditions. For this purpose let us assume that the load
schedules of the power system units are periodic, that is, they repeat with a time period T
(figure 2).

Taking into account the constraints (2) and equations of the type wg(T + 1) = wg(1) we
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Figure 2. Autonomous period T of power units load in the UC-model. Loads of power units
in t+0 and t + T coincide.

obtain, respectively

pg(t) + rg(t) ≤ (P g − P g)ug(t)−
(P g − SUg)vg(t)− (P g − SDg)wg(t + 1) ∀t ∈ [1, T − 1], ∀g ∈ G (9a)

pg(t) + rg(t) ≤ (P g − P g)ug(t)−
(P g − SUg)vg(t)− (P g − SDg)wg(1) t = T, ∀g ∈ G (9b)

Instead of constraints (3-4) with equations of the type pg(0) = pg(T ) we obtain respectively

pg(t) + rg(t)− pg(t− 1) ≤ RUg ∀t ∈ [2, T ], ∀g ∈ G; (10a)

pg(t) + rg(t)− pg(T ) ≤ RUg t = 1, ∀g ∈ G. (10b)

and

pg(t− 1)− pg(t) ≤ RDg ∀t ∈ [2, T ], ∀g ∈ G; (11a)

pg(T )− pg(t) ≤ RDg t = 1, ∀g ∈ G. (11b)

Instead of constraints (5) with equations of the type ug(0) = ug(T ) we obtain

ug(t)− ug(t− 1) = vg(t)− wg(t) ∀t ∈ [2, T ], ∀g ∈ G; (12a)

ug(t)− ug(T ) = vg(t)− wg(t) t = 1, ∀g ∈ G. (12b)

Instead of constraints (6) with parameters (8c) we obtain

t∑
i=1

vg(i) +
T∑

i=T−UTg+t+1

vg(i) ≤ ug(t) ∀t ∈ [1, UTg − 1], ∀g ∈ G; (13a)

t∑
i=t−UTg+1

vg(i) ≤ ug(t) ∀t ∈ [UTg, T ], ∀g ∈ G. (13b)

Similarly, instead of constraints (7) with parameters (8d) we obtain

t∑
i=1

wg(i) +

T∑
i=T−DTg+t+1

wg(i) ≤ 1− ug(t) ∀t ∈ [1, DTg − 1], ∀g ∈ G; (14a)

t∑
i=t−DTg+1

wg(i) ≤ 1− ug(t) ∀t ∈ [DTg, T ], ∀g ∈ G. (14b)
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Finally, instead of constraints (1m) with parameters (8e), we obtain

cSUg (t) ≥ csg

(
ug(t)−

T s
g∑

i=1

ug(t− i)

)
∀s ∈ S, ∀t ∈ [T s

g + 1, T ] ∀g ∈ G; (15a)

cSUg (t) ≥ csg

(
ug(t)−

t−1∑
i=1

ug(t− i)−
T s

g∑
i=t

ug(T − T s
g + i)

)
∀s ∈ S, ∀t ∈ [1, T s

g], ∀g ∈ G. (15b)

MILP UC formulation (1) with changes (1d) to (9), (1e-1f) to (10-11), (1i) to (12), (1j) to
(13), (1k) to (14) and (1m) to (15) can be considered as a problem with boundary conditions.

(a)

(b)

Figure 3. Weekly load schedules of NuScale power units obtained using models with (a) initial
conditions and (b) boundary conditions.
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The obtained MILP UC formulation is correct under the conditions

T s
g ≤ T, (16a)

UTg ≤ T, (16b)

DTg ≤ T, (16c)

∀s ∈ S,∀g ∈ G

Taking into account the values of the parameters T s
g, UTg and DTg of generating units of

thermal and nuclear power plants, it is advisable to choose weekly forecasting intervals to fulfill
condition (16).

6. Computational experiments with MILP formulation of the UC-problem with
boundary conditions
To perform computational experiments, the MILP formulations of the UC problem with initial
and boundary conditions were implemented in IBM ILOG CPLEX Optimization Studio.

The weekly graphs of the load of the generating units, obtained using the MILP formulations
of the UC problem with initial and boundary conditions, are presented in figure 3. A comparison
of these graphs indicates a fundamental difference between them. In the case of the MILP UC
formulation with initial conditions, the graph is not autonomous and sensitive to these arbitrarily
given conditions. In the case of the MILP UC formulation with boundary conditions, the graph
is autonomous and can be reproduced periodically outside the weekly forecasting interval.

7. Conclusion
We proposed a new MILP formulation of the UC-problem with boundary conditions, which is
intended for application on autonomous weekly time periods in the problems of planning the
development of electric power systems.

The proposed UC problem with boundary conditions solves the problem of data uncertainty
regarding the load of power units at the beginning of each short-term forecast period, as well as
the problem of non-periodicity of power unit load modes in these periods and the impossibility
of periodic distribution of such modes over much longer seasonal periods.

The proposed MILP formulation of the UC problem ensures the adequacy of planning
solutions for the development of electric power systems in modern conditions of significant
penetration of electricity generation technologies from renewable energy sources and increased
requirements for maneuverability and flexibility of power units.
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Abstract. On the basis of the Law on the Electricity Market adopted in 2017, the retail
electricity market in Ukraine opened on January 1, 2019, and later, on July 1, 2019, the wholesale
electricity market was launched. The day-ahead market (DAM) is one of the key segments of the
Ukrainian electricity market. In order to implement trading strategy and successfully conduct
business, to maximize the economic results in the specified market segment, it is important to
understand the market situation and the structure of demand and supply. One of the indicators
that must be taken into account when planning sales in the course of one’s activity is the
demand for electrical energy. Currently, there are no universal algorithms in Ukraine suitable
for short-term (per day) forecasting of the amount of electrical energy that will be traded on
DAM. Therefore, to solve such a problem, a specialized forecasting algorithm is proposed. The
basis of the developed algorithm is the possibility of considering the formulated problem in a
parametric form, where, as indicators, the forecast and real data of the hourly demand on the
DAM are used. At the same time, in order to find the forecast hourly demand on the market
“a day ahead” – the values of the unknown indicators of the problem – an iterative method of
their search is used based on statistical data of the amount of electricity purchases on the DAM,
using the principle of multi-iteration analysis of changes in demand for previous similar days.
The proposed algorithm is implemented in the MS Excel package, which indicates its versatility
and ease of use. The high speed of obtaining a solution to the formulated problem is shown.

1. Introduction
The single-buyer model of the wholesale electricity market was also replaced by a market model
based on bilateral markets, day-ahead and intraday markets, as well as balancing and ancillary
services markets, where participants can freely trade electricity and power companies can provide
services that ensure the stability of the power system and supply electricity to the final consumer.

One of the main segments for electricity market subjects for its purchase and sale is the DAM.
Trading on DAM takes place according to the principle of margin pricing – sellers submit orders
at the minimum price at which they are ready to sell, buyers – at the maximum price at which
they are ready to buy. According to the results of auctions on the DAM, sellers sell at a price
no cheaper than their bid, and buyers sell at a price no higher than their bid.

Hourly demand for DAM is the hourly amount of electric energy that customers declare and
want to buy on DAM at the respective hourly prices. This amount directly affects both the
marginal price that will be created and the amount of electricity that will be bought and sold.
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According to the law of supply and demand, the lower the demand for a product, the lower the
price will be; the higher the demand, the higher the price will be.

This directly affects the volumes that will be accepted for sale for sellers on the DAM. If sellers
incorrectly determine the declared demand volumes and set inappropriate prices in their sales
bids – either their volumes will be accepted incompletely (in case of low demand) or accepted at
a low price (in case of high demand value). At the same time, in Ukraine on the DAM, volumes
for purchase are usually declared at the maximum possible price, so the value of the price is
actually affected by the prices in the sellers’ bids, and the incorrect determination of such a
price affects the economy of the seller’s enterprises.

Thus, there is a need to forecast the demand for DAM. But now in Ukraine there are
no mechanisms, algorithms or mathematical models that would allow forecasting with a low
forecasting error.

2. Aim and tasks
The purpose of the research is to determine an algorithm that will make it possible to forecast
the hourly volumes of demand for DAM for the next day, and which will have a slight deviation
of the forecast indicators from the real data (that is, it will be reliable and have a forecasting
error within 10%).

The tasks of the research are:

1. Determination of various algorithms for calculating forecasted hourly volumes of demand
for DAM;

2. Calculation of the prediction error of each of the identified algorithms;

3. Determination of the most accurate calculation algorithm;

4. Formulaic description of the calculation algorithm.

3. Approaches to forecasting hourly demand on DAM
Trading on DAM takes place at 12:00 for the following day (we will take studying day as D).
Thus, on the D-2 day, it is possible to make a forecast for D. It is clear that such forecasting is
short-term, so it is fully justified to use the most current and latest data available. The scope
of the current research is 4 weeks.

It is necessary to understand that the demand on DAM depends on a large number of
factors [1–3]:

1. Volumes of contracted bilateral agreements;

2. Seasonality;

3. Power outage due to the destruction of critical energy infrastructure facilities;

4. Day of the week;

5. Other factors.

To obtain forecast results that are closest to the real data, it is suggested to:

1. Use the trading results for the last available day;

2. Use the change in demand between the day for which the actual results are available and
the day for which the forecast is made;

3. Take into account the change in demand, for example, over the previous 4 weeks between
similar days of the week.
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Given the possible volatility of the DAM, as well as the fact that from day to day the
conditions of the DAM vary depending on both buy and sell bids, using as a basis for calculation
the data of the most recent actual trading results is reasonable and appropriate. And taking
into account that depending on the day, the consumption of electrical energy by consumers
changes, there is a corresponding change in the demand for DAM. At the same time, usually,
such a change in demand has a predictable nature – for example, on Saturday, under normal
conditions, demand decreases compared to Friday. And on Monday, on the contrary, the demand
increases significantly compared to Sunday.

Thus, to calculate the forecast hourly demand for DAM on D, it is necessary to calculate a
certain value of the change in this demand between the corresponding days for previous periods,
then add it to the actual value of the hourly demand for DAM in D-1. But the question arises –
which algorithm to use to calculate this value of the change in demand. To answer this question,
it is necessary to understand, firstly, the nature of the change occurrence, and secondly, how to
take into account or balance these values for previous periods.

As already mentioned, the change in demand between days of the week can occur due to the
natural change in consumption for the corresponding day of the week. But this is not the only
factor. We can add the following indicators:

1. Contracting on the market of bilateral contracts;

2. Change in weather conditions;

3. Change in consumption of the final consumer due to independent conditions;

4. Manipulative behavior of buyers on the DAM;

5. Other factors (for example, an error when entering data on the trading platform).

It is clear that some of these indicators cannot be predicted and they can distort the final result
of the calculation, worsening the accuracy of forecasting. But a certain mechanism or algorithm
should be provided, which would allow either to reduce the influence of these indicators, or to
reject these values.

Another aspect is the question of taking into account the value of the change in hourly
demand for the calculation of the forecasting value. Actually, the answer to this question will
give an understanding of how the calculation will be carried out. For comparison, 4 calculation
options are considered:

1. As the arithmetic mean value of the change in demand;

2. As a weighted average value of the sum of positive and negative changes in demand, weighted
by the number of days with a positive change in demand and a negative change in demand,
giving preference to those days that are more in number (by increasing their weight) and
that are closer to today’s day. The essence of the algorithm is as following:

(a) the number of days with positive and negative changes in demand is determined;
(b) if all days have either a positive change or a negative one, then the arithmetic mean is

calculated – there is no need for weighting;
(c) if there are more days of a certain type, the weight of that type increases (one plus

the ratio of the number of such days to the total number of days), and the weight of
another type decreases (one minus the ratio of the number of such days to the total
number of days);

(d) if the number of days of both types is equal, then the arithmetic mean of the former
two days, multiplied by 0.5, plus the arithmetic mean of the latter two days, multiplied
by 1.5, is calculated).

3. As a weighted average value of the sum of positive and negative changes in demand, weighted
by the number of days with a positive change in demand and a negative change in demand,
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giving preference to those type of days that are more in number (by increasing their weight).
The essence of the algorithm is as following:

(a) the number of days with positive and negative changes in demand is determined;
(b) if all days have either a positive change or a negative one, then the arithmetic mean is

calculated – there is no need for weighting;
(c) if there are more days of a certain type, the weight of that type increases (one plus

the ratio of the number of such days to the total number of days), and the weight of
another type decreases (one minus the ratio of the number of such days to the total
number of days).

4. As a weighted average value for positive and negative changes in demand, taking into
account the deviation from the arithmetic mean of the absolute values of changes in demand
to determine atypical days (determined by the author by experimental method to remove
such atypical days). The calculation algorithm is as following:

(a) the sum and number of positive and negative days are calculated, the arithmetic mean
of absolute values among changes in demand is determined;

(b) an iterative process of discarding non-typical days to reduce the influence of non-
representative values on the final value of the forecast. For this, the so-called “deviation
weight” is calculated by calculating the inverse of the relative deviation for each value
of the change in demand from the calculated arithmetic mean. If the calculated value
is less than 0, such an indicator of the change in demand is rejected and a recalculation
is made, starting from the first stage, but already without this indicator. After the
iterative process, the average value of the “deviation weight” is calculated separately
for positive changes in demand, separately for negative changes in demand;

(c) adjustment of the weight of positive values of changes in demand (or negative values –
the value of the adjustment will be reversed for positive values – there is no significant
difference). Weight values for positive changes in demand are adjusted by this factor.
After that, the weighted average forecast value of the change in demand for the day
under study is calculated, where the weight is the adjusted values of the “deviation
weights”.

It is worth to mention that in practice the most accurate forecasting results come from similar
hours from previous day. Such principle is behind reasoning of using previous day (D-1) as a
basis for adding certain value of change in demand between the corresponding days for previous
periods.

For calculations in the algorithms and comparison of forecast calculated values with real data,
real data of hourly demand based on the results of auctions on DAM in the period from July
30, 2022 to August 31, 2022 are used. In order to simplify the calculations, verify the reliability
of the proposed algorithms and achieve the set goals, the depth of the analysis of the change in
demand is 4 previous weeks, therefore, the actual hourly demand data based on the results of
the DAM trades from July 1, 2022 were used for the analysis in the calculations.

4. Algorithms calculation results
Calculations for the proposed algorithms were performed in the MS Excel software package. This
ensures the universality and ease of use of the specified calculations, is clear and shows a high
speed of solving the tasks and low or even zero costs for the implementation of the algorithm.

The results of the calculations are presented in the form of a comparative table. Figure 1
shows an example of the results of the forecast calculation and real data based on the results of
the DAM auctions.

Figure 2 shows an example of the absolute deviations of each of the algorithms from the real
data based on the results of the DAM auctions: real data minus forecast data. At the same
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Figure 1. Calculation results of every algorithm and real data.

time, the most accurate algorithm is highlighted in green, and the least accurate in red.
It should be noted that this calculation will be used both to determine the relative error of

forecasting (figure 3), and further to determine which of the algorithms turned out to be the
most accurate both in terms of the smallest deviation for the entire period and in terms of the
number of hours, in which it was more accurate.

Table 1 presents a comparison of the calculation results of all four algorithms. Presented data
on the sum of absolute values of absolute deviation and the number of times such algorithms
were more accurate than others. There should be noted two things:

1. If more than one type of algorithm was the most accurate in one hour (the same result
of the forecast calculation) – all such algorithms are considered as more accurate for the
corresponding hour. The larger the value, the greater the number of times the algorithm
was more accurate;

2. Regarding the sum of absolute values of absolute deviations – this value is exclusively
informative for comparing all algorithms and determining the one that was closer to the
real data based on the results of the auctions on the DAM. The smaller the value, the more
accurate the algorithm.

As can be seen from the table 1, Algorithm 4 shows both the smallest deviation from the
real data and the largest number of times when it was more accurate. At the same time, the
application of algorithm 4 allows both the rejection of atypical days (which is impossible when
applying algorithm 1) and the monitoring of atypical behavior of market participants when
submitting bids on the DAM.

Table 2 illustrates the calculation results and accuracy of algorithm 4 for a typical day.
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Figure 2. Calculation results of every algorithm and real data.

Table 1. Algorithms calculation results comparison of aggregated deviation data and number
of more accurate calculations.

Parameter
Algorithm

1 2 3 4

Sum of modules of absolute deviations 224 284.7 249 400.7 249 763.7 219 057.9
Times of being more accurate 322 201 196 360

5. Description of the most accurate algorithm
Calculations can be made in D-2 after receiving the actual results of the auctions on the DAM
in D-1. It should be noted that all calculations are performed separately for each hour h.

1. Calculating demand change on the DAM for the previous 4 weeks w for the following days
d: D-6 and D-7, D-13 and D-14, D-20 and D-21, D-27 and D-28:

MAh
w = Ah

d+1 −Ah
d (1)

2. Calculating sum of positive and negative Ah
w separately:

Ah
w,pos =

∑
MAh

w for MAh
w > 0 (2)

Ah
w,neg =

∑
MAh

w for MAh
w < 0 (3)

3. Calculating separate number of positive Nh
pos for MAh

w > 0 and negative Nh
neg for MAh

w < 0.
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Figure 3. Calculation results of every algorithm and real data.

4. Calculating arithmetic mean of absolute values MAh
w:

Ah
aver,abs =

∑
|MAh

w|
Nh

pos + Nh
neg

(4)

5. Calculating first iteration of absolute value of inverse relative deviation |MAh
w| from Ah

aver,abs

for all MAh
w (so-called “weight of deviation”):

Dh
w,weight,I = 1−

∣∣∣∣∣ |MAh
w| −Ah

aver,abs

(Ah
aver,abs

∣∣∣∣∣ (5)

If value Dh
w,weight,I < 0 then MAh

w significantly deviates compared to other indicators,

so it must be discarded, zeroed and recalculation should be done (II iteration) and
calculate Nh

pos,iter−last, N
h
neg,iter−last and Dh

w,weight,iter−last. Such recalculations (iterations)
are performed until there are no significant deviation. Maximum number of iterations in
this example will be four (equalizes to the number of analyzed MAh

w).

6. After the final iteration average value of the sum Dh
w,weight,iter−last is calculated separately

for positive and negative Ah
w, if the number of such values is not 0:

Dh
w,weight,iter−last,pos =

∑
Dh

w,weight,iter−last

Nh
pos,iter−last

for MAh
w > 0, Nh

pos,iter−last <> 0 (6)

Dh
w,weight,iter−last,neg =

∑
Dh

w,weight,iter−last

Nh
neg,iter−last

for MAh
w < 0, Nh

neg,iter−last <> 0 (7)
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Table 2. Accuracy of algorithm 4 on the example of one day (04.08.2022).

Hour Demand forecast Real data demand Absolute deviation Relative deviation

1 1 328.6 1 305.1 -23.5 -2%
2 1 039.4 1 090.7 51.3 5%
3 956.1 992.8 36.7 4%
4 920.4 907.1 -13.3 -1%
5 890.6 933.9 43.3 5%
6 1 031.4 1 058.0 26.6 3%
7 1 277.8 1 245.4 -32.4 -3%
8 1 454.2 1 452.9 -1.3 0%
9 1 810.3 1 719.0 -91.3 -5%
10 1 840.6 1 835.4 -5.2 0%
11 1 961.5 1 926.2 -35.3 -2%
12 1 939.0 1 887.2 -51.8 -3%
13 1 860.3 1 864.7 4.4 0%
14 1 735.1 1 755.5 20.4 1%
15 2 037.0 1 954.4 -82.6 -4%
16 2 082.8 1 923.4 -159.4 -8%
17 1 867.0 1 855.4 -11.6 -1%
18 1 685.6 1 649.8 -35.8 -2%
19 1 669.9 1 625.0 -44.9 -3%
20 1 723.2 1 807.2 84.0 5%
21 1 697.2 1 856.9 159.7 9%
22 1 721.9 1 930.2 208.3 11%
23 1 505.5 1 575.0 69.5 4%
24 1 592.3 1 542.2 -50.1 -3%

Total 37 627.7 37 693.4 65.7 0%

7. Calculating the value of corrected weight for positive MAh
w:

(a) if Nh
pos,iter−last = 0 or Nh

neg,iter−last = 0 or Nh
pos,iter−last = Nh

neg,iter−last then

W h
corrected = 1 (8)

(b) otherwise

W h
corrected =

Nh
pos,iter−last

Nh
neg,iter−last

·
Dh

w,weight,iter−last,neg

Dh
w,weight,iter−last,pos

(9)

8. Calculating corrected value of Dh
w,weight,corrected for positive MAh

w:

Dh
w,weight,corrected = Dh

w,weight,iter−last ∗W h
corrected for MAh

w > 0 (10)

Dh
w,weight,corrected = Dh

w,weight,iter−last for MAh
w < 0 (11)

9. Calculating average weighted value of demand change MAh
weighted on the DAM:

MAh
weighted =

∑(
MAh

w ∗Dh
w,weight,corrected

)
∑

Dh
w,weight,corrected

(12)
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10. Calculating forecasted value of the demand on the DAM:

Ah
D = Ah

D−1 + MAh
weighted (13)

This concludes formulaic expression of researched algorithm. Provided that there is one of
the main goals of EU as being climate neutral by 2050, companies need to achieve such goal and
remain economically profitable at the same time. Therefore it is necessary to conduct business
with the aim of maximizing its finances at the every possible situation and market – such as
DAM [4].

6. Conclusions
To this day, achieving environmental goal as being climate neutral for most EU countries is
still a challenge, taking into account the need to get rid of one of the most largest sources of
emissions – coal – by 2030. Although the increase in energy resource prices and their shortage in
Europe during the last months of 2022 has created new challenges for achieving environmental
goals in the EU and Ukraine.

Forecasting the demand on the DAM is one of the components that must be carried out for
successful business and optimization of business processes of trading companies in the electricity
market. Given that quite often the income of such companies depends on how they will sell on
the DAM, the choice of the correct approach to forecasting is quite acute.

In the article, four algorithms for forecasting the hourly demand for DAM are considered,
corresponding calculations are performed, and a comparative analysis of the calculation results
is carried out. For each of the algorithms, their prediction errors were calculated and the most
accurate algorithm out of four was determined.

A formulaic description of the most accurate algorithm is given – as a weighted average
value for positive and negative changes in demand, taking into account the deviation from
the arithmetic mean of the absolute values of changes in demand to determine atypical days.
Forecasting is carried out on the basis of statistical data on the amount of electricity purchases
on the DAM, using the principle of multi-iteration analysis of changes in demand for previous
similar days of previous months (with the possibility of increasing the sampling depth to quarters
or years). At the same time, it should be noted that all calculations were performed in the MS
Excel package, which indicates their ease, availability, speed, as well as the low or zero cost of
implementing such an algorithm.

As a result of the application of the specified algorithm, there is also the possibility of tracking
atypical behavior of market participants on the DAM, which will require additional attention
and research.
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Abstract. In the paper showing that one of the main way for Ukraine electric power industry
evolution is electric power networks and systems improvement and construction considering
Smart Grid concept. The main idea of Smart grid is the reliable, energy-efficient and high-quality
energy supply system. To implement the idea, it is necessary to create a high-performance
information and computing infrastructure. The main components of Smart Grid is emergency
mode diagnostics and damage monitoring. Providing fault diagnostics and fault monitoring
can improve the power supply reliability and quality to consumers. So, the task of quickly and
accurately determining the place of damage is important. In the article showing that emergency
detection tools in sections of both cable and overhead electrical networks it’s a way to improve
efficiency of the networks. The diagram of the placement of damage indicators on the section
of the electrical distribution network is presented, which allows determining the direction of the
search for the location of the damage. A comparative analysis of measuring current transformers
of optical and electromagnetic type was carried out. It is shown that a significant number of
advantages of optical measuring current transformers, which can be used in damage indicators,
can be provided by measuring current transformers of the electromagnetic type. Creating fault
indicator based on the Smart Grid concept lets do to reduce searching time for the cause and
location of an emergency situation to a minimum. In this concept application fault indicator in
energy grid ensure it connection to operating overhead and cable lines without removing voltage
by connecting the output of the secondary winding of the measuring current transformer of
the detachable design to the measuring converters directly placed near the current measuring
transformers with the help of a mechanical spring fastener. A block diagram of a specialized
information-measuring system with a damage indicator was created, taking into account the
requirements of the Smart Grid concept, which allows to reduce the time of searching for the
cause to a minimum.

1. Introduction
Ensuring the effective and safe functioning of the electric power complex of Ukraine largely
depends on the stability of the work of its individual components, which are united by a common
mode of production, transmission and distribution of electric and thermal energy with common
centralized control [1]. The existing course ”smart grids” position concept’s implementation in
Ukraine until 2035 is aimed at the active development of Smart Grid systems in the energy
system of Ukraine and is fully in line with the priority directions of energy development in the
EU.

Thus, one of the important directions of the development of the electric power industry both
in the world and in Ukraine is the improvement and construction of electric power networks and
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systems according to the Smart Grid concept [2,3]. The main idea of Smart grid is the reliable,
energy-efficient and high-quality energy supply system. To implement the idea, it is necessary
to create a high-performance information and computing infrastructure.

Violation of the operation mode of any of the components of the energy system leads to the
emergence of various emergency situations. The most common types of damage are accidents
caused by short-circuits and short-circuits to the ground. It is believed that accidents caused
by short-circuits make up 70–80% [4]. One of the most common places of damage in electrical
networks is cable and overhead power lines (power lines).

Therefore, monitoring the parameters of the emergency modes of cable lines and power lines
in various sections of electric networks is one of the most important tasks for ensuring the
reliability of electricity supply to consumers, which is implemented through the development
and implementation of specialized information and measurement systems (IMS) as a component
of Smart Grid systems [5, 6]. The urgency of implementing such systems is due to the fact
that the occurrence of emergency situations leads to disruption of the normal power supply of
consumers associated with interruptions in power supply, as well as a decrease in the quality
of electric energy. In turn, the deterioration of the quality of electrical energy can lead to the
failure of equipment of electrical networks and consumers. The effective solution of this problem
gives a significant economic effect due to the reduction of interruptions in electricity supply,
the reduction of transport costs for bypassing the PL and KL, minimizing the total time of
organizing repair and restoration works [2]. An effective way for time to cut of searching for a
power line damaged section fault indicators with organized as network is to use [6–10]. Fault
indicators it’s devices for monitor the electromagnetic field around the power transmission line
and record the fact of damage to the line.

The use of damage indicators is most relevant for distribution networks from 10 kV to
110 kV [6]. The main characteristic of these networks is their long length, which is due to
a significant number of branches and the presence of areas with difficult access to routes such as
overhead and cable lines. During the elimination of emergency situations in distribution electric
networks, in particular, during the elimination of accidents associated with the failure of power
transmission lines as a result of hostile actions, timely identification of the damaged section of
the network acquires primary importance. Detection of a damaged section of the network and
in most cases consists in finding the optimal way to bypass all nodes of the topological graph
(in the case of overhead power lines bypass all sections of the line [6,7,11,12]. In case of damage
in the most remote area [13], it is necessary to ensure inspection of the line along its entire
length [6].

Therefore, determining the places of occurrence of an emergency situation, the reason that
led to its occurrence and the development of measures to eliminate it is a complex and complex
problem, the solution of which has become a daily operational task of dispatching services of
electrical networks and systems.

The paper aim is to analyse the ways of increasing the reliability of electricity supply to
consumers and the effectiveness of restoring electricity supply by operators of distribution
systems, by developing a structure of means of identifying emergency conditions in distribution
electric networks of IPS of Ukraine [14].

2. Materials and method
The construction of information and measurement systems (IMS) with primary transducers
based on indicators with means of communication and information transmission reduces the
time of searching for an accident to a minimum. When damage occurs, all indicators installed
in the damaged areas between the data center and the damage site will send response signals to
the dispatch center, which allows you to immediately determine the emergency zone and take
immediate action.
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In this case, the basis of the IMS is the measuring transducers that ensure the determination
of emergency mode parameters. In the electrical networks of European countries, damage
indicators have been found widely used as measuring transducers (measuring operational
parameters in electrical networks) [12, 15]. The use of damage indicators in the structure of
the IMS. So compatible with the means of pre-processing, communication and information
transmission, allows to reduce the time to eliminate the cause of the emergency situation to a
minimum, which allows immediate identification of the emergency area and the implementation
of operational actionist of the research.

Damage indicators, which have found application in electrical distribution networks, are based
on different principles of operation. The simplest option of damage indicators are devices that
record the exceeding of a certain short-circuit current threshold by the measuring transformer.
The distance to the emergency site is determined based on the known calculation parameters of
the network, namely the voltage values in the network and the value of the transient resistance
at the point of damage. Usually, the indicated indicators for determining the distance to the
place of damage on the distribution lines are ineffective due to several branches, which is due
to the small values of the short-circuit currents and the length of the electrical networks. This
problem is solved by installing damage indicators at the beginning of the branches of each line.
In this case, by combining information about the distance to the accident site with information
from damage indicators, the exact location of the damaged section of the network is obtained.
The disadvantages of such devices are the need for additional calculations and the use of an
electromagnetic type measuring transformer. The use of a measuring transformer in many cases
is associated with difficulties in their implementation and ensuring operation in the conditions
of a continental climate on the territory of Ukraine. Which is characterized by hot summers and
frosty winters with significant temperature drops. Information and measurement systems with
optical indicators of damage do not have this drawback [16]. The principle of operation of optical
indicators is based on the use of electro- and magneto-optical effects. The use of the stability of
the manifestation of the physical effect of the influence of magnetic or electric fields, which arise
under the action of the measured current or voltage on the parameter of optical radiation, allows
to ensure high accuracy of measuring currents and voltages. The conversion of the measured
electrical values into the parameter of optical radiation takes place directly in the high voltage
zone, then, using optical communication channels, the measurement information from the high
voltage zone is transmitted to the low-voltage part of the IMS located in the safe zone. A
directly measurable value when using electro- and magneto-optical effects is the parameter of
optical radiation, the measurement of which can be carried out with high accuracy [17]. The
obtained results do not depend on external meteorological factors. The main advantage of optical
damage indicators is a wide signal bandwidth, high resistance to interference, durability, stability
and simplicity of the optical element, as well as the ability to determine very short values of
short-circuit currents in the millisecond range [7]. Such values of short-circuit currents occur in
cases of short-circuit to the ground, for example, during the occurrence of a short-circuit of a
phase to the ground or to a neutral wire under the influence of natural elements. A significant
disadvantage of optical damage indicators is the high cost of optical damage indicators, which
is due to a number of reasons [18]:

• the high cost of the manufacturing technology of optical elements and means of measuring
their output values;

• insignificant power of the output circuits, which is insufficient to activate the existing sets
of electromechanical protections, and the need to use additional hardware to increase it;

• lack of protection terminals and metering devices produced by domestic and many foreign
manufacturers, corresponding inputs for connecting optical converters;

• lack of national standards that regulate the verification and determination of the accuracy
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class of optical sensors and transducers in general;
• lack of sufficient statistical data on the use of these devices, which makes it much more

difficult to determine their reliability;
• the high cost of projects due to the high cost of converting devices and network equipment,

as well as the organization of current and voltage circuits in digital form.

Since a significant number of advantages of optical damage indicators can be provided by
traditional measuring current transformers, the most effective is the construction and use of
fault indicators employ measurement of the magnetic field induced by the current in the current
measuring transformer network. The working principle of fault indicators is based on: signal
from the secondary winding of the measuring current transformer is proportional to the primary
induced current and shifted relative to it by a phase angle close to zero.

Existing damage indicators based on the measuring current transformer, due to the
peculiarities of their designs and ensuring the possibility of monitoring them during operation
and minimizing measurement errors, are mostly installed only in large nodes of generation and
distribution of electrical energy, such as stations and substations. Moreover, the measuring
transformer is usually a component of closed and open distribution devices. In addition to the
mentioned restrictions on the place of placement, their disadvantage is a long time of installation,
adjustment and the need to remove voltage during their installation and maintenance.

3. Results
To ensure the creation of a damage indicator, which allows you to reduce the time of searching
for the cause and the place of occurrence of an emergency situation to a minimum, as well
as to ensure connection to operating overhead and cable lines without removing voltage by
connecting the output of the secondary winding of the measuring current transformer of the
detachable design to the measuring transformers -creators placed directly near the measuring
current transformer with the help of a mechanical spring mount. The connection diagram of
the current transformer is shown in figure 1, which shows: the load current sensor (LCS) and
the measuring system (MS). The IMS contains: a non-invasive current sensor, which consists
of an inductive current transformer with a collapsible core (1), a resistor designed to convert
the current value into a voltage (2), a shift reference voltage stabilizer implemented on analog
elements (3). The system contains: an ATmega328 microcontroller (4), an interface converter
chip (5), a 2x16 character liquid crystal display (6) to ensure the display of information in case
of need, an LED (9) intended for global indication of a normal and emergency situation on the
power line. LCS and VS, together with a personal computer (7) or other specialized means of
information processing, on which specialized software is installed, form the IMS of control and
monitoring of emergency parameter s of power transmission lines in distributed electric networks.
The personal computer (7) is located in the control center in the case of remote access to the
IMS or in the immediate vicinity of the IMS in a safe area.

The data collected from the measuring transducers of the LCN indicators are transmitted to
the network part of the IMS. Using the obtained data with the help of unit 7, it is possible to
monitor the magnitude of the electric current, to recognize the reason for the sudden increase in
current strength: the connection of a new load or the appearance of a short-circuit current, and
when conducting additional coefficients, to determine the approximate amount of consumed
(released) electricity in the sector – divided network and easy to adjust taking into account
possible peak loads in branched. Each indicator is equipped with LED 9 to provide a visual
indication of the state of the lines, in the case of normal operation of the line, the LED
continuously lights up in green color, in the event of an emergency, the LED switches to the red
code glow mode. The type of code glow is determined by the type of emergency on the line.
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Figure 1. Block diagram.

The use of LCS indicators, which have means of communication and information transmission
(units 5 and 8), ensure that the time for searching for an accident is reduced to a minimum. In
the event of damage, the LCS indicators installed on the damaged areas and send appropriate
signals from place of damage to the dispatch center, which allows immediate identification of
the emergency area and immediate action to eliminate the emergency situation.

In order to verify the results of the research on the components of the system of the
intellectualized emergency meter for the identification of damage to overhead and cable lines,
test and demonstration stand was created, the photo of which is shown in figure 2.

Figure 2. Test and demonstration stand.

The test was carried out by the method of direct comparison with an exemplary meter of
the information component. The ProsKit MT-1270 device with an accuracy class of 0.5 for
determining the current value and an ammeter E59 with an accuracy class of 0.5 were used as
sample meters. The obtained measurement results are shown in figure 3.

The obtained results (figure 3) confirm the functionality of the intellectualized emergency
condition meter for distribution electrical networks in a single-phase cable network with a
collapsible core.
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Figure 3. Research results.

4. Conclusions
Fault indicators are used to determine different types of damage in cable and overhead lines of
electrical networks of different voltage classes, allow visual indication of the damaged section
of the line, and in the case of the presence of a suitable interface, transmit this data remotely.
Schematic and technical solution for the construction of damage indicators makes it possible
to ensure connection to operating overhead and cable lines without removing voltage, and also,
unlike existing damage indicators, due to additional coefficients, to determine the estimated
amount of consumed (released) electricity in the sector of the distributed network and to easily
adjust taking into account possible peak loads in the branch.

The development and implementation of such indicators is the basis for the construction of
specialized information and measurement systems in electrical networks, the use of which reduces
transport costs during the search for places of damage, minimizes the total time of organizing
restoration and repair works, which in turn allows to increase electricity supply reliability to
consumers and receive a positive economic effect by reducing of interruptions in their energy
supply.

ORCID iDs
I O Zaitsev https://orcid.org/0000-0003-3303-471X
I V Blinov https://orcid.org/0000-0001-8010-5301
V O Bereznychenko https://orcid.org/0000-0002-9961-1703
S A Zakusilo https://orcid.org/0000-0002-9193-8920

References
[1] Kyrylenko O V 2016 Intelligent electrical networks: elements and modes 400 (Institute of Electrodynamics

of the National Academy of Sciences of Ukraine)
[2] Blinov I, Zaitsev I, Parus E and Bereznychenko V 2023 Faults Indicators Applying for Smart Monitoring

System for Improving Reliability Electric Power Distribution Power Systems Research and Operation:
Selected Problems II ed Kyrylenko O, Denysiuk S, Derevianko D, Blinov I, Zaitsev I and Zaporozhets A

https://orcid.org/0000-0003-3303-471X
https://orcid.org/0000-0001-8010-5301
https://orcid.org/0000-0002-9961-1703
https://orcid.org/0000-0002-9193-8920


ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012036

IOP Publishing
doi:10.1088/1755-1315/1254/1/012036

7

(Cham: Springer International Publishing) pp 235–256 ISBN 978-3-031-17554-1 URL https://doi.org/
10.1007/978-3-031-17554-1_11

[3] Worighi I, Maach A and Hafid A 2015 Modeling a smart grid using objects interaction 2015 3rd International
Renewable and Sustainable Energy Conference (IRSEC) pp 1–6 URL https://doi.org/10.1109/IRSEC.
2015.7454968

[4] Łowczowski K and Olejnik B 2022 Energies 15(3) 1066 ISSN 1996-1073 URL https://doi.org/10.3390/
en15031066

[5] Henriques H and Mestrando R C 2018 Use of smart grids to monitor technical losses to improve non-
technical losses estimation 2018 Simposio Brasileiro de Sistemas Eletricos (SBSE) pp 1–6 URL https:
//doi.org/10.1109/SBSE.2018.8395924

[6] Blinov I, Zaitsev I, Parus Y and Bereznychenko V 2022 Analysis of the Effectiveness Fault Indicators use for
Control Overhead Power Lines 2022 IEEE 8th International Conference on Energy Smart Systems (ESS)
pp 17–20 URL https://doi.org/10.1109/ESS57819.2022.9969272

[7] Ho C Y, Lee T E and Lin C H 2011 IEEE Transactions on Power Systems 26(1) 38–45 URL https:
//doi.org/10.1109/TPWRS.2010.2048725

[8] Shahsavari A, Mazhari S M, Fereidunian A and Lesani H 2014 IEEE Transactions on Power Systems 29(5)
2359–2369 URL https://doi.org/10.1109/TPWRS.2014.2303933

[9] Teng J H, Huang W H and Luan S W 2014 IEEE Transactions on Power Systems 29(4) 1653–1662 URL
https://doi.org/10.1109/TPWRS.2013.2294338

[10] Usida W F, Coury D V, Flauzino R A and da Silva I N 2012 IEEE Transactions on Power Systems 27(4)
1841–1849 URL https://doi.org/10.1109/TPWRS.2012.2190625

[11] Jahedi A, Javidan J and H N 2014 International Journal on “Technical and Physical Prob-
lems of Engineering” 6(21) 106–111 ISSN 2077-3528 URL http://web.archive.org/web/
20170829061723if_/http://www.iotpe.com/IJTPE/IJTPE-2014/IJTPE-Issue21-Vol6-No4-Dec2014/
19-IJTPE-Issue21-Vol6-No4-Dec2014-pp106-111.pdf

[12] Masoud A and Navid G 2014 World Applied Programming 4(8) 181–192
[13] Edmonds J and Johnson E L 1973 Mathematical Programming 5(1) 88–124 ISSN 1436-4646 URL https:

//doi.org/10.1007/BF01580113
[14] Böttcher P C, Rydin Gorjão L, Beck C, Jumar R, Maass H, Hagenmeyer V, Witthaut D and Schäfer B 2023

Energy Adv. 2(1) 91–97 URL http://dx.doi.org/10.1039/D2YA00150K
[15] Roberts J, Altuve H and Hou D 2001 Review of ground fault protection methods for grounded, ungrounded

and compensated distribution systems (SEL) URL https://selinc.com/api/download/2604
[16] Listyuhin V A, Pecherskaya E A, Timokhina O A and Smogunov V V 2021 Journal of Physics: Conference

Series 2086(1) 012059 URL https://doi.org/10.1088/1742-6596/2086/1/012059
[17] Schon K 2019 Electro-optic and Magneto-optic Sensors High Voltage Measurement Techniques:

Fundamentals, Measuring Instruments, and Measuring Methods (Cham: Springer International Publishing)
pp 201–221 ISBN 978-3-030-21770-9 URL https://doi.org/10.1007/978-3-030-21770-9_6

[18] Tankevich S 2011 Adaptive measuring converters of current and voltage for high-voltage electric power facilities
Ph.D. thesis Institute of Electrodynamics of the National Academy of Sciences of Ukraine

https://doi.org/10.1007/978-3-031-17554-1_11
https://doi.org/10.1007/978-3-031-17554-1_11
https://doi.org/10.1109/IRSEC.2015.7454968
https://doi.org/10.1109/IRSEC.2015.7454968
https://doi.org/10.3390/en15031066
https://doi.org/10.3390/en15031066
https://doi.org/10.1109/SBSE.2018.8395924
https://doi.org/10.1109/SBSE.2018.8395924
https://doi.org/10.1109/ESS57819.2022.9969272
https://doi.org/10.1109/TPWRS.2010.2048725
https://doi.org/10.1109/TPWRS.2010.2048725
https://doi.org/10.1109/TPWRS.2014.2303933
https://doi.org/10.1109/TPWRS.2013.2294338
https://doi.org/10.1109/TPWRS.2012.2190625
http://web.archive.org/web/20170829061723if_/http://www.iotpe.com/IJTPE/IJTPE-2014/IJTPE-Issue21-Vol6-No4-Dec2014/19-IJTPE-Issue21-Vol6-No4-Dec2014-pp106-111.pdf
http://web.archive.org/web/20170829061723if_/http://www.iotpe.com/IJTPE/IJTPE-2014/IJTPE-Issue21-Vol6-No4-Dec2014/19-IJTPE-Issue21-Vol6-No4-Dec2014-pp106-111.pdf
http://web.archive.org/web/20170829061723if_/http://www.iotpe.com/IJTPE/IJTPE-2014/IJTPE-Issue21-Vol6-No4-Dec2014/19-IJTPE-Issue21-Vol6-No4-Dec2014-pp106-111.pdf
https://doi.org/10.1007/BF01580113
https://doi.org/10.1007/BF01580113
http://dx.doi.org/10.1039/D2YA00150K
https://selinc.com/api/download/2604
https://doi.org/10.1088/1742-6596/2086/1/012059
https://doi.org/10.1007/978-3-030-21770-9_6


IOP Conference Series: Earth and Environmental Science

PAPER • OPEN ACCESS

Energy efficient computing by using of software optimization aimed on
execution time
To cite this article: O A Chemerys and S V Sushko 2023 IOP Conf. Ser.: Earth Environ. Sci. 1254 012037

 

View the article online for updates and enhancements.

This content was downloaded by semerikov from IP address 193.151.14.31 on 30/10/2023 at 13:33

https://doi.org/10.1088/1755-1315/1254/1/012037
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvLXZsehHOsF4EBOG8h5SuSv3DxPKUnzqicMeQN3VCpF4_q25rOkuj0LbEOrVtZ0juLj2bx4ahZ6i9fyTh2ywwLKzwSxuvGTsFmYd49NbGavLY2nn2GxdLQMGZBabMCWxoCh2WZf6GIr9aqzT6ukhLVoiaLMkBgDlagEujHUHNm_zHoRHwZPXoxWHpWeskkQdJPcyp-p1KO_toEtQJPWmRA09AghmV6Yf2QoqguFpMWXqRv43SUmlZm577ONU9XzEWFNt7LXNzQlv-wco5H1CsPgzz9XmVdGK0ZVOP4QfSubKycLt5L&sai=AMfl-YQ82upCK7aFAyxQBMzBexRnbLv6eCx7fMNUTAhnHSfetWtMxIuvFclhh2_0KRWfz2vIaNaJ31ohRX_8HiM&sig=Cg0ArKJSzC0dcrH0iaZt&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/245/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DJournals%26utm_campaign%3D245Abstract%26utm_id%3D245


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012037

IOP Publishing
doi:10.1088/1755-1315/1254/1/012037

1

Energy efficient computing by using of software
optimization aimed on execution time

O A Chemerys and S V Sushko
G.E. Pukhov Institute for Modelling in Energy Engineering of the NAS of Ukraine, 15 General
Naumov Str., Kyiv, 03164, Ukraine

E-mail: a.a.chemeris@gmail.com, sergii.sushko@gmail.com

Abstract. Despite of all hardware capabilities, optimization of software always was one
of actual tasks. Usually optimization of software was aimed to reduce an execution time.
But recent decades it’s possible sometimes also to reduce energy consumption and/or energy
efficiency of computing because of enhanced energy saving capabilities. Indeed, if computations
are made faster, CPU can suspend unusual computational and control blocks. In case of
parallelization which is one of optimization techniques, power consumption can raise in short
periods of computations because of using multiple CPUs simultaneously. At once execution
time can be decreased dramatically so energy efficiency of computing still increasing. In the
paper the authors provide the experiments on small size mini PC Raspberry Pi 3B which show
that using of optimization tiling method not only speed up a processing but also increase energy
efficiency of computing. For such low power systems this can be useful to increase power on
time with a battery power source.

1. Introduction
The problems of computer systems power consumption have been taking attention for a
long time. There were several reasons for this. First, a requirement to increase computing
performance has increased the number and activity of nodes in computer systems. Second
reason is a development of a different purpose computing system such as stand-alone computing
units, mobile devices or on-board computers. Development and research of embedded computing
systems have brought particular attention to energy use issues [1]. The third reason worth
mentioning is a development of systems based on multiprocessor computing systems, such
as network servers, data centers, multi-machine complexes for high-performance computing
demands. The feature of this class of systems is a requirement to organize a special infrastructure
with support for sustainable power, cooling, etc.

Andrae and Edler [2] show various projected scenarios of data centers power consumption
by 2030. On the basis of this increase in power consumption by data centers and structure of
this demand, it can be concluded that a comprehensive approach has to be taken to address the
problem of reducing electricity consumption in this sector. In addition to measures to reduce
computing costs, solutions to reduce energy consumption by data center infrastructure should
be implemented. This is true for both high-performance computing and global information
networks.

Ciancarini et al [3] showed that activities in various sectors of economics are increasingly being
digitized. Human activities are increasingly dependent on information technology, resulting
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in increased energy consumption. Usage of smartphones, tablets and other mobile devices
significantly expands a number of active users.

Gupta and Singh [4] shows the power consumption structure of a personal computer including
printer and communication system. The authors presented a technical overview of minimization
methods of energy consumption by computer systems. Based on the methods of calculation of
energy consumption using hardware, software, processor and various algorithmic approaches,
a conclusion is presented that there is a great need to change of operating system work at
moments of inactivity. Available options in power circuits of computers and peripherals are
based on a timeout approach. This is not enough to solve the problem of minimization of energy
consumption.

Szydlowski and Chvála, Jr [5] give a fairly detailed study of power consumption of personal
computers and workstations. The study should be taken into account, even though the data may
appear to be outdated at first glance due to evolving technologies. With a load of 75 to 175W
standard PC consumed 144 W, and standard workstation takes 173W. Peripheral equipment
such as printers and modems accounted for only 16% of the total workstation consumption.
This information indicates that energy-saving measures should focus on computers (50% of
total consumption) and monitors (35% of total consumption). Laser printers at 12% of total
workstation consumption, also require attention because they are involved in the work, usually 24
h/day. The paper presents a problem of software optimization as a component of the complex
solution for the problem of reduction of energy consumption. A focus of the research is on
solutions for design and use of mobile and embedded systems. There is an additional point for
research in a field of energy efficiency of devices.

An issue of increasing energy consumption has affected on field of mobile information
technologies. A growth of energy consumption has outpaced of development of energy storage
technologies, in particular, a capacity of batteries. This is reflected in a significant reduction in
a lifetime of mobile device batteries while increasing their functionality. Thus, the challenge of
improving the energy efficiency of information technology is not only to save energy, but also to
extend the battery life of mobile devices.

Hassan et al [6] shows a dependence of a performance and energy consumption of computer
systems on quality of program code. The authors demonstrated that in order to ensure the best
performance indicators for computer systems, there is a balance between performance, capacity
and energy consumption and a choice of a right coding style together with “right” compiler
determines an achievement of this balance.

In this article, the approach of the authors is defined by three provisions. First, in a transistor
gate in general, two types of power dissipation can be distinguished: static and dynamic. Static
power dissipation is measured in opened or closed states of transistor switch. Dynamic losses
occur during transistor switching from one state to another. Dynamic losses account for up
to 80% of total digital circuits power dissipation. Second, when analyzing of algorithms of
computing systems, it is clear that most of computational time of software happens to a cyclic
loops of algorithms. By improving of cyclic loops or sections, it is possible to reduce an activity of
electronic components and, accordingly, dynamic losses of digital circuits. And third, algorithm
transformations should be done at system level. This provides a significant benefit in terms of
reducing the impact of poor program source code on a performance of computer system. So, the
main idea of the author’s approach is to make transformation of program sources taking into
account program loop operators and making source-to-source transformation.

Further, in the first section the authors present modern methods and approaches used in
the optimization of computer programs. The next section provides hardware and software tools
for estimation of execution time of initial and optimized test programs. The results of the
optimization method of tiling and parallelization, which show the change in the performance
and energy efficiency of calculations, are given in the latest section.
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2. Motivation
From the very beginning of computational systems’ development, a lot of efforts were spent to
make hardware smaller and to consume less power. Such methods as dynamic clock rate, unused
block hibernation, lower operation voltage, comprehensive electric layers’ design were used and
also are used now to reduce power consumption.

At the moment most of electronic components are built by using complementary metal-oxide
semiconductor (CMOS) technology. This technology was discovered by different authors [7, 8]
and all effects which lead to higher power consumption are known. All sources of CMOS digital
circuits power dissipation can be divided onto 4 groups.

(i) Short-circuit current
(ii) Parasitic leakage current
(iii) Static dissipation
(iv) Dynamic dissipation

Dynamic dissipation is a main dealer of power dissipation and it can dissipate up to 80% of
total energy dissipation [9]. Formula for dynamic power dissipation is depicted below:

Pdynamic = C · V 2 · k · f, (1)

where C is a total capacity of a circuit, V – voltage span, k – activity factor and f – switching
frequency. Dynamic dissipation take place when a circuit switches from one digital state to
another. Dynamic dissipation is linear to switching frequency. If there is no switching – dynamic
power will be absent. More active elements involved – higher dynamic dissipation occurs [10].

In terms of software optimization, it can be concluded that every method which reduces
register or memory usage or functional blocks is involved as well, in theory can reduce dynamic
dissipation. Software optimization methods are aimed on different software parameters. Often
main goal of optimization is a reducing of time execution of program. It allows to perform
computational tasks faster or to increase a functionality of a software by adding new features
to it which were not possible with slow computations. Most of execution time software spends
in computational loops which perform the same computational operations for different data.
Improvement of any single operation will lead to improvement of every computation in it.
Thus, optimization methods targeted on execution time are developed to implement them in
computational loops. Some of software optimization methods are listed below.

• fission/distribution;
• fusion/combining;
• interchange/permutation;
• inversion;
• loop-invariant code motion;
• parallelization;
• reversal;
• scheduling;
• skewing;
• splitting/peeling;
• software pipelining;
• tiling/blocking;
• unrolling.
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Mentioned methods provide different approaches to speed up a computational loop. Some
of them are intuitively clear like parallelization when data are distributed between CPUs for
faster execution. Some methods are not so clear. For example, tiling method, practical usage of
which will be discovered below, is not so evident. For mathematical description and handling of
different optimization methods several models were proposed. One of most used is a polyhedral
model [11]. This model represents a loop or loop nest as a defined mathematical abstraction [12].
Every loop is described with a set of inequalities and limits. Such approach allows to alter one or
several loops by changing their parameters and convert model back to code. Polyhedral model
can handle tiling method. Tiling method is an optimization method which divides iteration
space onto smaller parts named tiles. Computation of data on smaller range provides better
data locality and less cache misses. This can lead to faster execution time. Another promising
factor that during tiling usage a software natively obtains a different computational blocks
which is possible to distribute on different CPUs if there are no data relations between them.
Combining of tiling method and parallelization can have synergistic effect.

3. Hardware and software set
As it mentioned above, a lot of optimization methods are used to gain different improvements:
faster execution time, lesser data or code memory usage etc. But what to do if desired goal
of optimization is a lesser power consumption or better energy efficiency? How to change a
software to reach it?

Because computational system is a comprehensive set of many hardware sub-parts which
consume energy, there is no single target parameter available in code to optimize. A possibility
that some optimization methods can to influence on energy consumption should be discovered.

The authors performed several experiments to verify it. First, software optimization method
should be chosen. The authors have chosen tiling method which uses polyhedral model as a
mathematical description. Main idea of the method is to reduce iteration space onto smaller
parts which are called tiles (figure 1). It produces better usage of cache memory and improves
data locality. Also, to reveal a power of multi-core CPU a parallelization method was used in
addition.

Usually, an optimization is performed by compiler or manually. There is another way to

Figure 1. Example of original and tiled iteration spaces. Obtained tiles are selected in gray
rectangles.
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optimize source code without using compiler’s features.
To apply tiling method, the authors used Pluto framework [13]. This is a set of tools which

automatically can apply several tiling methods and parallelization as well. This is achieved by
transformation of C source code to another source code by some rules. After it a new code should
be compiled as usual. Such code-to-code transformation allows researchers and developers to
be focused and to improve specific optimization methods. No changes to compiler are required.
Moreover, all compiler’s optimization methods also are applied on a stage of compilation.

Next, to verify any optimization some test applications are required. In common case, any
optimization aimed to execution time reduction or energy consumption can be only verified
on real execution of software. The authors chosen Polybench [14] set of test applications. It
includes about 30 tests of linear algebra, simulation, vector and matrix computations. The
tests have embedded tools to measure execution time. By altering the tests by source-to-source
transformation and to compile and execute a new code it’s possible to measure and compare
new execution time.

Finally, a Raspberry Pi 3B board was chosen as a hardware platform for tests (figure 2). This
credit size mini PC has 4 ARM based CPUs, 1 GB of RAM, video, audio outputs and general
purpose input/output signals (GPIO). This PC can operate on Linux based distributives and
usually is chosen for home automation, home or NAS server and IoT. Figure 2 (b) also shows
the Raspberry Pi hardware structure.

Figure 2. Raspberry Pi 3B mini computer (a) and its hardware structure (b).

Main idea of the tests is to measure a speedup of execution time, energy consumption and
to calculate energy efficiency of optimized tests.

4. Experiments
To evaluate an energy efficiency, it is not enough to measure only execution time. Because an
optimized software can use less or more electric power i.e. in case of multi-core optimization and
be faster or slower an electrical power consumption also should be taken into account. Energy
which is required to compute any result is an integral of electric power on time or, in simplified
form, when exact power consumption in time is not known, equals to a multiplication of average
power by time of computation:

E = P · T, (2)
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where P is an average power consumption, T – execution time. To estimate energy efficiency
coefficient for non-optimized and optimized version it’s necessary to compare required energy in
both cases. When required energy is lower than before then coefficient of energy efficiency will
be more than 1, if higher – then less than 1. If to apply previous formula, we can obtain:

KE =
Eoriginal

Eoptimized
=

Toriginal

Toptimized
·
Poriginal

Poptimized
, (3)

To evaluate an energy efficiency coefficients two measurements were made. First measurement
was a measurement of execution time and second one was a measurement of average power
consumption. Both measurements were made for non-optimized and all versions of optimized
test programs. Optimized version was made with different tiling options of Pluto software. After
applying of formula above were obtained energy efficiency coefficients which were composed in
table 1.

As it follows from the table, different coefficients of energy efficiency were obtained. For
better readability the data are shown on figure 3. There are test programs on the horizontal
axe. On the vertical axe there is a coefficient of energy efficiency. For non-optimized program it’s
always 1. The different optimization methods are depicted by the different color lines. Some of
optimization methods are only a variation of tiling method but also some of them are combined
with parallelization. In that case name “parallel” is presented inside its name.

Figure 3. Coefficients of energy efficiency for different test programs and optimization methods.

If to look onto the plot it can be recognized that some of the optimization have much better
results than other. Often this is a blue and red lines which mean “Tile Parallel” and “Innerpar
Tile Parallel” methods. Both of them have parallelization option. It means that parallelization
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Table 1. Coefficients of energy efficiency for Polybench tests on Raspberry Pi 3 board on
different optimization methods, times.
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m
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til

e
Pa
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lle

l

correlation 1.78 2.97 1.59 2.00 3.16 2.29 2.04 3.18
covariance 1.88 3.27 1.51 1.87 3.26 2.25 1.81 3.35
gemm 1.14 1.56 1.57 1.02 1.56 1.53 1.06 1.63
gemver 3.41 4.56 4.88 3.60 4.69 3.72 2.68 4.75
gesummv 1.03 1.57 1.36 1.17 1.55 1.12 1.00 1.74
symm 1.01 0.99 1.06 1.02 1.05 1.01 1.04 0.96
syr2k 2.11 3.85 1.09 1.82 3.51 2.51 1.95 3.83
syrk 1.26 1.89 0.67 1.27 1.84 1.13 1.17 1.77
trmm 1.31 3.26 0.91 1.43 3.28 2.06 1.30 3.93
2mm 1.12 1.89 0.70 0.88 1.86 1.43 1.10 1.89
3mm 1.18 1.83 0.66 0.99 1.87 1.46 1.17 1.87
atax 0.62 0.94 0.98 0.93 0.95 0.85 0.62 0.98
bicg 0.64 0.98 0.98 1.00 0.98 0.82 0.63 1.01
doitgen 1.15 1.18 0.51 1.30 1.18 1.14 1.07 1.19
mvt 1.32 2.75 2.77 0.84 2.75 1.87 1.26 2.81
cholesky 0.87 1.60 0.63 0.95 1.91 1.29 1.04 1.71
durbin 0.99 0.97 1.02 1.06 0.97 0.99 1.01 0.99
gramschmidt 1.32 1.90 0.74 1.00 1.86 1.54 1.01 1.89
lu 1.95 3.82 1.57 1.95 4.01 2.76 1.64 3.35
ludcmp 1.11 1.09 1.04 1.04 1.15 1.02 1.04 1.04
trisolv 0.86 0.81 1.26 1.00 1.53 0.72 0.86 0.83
deriche 0.98 1.04 0.95 1.01 0.99 0.93 0.98 1.01
floyd-warshall 0.66 0.68 0.29 1.00 0.78 0.56 0.67 0.68
nussinov 1.02 2.22 0.79 1.00 1.87 1.59 1.00 2.09
fdtd-2d 1.28 2.00 0.93 1.15 2.79 1.76 0 0
heat-3d 0.99 0.95 0.00 1.06 1.62 1.09 0 0
jacobi-2d 1.14 1.61 0.00 1.01 2.24 1.51 0 0
seidel-2d 1.04 1.92 0.00 0.99 2.38 1.44 1.06 1.81

on Raspberry Pi 3B which has 4 cores works quite good and all CPUs share computational tasks
in that cases.

As it follows from the figure, quite often it’s possible to obtain an energy efficient coefficient
more than 1. It means that optimized software requires less energy to compute the same
algorithm. On other hand there are several algorithms which didn’t receive any reducing of
total required energy. For example, Floyd-Warshall algorithm which is an algorithm for finding
the shortest path between all pairs of vertices in a weighted graph, didn’t get better energy
efficiency in any applied optimization method.
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5. Conclusion
If to review the obtained results it should be concluded that optimization methods provide
better energy efficiency in most cases. Usually, it’s provided by significant speed up of execution
time with slightly increased power consumption. Together these results produce better energy
efficiency of computing. In some particular cases test program didn’t react on optimization
methods and in such cases energy efficiency was the same or even worse.

Big difference of energy efficiency on the different tests and different optimization methods
shows that in any particular case optimization method should be chosen carefully. Several
experiments should be done with different optimization methods. Also measurement for original
non-optimized software should be done. If there is no speed up of execution time for several
tiling methods, then no tiling methods will boost it. Another optimization method should be
chosen.

The authors also performed such experiments on other hardware platforms with tiling
methods. In common, CPU has bigger cache – bigger speed up of execution can be obtained.

To summarize all the tests, it’s necessary to highlight that optimization of software can really
improve energy efficiency of computing by reducing of CMOS circuit switches. It improves
program locality and this reduces dynamic and thus total power dissipation.

ORCID iDs
O A Chemerys https://orcid.org/0000-0002-8134-5152
S V Sushko https://orcid.org/0000-0001-5107-5115

References
[1] Fornaciari W, Gubian P, Sciuto D and Silvano C 1998 IEEE Transactions on Very Large Scale Integration

(VLSI) Systems 6(2) 266–275 URL https://doi.org/10.1109/92.678887
[2] Andrae A S G and Edler T 2015 Challenges 6(1) 117–157 ISSN 2078-1547 URL https://doi.org/10.3390/

challe6010117
[3] Ciancarini P, Ergasheva S, Kholmatova Z, Kruglov A, Succi G, Vasquez X and Zuev E 2020 Electronics 9(10)

1678 ISSN 2079-9292 URL https://doi.org/10.3390/electronics9101678
[4] Gupta P K and Singh G 2012 International Journal of Information Technology and Computer Science

(IJITCS) 4(10) 57–66 URL https://doi.org/10.5815/ijitcs.2012.10.07
[5] Szydlowski R F and Chvála, Jr W D 1994 Energy consumption of personal computer workstations Tech.

Rep. PNL-9061 Pacific Northwest National Lab. (PNNL) URL https://doi.org/10.2172/10134947
[6] Hassan H H M, Moussa A S and Farag I 2017 International Journal of Advanced Computer Science and

Applications 8(12) URL https://doi.org/10.14569/IJACSA.2017.081217
[7] Ellis C S 2007 Controlling Energy Demands in Mobile Computing Systems Synthesis Lectures on

Mobile & Pervasive Computing (San Rafael: Morgan & Claypool) URL https://doi.org/10.1007/
978-3-031-02475-7

[8] Glökler T and Meyr H 2004 Design of Energy-Efficient Application Specific Instruction Set Processors
(Dordrecht: Kluwer Academic Publishers) URL https://doi.org/10.1007/b105292

[9] Havinga P J M and Smit G J M 1997 Low Power system Design techniques for mobile computers (CTIT
Technical Report Series no 97-32) (Netherlands: Centre for Telematics and Information Technology
(CTIT)) URL https://ris.utwente.nl/ws/portalfiles/portal/47275318/energy.design_havinga.
pdf

[10] Roy K and Prasad S C 2000 Low-Power CMOS VLSI Circuit Design (Wiley India) ISBN 9788126520237
[11] Feautrier P and Lengauer C 2011 Polyhedron Model Encyclopedia of Parallel Computing ed Padua D

(Boston, MA: Springer US) pp 1581–1592 ISBN 978-0-387-09766-4 URL https://doi.org/10.1007/
978-0-387-09766-4_502

[12] Clauss P and Loechner V 1996 Parametric analysis of polyhedral iteration spaces Proceedings of International
Conference on Application Specific Systems, Architectures and Processors: ASAP ’96 pp 415–424 URL
https://doi.org/10.1109/ASAP.1996.542833

[13] Bondhugula U, Hartono A, Ramanujam J and Sadayappan P 2008 SIGPLAN Not. 43(6) 101–113 ISSN
0362-1340 URL https://doi.org/10.1145/1379022.1375595

[14] Pouchet L N 2016 PolyBench/C: the Polyhedral Benchmark suite URL https://www.cs.colostate.edu/
~pouchet/software/polybench/

https://orcid.org/0000-0002-8134-5152
https://orcid.org/0000-0001-5107-5115
https://doi.org/10.1109/92.678887
https://doi.org/10.3390/challe6010117
https://doi.org/10.3390/challe6010117
https://doi.org/10.3390/electronics9101678
https://doi.org/10.5815/ijitcs.2012.10.07
https://doi.org/10.2172/10134947
https://doi.org/10.14569/IJACSA.2017.081217
https://doi.org/10.1007/978-3-031-02475-7
https://doi.org/10.1007/978-3-031-02475-7
https://doi.org/10.1007/b105292
https://ris.utwente.nl/ws/portalfiles/portal/47275318/energy.design_havinga.pdf
https://ris.utwente.nl/ws/portalfiles/portal/47275318/energy.design_havinga.pdf
https://doi.org/10.1007/978-0-387-09766-4_502
https://doi.org/10.1007/978-0-387-09766-4_502
https://doi.org/10.1109/ASAP.1996.542833
https://doi.org/10.1145/1379022.1375595
https://www.cs.colostate.edu/~pouchet/software/polybench/
https://www.cs.colostate.edu/~pouchet/software/polybench/


IOP Conference Series: Earth and Environmental Science

PAPER • OPEN ACCESS

Analysis of the dynamics of the development of alternative energy plants
in terms of their connection to the power transmission networks
To cite this article: Ya P Lukashevych 2023 IOP Conf. Ser.: Earth Environ. Sci. 1254 012038

 

View the article online for updates and enhancements.

This content was downloaded by semerikov from IP address 193.151.14.31 on 30/10/2023 at 13:33

https://doi.org/10.1088/1755-1315/1254/1/012038
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvm7nACo-u-FtlbTeGYKerYSgPZtZlVeLkAKQAx5h3Dvw_lBi2VkN3_VHRmuhvVB_sW-dgGYqsQsPVdRhwokWM15nliVX3iu28TfIxF2ujLHyNcGWSr44Msx4_NnkOVOFJG0ZbG7C4qvtTlq1f-G9u6TorPXbp0vsM_2ftz3bd0FDc9gd4Y7ho_k6v8r2f02tWzHgpKbf2b9M0HaBukeADXSJt3qtE5VfDeMWp3ATGL8OodnV1ZWRfbEEqcX14JKvWNph_uMietXfrQkQNYTvxwdPrDHQNuEmN5zCTL1tVcLrPTXEPS&sai=AMfl-YR207aPq9jZLJqSK809hTSKUDypg9YGPtrXrBoaOZGmtOL1BAqKKrvZ9pBgX8RisS74CnRk1uEQq2Kl5x8&sig=Cg0ArKJSzDdsTauD0GSg&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/245/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DJournals%26utm_campaign%3D245Abstract%26utm_id%3D245


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012038

IOP Publishing
doi:10.1088/1755-1315/1254/1/012038

1

Analysis of the dynamics of the development of
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G.E. Pukhov Institute for Modelling in Energy Engineering of the NAS of Ukraine, 15 General
Naumov Str., Kyiv, 03164, Ukraine

E-mail: yana.lukashevych@gmail.com

Abstract. In this article, the author presents an original approach to analyzing the dynamics
of power plants’ development with renewable energy sources. This approach is based on the
characteristics of their connection to (high-voltage or distribution) power transmission networks
during both the pre-war and post-war periods. The article describes the impact of military
aggression on the current status of power generation from alternative energy sources. The article
not only suggests the main directions of post-war reconstruction but also defines approaches to
developing regulatory mechanisms to promote the growth of renewable energy at the regional
power system level of the United Energy System of Ukraine.

1. Introduction
Economy, energy, and ecology are areas that play a significant role in society. Energy is of
great importance because it influences both the development of the economy and ecology. It
determines, to a great extent, the economic potential of the state, the well-being of its population,
and also has the most significant impact on the environment (all environmental problems directly
or indirectly related to the production or use of energy).

In recent years, both in Ukraine and worldwide, there has been steady development of
small or low-capacity power plants using renewable energy sources (RES), which gradually
replace traditional methods of generation. According to data from the State Agency for Energy
Efficiency and Energy Saving of Ukraine [1], the installed capacity of power generators from
alternative energy sources increased by 9.5 from 2014 to 2021, as shown in figure 1.

However, after Russia’s full-scale invasion, Ukraine’s energy industry has faced difficult times.
Some of the generation facilities and energy infrastructures have been damaged, destroyed, or
are located in the occupied territories, including renewable energy generation facilities. After
the war, the energy industry needs to be restored and significantly expanded. Therefore, it is
crucial to find approaches and methods to support and develop RES producers in the war and
post-war period.

There has been a hectic discussion in various professional circles about decentralizing
the power system [2] in the context of post-war reconstruction reflections. The concept of
decentralization includes measures to ensure reliable power supply to critical infrastructure
objects, houses, etc. in case of damage to important objects of the power system.
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Figure 1. Installed capacity of renewable energy sources for 2014-2021 [1].

Distributed power generation is defined as an energy production and transmission system
that involves a large number of consumers who, at the same time, are producers of electricity
and heat for their own needs. They have the ability to transfer excess energy produced to
the general power grid. According to the Law of Ukraine “On Electricity Market”distributed
generation is defined as “a power plant with an installed capacity of 20 MW or less, connected
to the electrical energy distribution system” [3].

To conduct research on the development of distributed generation in Ukraine and introduce
new approaches and methods of supporting renewable energy in the war and post-war periods,
it is essential to have data on the current state of renewable generation, as well as information
on the capacities of RES facilities that are connected to the distribution network.

There are a number of scientific publications and information resources that analysed the
dynamics of the development of alternative energy in Ukraine and the world. For example,
the energy development strategy of Ukraine is reviewed in [4], the analysis of prospects for the
development of renewable energy in Ukraine, the influence of military actions on the state of the
industry, ways of development of RES in the post-war period, etc. are reflected in studies [5–11].
Also the analysis of using of renewable energy sources on the development of energy systems,
using of “smart technologies”for renewable energy are shown in research [12–18]. However, none
of them studies the state of alternative energy in terms of data on the connection of RES facilities
to power transmission networks.

At the same time, in the research of Lukashevych and Evdokimov [19] describes the
information system for monitoring the state and dynamics of development of RES power plants,
its characteristics and structure. Besides, the described information system contains already
formed and implemented in Excel data fields about RES objects of Ukraine, which should be
used for the analysis of previous experience in development of power generation, its current state
and formation of proposals for directions of post-war reconstruction.

The aim of the research is to analyze the dynamics of the development of alternative energy
facilities in terms of their connection to power transmission networks.

The tasks of the study are:

• to determine the distribution structure of RES in terms of connection to the power grid in
the pre-war period;

• to describe the impact of military aggression on the state of alternative power generation;
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• to identify the approaches and methods of support and development of RES producers in
the wartime and postwar periods.

2. Analysis of alternative generation in terms of connection to power transmission
networks by 2022
The research [19] contains information about main RES facilities (name, address, type of source,
amount of installed capacity of the facility), including data on the type of power transmission
network to which the stations are connected – high-voltage or distribution. The data on
the connection of individual renewable energy generation plants to the distribution or high-
voltage comes from the analysis of all PPA contracts (Power Purchasing Agreements – long-term
contracts for the purchase of electricity from renewable energy sources) signed by alternative
energy producers with the state-owned company Guaranteed Buyer (SE “Guaranteed Buyer”)
from 2019 to 2022. However, the system does not yet include information on alternative
generation facilities of households that have signed power purchase and sale agreements with
universal service providers (USPs).

Based on the available information, we can perform an analysis of the dynamics of
development of alternative energy facilities in terms of their connection to the high-voltage
or distribution power transmission networks. The calculations were performed for operating
plants (for power generation) that have a “green” tariff, without taking into account households
that sell electricity to the USP.

Figure 2 shows the dynamics of the development of renewable energy producers for the period
from 2019 to July 2022.

Figure 2. Distribution of installed capacities of operating alternative generation stations in
terms of connection to power transmission networks for 2019-2022, MW.

The installed capacity of operating renewable energy production facilities increased from 4896
MW in 2019 to 8072 MW in 2021. However, due to military aggression in July 2022, only 6828
MW of operating capacity of alternative generation facilities remained in the unified energy
system of Ukraine.

Also figure 2 illustrates the changing structure of RES producers in terms of their connection
networks, with capacity connected to high-voltage networks increasing from 678 MW in 2019 to
1068 MW in 2021, and decreasing to 660 MW in July 2022. Correspondingly, capacity connected
to distributed generation increased from 4261 MW in 2019 to 7005 MW in 2021, and decreased
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to 6168 MW in 2022. Thus, there is a trend towards the predominant connection of alternative
generation plants to distribution grids, likely due to the low installed capacity of RES producers
(with 98% of the total number of RES plants having an installed capacity of less than 50 MW)
and the relative simplicity and cost-effectiveness of connecting to the distribution grid compared
to the high-voltage grid.

Additionally, figure 2 shows that alternative generation peaked in 2021.
The distribution of installed capacities of operating alternative generation stations in 2021 is

presented in figure 3.

Figure 3. Distribution of installed capacities of operating alternative generation stations by
sources of alternative energy and connection to power transmission networks in 2021, MW.

In 2021, 77% of total power generation came from solar power plants (SPP), 19% from wind
power plants (WPP), and 4% from other power plants (small or micro hydropower plants; power
plants using energy from biomass, gas from organic waste, sewage gas: biogas, etc.). 1068 MW
or 13% of all alternative generation capacities were connected to the high-voltage grids, including
408 MW of wind power plants and 660 MW solar power plants. RES plants connected to the
high-voltage networks were located in the Dnipro, Lviv, Mykolaiv, Kherson, and Khmelnytskyi
regions, as shown in figure 4.

5532 MW of solar power plants, 1123 MW of wind power plants and 350 MW of plants
generating electricity from other sources were connected to the distribution grid. These plants
are distributed throughout the territory of Ukraine, taking into account the geographical and
climatic conditions of the regions, as shown in figure 5.
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Figure 4. Distribution of installed capacities of operating stations of alternative generation
connected to high-voltage networks in 2021.

Thus, the development of solar energy can be observed practically on the entire territory of
Ukraine, with the predominance of central and southern regions, wind power generation mainly
in the south, small or low-power hydroelectric plants along riverbeds in the northwestern, central
and eastern regions, and power plants using energy from biomass or biogas throughout the
country. Separately, it is worth noting the relatively low development of RES in the northern
and eastern regions of Ukraine.

In general, in 2021, the share of electricity generated from RES in Ukraine’s energy balance
was 12.8 TWh or 8%, of which 56% was generated by solar radiation, 33% by wind energy,
almost 8% by biomass and biogas combustion, and 3% by small hydropower [20].

3. Analysis of the impact of military operations on alternative sources producers
In 2022, as a result of the military invasion, some of the alternative generation facilities were
destroyed, damaged, or landed in occupied territories. Thus, the vast majority of renewable
energy facilities currently installed in the country are located in the southern and southeastern
regions of Ukraine, where active combat operations have being taken place in the last six months.
According to various expert estimates, as of August 2022, 30-40% of RES in these regions has
already been affected in one way or another [20].

For example, according to the Ukrainian Wind Energy Association, more than three-quarters
of Ukraine’s wind energy capacity has been shut down since the war began, and five wind turbines
in the Kherson region installed at the wind farms in Myrne, Siva, and Novotroitsky have been
destroyed now. Due to the damage of 330 kW of power transmission lines in Melitopol, almost
600 MW of wind power capacities in Zaporizhzhya region are also out of service. More than 1
MW of bioenergy capacity in Chernihiv was damaged, while bioenergy plants with total capacity
of 2 MW are located in occupied areas of Donetsk region, namely in Volnovakha and Mariupol.
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Figure 5. Distribution of installed capacities of operating alternative generation stations
connected to distribution networks in 2021.

Fortunately, the small hydroelectric power plants, located mainly in the western regions of
Ukraine, were not affected by the hostilities and continue to supply electricity [20].

As shown in figure 6, as of July 2022, 6828 MW of operating stations were connected to
the United Energy System of Ukraine, of which 88% were SPPs, 7% were WPPs, and 5%
were energy stations generating electricity from other sources. 660 MW of solar power plants
in Dnipro, Lviv, Mykolaiv, and Khmelnytsky regions remained connected to the high-voltage
network, which makes up 10% of all capacities of RES producers. The structure of stations
connected to distribution networks is as follows: 5358 MW – SPPs, 476 MW – WPPs, and 334
MW – others.

Overall, wind and solar power generation has declined by more than half from pre-war levels.
The following factors may serve as explanations: first, the destruction of power generation as a
result of direct hostilities; second, the increasing problems related to the destruction of demand
and the high inflexibility of power generation, especially solar power generation, considering
that the cumulative capacity of solar power generation has currently exceeded 6 GW; and third,
problems related to damage to energy infrastructure – networks, substations, etc. – will increase.

At the same time, the financial crisis in the RES market is deepening and the percentage
of payment under the “green”tariff is decreasing. According to SE “Guaranteed Buyer” – as
of December 26th, 2022 – the overall level of settlements with RES producers for the supplied
electricity in 2021 was 99%, while in 2022 this indicator is 53.5% [21].

4. The directions of the post-war reconstruction of the RES producers
Renewable energy is one of the components of Ukraine’s energy independence. Their potential
can be used to create new jobs, boost the economic activity of regions, and renew outdated
main production facilities in the power industry. Currently, the only mechanism to promote
the development of RES in Ukraine is the “green”tariff – a special tariff for the purchase of
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Figure 6. Distribution of installed capacities of operating alternative generation stations by
sources of alternative energy and connection to power transmission networks in July 2022, MW.

electricity from RES. The implementation of this mechanism is carried out by SE “Guaranteed
Buyer”, which is obliged to purchase all electric energy from RES generators at a special tariff
on the basis of the Law on the Electric Energy Market [3] adopted in 2017. Since March 2022, a
number of legislative changes were introduced, which significantly changed the “green”tariff (in
particular, the peg to the euro was removed), the conditions and the mechanism of payments
were changed as well. As mentioned above, the state’s debt to producers under the “green”tariff
increased significantly due to the military actions. Therefore, the question arises whether the
state will be able to support such a mechanism in the future. Therefore, it is extremely important
and urgent to find new mechanisms and ways to develop RES producers.

According to the Ten-Year Plan for Reconstruction of Ukraine [22], published by the National
Council for Reconstruction of Ukraine after the consequences of war and presented for the first
time at the URC 2022 (Ukraine Recovery Conference) on July 4-5, 2022 in Lugano, Switzerland,
the main directions of development of the Ukrainian energy industry are defined as follows:

• Integration with the energy systems of EU countries;
• Decarbonization;
• Optimization of the energy mix and balancing of the energy system;
• Increase of energy efficiency.

In particular, the Plan presents the project of the National Program “Energy Independence
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and Green Course” [23], which includes points such as the construction of an additional 30 GW
of RES and batteries, the construction of smart grids.

As the research shows, 90% of the capacities of producers from alternative sources are
connected to distribution networks. Therefore, the development of renewable energy is one
of the important points on the way to a decentralized energy system. Also, the government
proposes to provide “mini power plants and small generation facilities that will be integrated
into the existing power grid” [24]. In particular, the development of distributed generation will
provide energy independence and an increase in the security of energy supply to the communities
of Ukraine.

Another step towards the development of distributed generation and the development of RES
is the introduction of virtual power plants. A virtual power plant is a high-tech system that
combines electricity from several producers and consumers at once. Producers in this case can
be distributed generation facilities. Consumers are electricity consumers who have refrigeration
units, air conditioners, drainage pumps, crushing units, etc. It should be noted that such objects
of consumers and producers must be flexible in the production or consumption of electricity.
The virtual power plant does not intervene directly in the production process. It regulates
facilities that provide support to the power system when the balance between production and
consumption is disturbed.

In addition, the concept of creating a cellular energy network (CEN) is being considered for
territorial associations [25]. CEN is a set of energy generation and storage centers connected to
each other and to consumption centers in a given area.

Considering the experience of the development of RES, i.e., the spread of such facilities
throughout the territory of Ukraine, it is reasonable to take into account the available data when
studying the above approaches to the development of the national power industry. At the same
time, the implementation of these ideas can be one of the methods of support and development
of RES producers. Therefore, the approaches of decentralization of the power supply system
or creation of a power supply system are promising for solving some consequences of military
aggression on the territory of Ukraine and require further research.

5. Conclusions
The analysis of the dynamics of renewable energy development in Ukraine in recent years was
carried out, taking into account the specifics of connecting plants to high-voltage or distribution
networks. Also, the research shows the distribution of the capacities of RES facilities in the
regions of Ukraine.

As a result of Russia’s armed aggression, the power industry of Ukraine in general, and more
than 1000 MW of RES capacity in particular, need restoration. At the same time, the existing
methods of supporting RES producers are insufficient. Renewable energy needs new mechanisms
and methods of development of the industry.

One direction for the evolution of the domestic power industry is the development of a
decentralized energy system to provide energy independence and security for the citizens of
Ukraine. The results of research show that about 90% of generation capacities are connected to
distribution networks and only 10% to high-voltage networks. Accordingly, renewable energy is
an important part of the distribution network.

Therefore, the issues of supporting alternative generation and the development of distributed
generation are interrelated, mutually complementary, relevant, and require further research.
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Abstract. The relentless penetration of information and communication systems into all
spheres of life and the widespread use of digital technologies has been called “digital
transformation”. Different systems demonstrate a different ability to effectively resist risks of any
origin and nature, adapt to changes in the environment, maintain rapid recovery and return to
maximally stable functioning. Such properties are generally called resilience. If these properties
are acquired or enhanced through the use, application and development of digital technologies,
we call them digital resilience. To analyze digital resilience, it is suggested to consider digital
subscribers, digital needs, digital tools and their dependencies. Practical examples of such
dependencies are given, which are formed under the influence of systematic missile attacks of
the aggressor on the power energy system of Ukraine. The foundation was laid for a combined
digital resilience assessment methodology that includes a metric approach and the theory of
topological spaces.

1. Introduction
A society is being transformed to help individuals and communities use knowledge and ideas
that help people realize their potential and realize their aspirations [1]. Digital transformation is
a characteristic feature of a digital society whose economy is based on information technologies.
The semantic field of digital transformation includes such concepts as the digital economy, digital
skills, digital rights, e-government, digital innovations and much more. The digital component of
existence acquires significant value and becomes an object of attack. The one’s ability to resist a
direct or indirect impact on the digital component of their being is known as “digital resilience”.
By the ability to resist, we mean the dynamic property of the individual or a system, which is
embedded in its organization (functional scheme) and which serves as the basis for the ability
to overcome negative impacts arising from risks, as shown on figure 1 and well-explained in [2].
Digital resilience characterizes how successfully and constructively one overcomes challenges of
any origin and nature, adapts to changes in the environment, maintains stable functioning,
quickly recovers to the desired balance and evolves after crisis situations based on the use,
application and development of digital technologies. Digital resilience can be a property of an
individuals, communities, businesses, society, the state as a whole. It is subject to analysis,
measurement and improvement. In [3] authors describe the role of digital social support, digital
health, and digital identities in the process of adjusting to a new reality for refugees.

Thus, much attention is spent to the resilience of cyber systems. For example, in [4]
authors describe resilience metrics which link national policy goals to specific system measures,
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Figure 1. Stages of resilience according to National Academy of Sciences proposal.

such that resource allocation decisions. Being cyber-physical systems, power energy grids
have mutual dependencies of their resilience and resilience of both electronic communications
and information systems. Clark and Zonouz [5] are noted that resilience of is based on the
assumption that a sophisticated intrusion may succeed to evade the deployed protection and
runtime detection mechanisms and impact the underlying system services and assets excepting
the core functionalities. Based on power systems case study, authors formulate cyber defense
policies that ensure the resilience conditions are satisfied.

The experience of Ukraine is extremely valuable for the study of digital resilience. Ukraine
is a state that was among the leaders of digital transformation before the large-scale Russian
invasion. Unprecedented missile attacks on the main facilities of the power industry lead to
massive emergency power outages, which are controlled by the enormous efforts of power network
operators. Businesses, telecommunications operators and the general population are trying to
adapt to the continuously declining level of electricity supply.

Currently, Ukraine is in transition: instead of scheduled power outages for several hours a
day, scheduled inclusions for several hours a day are introduced. In December, 2022 multi-
day outages took place. Each business and each household must constantly review their survival
options during the growing impact of this negative factor, which directly brings us to the need for
resilience analysis. In our opinion, science should contribute to the development of mechanisms
for absorption of negative impact, adaptation to the new state and evolution of information and
communication systems. This requires the collection, analysis, and systematization of existing
experience (especially sectoral) in order to reduce the number of trials and errors in the future
when creating resilient information and communication systems in conditions of limitations and
uncertainties.

2. Research aim and methodology
To develop methods of increasing the resilience of information and communication systems to
threats related to the electric power industry, the following tasks must be solved:

• investigate the most sensitive digital needs of digital subscribers;
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• analyze the cyber threats that large-scale power outages pose and how they affect digital
needs;

• analyze network architectures, types of electronic communications, data transmission
systems, topologies, and determine which combinations can increase the resilience of
information and communication systems (ICS) involved in providing the most sensitive
information needs of the population and business.

As a result of the analysis, sets of digital subscribers – DS, digital needs – DN, and digital
means (or digital tools) – DT will be obtained as depicted on Figure 2. These three sets will
form a variety of tuples of three elements each (ds ∈ DS, dn ∈ DN, dt ∈ DT ), as well as from
two elements based on existing and available combinations:

(i) digital subscriber and one’s needs: (ds ∈ DS, (dn1, dn2, dn3, ..., dnn) ∈ DN);
(ii) digital subscriber and available digital means(ds ∈ DS, (dt1, dt2, dt3, ..., dtn) ∈ DT );
(iii) digital needs and acceptable digital means for obtaining them (dn ∈ DN, (dt1, dt2, dt3, ..., dtn) ∈

DT );
(iv) digital means and subscribers that can use them (dt ∈ DT, (ds1, ds2, ds3, ..., dsn) ∈ DS);

and this list is not final.

Figure 2. Overlapping sets create tuples: 1 – digital subscriber and one’s digital needs; 2 –
digital subscriber and available digital means; 3 – digital needs and acceptable digital means for
obtaining them.
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Let there exist a set D such that ∀ds ∈ D, ∀dn ∈ D, and ∀dt ∈ D. Let there exist a system
of elements of this set T, which includes all possible combinations of these elements, unions and
intersections of these sets: ∃T : ∅,D ∈ T;∀D′,D′′ ∈ T : D′ ∪D′′ ∈ T;D′ ∩D′′ ∈ T.

Then T corresponds to the definition of topology on the set D , and a couple (T,D)
corresponds to the definition of topological space. Individual elements of the topology represent
network structures [6], that can be researched using graph theory, complex network theory, and
topological space theory to develop models and methods for enhancing digital resilience.

Let’s look inside of those structures. For the operation of an ordinary business, for example,
a chain of retail stores, the local ICS of each store, the ICS of the head office, usually the ICS of
the operator of the datacenter where ERP system resides, and several more ICSs belonging to
the operators of electronic communications may be involved (modern data transmission systems
are mostly convergent [7], and therefore have their own information communication systems).
The functioning of the mass media (including broadcasting systems), state information services
for the society, transport, healthcare, education are connected with ICS. It is also important to
realize the main role of ICS in personal communication and the possibility of being in touch.
First of all it’s about global software platforms of instant messengers and social networks. These
examples testify to the existence of an open set of cyber-social systems, the functioning of which
is a component of the resilience of the entire society.

In the vast majority of cyber-social systems, the user gets access to digital services via
the Internet. Therefore, sufficient connectivity and bandwidth of the global network is the
most important factor in the stability of ICS, and therefore in digital resilience. Thus, the
availability of Internet access is the most important factor of information security, which affects
the availability of information.

3. Examining examples of dependencies between power grid and digital resilience
The Ukrainian power energy industry is unique in Europe due to the presence of a large transport
system with nodes whose capacity reaches 3 GVA, as well as unique 750 KV transformers which
are custom design equipment. However, these main nodes are the easiest prey to the enemy due
to missile terror (figure 3).

Massive Russian terrorist missile attacks on Ukraine’s electricity industry lead to massive
blackouts that are difficult for power grid operators to control. One of the major missile attacks
led to a blackout of the country’s entire power grid for 12 hours [9]. Degradation of electricity
supply goes through several stages. At the end of November 2022, instead of planned power
outages (for several hours per day), planned power-ups for several hours per day were introduced,
as shown on figure 4. By weekdays in rows, we can see darkest cells representing planned outages,
gray ones show possible outages in case of overloads in the energy system, and pairs of bright
cells mark hours of guaranteed provision of power. In fact, the schedule is rarely followed.

Russia widely uses a variety of munitions: from cheap Iranian barrage munitions (Shahed 136
drones) to complex hypersonic missiles of great destructive power. Despite the huge successes
of the air defense of Ukraine, during each massive enemy strike, several munitions reach the
target, causing new destruction to the energy system [10]. In the future, new missile attacks
and regular multi-day outages are expected. This is a real test for the modern digital society
based on information technologies and electronic communications.

Figure 5 shows a generalized individual-centric digital chain that connects a digital actor
with a set of digital needs using a set of digital means. As we can see, the key element of
digital resilience is the means of electronic communications (dt set). The initial element of
digital resilience is the digital subscriber (dt set) – consumer of digital services. This is either
an individual or a legal entity, the needs of which vary, and the availability of tools for them is
also slightly different.

The risks associated with the lack of electricity power affect all elements without exception,
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Figure 3. Power autotransformer destroyed by missile strike in Rivne region [8].

but not to the same extent. Let’s consider what lessons Ukraine learned during the last few
months of 2022.

3.1. Problems on the subscriber’s side
The main component that an individual needs to meet digital needs is the electrical power
supply of one’s office or home or other place where private information communication systems
reside. The majority of Ukrainians live in apartment buildings, they have no redundant power
supplement systems or local generation facilities. To cover multi-hour power outages, private
individuals and small offices massively purchase or construct uninterruptible power supplies
(UPS). Typical UPS models for home or small office not designed for long-term autonomous
operation. Their batteries designed to provide electric current for a maximum of tens of minutes.
The use of non-standard batteries of large capacity leads to overheating the UPS both during
long-term autonomous operation and during charging of such enormous batteries. Ignoring this
danger could result in battery explosion and fire.

The use of systems based on car batteries has also gained popularity. Car starter batteries
proved to be ineffective as a source of long-term supply of electric current. This is related to
the chemical properties of acid batteries. They are prone to sulfation during deep discharge, so
they can relatively reliably deliver only 0.3 part of their nominal capacity. In addition, their
presence and use indoors causes additional safety problems due to the evaporation of harmful
substances from the battery [11].
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Figure 4. The real-life schedule of planned and emergency power outages for average district of
the Kyiv city introduced by power distribution company DTEK (https://dtek-kem.com.ua).

Figure 5. Generalized “digital chain” from digital actor to digital needs.

The use of specialized low-power UPS for individual devices, primarily for home wireless
routers, has become popular. This makes sense if the local Internet provider has ensured the
operation of its network during continuous power outages. The issue of Internet providers will

https://dtek-kem.com.ua
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be discussed below. In terms of human safety, this is a very attractive solution. But it turned
out that in the mode of long-term power outages, accelerated degradation of batteries of all
main types occurs.

Attempts to use alternative generation (primarily solar generation) cause many purely
technological difficulties. Residents of individual apartments who are able to place solar panels
on the outside and face south can count on partial success. But Russians began their missile
terror against critical civil infrastructure in mid-autumn, when the duration of daylight shortens
and cloudy days increase. Therefore, the effectiveness of the panels until spring will be very low,
even for the lucky ones. Solar panels should be centrally located on the roofs of high-rise
buildings. It is clear that such a solution requires large project works at the level of the entire
building, not a separate apartment.

The use of generators based on gasoline or diesel engines requires major decisions at the
level of entire buildings. There are strict sanitary and fire regulations for the installation and
operation of such generators. In addition, there is a significant problem of legal storage of fuel
stocks, since in Ukraine this type of activity requires obtaining a license.

The use of mobile Internet by end users is the most popular. There are two main factors. First
is that mobile Internet access in Ukraine is cheap comparing to Europe. Besides, after declaration
of martial law mobile operators opened a free roaming between their networks. Second factor
is that end mobile devices (4G modems, smartphones, tablets, laptops, POS terminals) have
their own batteries, which can be additionally recharged from pocket power banks. However the
operators’ networks are affected by problems which will be described below.

3.2. Problems of the access to digital needs
Problems of the access to digital needs are mostly related to problems of architecture and
topology of local Internet access provider networks. Let’s review a few most common ones.

Ethernet – the main technology for Internet access in high-rise buildings. UTP cable and fiber
optics are used. A typical network is divided into 2 or 3 layers – core, distribution and access.
While the core layer equipment is always located in places with redundant power supplement,
the equipment of other layers is closer to subscribers and much more suffers power outages.
These are Ethernet switches serving the connection for several apartments (typically from 16
to 48). An attempt to provide them with large-capacity batteries ran into problems of rapid
degradation of batteries due to long power outages and insufficient charge as a result. The use of
the most modern type of LiFePo4 batteries with charge controllers of the appropriate power has
not yet been widely introduced due to the high cost of these devices and insufficient saturation
of market [12].

DOCSIS – another “last mile access” technology widely used in Ukrainian cities. DOCSIS
is based on the use of coaxial cable (HFC), which used to branch out the terrestrial television
signal. The architecture is shown in figure 6 and provides for the presence of a cable management
telecommunication system (CMTS) per group of subscribers, as well as repeaters (amplifiers).
All these devices require power supply. According to the reviews of users of the operator Volia
Cable in Kyiv, this operator does not have any particular advantages in network stability in
time of continuous power outages.

ADSL is a technology based on the use of a physical landline telephone network (plain old
telephone service). This is a legacy technology for Ukraine, which, however, is still widespread
in the developed countries of Europe [13]. Its attractiveness is that the network uses rather long
last miles (up to several kilometers) without repeaters, and the operator’s equipment is located
next to the PSTN (telephone stations), which is always a priority consumer in the power grid
and is provided with backup power as critical infrastructure. The main disadvantage of ADSL
is the limited speed (usually up to 3 Mbps upstream, and 8 to 20 Mbps downstream). Many
Ukrainian Internet users would prefer to return to this technology due to the inability of other
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Figure 6. DOCSIS topology requires CMTS at provider’s site and amplifiers at customers’
buildings to be supported by uninterruptible power supplies.

providers to support networks. But it turned out that in the course of the gradual degradation
of landline telephone communication, the infrastructure of copper cables is often broken and
destroyed.

Passive optical networks, known as PON, is a widely known and efficient optical network
architecture. Its main advantage is coverage of the widest range of subscribers using the
minimum number of ports on the operator’s side. This achieved by using totally passive devices
called optical splitters for creating mixed tree topology, as shown on figure 7. So only optical
line units (OLT) at provider’s side and optical network terminals (ONT) at subscriber’s side
require power supply.

The problem with PON is that it is a relatively new technology. It is widely used to build new
broadband Internet access networks, while the main urban networks are result of merges and
acquisitions of small networks of past and keep growing on old technologies. At the moment, old
networks are already physically interfering with the laying of new communications. The process
of abandoning Ethernet and DOCSIS will obviously continue for many years.

Mobile (cellular) networks also suffer from power outages. 3G and 4G technologies require
a high density of base stations from operators. Their location mostly does not provide for
the possibility of using backup generators, and their power excludes the possibility of long-
term operation from batteries. In the city of Kyiv, operator networks can be overloaded
during power outages, especially in uptowns and suburbs, where the density of base stations
is lower. According to the adopted decisions, the mobile operators consider the provision of
voice communication as a priority service. Other services may degrade to the level of 20 percent
of the nominal [15].

A review of access technologies would be incomplete without satellite systems. The use of a
fixed or mobile satellite Internet system is also gaining popularity. Several satellite operators do
their business in Ukraine. But above all, the leader is Starlink. The supply of Starlink terminals
takes place under several international programs at the expense of the state budget of Ukraine,
international partners and sponsors. In addition, a significant number of Starlink terminals were
purchased by private consumers [16]. The advantages of such a solution are independence from
local networks and operators, relative connection reliability and bandwidth which fully meets
the needs of a private user or, with some restrictions, a group of consumers. The disadvantages
are that in cities with high-rise buildings, users have a problem with the location of antennas
(figure 8) and their power supply at the level of a particular residence. Solving problems requires
centralized solutions, but Starlink terminals have proprietary limitations that require significant
costs to obtain the possibility of collective use of the station for the benefit of several consumers
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Figure 7. In Passive Optical Network topology passive optical splitters (S) are widely used.
Optical line units (OLT) at provider’s side and optical network terminals (ONT) at subscriber’s
side require power supply [14],

Figure 8. Examples of antenna installation of Starlink stations in cities of Ukraine (photo by
https://highload.today).

(several apartments or offices).
Also worth noting that Ukraine has widely announced the deployment of so-called

“Invincibility points”, designed to provide heating, hot drinks, electricity for charging private
devices and, in some places, Internet access. The following structural elements are necessary for
the successful functioning of “Invincibility point”:

https://highload.today
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• professional electric generator capable of working continuously for a long time (which is not
provided by widespread household gasoline generators). Its output power capacity must
correspond to the expected electricity consumption;

• structured cable system for the possibility of safely connecting several dozen devices
with lithium batteries. For instance, the charge of a modern laptop consumes up to
65W, connecting 50-100 laptops requires a serious attitude to the cable system and load
calculation;

• reliable Internet access, taking into account the features of operator technologies, which
were observed above;

• professional equipment for building a Wi-Fi network capable of serving dozens and hundreds
of devices at the same time (home Wi-Fi routers and access points are not suitable for this).

The practical experience of the city of Kyiv is that the premises of catering establishments,
schools, etc. receive the status of “Invincibility points”. Figure 9 demonstrates this. Each
institution independently solves the problems of heating, energy, sanitary requirements, access
to the Internet. “Invincibility points” are effective from the point of view of digital resilience,
but their impact cannot be called significant.

Figure 9. Map of Invincibility points in random Kyiv uptown district with population 45..60
thousand residents. Blue signs point to local stores and tell there is only charging available.
Yellow signs mean that Internet access and hot drinks also available, and they point to school
buildings and one social services office [17].

3.3. Generalization of the given examples
According to the proposed classification, the chain from a digital subscriber to a digital need at
the very initial stage contains a large number of options for ensuring the digital resilience of the
subscriber itself and their means. Each digital tool can be analyzed and compared with others
that provide a similar result. This can be, for example, a SWOT analysis. But to generalize
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the result, the most promising is the development of metrics that characterize the most effective
resilience tools, based on their availability, cost, time of implementation, reliability and other
properties. Such metric approach approved by many researchers, e.g. Linkov et al [4] and
Clark and Zonouz [5]. Whereas this approach was applied for evaluation of most secure paths
combination in [18], it was combined with risk management theory applied to global network
topology. Such risk-aware metrics can be also introduced to evaluation of digital resilience. For
this purpose, we offer to review each property of a digital tool as a component of risk, either
a factor of cost or factor of likelihood. For example, let’s define some of properties for digital
tools as discrete:

• cost cdt – how much does it cost to get this digital tool and use it;
• accessibility adt – implementation agility, or how easy it is to access this tool (or switch to

this tool);
• reliability rdt – a measure of the ability to perform the required functions in the given modes

and conditions of this tool’s use;
• power autonomy pdt – how much independent this tool is from power outages in comparison

to other functionally equivalent digital tools.

Then it’s possible to evaluate digital resilience R for an average household digital tools, which
include redundant power supplies (dt1), diversified Internet access providers (dt2), personal
awareness how to alternate power source for Internet access equipment (dt2) and so on:

R = f(dt1, dt2, dt3, ...dtn),

where dtn is tied to (cdt, adt, rdt, pdt) in a some way which should be analysed and formalized on
future steps of this study.

Similar considerations can be made when analyzing network providers, and data centers,
and each element of the entire chain between the consumer and the service. This leads us to
generalisation of metric evaluation of digital resilience.

4. Conclusions
Representation of individual components of the digital world in the form of a topological space
opens the way to the study of the problem of digital resilience through the study of group
properties, characteristics, dynamics of a large number of network structures.

In the future, the study provides an analysis of means and measures to ensure the resilience of
digital service providers (from online stores to large data centers) during the crisis of the electric
power industry. In addition, it is necessary to develop metrics that characterize the effectiveness
of resilience tools, based on their availability, cost, implementation agility, reliability and other
criteria.

Acknowledgments
This article is partially funded by the US Army Engineering Research and Development Center.
We are grateful to Drs Igor Linkov and Lance Fiondella and Mr Luke Hoguewood for their
discussions and assistance in preparing the article.

ORCID iDs
V Zubok https://orcid.org/0000-0002-6315-5259

https://orcid.org/0000-0002-6315-5259


ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012039

IOP Publishing
doi:10.1088/1755-1315/1254/1/012039

12

References
[1] Kyushu-Okinawa Summit 2000 (Official Documents) 2000 Okinawa Charter on Global Information Societ

URL https://www.mofa.go.jp/policy/economy/summit/2000/documents/charter.html
[2] Linkov I and Trump B D 2019 The Science and Practice of Resilience Risk, Systems and Decisions (Cham:

Springer) ISBN 978-3-030-04565-4 URL https://doi.org/10.1007/978-3-030-04565-4
[3] Udwan G, Leurs K and Alencar A 2020 Social Media + Society 6(2) 2056305120915587 URL https:

//doi.org/10.1177/2056305120915587
[4] Linkov I, Eisenberg D A, Plourde K, Seager T P, Allen J and Kott A 2013 Environment Systems and Decisions

33(4) 471–476 ISSN 2194-5411 URL https://doi.org/10.1007/s10669-013-9485-y
[5] Clark A and Zonouz S 2019 IEEE Transactions on Smart Grid 10(2) 1671–1684 URL https://doi.org/

10.1109/TSG.2017.2776279
[6] Zubok V and Mokhor V 2022 Cybersecurity of the INTERNET Topology (Ukraine: G.E.Pukhov Institute)

ISBN 978-966-02-9929-0 URL https://zenodo.org/record/6795229
[7] Radicella S and Grilli D (eds) 2002 Evolution and Convergence in telecommunications (ICTP Lecture Notes

vol 11) (Trieste: The Abdus Salam ICTP Publications & Printing Services) ISBN 92-95003-16-0 URL
https://www.osti.gov/etdeweb/servlets/purl/20909656

[8] Horbachova A 2022 Na Rivnenshchyni okupanty vdaryly po obiektakh enerhosys-
temy: de vidkliuchat svitlo URL https://www.unian.ua/economics/energetics/
raketniy-udar-po-rivnomu-vid-raket-okupantiv-postrazhdali-ob-yekti-energosistemi-12020256.
html

[9] Semenova T 2022 Ukraine war latest: Millions still without electricity af-
ter Russia’s Nov. 23 mass strikes URL https://kyivindependent.com/national/
ukraine-war-latest-millions-still-without-electricity-after-russias-nov-23-mass-strikes

[10] Zelenskyy V 2022 Russia still has enough missiles for several massive strikes, we have enough determination
and self-belief to return ours – address of the President of Ukraine URL https://www.president.gov.
ua/en/news/rosiyi-she-vistachit-raket-dlya-kilkoh-masovanih-udariv-nam-79917

[11] West Virginia University 2007 Lead-Acid Battery Safety URL https://www.ehs.wvu.edu/files/d/
0c032a15-ce2c-49b8-8d44-2d6391af0335/lead-acid-battery-safety.pdf

[12] Metaye R 2023 LiFePO4 battery (Expert guide on lithium iron phosphate) URL https://climatebiz.com/
lifepo4-battery/

[13] European Commission and Directorate General for Communications Networks, Content and Technology
2022 Broadband Coverage in Europe 2021: mapping progress towards the coverage objectives of the
Digital Decade Final report European Commission DG Communications Networks, Content & Technology
Luxembourg URL https://doi.org/10.2759/642537

[14] 2019 PON Passive Optical Network URL https://www.reachoptics.com/
pon-passive-optical-network-n106.html

[15] Prysiazhna L 2022 U vypadku povnoi dovhostrokovoi vidsutnosti elektroenerhii “Kyivstar” zmozhe
pidtrymuvaty lyshe do 20% merezhi u velykykh mistakh [In the event of a complete long-term power
outage, “Kyivstar” will be able to support only up to 20 percent of the network in large cities] URL
https://tinyurl.com/biz-liga-kyivstar

[16] Sheetz M 2022 About 150,000 people in Ukraine are using SpaceX’s Starlink inter-
net service daily, government official says URL https://www.cnbc.com/2022/05/02/
ukraine-official-150000-using-spacexs-starlink-daily.html

[17] 2022 Punkty Nezlamnosti URL https://nezlamnist.gov.ua/#map
[18] Zubok V and Kotsiuba I 2020 Empirical Study of New Metrics for the Internet Route Hijack Risk Assessment

Selected Papers of the XX International Scientific and Practical Conference ”Information Technologies
and Security” (ITS 2020), Kyiv, Ukraine, December 10, 2020 (CEUR Workshop Proceedings vol 2859)
ed Dodonov A G, Lande D V, Stoianov N T, Tsyganok V V, Snarskii A A, Chertov O and Bozóki S
(CEUR-WS.org) pp 199–209 URL https://ceur-ws.org/Vol-2859/paper17.pdf

https://www.mofa.go.jp/policy/economy/summit/2000/documents/charter.html
https://doi.org/10.1007/978-3-030-04565-4
https://doi.org/10.1177/2056305120915587
https://doi.org/10.1177/2056305120915587
https://doi.org/10.1007/s10669-013-9485-y
https://doi.org/10.1109/TSG.2017.2776279
https://doi.org/10.1109/TSG.2017.2776279
https://zenodo.org/record/6795229
https://www.osti.gov/etdeweb/servlets/purl/20909656
https://www.unian.ua/economics/energetics/raketniy-udar-po-rivnomu-vid-raket-okupantiv-postrazhdali-ob-yekti-energosistemi-12020256.html
https://www.unian.ua/economics/energetics/raketniy-udar-po-rivnomu-vid-raket-okupantiv-postrazhdali-ob-yekti-energosistemi-12020256.html
https://www.unian.ua/economics/energetics/raketniy-udar-po-rivnomu-vid-raket-okupantiv-postrazhdali-ob-yekti-energosistemi-12020256.html
https://kyivindependent.com/national/ukraine-war-latest-millions-still-without-electricity-after-russias-nov-23-mass-strikes
https://kyivindependent.com/national/ukraine-war-latest-millions-still-without-electricity-after-russias-nov-23-mass-strikes
https://www.president.gov.ua/en/news/rosiyi-she-vistachit-raket-dlya-kilkoh-masovanih-udariv-nam-79917
https://www.president.gov.ua/en/news/rosiyi-she-vistachit-raket-dlya-kilkoh-masovanih-udariv-nam-79917
https://www.ehs.wvu.edu/files/d/0c032a15-ce2c-49b8-8d44-2d6391af0335/lead-acid-battery-safety.pdf
https://www.ehs.wvu.edu/files/d/0c032a15-ce2c-49b8-8d44-2d6391af0335/lead-acid-battery-safety.pdf
https://climatebiz.com/lifepo4-battery/
https://climatebiz.com/lifepo4-battery/
https://doi.org/10.2759/642537
https://www.reachoptics.com/pon-passive-optical-network-n106.html
https://www.reachoptics.com/pon-passive-optical-network-n106.html
https://tinyurl.com/biz-liga-kyivstar
https://www.cnbc.com/2022/05/02/ukraine-official-150000-using-spacexs-starlink-daily.html
https://www.cnbc.com/2022/05/02/ukraine-official-150000-using-spacexs-starlink-daily.html
https://nezlamnist.gov.ua/#map
https://ceur-ws.org/Vol-2859/paper17.pdf


IOP Conference Series: Earth and Environmental Science

PAPER • OPEN ACCESS

Research and calculation of the levels of higher harmonics of rotary
electric machines in active-adaptive networks
To cite this article: I V Khomenko et al 2023 IOP Conf. Ser.: Earth Environ. Sci. 1254 012040

 

View the article online for updates and enhancements.

This content was downloaded by semerikov from IP address 193.151.14.31 on 30/10/2023 at 13:34

https://doi.org/10.1088/1755-1315/1254/1/012040
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvI43pyfs7g3OoBezx92sNSqrszY09vNZeJr64F85PEYq_XGKEm1wrCnuQUYF_Fyy4181W1N4yAZzXJeWjfPaGmIUIt-uvEwMXYlA2UNrXg8l6zqwz7oV60K8kCypamFoJ8i-J1FQ2LdDXToNIBGF2aqHdYbIVCTSVk92c-19-7r-GivocZbhF691hOeRqTjyoJFekTvOHKMEUXLIqJCbiBB_Xf1K4VPA7ioRq1xEx2vr6zabXgIJVVaA9KIPwk8sZHOrB5J4WLvYfTr6rr4wCXALdrlEL7VzdgEyiuJLUfrG7kRtNA&sai=AMfl-YTfMNIBjnlvytR6STc1ljdVoae6Ee56wCKM9BdavenCbuffqV8jpdBsifm85O7N7yElnUz4MLoorrGOqF8&sig=Cg0ArKJSzLq2FBYCPElo&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/245/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DJournals%26utm_campaign%3D245Abstract%26utm_id%3D245


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012040

IOP Publishing
doi:10.1088/1755-1315/1254/1/012040

1

Research and calculation of the levels of higher

harmonics of rotary electric machines in

active-adaptive networks

I V Khomenko1, V P Nerubatskyi2, O A Plakhtii2, D A Hordiienko2

and D A Shelest2
1 National Technical University “Kharkiv Polytechnic Institute”, 2 Kyrpychova Str., Kharkiv,
61002, Ukraine
2 Ukrainian State University of Railway Transport, 7 Feierbakh Sq., Kharkiv, 61050, Ukraine

E-mail: igor.v.khomenko@gmail.com, NVP9@i.ua, a.plakhtiy1989@gmail.com,

D.Hordiienko@i.ua, D.Shelest@gmail.com

Abstract. In the materials of the article, the parameters of the higher harmonics of the groove
frequency are analyzed, which affect the reliability of the operation of electrical equipment and
the loss of electrical energy in active-adaptive networks. The influence of higher harmonics
of rotary electric machines on the modes of operation of active-adaptive networks and their
power equipment is considered. It was established that this influence depends on the energy
level of higher harmonics and the modes of operation of active-adaptive networks. A technique
is proposed that allows determining the levels of groove harmonic components in the phase
windings of electric machines. The calculation of the energy level of higher harmonics was
carried out taking into account the electromagnetic asymmetry of rotating electric machines
and asymmetric modes of operation of three-phase electric networks using the method of phase
coordinates. The obtained results are based on theoretical and experimental studies of the
influence of higher harmonics of rotating electric machines on the modes of operation of electrical
networks and power energy equipment.

1. Introduction
The quality of electrical energy significantly affects the reliability and efficiency of electrical
networks and power equipment. One of the important indicators of the quality of electrical
energy is the level of higher harmonics, which causes non-sinusoidal modes of operation of
electrical networks [1, 2].

The nature of higher harmonics is diverse. The influence of higher harmonics of rotating
electric machines (synchronous generator, asynchronous motor, etc.) on the operating modes
of the electric network has not been sufficiently investigated. The relevance of this issue is
increasing with the development of active-adaptive networks and the introduction of wind power
plants [3, 4].

The theoretical and practical relevance of the problem of higher harmonics in electrical
networks is confirmed by a number of publications, both by foreign [5,6] and domestic specialists
[7, 8].

Significant losses in power supply systems associated with low quality electrical energy require
additional research into the nature of higher harmonics at industrial enterprises [9, 10]. The
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results of research into the nature of higher harmonics in power inverters and means of combating
them are effectively implemented [11, 12]. Extensive theoretical and practical experience in the
quality of energy resources is reflected in normative documents taking into account the European
education for the electric power industry of our country.

Modern trends in the development of electrical networks, namely, the introduction of active-
adaptive networks, introduce new aspects regarding the quality of electrical energy [13, 14].
This requires constant control of power quality parameters, and in particular the levels of higher
harmonics, in real time [15,16]. The study of the nature of individual harmonics is of significant
practical importance. This is confirmed by the study of, for example, third (saturation of the
magnetic circuit) and toothed harmonics, which appear as a result of the unevenness of the air
gap of rotating electric machines [17,18]. Therefore, the study of groove harmonics is relevant.

The purpose of the study is to obtain scientific results regarding the nature of groove
harmonics of rotating electric machines and to establish the characteristics of their distribution
in distribution electrical networks. To achieve the purpose, the following objectives were set:

• to develop a methodology for calculating currents and electromotive force of the groove
frequency of rotary electric machines for active-adaptive networks;

• determine the dependences of the levels of groove harmonics of the electrical network.

2. Results
Higher harmonics of distribution electrical networks have a constructive or technological nature.
Each harmonic component has one or more sources and a defined propagation space. The
amplitude value of the higher harmonic and its flow paths are determined by the interaction
of the inductive and capacitive elements of the electrical network. The most unpleasant case
is the case of resonance of higher current or voltage harmonics in electrical networks and large
enterprises. The manifestation in time determines the random or systematic nature of higher
harmonics [19,20].

In the process of operation, electric rotary machines generate groove harmonics in the
electrical network [21, 22]. The appearance of these harmonics is related to the magnetomotive
force of the rotor winding. Their frequency can be determined by the expression:

ωn = ω1 ·
[zn
p
· (1− S)± 1

]
, (1)

where ω1 is the cyclic frequency; zn is the number of grooves on the rotor; p is the number of
pairs of poles; S is the slip.

The amplitude value of these harmonics is determined by the design parameters of the electric
machine and the network voltage. The significant danger of groove harmonics is caused by the
dependence of these frequencies on the network frequency and slippage, which can lead to
resonance phenomena [23,24].

Determining the levels of higher harmonics by experimental removal of curves taking into
account electromagnetic asymmetry on real electric machines is associated with a large amount
of labor, due to the need to manufacture special calibration stands [25,26].

Finding by calculation the values of higher harmonics corresponding to the maximum
permissible asymmetry of the electric machine allows to avoid working with bulky calibration
stands. In this case, only verification tests of several electric motors are required [27,28].

The method of calculating the energy level of higher harmonics in the form of the sum of the
squares of the electromotive force of the groove harmonics, taken when each of the three phases
of the stator winding is turned off in sequence, is based on the determination of the dependence
of magnetic losses from the groove harmonics of the magnetic field in the air gap on the degree
of electromagnetic asymmetry [29,30].
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The energy level of the slot frequency induction harmonics characterizes the magnetic losses
in steel from the slot order magnetic field. Specific magnetic losses in steel are determined by
the expression:

Pmg = εg ·
f

50
·B2 + σ ·

( f
50

2)
·B2, (2)

where Pmg is the specific magnetic losses in steel; εg is the specific losses from hysteresis at
f = 50 Hz and V = 1 T; σ is the specific losses from eddy currents at f = 50 Hz and V = 1 T;
B is the magnetic induction; f is the frequency of magnetic induction.

The specific magnetic losses in steel from the groove harmonics of induction are determined
by the expression:

Pmg = εg ·
f

50
· 1

2π · Tz
·

2π∫
0

Tz∫
0

B2
n(ϕ, t)dϕ · dt+ σ ·

(fn
50

)2
· 1

2π · Tn
·

2π∫
0

Tn∫
0

B2
n(ϕ, t)dϕ · dt, (3)

where fn = ωn
2π is the electrical frequency of the groove harmonic of induction; Tz = 2π

ωz
is the

the period of the groove harmonic of the induction; Kn = εg · fz50 + σ · (fn50 )2 is the power loss
factor; Bn(ϕ, t) is the spatio-temporal distribution of magnetic field induction in a gap with
electromagnetic asymmetry; ωn is the angular frequency of the groove harmonic of induction
(upper and lower).

Will find the specific magnetic losses from the upper slot harmonic of the induction with
frequency ωup = ω1 · [ znp · (1 − S) + 1] in the three-phase mode of operation, substituting the
expression for the spatio-temporal distribution of the slot frequency induction for the three-phase
mode:

Pmgup = Kn ·
1

2π · Tn
·

2π∫
0

Tn∫
0

B2
up(ϕ, t)dϕ · dt, (4)

Integrating within the range from 0 to 2π and taking into account that for an even whole
number, all components containing factors of the form sin k · π · (Z1±n), where k and n are the
integers, obtain the final expression for specific magnetic losses from the upper slot frequency of
induction, taking into account the spatial distribution of conductivity air gap with asymmetry
and the obtained expressions for the coefficients of the series λα0 and λn :

Pmgup =
1

16
·Kn · (λ0 · λj1 · F1)

2 ·
(1

2
· λ2α0 +

1

4
· λ2α0 + λ2n1 +

1

2
· λ2i1 · λ2n1

)
, (5)

In this expression 1
2 · λ

2
α0 + λ2n1 = Kα1 there is a coefficient of losses due to magnetic

asymmetry, taking into account only the first term of the series λn . According to mathematical
transformations:

Kα1 =
8− 2 · a2m − 8 ·

√
1− a2m

a2m · (1− a2m)
, (6)

where am is the coefficient of relative electromagnetic asymmetry.
Carrying out similar transformations taking into account the first two and three terms of

the series, it is possible to obtain the corresponding coefficients Kα2 and Kα3, which refine the
calculation:

Kα2 =
1

2
· λ2α0 + λ2n1 + λ2n2; (7)

Kα3 =
1

2
· λ2α0 + λ2n1 + λ2n2 + λ2n3. (8)
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In the general case, taking into account all terms of the Fourier series, the expression for the
specific magnetic losses from the upper slot frequency of induction will have the form:

Pmgup =
1

16
·Kαn · (λ0 · λj1 · F1)

2 ·
(

1 +
1

2
· λ2i1

)
·Kαn, (9)

where Kαn is the electromagnetic asymmetry coefficient taking into account the terms of the
Fourier series λn.

Kαn =
1

2
· λ2α0 +

∞∑
n=1

λ2n =
4

1− a2m
·

[
1

2
+
∞∑
n=1

(
1−

√
1− a2m
am

)2n]
. (10)

Since at any values 0 < am < 1 the values of the function q =

(
1−
√

1−a2m
am

)2

are also in the

range from 0 to 1 (figure 1), the sum will have a finite value and the expression for Kαn in its
final form will have the form:

Kαn =
4

1− a2m
·

[
1

2
+

1−
√

1− a2m
a2m − (1−

√
1− a2m)2

]
. (11)

Thus, the specific magnetic losses from the upper slot harmonic of the induction depend on
the value of the relative electromagnetic asymmetry. The nature of this dependence is completely
determined by the nature of the graph.

Figure 1. Range of function values q =

(
1−
√

1−a2m
am

)2

.

When determining the losses by the coefficient Kαn, taking into account only the first two
members of the harmonic series λn the relative error of the calculation γn with an electromagnetic
asymmetry of up to 50% does not exceed 2%, and then it begins to grow monotonically, and in
the region of large asymmetry (am = 80 + 90%) is 10 + 25% (figure 2).
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Figure 2. Dependence of magnetic loss increase coefficients on electromagnetic asymmetry: 1 –
dependence Kαn = f(am);, 2 – dependence Kα1 = f(am).

Calculation of the third term of the harmonic series λn significantly increases the accuracy
of the calculation. The error γα2 in determining losses by the coefficient Kα2 does not exceed
2% with asymmetry up to 80% and increases to 8 + 10% with an increase in electromagnetic
asymmetry up to 90% (figure 3).

Figure 3. Change in the relative errors of the calculation of magnetic losses from groove
harmonics of the field by coefficients.

Let us determine the specific magnetic losses in steel from the first groove harmonic of
induction when the electric motor is operating in the phase-disconnected mode, substituting
the expression for the spatio-temporal distribution of the groove frequency induction in (4) for
the single-phase mode, taking into account the full distribution λn:

P ′mgup = Kn ·
1

2π · Tn
·

2π∫
0

Tn∫
0

B2
fup(ϕ, t)dϕ · dt. (12)
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Opening the brackets and integrating in a similar way, obtain the final expression for specific
magnetic losses in steel from the first (upper) slot harmonic of induction in the form:

P ′mgup =
1

32
·Kn · (λ0 · λj1 · Ff )2 ·

(
1 +

1

2
· λ2i1

)
·Kαn, (13)

where Ff is the magnetizing force when working on two phases; Kαn is the coefficient of
electromagnetic asymmetry.

Thus, the nature of the dependence of the specific magnetic losses in steel on the groove
harmonics of induction when the machine is operating in the mode with a disconnected phase
is similar to the nature of this dependence for the three-phase mode and is determined by the
type of function Kαn = f(am).

The quantitative ratio of losses during the operation of the electric motor in three-phase
mode and in the mode with a disconnected phase can be estimated through the coefficient of
proportionality of losses:

P ′mgup = Kf · Pmgup, (14)

where Kf is the proportionality factor Kf =
P ′
mgup

Pmgup
; Ivf is the phase current in the phase-

disconnected mode; Itf is the phase current in three-phase mode; W is the the number of turns
in a phase; ko is the winding ratio.

Assuming that the phase resistance complexes at the fundamental frequency are
approximately equal and the linear voltage to the root of three is greater than the phase voltage,
obtain:

Kf =
2

3
·
(√3

2

)2
=

1

2
. (15)

In a similar way, the specific magnetic losses from the lower groove harmonic of the induction,
which varies in time with the frequency ωn , can be calculated for both modes of operation of
the machine. The total specific magnetic losses from the groove fields of the first order will be
equal to the doubled value of Pmgup and P ′mgup.

Electromagnetic asymmetry significantly affects the nature of the distribution of the magnetic
field in the air gap of the electric machine. In the presence of non-symmetry, the amplitudes of
groove harmonics of magnetic induction increase.

The increase in the amplitude of the magnetic induction of higher harmonics of the magnetic
field causes a sharp increase in magnetic losses from groove harmonics with an increase in
electromagnetic asymmetry in accordance with the dependence Kαn = f(am). A significant
increase in additional losses with an increase in electromagnetic asymmetry is also confirmed by
a number of experimental studies.

The groove harmonic components of the magnetic field in the air gap induce electromotive
force in the stator windings with frequencies ωn.

In the conductor of each groove of the stator winding, an electromotive force of the groove
frequency is induced, which is proportional to the change in induction. Accordingly, the square
of the electromotive force will be proportional B2

n(ϕ, t) and proportional to the pulsation losses
in the steel from the groove harmonics of induction Pmgn in the elementary volume of the
groove zone near the k-th groove. Then the sum of the squares of the electromotive force in
the conductors of all the slots of the stator winding will be proportional to the total magnetic
losses of the electric machine from the slot harmonics of the field in the gap, and since the level
of pulsation losses depends on the degree of electromagnetic asymmetry, the value will, other
things being equal, be proportional to the energy level of the slot harmonics and will by some
asymmetry function.

The dependence of the magnetic losses of the slot induction field from the similar dependence
in the three-phase mode differs by a constant volume factor by summing the squares of the
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electromotive force of the slot frequency, given in all three phases of the stator winding,
when each of them is sequentially disconnected, it is possible to obtain an indirect diagnostic
parameter, that is a function of the unevenness of the electromagnetic system, since in the
case of the specified summation, all n grooves of the stator winding are taken into account,
which is similar to the integration over the stator boring circle. The degree of change of the
obtained parameter with increasing electromagnetic asymmetry is determined by the nature of
the dependence of pulsating magnetic losses on the asymmetry of the electromagnetic system.

The electromotive force of the groove frequency arising in the coil of the stator winding,
which contains W turns, the sides of which lie in the grooves with angular coordinates ϕk and
ϕn is defined as the time derivative of the flux linkage:

ekn(t) = −dψn
dt

, (16)

where ψn is the magnetic flux and flux coupling of toothed harmonics with turns of the stator
winding.

In its general form, this expression can be given by the formula of harmonic oscillation:

ekn(t) = Ekn · sin(ωup · t−Qkn); (17)

Ekn =

√√√√( 18∑
i=1

Ei · cosQi

)2

+

(
18∑
i=1

Ei · sinQi

)2

; (18)



arctan =

18∑
i=1

Ei · sinQi

18∑
i=1

Ei · cosQi

, if
18∑
i=1

Ei · sinQi 6= 0;
18∑
i=1

Ei · cosQi 6= 0;

π
2 , if

18∑
i=1

Ei · sinQi = 0;

18∑
i=1

Ei · cosQi > 0;

3π
2 , if

18∑
i=1

Ei · sinQi = 0;

18∑
i=1

Ei · cosQi < 0,

(19)

where Ei is the amplitudes of harmonic components of the electromotive force coil; Qi is the
initial phases of harmonic components of the electromotive force coil.

The total electromotive force induced in the disconnected phase without parallel branches
can be found by summing the electromotive force of the turns that make up the phase winding.

When disconnecting the next phase and determining the electromotive force of the groove
harmonic in its winding, the value ψf and coordinates of the distribution of turns change.

If the disconnected phase of the stator winding contains N parallel-connected coil groups,
then the electromotive force of the groove harmonic phase is equal to:

ef (t) =
1

N
·
[
er1(t) + er2(t) + ...+ ern(t)

]
, (20)

where ern(t) is the electromotive force of coil groups, defined as the sum of the electromotive
forces of the component turns.

In the case of mixed connection of coil groups in phase, the electromotive force of parallel
sections is determined by expression (17) and then summed up with all groups connected in
series.
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The amplitude of the electromotive force of the groove harmonic of a separate phase of
the stator winding can either increase with an increase in electromagnetic asymmetry ψα with
respect to the distribution of the turns of a given phase, or decrease, while the sum of the
squares of the electromotive force of the groove harmonic of all three phases uniquely increases
with increasing α, reflecting an increase in pulsation losses at presence of asymmetry, close to
quadratic in nature.

Thus, according to the proposed method, the energy level of higher harmonics can be
estimated by the sum of the squares of the electromotive force of the groove harmonics, taken
when each of the three phases of the stator winding is turned off sequentially when the tested
machine is idling. In order to exclude the influence of saturation phenomena on the control
result and to reduce current overloads of the electric motor when operating in the mode with a
disconnected phase, the measurement must be carried out when the two working phases of the
winding are powered with a reduced single-phase voltage.

To refine theoretical calculations near the extreme points of the range of asymmetry values,
a technique for presenting the amplitude of groove harmonics of magnetic induction in an air
gap with two-way groove through the Carter coefficient, taking into account its dependence on
electromagnetic asymmetry, is proposed:

Bn = Bm −Bαv, (21)

where Bn is the amplitude of the groove harmonic of induction; Bαv is the average value of
induction with electromagnetic symmetry; Bm is the maximum value of induction.

Coefficients determined by the ratio of the groove opening width to the gap size:

γ1(ϕ) =

[
Bs1
δ(ϕ)

]2
5 + Bs1

δ(ϕ)

; (22)

γ2(ϕ) =

[
Bs2
δ(ϕ)

]2
5 + Bs2

δ(ϕ)

. (23)

Obtain the final expression for the amplitude of the groove harmonic of magnetic induction
in an air gap with two-sided groove:

Bαv =
5 · (tz1 ·B2

s2 + tz2 ·B2
s1) · δ(ϕ) +Bs1 ·Bs2 · (tz1 ·Bs2 + tz2 ·Bs1 −Bs1 ·Bs2)[

tz1 · (5 · δ(ϕ) +Bs1)−B2
s1

]
·
[
tz2 · (5 · δ(ϕ) +Bs1)−B2

s2

] ; (24)

Using the method of determining the electromotive force, will obtain a general final expression
for one phase of the upper groove frequency of the first order in the form of harmonic oscillation:

ef (t) = E ·
√
A2
t +B2

t · sin

[
ωup · t+ arctan

(
−
Af
Bf

)]
; (25)

E = Et = −3 ·
√

2 · µ0 · I · lδ ·Dc ·W 2 · kb · ωup
4 · π · δ0 ·Nk · p

; (26)

Af =

Nk∑
N=1

ϕnNf∫
ϕkNf

[kδ(ϕ)− 1] · sin(Z2 + p) · ϕ · dϕ, (27)
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where Dc is the stator diameter; Nk is the number of turns in the phase.
Accordingly, for the mode of operation of an asynchronous electric motor with a disconnected

phase:

E = Ef = −
√

6 · µ0 · I · lδ ·Dc ·W 2 · kb · ωup
2 · π · δ0 ·Nk · p

; (28)

Af =

Nk∑
N=1

ϕnNf∫
ϕkNf

[kδ(ϕ)− 1] · cos(p · ϕ− ψf ) · sinZ2 · ϕ · dϕ, (29)

Bf =

Nk∑
N=1

ϕnNf∫
ϕkNf

[kδ(ϕ)− 1] · cos(p · ϕ− ψf ) · cosZ2 · ϕ · dϕ. (30)

The dependence of the electromotive force of the groove harmonic of individual phases and
the sum of the squares of their amplitudes on the magnitude of the electromagnetic asymmetry
was calculated on an electronic computer. The calculation algorithm is built on the basis of the
above mathematical apparatus using the given expressions.

As expected, the graphical form of the theoretical dependence of the sum of the squares of
the electromotive force of the groove harmonic on the electromagnetic asymmetry, calculated
according to the given mathematical model, is similar to the dependence Ken = f(e).

The proposed technique allows determining the energy levels of higher harmonics not only
taking into account the value of absolute and relative asymmetry, but also taking into account
the direction in space of the plane of asymmetry in relation to the distribution of the stator
windings.

The initial value for determining the spatial angle of the direction of the plane of asymmetry
is obtained from the expression of the electromotive force of the groove harmonic from any
disconnected phase of the stator winding, assuming that α, δ0, EnA are the values obtained by
the expressions:

EnA = E ·
√
A2
A +B2

A; (31)

A2
A +B2

A =
E2
nA

E2
, (32)

where E is the general constant that does not depend on ϕ and t; AA, BA are the sums of definite
integrals.

The algorithm for calculating the dependence of the electromotive force of the groove
harmonic on the electromagnetic asymmetry is presented in (figure 4).

By replacing and introducing a new variable and bringing similar terms, will finally get the
equation in the canonical form:

x4 + a · x3 + b · x2 + c · x+ d = 0; (33)

a =
2 · (A ·B + C ·D)

A2 +D2
; (34)

b =
2 ·A ·M +B2 + C2 −D2

A2 +D2
; (35)

c =
2 · (B ·M + C ·D)

A2 +D2
; (36)

d =
M2 − C2

A2 +D2
; (37)
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Figure 4. Calculation algorithm.

A = λ2n1 · (C2
2 + C2

5 − C2
3 − C2

6 ); (38)

B = λα0 · λn1 · (C1 · C2 + C4 · C5); (39)

C = λα0 · λn1 · (C1 · C3 + C4 · C6); (40)

D = 2 · λ2n1 · (C2 · C3 + C5 · C6); (41)

C1 =

Nk∑
N=1

ϕnNA∫
ϕkNA

σ′A(ϕ) · sinZ2 · ϕ · dϕ; (42)

C2 =

Nk∑
N=1

ϕnNA∫
ϕkNA

σ′A(ϕ) · cosϕ · sinZ2 · ϕ · dϕ; (43)
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C3 =

Nk∑
N=1

ϕnNA∫
ϕkNA

σ′A(ϕ) · sinϕ · sinZ2 · ϕ · dϕ; (44)

C4 =

Nk∑
N=1

ϕnNA∫
ϕkNA

σ′A(ϕ) · cosZ2 · ϕ · dϕ; (45)

C5 =

Nk∑
N=1

ϕnNA∫
ϕkNA

σ′A(ϕ) · cosϕ · cosZ2 · ϕ · dϕ; (46)

C6 =

Nk∑
N=1

ϕnNA∫
ϕkNA

σ′A(ϕ) · cosZ2 · sinϕ · ϕ · dϕ. (47)

Thus, the desired angle ψα is determined through the roots of the reduced equations:

ψα = arccosx. (48)

Of the four roots of expression (33), two are imaginary, and the two real roots give,
respectively, a positive and a negative angle ψα calculated from the stator boring from the
axis that coincides with the axis of the phase A winding.

The developed technique makes it possible to determine the levels of groove harmonic
components in the phase windings of electric machines. These harmonics, depending on the
connection scheme of the asynchronous motor windings (star, delta), the scheme and the load of
the electrical network, spread over the electrical network, creating current harmonics or voltage
harmonics. When analyzing asymmetric and non-sinusoidal modes at individual frequencies,
various harmonic components arise, which leads to the emergence of specific current and voltage
harmonics. All these phenomena must be taken into account when analyzing the modes of
distribution networks.

The current level of development of electronic computers and their software allows to form
mathematical models of the electrical network at the groove frequency in asymmetric modes,
considering all its elements as three-phase. At the same time, equations in phase coordinates
serve as mathematical models of both the network as a whole and its individual elements –
equations containing mode parameters (voltages, currents, phase powers) as sought and set
values.

Equations in phase coordinates refer to the electrical network, the elements of which are three-
phase longitudinal and transverse branches. Longitudinal branches are contained in the schemes
of substitution of sections of power transmission lines, three-phase windings of generators and
transformers, transverse branches correspond to schemes of substitution of load nodes, transverse
conductances of sections of overhead lines, branches of magnetization of transformers.

Each branch of the three-phase network is characterized by a matrix of own and mutual
resistances of the phases:

[Z]Fij =

Zaa Zab Zac

Zba Zbb Zbc

Zca Zcb Zcc


ij

, (49)

where the diagonal elements Zaa, Zbb, Zcc reflect the active and inductive resistances of the
respective phases, and non-diagonal resistances – the mutual induction between phases, and
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mode parameters – currents, voltages, electromotive forces of the phases.

[I]Fij =

IaIb
Ic


ij

; (50)

[U ]Fij =

UaUb
Uc


ij

; (51)

[E]Fdi =

EaEb
Ec


ij

. (52)

In asymmetric emergency modes, loads are characterized by conductance matrices in the
node to the ground:

[YH ]F = [ZFH ]−1. (53)

In non-symmetric operating modes (non-linear model), the load conductivity matrices (53)
are kept unchanged only at the step of the iteration process and are adjusted during the iterations
in such a way that the total consumed power of the three phases becomes equal to the set power
at the node.

The component equations of the elements of a three-phase network in phase values have the
form:

• for longitudinal branches:
[Z]Fij · [I]Fij =

(
[U ]Fi − [U ]Fj

)
; (54)

• for transverse branches:
[Z]FHi · [I]FHij = [U ]Fi ; (55)

• for branches with a source of electromotive force:

[Z]Fdi · [I]Fdi =
(
[U ]Fdi − [E]Fdi

)
. (56)

These equations are a generalization of Ohm’s law for a three-phase branch and differ
from similar equations of elements of a single-phase circuit only in that resistances, currents,
electromotive force and voltages of three-phase elements are not characterized by numbers, but
by corresponding matrices.

Matrices of both longitudinal [Z]ij , and transverse [Z]i0 elements can be asymmetrical,
symmetrical or, in a separate case (a group of single-phase elements), diagonal. All types
of longitudinal and transverse asymmetry (non-transposed overhead lines, network elements
operating with an incomplete number of phases, asymmetric loads, etc.) are reflected in the
parameter matrices [Z] of the corresponding elements.

A three-phase network can be matched by a graph, the branches of which correspond to
three-phase branches, and the nodes to three-phase nodes. Then, for three-phase circuits and
three-phase nodes, Kirchhoff’s laws can be represented in the form:

N∑
i=1

[I]Fij = 0;

Nk∑
i=1

[∆U ]Fij = 0. (57)
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where [I]ij is the the currents in the branches adjacent to the three-phase node; [U ]ij is the
voltage drop on the three-phase branches forming a closed circuit in the three-phase network.

If for all independent three-phase nodes of the electrical networidraw up the current balance
equation, solve the component equations of the three-phase branches adjacent to each of the
nodes with respect to the currents and substitute them into the first of the equations, then
for a network containing n independent three-phase nodes, get the system of equations of the
electrical network in the asymmetric stationary mode in phase coordinates:

Y11 Y12 ... Y1n

Y21 Y22 ... Y2n

... ... ... ...

Yn1 Yn2 ... Ynn


F

·


U1

U2

...

Un


F

=


J1

J2

...

Jn


F

. (58)

The elements of this system of equations are the 3×3 matrices of the own [Yii] and mutual
[Yij ] conductances of three-phase nodes, the vectors of phase voltages in the nodes of the three-
phase network [Ui] and set currents [Ji] = [Yi] · [Ei] in the nodes of the connection of generating
elements.

All asymmetric emergency damage in the electrical network (disconnection of phases, short
circuits of individual phases to each other and to the ground, etc.) can be displayed quite simply
when forming nodal equations, taking into account the corresponding commutations in nodes
and branches of a three-phase network. Moreover, the presence of several asymmetric damages
does not lead to any complications in the algorithms for forming and solving nodal equations
compared to the case of local damages. Therefore, mathematical models based on equations in
phase coordinates are more flexible and universal, applicable for the analysis of non-symmetric
modes of operation with both simple and complex asymmetry.

In the linear model of the network (when applying loads with constant phase resistances
Zn = const), the phase voltages in the nodes of the network in the asymmetric mode under
consideration are determined by a one-time solution of the equations, in the non-linear model
(with the specified powers consumed and generated in the network nodes) the phase voltages
are refined during of the iterative process until the sum of the powers of the three phases in
each node of the network becomes equal to the given value. It was established that the levels
of groove harmonics are determined by the structure and modes of the electrical network, the
geometry of the groove zones of the air gap of the electric machine, and its magnetic properties.
Theoretical propositions have been confirmed by experimental studies.

3. Conclusions
A method of calculating currents and electromotive force of the groove frequency of rotary
electric machines for active-adaptive networks has been developed. Calculations are based on
the analysis of the electromagnetic field of the electric machine and methods of calculating
non-symmetrical and non-sinusoidal modes of distribution electric networks (phase coordinates
method). It was established that the levels of groove harmonics are determined by the structure
and modes of the electrical network, the geometry of the groove zones of the air gap of the
electric machine, and its magnetic properties.
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Method of operative determination of the stability of
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Ukraine
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Abstract. Sediments on the technological surfaces of the recirculating water supply system
(RWSS) of enterprises are considered. The kinetic equation for the activity concentration of
the main sediment component – Ca2+ ions in circulating water (CW) is discussed. Based on
this equation, expressions were obtained for the rate of formation of CaCO3 from CW and the
stability index of CW, which is expressed by the activity concentration of free Ca2+ ions not
bound in CaCO3. These values are determined by measuring parameters of the quality of CW
and the mode of operation of the recirculating system, which are provided for by the regulations
for the operation of the RWSS Current information on the value of the stability index makes it
possible to calculate the rate of CaCO3 precipitation and, if necessary, to develop quantitative
parameters of operational measures to stabilize CW. The algorithm for calculating the stability
index was applied to the RWSS of one of the HPPs, where softening of the feed water and
bypass softening of CW are used. The calculated value of the index adequately reflects changes
in the stability of the CW during variations in the operation mode of the RWSS. The stability
index was used to calculate the parameters of CW acidification, which ensure the desired level
of its stability.

1. Introduction
Today, the vast majority of large enterprises, thermal and nuclear power plants (HPPs, NPPs)
are equipped with reversible water supply systems (RWSS). Almost 95% of water consumption
there used for cooling of technological equipment. Considering the large consumption of cooling
water (about 170,000 m3/hour per 1000 MW unit), natural, untreated water is used for cooling.
Such water is capable of releasing solid sediments (mainly CaCO3 on process surfaces, in
particular, on pipe systems (PS) of turbine condensers (TC) [1, 2].

The coefficient of thermal conductivity of sediments is ten times lower than that of the PS
material, so that already at a thickness of (1.2-1.6) mm, the heat transfer coefficient of heat
exchangers (HE) decreases by (30-40)%, and this leads to a decrease in the efficiency of power
units by (0.5-1.2)% [3], excessive consumption of fuel by (1.5-3.5)% and the need to clean TCs,
reducing the electrical load of the units.

Note that for a 1000 MW power unit, the corresponding annual electricity losses are
(120÷245) million kWh, which roughly corresponds to the energy consumption of a city with
a population of (40-80) thousand people. Excessive consumption of fuel at HPPs, along with
economic losses, results in excessive emissions of heat, greenhouse gases, and harmful substances
into the environment.
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To reduce the intensity of sediments partial or complete softening of the feed water, adding of
mineral acids to the water and dosing of sediment inhibitors are used. The effect of the inhibitors
is associated with blocking the growth centers of CaCO3 crystal nuclei, providing them with an
additional charge and thus stabilizing the CaCO3 dispersion, which is expressed in a decrease
in the intensity of deposits on the PS of heat exchangers [4, 5].

2. Formulation of the problem
An important problem in the reagent stabilization of circulating waters of thermal power plants
and nuclear power plants is the lack of reliable operational control of the ability of CW to form
sediments.

The regulations [6] suggest using the Langelier index, LSI, or the CW supersaturation index
with respect to CaCO3, SI [7, 8]. The mentioned indices are represented by expressions:

• Langelier index:

LSI = pH− pHs = − lg
(H)

(H)s
, (1)

(H)s – activity concentration of hydrogen ions when the water system is in equilibrium with the
environment; (H) – measured activity concentration.

Today pH measuring is not difficult, but the calculation of pHs depends on the selected model
of the bicarbonate system and does not always correspond to reality.

Because of this, pHs are recommended to be determined experimentally [9].
It follows from formula (1) that if LSI < 0, there is an excess of hydrogen ions in the water

system and it is corrosively active and capable of dissolving carbonate sediments. If LSI > 0,
on the contrary, there is a lack of hydrogen ions in the system and it emits CaCO3. Of course,
at LSI = 0, the hydrocarbonate system (HCS) is stable.

Unfortunately, knowing the LSI, we do not get a quantitative assessment of the degree of
deviation of the HCS from the balance. That is, the LSI provides qualitative information about
the state of the HCS and does not directly indicate the quantitative characteristics of measures
to correct the stability of the CW. In addition, if we are talking about the RWSS, the LSI is not
directly related to the operation mode of the RWSS.

• Index of CW supersaturation in relation to CaCO3: it is calculated by the formula,

SI =
(Ca2+) · (CO2−

3 )

LCaCO3

, (2)

(Ca2+), (CO2−
3 ), LCaCO3− activity concentrations of calcium and carbonates ions and the

solubility product of the CaCO3.
It follows from the physical content of formula (2) that with SI > 1, there is an excess of

carbonate and calcium ions in the water system and it can release CaCO3. If SI < 1, on the
contrary, there is a lack of ions in the system and it dissolves CaCO3. Of course, at SI = 1,
the hydrocarbonate system is stable. However, as in the case of the Langelier index, the SI
calculation gives only qualitative information about the state of the HCS, this information
refers to the CW and does not reflect its status as an element of the RWSS.

At NPPs, the following ratio is used to characterize the stability of the CW

ε ≥ CCl

CCl0
− Ht

Ht0
, (3)

ε is a given value, for example, 0.1÷ 0.3; Ht,Ht0 is the total hardness of circulating water and
feed water, the same for chloride concentrations CCl, CCl0.
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The value of ε is mostly not substantiated, and the use of hardness (Ca2+ + Mg2+) instead
of Ca2+ concentration leads to additional errors (overestimation) of CW stability.

Therefore, today there is no generally accepted method for determining the quantitative
degree of stability of CW, which could be directly used as a characteristic of the deviation of
the state of CW from the equilibrium state, when a dynamic equilibrium is established in CW
between the processes of CaCO3 generation and its dissolution, and the rate of sediment growth
is minimal (ideally, it goes to zero).

It is important that this method of determining the degree of stability of CW clearly depends
on the regime parameters of RWSS and the quality of CW. Having such a parameter (by analogy
with (1) and (2), we will call it the stability index), it would be possible to form an algorithm
for calculating the doses of reagents or the level of softening of the feed water depending on
the degree of deviation from the equilibrium state. It would be most convenient to obtain
this value on the basis of operational information about the state of CW based on the data of
regular measurements of RWSS regime parameters and CW quality parameters conducted at
enterprises, in particular at HPPs and NPPs.

The formulation of the methodology for calculating the CW stability index in relation to the
re-lease of CaCO3, and the application of the results of its determination in the real conditions
of a specific TPP are considered in this work.

3. Calculation method
It was shown in [1] that the main component of the sediments is calcium carbonate CaCO3.
Accordingly, the procedure for determining the stability of CW should be based on monitoring
the dynamics of the concentration of Ca2+ ions in CW. To obtain the kinetic equation for the
concentration of Ca2+, we use the balance of the number of moles of calcium in the circulating
water of the RWSS and take into account that the concentration of calcium changes in the
CW due to water exchange, water evaporation, and the formation of CaCO3. Other channels of
changes in the concentration of Ca2+ ions in CW are neglected.

Let us denote the rate of CaCO3 formation by R(t),mole/(dm3 · s), then for a simple RWSS
we can write an expression for the rate of change of the activity concentration of Ca2+ ions in
CW,

dC(t)

dt
=

1

Tf (t)
·
[
C0(t)−

C(t)

φ(t)

]
−R(t), (4)

φ(t) =
k(t)

1− k(t) · Tf (t) · d
dt ln [CCl(t)]

; Tf (t) =
V (t)

Qf (t)
, (5)

C0(t), C(t) – activity concentrations of calcium ions in feed and circulating waters; Qf (t), V (t)−
feed water flow rate and water volume of the RWSS; Tf (t) is the time of filling the RWSS
with feed water. The parameter φ(t) in formula (4) is called the dynamic factor. As it follows
from (5), for the stationary mode of operation of the RWSS, when d

dt ln [CCl(t)] ≈ 0, this value

approaches the concentration coefficient k = CCl
CCl0

of circulating water and is determined by the
standard method by measuring the concentration of chloride ions.

Let’s transform (4) to the form that shows how Ca2+ ions are distributed in CW,

C0(t) · φ(t) = Tf (t) ·R(t) · φ(t) + Tf (t) · dC(t)

dt
· φ(t) + C(t). (6)

The left part (6) is the activity concentration of calcium ions, what it would be in CW in
the absence of CaCO3 formation. The first term on the right is part of the concentration of
calcium ions that have changed to the state of CaCO3 during the time Tf – the stay of the feed
water in the RWSS. The third term is the excess (that exists at the moment of time t) activity
concentration of free calcium ions in CW, which can be determined by any available method.
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After dividing both sides of (6) by C0(t) · φ(t), let’s convert it to the form

Ginst(t) + Ψst(t) = 1; (7)

Ginst(t) =
Tf (t) ·R(t)

C0(t)
; Ψst(t) =

C(t)

C0(t) · φ(t)
·
[
1 + φ(t) · Tf (t) · d [lnC(t)]

dt

]
(8)

The first expression (8) is the fraction of calcium ions of the feed water, which during its
stay in the RWSS passes into the state of CaCO3. Let’s call this value the factor of instability
of water with respect to the precipitate of CaCO3.

The second expression (8) is the fraction of calcium ions from the feed water that does not
change to the CaCO3 state during its stay in the RWSS. It is natural to consider this value as an
index of the stability of circulating water in relation to the release of CaCO3. For a stationary
state, when dC(t)/dt = 0, the stability index takes the form

Ψst(t) =
C(t)

C0(t) · φ(t)
; φ(t) =

CCl(t)

CCl0(t)
, (9)

it is equal to the fraction of the concentration of free Ca2+ ions remaining in the CW relative
to the amount of Ca2+ ions that would be in the CW in the absence of CaCO3 formation.

For transient processes controlled by external conditions, provided that the value of the
second term in square brackets (8) is proportional to unity

| φ(t) · Tf (t) · d [lnC(t)]

dt
|≈ 1, (10)

the value of the stability index will depend on the sign (10) and will reflect the influence of
external factors unrelated to the formation of CaCO3. That is, the stability index introduced by
us adequately describes the process of carbonate release for the operating mode of RWSS close
to stationary.

By the way, having determined the stability index, we can use (8) to calculate the rate of
formation of CaCO3 from circulating water,

R(t) = [1−Ψst(t)] ·
C0(t)

Tf (t)
= [1−Ψst(t)] ·

C0(t) ·Qf (t)

V (t)
(11)

Note that in the case of the use of bypass softening of CW such that a part of CW is removed
from the circulation flow, softened in a special bypass clarifier and returned to the circulation
flow again, the expression for calculating the stability index changes,

Ψst(t) =
C(t)

C0(t) · φ(t)
·
{

1 + φ(t) · Pbp(t) · [1− bbp(t)] + φ(t) · Tf (t) · d [lnC(t)]

dt

}
(12)

Pbp(t) =
Qbp(t)
Qf (t)

, bbp(t) =
Cbp(t)
C(t) ,

Qbp(t) – water consumption through the bypass clarifier, Cbp(t) – activity concentration of
calcium ions at the outlet of the bypass clarifier.

The characteristic feature of bypass clarifier that is important when using sediment inhibitors
is the absorption of a part of the inhibitors from CW. Moreover, the concentration of inhibitors
can decrease in the CW stream by (30-40)%. Therefore, the loss of inhibitors must be
compensated for by a corresponding increase in their dosage in circulating water.
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4. Application example
The proposed methodology for calculating the CW stability index for the formation of CaCO3

will be applied to characterize the CW condition and minimize the growth rate of CW
precipitation at one of Ukraine’s HPPs. For this purpose, we use the CW parameters that
were measured in accordance with the operating regulations of the RWSS, namely:(

Ca2+
)
0
,

(
Ca2+

)
,

(
Cl−

)
0
,

(
Cl−

)
, Qf , V (13)

Taking into account the high hardness of natural water (9.5 − 14.5)mg−eq
dm3 before feeding

into the RWSS, approximately 85% of the feed water is softened so that its calcium hardness at
the entrance to the RWSS was ≈ 2.1mg−eq

dm3 , and in the CW reached ≈ (4.0− 4.4)mg−eq
dm3 , with a

concentration factor of k = 3.0− 3.5.
During the 300-day RWSS studies, see figure 1 it worked in standard mode (without bypass)

with an inhibitor concentration of Ci = 3.5 mg
dm3 . The stability index before turning on the bypass

calculated according to formula (9) was in the range of Ψst ≈ (0.60 − 0.63), which was clearly
insufficient for the normal operation of power units. The turbine condensers had to be cleaned
every 3 months, and due to the need to reduce the electrical load during cleaning, the station
suffered significant losses. To increase the current stability, starting from the 300th day of
observation, the bypass clarification of the CW with the following parameters was included:

Pbp = 0.18, bbp = 0.4, φ = 3.2, C0 = 2.1mg−eq
dm3 , C = 4.2mg−eq

dm3 .

Figure 1. Dependence of CW stability in-
dex Ψst on the number of the measurement
day. Vertical lines 300 and 540 indicate the
moments of CW clarification switching on
and the reduction of inhibitor dose.

The results of the calculation of the stability index according to formula (12) is shown in
figure 1. We see that the use of bypass clarification of the CW increases the stability of CS up
to 87% while maintaining the same inhibitor concentration in CW of 3.5 mg

dm3 .
Note that the expression for the stability index in the bypass mode, formula (12), allows us

to calculate the amount of CW consumption for bypass required to ensure the desired level of
stability.

After reaching Ψst ≈ 0.82 − 0.88, the precipitation rate decreased by almost three times,
which made it possible to clean TCs during scheduled preventive repairs.

In order to make sure of the effectiveness of choosing the right dose of the inhibitor and
the adequacy of the algorithm for calculating the degree of stability, starting from the 540th
day, the dose of the inhibitor was reduced by 30%. Accordingly, the calculated stability of CW
also decreased by ≈ 30%. This indicates that the method of calculating the stability of CW
adequately reflects the processes in CW.
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The results presented here indicate the possibility of operational control of the stability of
CW based on the data of regular measurements of its quality parameters and parameters of the
operating mode of the RWSS.

5. An example of application for correcting the stability of CW with acid
Let’s consider an alternative option of stabilizing CW by acidifying it, for example, with sulfuric
acid. Assume that the CW stability after softening was 60%. Considering it insufficient, we
calculate the amount of sulfuric acid dose that must be added to the feed water to achieve the
desired level of stabilization max Ψst = 0.87.

To do this, we take into account that each gram mole of the acid binds an equivalent number
of calcium ions, that is, the expression for the desired value of the stability index is presented as

max Ψst =
1

φ · C0
· (C + ∆C) = Ψst +

∆C

φ · C0
, (14)

∆C is the part of the concentration of Ca2+ ions that is bound by the acid, it is equal to
the added concentration of the acid CA in the CW; Ψst is the existing stability of CW before
acidification.

From expression (14), we determine the concentration of the acid that must be added to CW,
g−mole
dm3 ,

CA = C0 · φ · (max Ψst −Ψst) . (15)

Considering that the amount of acid in CW due to concentration is φ times higher than in
feed water, we get the acid concentration for feed water,

CA0 = C0 · (max Ψst −Ψst) . (16)

According to (15), we find the mass concentration of sulfuric acid (100%), which must be
added to the feed water,

CA0 = 2.1(0.86− 0.6) · 49 mg
dm3 = 26.8 mg

dm3 ≈ 27 · 10−3 kg
m3

We compare it with the consumption of the inhibitor during simultaneous bypass (take into
account the increase in the dose of the inhibitor by 1.4 times due to its absorption by the bypass
clarifier),

Ci0 = 1.4 · Ci/k = 1.4 · 3.5/3.2 = 1.53 · 10−3 kg
m3

We obtain that the mass concentration of the inhibitor is 17.6 times lower than that of the
acid. That is, in this case, it might be more expedient to limit, after softening the feed water,
its acidification instead of two procedures of adding an inhibitor and bypass softening.

The calculations presented here are intended to show how useful the concept of the stability
index is, as it allows obtaining a quantitative level of stability of CW and simplifies the estimation
of the number of reagents needed to achieve the desired level of stabilization of CW and makes
it possible to compare stabilization options without much difficulty.

6. Conclusions
• To quantitatively characterize the degree of stability of CW, we suggest using the stability

index. It has a clear physical meaning – it is equal to the relative part of the concentration
of Ca2+ ions that remains free in the CW, not bound in calcium carbonate. The calculation
procedure is also simple and clear.
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• It should be kept in mind that the stability index adequately describes the process of CaCO3

formation in the case when there are no sharp changes in the concentration of Ca2+ ions
in the RWSS, see (10), caused by external conditions (the established mode of operation of
the RWSS).

• For operational control and determination of the level of stability of CW, it is necessary
to measure the parameters of water quality and mode of operation of the RWSS in the
established mode of operation of the RWSS:

(
Ca2+

)
0
,
(
Ca2+

)
, (Cl−)0 , (Cl−) , Qf , V.

• It follows from expression (12) that the rate of formation of CaCO3 is proportional to
the concentration of calcium ions in the feed water, its consumption, and is inversely
proportional to the water volume of the RWSS. In other words, RWSS with a larger water
volume are less sensitive to contamination of heat exchangers than with a smaller one. In
particular, this concerns to RWSS with cooling ponds.
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Contradictions in electric power sector development:

Ukraine versus EU

V Y Khaustova and T I Salashenko

Research Center for Industrial Problems of Development of the NAS of Ukraine,
1a Inzhenernyi Ln., Kharkiv, 61166, Ukraine

E-mail: v.khaust@gmail.com, tisandch@gmail.com

Abstract. Ukraine strives to be a full member of the EU and competitive in its market
space, including energy markets. However, the UA electric power sector lags behind the EU
common one. To prove this input-output model of electricity flows was constructed, Sankey
diagrams were built, and qualitative indicators were determined. Based on the Eurostat
dataset we found contradictions in Ukrainian electric power sector development against the
European common one from 1991 to 2020. Mainstream trends in EU electric power sector
development are decarbonization, development of highly efficient cogeneration, increasing energy
efficiency at all stages, decentralization, increasing energy dependency, and all-round electricity
penetration. At the same time, key tendencies in the UA electric power sector development
were: gas-coal switching, reducing quality and quantity of cogeneration, stable too-low energy
efficiency, centralization, isolation and self-sufficiency, and deindustrialization. Comprehending
these contradictions determines the way for achieving sustainability in the UA electric power
sector after the war.

1. Introduction
The electric power sector development of Ukraine is considered in the context of its integration
into the European energy space. The result of such integration will be the receipt of significant
benefits by European and Ukrainian electricity consumers in terms of quality, reliability of supply
and cheaper prices under the pressure of competition. For nowadays Ukraine is being a member
of the Energy Community and since the mid-2019 the pro-European model of the electricity
market has been implemented but it does so in a quasi-competitive way [1]. Since the February
24th, 2022 Ukrainian electric power system has been synchronized with the entire European
one and since March 16th 2022 Ukrainian transmission system operator has become an observer
member of ENTSO-E. Nevertheless that now the Ukrainian electric power grids technically fulfil
the European rules, its electric power sector remains still outdated and its development is not
following European trends. The shortcomings of the Ukrainian electric power sector cast doubt
on its success in the competitive struggle in the open European space and require a solution to
the problem of finding priority areas for its future development.

The problem of electric power sector development has been strongly exacerbated by the
Russian invasion of Ukraine. Currently, it is impossible to analyze the damage of electric power
sector due to cybersecurity requirements (all data are closed since the February, 24th 2022 3
p.m.). However by the estimation of BBC the Ukrainian electric system suffered more than 250
strikes and there is no one thermal or hydro power plant left that would not be damaged [2].
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Regardless, it is needed to explore Ukrainian previous experience to rebuild the electricity power
sector after the war according to European pillars without neglecting national interests.

It is possible to analyze the state and trends of the Ukrainian electric power sector in the
European space by developing the input and output electricity flows and comparing Ukrainian
trends with European common ones and determining their similarities and contradictions, pros
and cons of their development.

The input–output model is widely used application for quantitative assessment interdepen-
dencies between different sectors of a national economy or different regional economies [3] and
electricity is public used good by all without exception spheres of economy [4]. Chong et al
is considered that the input–output model is a suitable method for analyzing complex net-
work data structures and Sankey diagram is its visualization tool [5]. Historically it referred to
Leontief input–output model 1936 [6] and Sankey diagram was firstly constructed Hohmann in
1949 [7]. Nowadays the Sankey diagram is pointing up inefficiencies and potential for savings
in connection with resource use [8], analyzing the energy balance and energy efficiency of an
energy system [9], programming data-processing method for mapping energy allocation Sankey
diagram and introduced primary energy quantity converted factor to connect end-use energy
consumption and primary energy consumption [10]. These methods are commonly used in other
different fields [11–13], but in most cases, it is applied for analysis of the energy and greenhouse
gas emission flows [14–17]. So, Eurostat has developed an Sankey diagram to build and cus-
tomize general energy balance and the main energy flows of a certain territory [18], but it could
not be decomposed by types of energy sources or energy carriers.

The aim of the research is to develop methodological support for the analysis of input-output
electricity flows and compare key trends in the electric power sector development in Ukraine
with the EU common ones. Its hypothesis is formulated as follow: existence of significant
contradictions in the electric power sector development of Ukraine and the EU.

The rest of paper is organized as follows. Section 2 contains the materials and methods used
for the construction of input-output model of electricity flows. Section 3 provides authors’ key
findings on the contradictions of the UA and EU electric power sector development. Section
4 presents a discussion and conclusions of these contradictions and also recommendations for
solving them.

2. Methodology and data
So, comparative analysis of input-output electricity flows in Ukraine and the EU can be carried
out on the basis of Sankey diagrams, which are possible to build using Power BI software
(developed by Microsoft Corp. [19]). The dataset of the research is the Eurostat database [20],
which is compiled with Regulation (EC) No 1099/2008 [21] and ensures the unification and
comparability of data by the dimensions of the electric power system, energy sources and types
of activity. The dataset includes the data from 1991 to 2020 for Ukraine and EU-27 (currently
it is impossible to refresh data for Ukraine due to the cybersecurity requirements during the
war-time). But the use developed input-output model of electricity flow will allow for quick
updating of data and slicing them for time periods and countries. Constructed input-output
model of electricity flows is depicted in figure 1, based on it the Sankey diagrams of the inputs
and outputs electricity flows are built by the stages of the electric power system. Data validation
of the input-output model of electricity flows is based on the thermodynamic laws of conservation
energy which requires for all energy in the electric power chain from the supply of primary energy
resources to the final electricity consumption must be allocated or lost.

Based on the developed input-output model of electricity flows, it is possible to determine
qualitative indicators of the electric power sector development, which can be divided into 3
groups: energy efficiency, structural, and security and integration (table 1). All these indicators
can also be calculated in the Power Bi software space using measures.
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Figure 1. Input-output model of electricity flows in Power Bi software space: PP – power
plant; CHP – combined heat and power plant.

Table 1. Qualitative indicators of the electric power sector development.

Group indicator Indicator

Energy
efficiency
indicators

Energy efficiency of transformation by PPs
Energy efficiency of transformation by CHPs
Energy efficiency of generation

r Energy efficiency of transportation electricity
General energy efficiency of electric power sector

Structural
indicators

Share of RES in transformation inputs of electric power sector
Share of OFF in transformation inputs of electric power sector
Share of cogeneration in gross electricity generation
Share of autoproducers in gross electricity generation
Share of commercial electricity consumption
Share of non-commercial electricity consumption

Security and
Integration
indicators

Self-sufficiency of electric power sector
Export dependency of electric power sector
Import dependency of electric power sector

RES – renewable energy sources; OFF – organic fossil fuels.

The expected result of the research is the finding of the contradictions in the UA and EU
electric power sector development, which must be overcome during the rebuilding of Ukraine’s
electric power sector after the war-time.

3. Results
3.1. Input-output models of electricity flows in Ukraine and EU
In this paper, the Sankey diagrams of electricity flows are depicted of Ukraine and the EU
(figure 2, figure 3), which contain eight stages described below.

The first stage presents primary energy sources which were used for electric power generation
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Figure 2. Sankey diagram of the EU electric power sector in 2020 (based on [20]).

Figure 3. Sankey diagram of the UA electric power sector in 2020 (based on [20]).

(solid fossil fuels, nuclear heat, renewables etc.) and also the import of electricity as an
external source of it. They are allocated between PPs and CHPs (the second stage). The
third stage contains gross main and autoproducers’ power generation, gross heat generation and
transformation losses. In the fourth stage, the summarized gross output of power generation,
which depends on the level of the state-of-the-art of used technologies. In the fifth stage, net
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power generation is presented as deducted sum from the gross output of electricity the own use
of PPs and CHPs. The sum of net power generation and import of electricity gives the total
available electricity for consumption (the sixth stage). But from the sum of available electricity
is deducted electricity, which is exported, used for energy sectors and also volumes of distribution
losses (the seventh stage). And in the eighth stage, final electricity consumption is allocated
among final users: industrial and transport serctors, serives, households and others.

Comparison of electricity flows between stages of the the Sankey diagram allows to provinde
qualitative assessment and determine contradictions of electric power sector development
(table 2).

Table 2. Qualitative assessment of the EU electric power sector development (based on Sankey
diagram analysis).

Indicator
EU UA

1991 2000 2010 2020 1991 2000 2010 2020

Energy efficiency indicators

Energy efficiency of transformation of
electricity only

39 41 43 50 32 34 35 36

Energy efficiency of transformation of
cogeneration

55 61 62 63 85 81 76 68

Energy efficiency of generation 94 95 95 96 94 93 92 92
Energy efficiency of transportation
electricity

8 9 10 13 13 10 8 9

General energy efficiency of electric
power sector

29 32 35 40 23 22 23 26

Structural indicators

Share of RES in transformation inputs
of electric power sector

6 8 13 25 1 2 3 4

Share of OFF in transformation inputs
of electric power sector

58 52 49 38 72 51 49 40

Share of cogeneration in gross electric-
ity generation

19 17 23 22 11 11 9 11

Share of autoproducers in transforma-
tion output of electricity generation

9 6 8 10 3 3 3 2

Share of commercial electricity con-
sumption

49 46 39 39 75 61 56 45

Share of non-commercial electricity
consumption

49 52 59 58 17 34 42 51

Security and Integration indicators

Self-sufficiency of electric power sector 99 97 96 93 102 122 114 110
Export dependency of electric power
sector

7 7 6 6 9 24 14 12

Import dependency of electric power
sector

8 10 10 13 7 2 0 2
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3.2. Mainstream trends of the EU electric power sector development
The EU strives to be a leader in implementing a climate-neutral policy. The main emphasis is
dealt with electricity, which can be produced in a carbon-free way and will satisfy all the energy
needs of each branch of society. For this purpose, appropriate transnational legislation, regional
and national energy strategies are implemented. Consequently, significant structural shifts are
taking place in the EU electric power sector in the direction of achieving the objective of carbon
neutrality by 2050 [22]. Based on the Sankey diagram analysis, 6 mainstream trends in the EU
electric power sector development can be admitted from 1991 to 2020.

Above all is the decarbonization of the EU electric power sector. Firstly, in 1991-2000, there
was a shift towards nuclear energy and its share exceeded the share of power generation based
on solid fossil fuels. In 2010-2020, the share of nuclear energy (considering the events at the
Fukushima Daiichi in 2011) returned to the previous values of 34-35 %, while the share of power
generation based on solid fossil fuels continued its decline.

Replacement of power generation based on solid fossil fuels also occurred due to the
deployment of gas-fired electricity generation, and its share stabilized in 2010-2020 at the level
of 19 %. The primary the deployment of gas-fired power generation was due to its higher energy
efficiency and climate friendliness, but later it began to play the role of supporting RES-based
power generation and only with the integration of national electricity markets, the requirements
for the growth of gas-fired power generation went down. There was a permanent tendency to
abandon oil-fired power generation based, down to 2 % in 2020.

The active deployment of unconventional RES-based power generation began in the 2000s
starting with wind and biofuels. In 2020, the total share of all types of unconventional RES-based
power generation reached 20 %, including 10 % based on biofuels and wastes and 10 % based on
intermittent RES power generation (solar and wind). The share of hydropower generation will
remain relatively stable, at the level of 5 %, aiming to secure the natural conditions of European
water basins.

Thus, the structure of EU power generation accounted for 60 % of low-carbon energy sources
in 2020. In absolute terms, the volumes of all types of fossil-fired power generation, except for
gas, declined, while unconventional power generation grew rapidly.

With the first trend is strongly connected the second one, which is deployment of highly
efficient cogeneration. In 1991-2000, there was an insignificant reduction in the share of
cogeneration due to the abandonment of outdated cogeneration technologies based on solid
fossil fuels. Recovery of cogeneration took place in 2000-2010, which occurred through the
development of gas-fired cogeneration, and cogeneration based on biofuels and wastes. In 2010-
2020, the share of cogeneration slightly decreased, as well as due to the growth of cogeneration
based on biofuels and wastes, and the reduction of cogeneration based on solid fossil fuels.

There were also structural shifts towards an increase in the share of power generation in the
structure of the gross output of cogeneration, on 40 % in absolute terms, while the share of heat
generation, on the contrary, decreased on 10 % in absolute terms.

In general, the development of cogeneration is considered a way to reduce the useful losses of
the electric power sector imposed by the technological limitations of mono-power generation
technologies. Structural and technological changes made it possible to increase the energy
efficiency of cogeneration from 55 % in 1991 to 63 % in 2020.

The third trend is increasing the energy efficiency of the electric power sector at all stages.
In addition to increasing the energy efficiency of cogeneration, changes in the mono-power
generation led to a reduction in transformation losses, which were down to 50 % in 2020. Firstly,
this happened due to the deployment of intermittent RES-based power generation, the input
and output energy flows of which are equated. Secondly, there was also an increase in the energy
efficiency of gas-fired power generation up to 53 %, mainly due to the development of combined
steam-gas cycles and the improvement of the working characteristics of gases. The fastest growth
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rates of energy efficiency were fixed for biofuel-based power generation up to 34 %, which was
due to the advancements in biofuel preparation technologies.

At the same time technological and commercial limitations restricted changes in the energy
efficiency of nuclear and solid fossil fuel power generation, which increased slightly.

Increasing the energy efficiency of power generation can be confirmed by the increasing net
output from gross power generation. In 2020, the efficiency of electricity production increased
by 2% compared to 1991. The most significant growth was achieved over the past 10 years, by
0.8 %, while over the previous 20 years this rate increased only by 1.1 %.

The useful electricity flows are also reduced by its losses in the grids, which in the EU
nonetheless increased up to 13 % in 2020 (reasons for this originated from the 4th trend of the
EU electric power sector development).

The above-mentioned led to the general energy efficiency increase of the EU electric power
sector from 29 % in 1991 to 40 % in 2020.

Decentralization is the fourth and distinctive trend of the EU electric power sector. The
causes of the growth of transportation electricity losses are straightly associated with increasing
electricity flows through distribution grids, which a priori have larger losses against transmission
ones. In absolute terms, distribution losses more than doubled in 1991–2020.

This trend can also be confirmed by the share of autoproducers in the total EU power
generation. Their production increased by 28 % in absolute terms in 2020 against 1991.
Reduction of autoproducer generation happened in 1991-2010 and associated with rapid
declining mono-power generation, and was stopped only in 2010-2020 through the deployment
of RES-based power generation. Compared to PP autoproducers, CHP autoproducers were
continuously increasing the power generation. Their volumes increased in 2.7 times and in 4 %
by share.

Thus, more and more EU electricity consumers aimed at being prosumers and self-providing
their own electricity and heat needs. Surplus electricity is transmitted through the distribution
network.

Opening the boundaries of the national electricity markets of the EU member states and
increasing their electricity dependency form the fifth trend, that should be viewed in a
comprehensive manner. The development of market trading, the deployment of RES-based
power generation, and the desire to create a single market space on and beyond the EU initiated
the growth of external electricity flows. Thus, the import and export of electricity increased
more than double in 1991-2020. Subsequently, the self-sufficiency of the EU electric power sector
decreased to 93 %, import dependency increased to 13 %, while export dependency remained
approximately the same in 2020. So, the EU electric power sector goals caused the need for
redistribution of electricity surpluses and shortcomings of national electric power systems.

Awareness of the value of electricity in modern society forms sixth trend – its penetration in
all spheres of economy. EU final electricity consumption increased by 26 % in absolute terms
from 1991 to 2020. There had been made significant structural shifts in the final electricity
consumption structure. Firstly, these shifts were associated with responsible electricity
consumption by industry. The plateau of industrial electricity consumption was reached in 2000-
2010, while it decreased in 2010-2020, returning almost to the level of 1991 in 2020. Therefore,
the share of industrial electricity consumption decreased from 45 % in 1991 to 37 % in 2020. At
the same time, the improvement of the quality of life led to increasing electricity consumption
by the services and households, the volumes of which increased by 1.7 times and 1.4 times
respectively in 1991-2020. Therefore, it can be admitted the ongoing convergence of the shares
of the three types of activity in the EU: industry, services, and households.
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3.3. Key tendencies of the UA electric power sector development
The European course of the national policy of Ukraine has been consistently implemented in the
energy sector since 2010, as a member of the Energy Community. However, the implementation
of the European energy policy in Ukraine requires significant changes in electric power sector
through its reconstruction, modernization and integration into the European energy space.
Ukraine strives to catch up with European development trends and achieve carbon neutrality
by 2060. The key trends in the UA electric power sector compared with EU ones can be defined
as follows.

Compared to the EU the first one Ukrainian trend can be stated as gas-to-coal switching of
the electric power sector of Ukraine. The UA power generation decreased by 49 % in 1991-2020
as a request of decreasing electricity demand. In the structure of transformation inputs for
power generation, a significant increase in the share of solid organic fuel happened in the 2010s
down to 36 %. The share of gas-fired power generation, after a slight increase in 1991-2000,
gradually decreased after 2000 to 11-12 % in 2010-2020 aiming to decline the gas dependency of
Ukraine. The share of nuclear heat in power generation has been constantly growing from up
to 53 % in 2020, but in absolute terms it remained approximately the same, having increased
only by 3.5 %.

The share of other energy sources increased only by 1 for hydro-, bio-, solar and wind
generation. In absolute terms, solar power increased by 513 times, and wind power by 62
times, while hydropower and bioenergy decreased by 42 % and 35 % respectively, in 2010-2020.
Oil-fired power generation declined to almost zero in 2020.

Therefore, Ukraine is forced to abandon the more climate-friendly gas-fired power generation,
and support dirty power generation based on solid fossil fuels at a sufficient level, and limit
hydropower generation for the deployment of RES power generation. This phenomenon
nowadays is known as the green-coal paradox.

In contradiction to the EU, the second Ukrainian trend is reducing the volumes and energy
efficiency of cogeneration. Power generation by cogeneration decreased by 47 % from 1991 to
2020 and was accompanied by a 37 % decrease in heat generation due to the lack of sufficient
heat demand in the CHPs-related territories. Despite this, the share of transformation inputs
for cogeneration increased from 12 % in 1991 to 17 % in 2020, while the share of cogeneration
in gross electricity generation remained unchanged at the level of 11 %.

Thus, the energy efficiency of cogeneration decreased to 68 % in 2020 and was associated
with a decrease in the heat share in gross output, and the physical obsolescence of cogeneration.

Significant shifts considered in the structure of cogeneration, gas-fired cogeneration decreased
to 45 % by the share, and 51 % in absolute terms in 2020. The share of coal-fired cogeneration,
on the contrary, increased to 10 %. The share of nuclear cogeneration remained significant and
unchanged at the level of 5 %. Noteworthy the share of other energy sources for cogeneration
increased to 12 % in 1991-2020, which meant a significant unclassified part of cogeneration.

Stable too low energy efficiency alienates the Ukrainian electric power sector from the
European common one. Transformation losses of the mono-power generation underwent an
insignificant reduction from 68 % to 64 % in 1991-2020. So, the energy efficiency of mono-power
generation increased only from 32 % to 36 %. This was largely made by the deployment of RES-
based power generation, as well as the reconstruction of several coal-fired steam turbine power
units with their transfer to the technology of supercritical parameters. Thus, the efficiency of
power generation in the coal-fired power industry increased from 30 % in 1991 to 33 % in 2020.

The Ukrainian power generation is physically and morally obsolete, which also leads to
significant electricity for the own use of power plants. Through the time the energy efficiency of
power generation declined from 94 % in 1991 to 92 % in 2020.

The physical outdated and lack of modernization of power networks also led to high electricity
losses through its transmission and distribution. However, the share of electricity losses steadily
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decreased from 13 % to 9 % in 1991-2020 (as in the EU case, the cause can be found in the next
trend).

In general, the energy efficiency of the UA electric power sector accounted for 26 % in 2020,
increased only by 3 % compared to 1991.

Centralization is the fourth key trend of the UA electric power sector development, distinct
from the EU. Electric power sector of Ukraine is a Soviet heritage of a centralized type. Since the
independency of Ukraine, only transmission networks have undergone upgrades to synchronize
with ENTSO-E, while distribution networks remain obsolete. This fact is associated with a
decrease in transport losses of electricity.

The deindustrialization of Ukraine has led to a greater centralization of the electric power
sector by the closure of a number of autoproducers of electricity. Their share in the structure
of gross output decreased by 65 % in absolute terms, incl. CHP autoproducers by 62 % and PP
autoproducers by 74 % in 1991-2020.

Isolation and self-sufficiency of the UA electric power sector can be recognized as fifth trend.
Ukraine’s electric power sector has been and remains self-sufficient, the net power generation
has always exceeded consumer needs. In 1991 this level was at 102 %. There was its growth
to 122 % in the 2000 and Ukraine actively traded electricity with the CIS countries. The part
of the Ukrainian electric power system was synchronized with ENTSO-E since 2002. This led
to the opening of electricity exports to Europe. Electricity trading with the CIS countries was
close to zero level in the 2010s and there were only technical electricity flows. The opening
of electricity imports from Europe to Ukraine became possible after the implementation of the
European electricity market model in Ukraine in mid-2019. In 2020, the import dependency of
the Ukrainian electric power sector was at 2 %, while the export dependency was at 12 %.

Currently, Ukraine has limited opportunities for electricity trading with neighbouring
countries, which are limited by cross-border transmission and inconsistencies with European
trading rules, even despite the full synchronization of the Ukrainian energy system with the
European common one.

Deindustrialization of the UA alters electricity consumption patterns and is the sixth trend.
It can be admitted similar structural shifts in Ukrainian final electricity consumption compared
to the EU, but the reasons of these are great differ. Final electricity consumption in Ukraine
decreased by 43 % in 1991-2020. At the same time, a similar drop was already fixed in 1991-
2000, which was stopped in 2000-2010, reaching an 18 % increase in electricity consumption in
2010. However, the occupation of part of the territories and the economic potential of Ukraine
decreased the final electricity consumption by 15 % in 2020 against 2010.

The falling industrial production led to a reduction in industrial electricity consumption by
76 % in 1991-2020, although there was an increase of 9 % in 2000-2010, and a decrease of
31 % in 2010-2020. Consequently, the share of industrial electricity consumption in Ukraine has
decreased from 68 % in 1991 to up to 40 % in 2020. The declining industrial activity led to a
reduction in transport flows.

Electricity consumption by the service sector, on the contrary, decreased only by 38 % in 1991-
2000, while their volumes increased by 144 % in 2000-2020, led to an increase in its share to
19 % in 2020. Notwithstanding the socio-economic conditions, household electricity consumption
increased all time in 1991-2020. And even the loss and occupation of part of the territories of
Ukraine led to a reduction in household electricity consumption only by 0.5 % in 2020 compared
to 2010. The share of household electricity consumption reached 32 % in 2020.

Consequently, in 2020, the total share of non-commercial electricity consumption exceeded
the share of commercial electricity consumption by 6 %, although in 1991 this ratio was reversed
exceeded 4 times, in 2000 – 2 times, and in 2010 – 14 times.
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4. Discussion and conclusions
It is difficult to overestimate the role of the electric power sector in ensuring the energy transition
to sustainable energy in the future. In each country, the electricity sector is unique, which
depends on the specific technical conditions of the electric power system, the climate and natural
conditions of the related territory, and government regulation of electricity market. But there is
a common vision of the future, and it is possible to highlight the general trends and characterize
individual transformation processes on the path of sustainable development. This study proposes
methodological support for the analysis of the electric power sector development, which includes
the following.

• Input-output model of electricity flows, which considers different stages of the electric power
chain starting from primary energy sources and ending with electricity consumption by types
of activity;

• Sankey diagram analysis of electricity flows in MS Power BI software that allows slicing
data for time periods and countries.

• Qualitative assessment of electric power sector development, which is provided by three
group indicators such as energy efficiency, structural, and security and integration.

Ukraine aims to be a full member of single European community and comply with the
European framework of economic policy, including the energy sphere. But there is still a
significant gap between Ukraine and European member-states. By comparing the UA and EU
trends of electric power sector development it was possible to determine the contradictions of
the Ukrainian one with the general vision of the EU. Understanding of these contradictions is a
background for solving them and making comprehensive decisions for rebuilding electric power
sector after the war-time. Among them are the following.

• The first one is that Ukraine is forced to keep coal-fired generation for demoting gas
dependency and as for supporting RES-generation. At the same time the EU prioritizes
the development of ecology-friendly generation, both gas and renewable, looking for more
favourable market conditions to meet primary energy source needs.

• The second one is the falling of cogeneration in Ukraine while as the EU strives to support
deployment of highly-efficiency cogeneration. But the solution to this issue in Ukraine
depends on the comprehensive development of electric power and district heating sectors.

• The third one is outdated and low energy efficient electric power generation in Ukraine,
while in European countries development of highly efficient generation supporting through
capacity remuneration mechanisms or even green auctions. In Ukraine, such mechanisms
aren’t implemented yet.

• The fourth trend is the centralization of the UA electric power sector vs the decentralization
of the EU one. Ukrainian electricity consumers have restricted investment abilities and legal
obstacles in deploying their own generation, while the EU strives to support the development
of distributed generation.

• The fifth one is differentiation on energy security: whereas the EU aims at create
single European electricity market, disregarding electricity dependency of member-states,
Ukraine remains isolated but self-sufficient due to the lack of cross-border capacities.
Synchronization of the Ukrainian electricity system with the European one poses new
challenges for Ukraine: where and how to integrate into the European space.

• And the last but not least trend is divergence in the electricity consumption patterns in
Ukraine and the EU. Unfortunately, it cannot be solve internally inside the electric power
sector and it has to adopt to these challenges: through the develop more flexible capacities,
provide incentives for consumers of levelling the electricity consumption schedule.
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The general conclusion of this research is following: although Ukraine strives to adhere to
European trends of the deployment of RES-based electric power generation, however, other
trends were contradictory, intensive shifts were insignificant and were complicated by the physical
and moral obsolescence of electric power system.

As can be seen, the solution of of the most of contradictions greatly depends on the
public authority actions and should be included in the national energy policy of Ukraine.
It can be supposed that these contradictions will be exacerbated after the war-time but the
synchronization of Ukraine with the ENTSO-E is the great challenge but also the window of
opportunities. Thus, government decisions have to be made for the rebuilding of electric power
sector.
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Abstract. The Third and Fourth EU Energy Packages, as well as the Energy Strategy of
Ukraine “Safety, Energy Efficiency, Competitiveness” until 2035, define the development of
electricity production using renewable energy sources among the priorities of the energy sector.
In this situation, the decision-making process on the integration of renewable energy sources
into the electricity supply system is of particular importance. The article develops a fuzzy
model for assessing the risks of connecting (integration) renewable energy sources to the power
supply system. The toolkit, based on logical rules, allows modeling various connection options.
The data obtained can then be used to set requirements for the parameters of the electrical
installation at the stage of issuing technical specifications to the customer. The modeling results
demonstrate the adequacy of the developed knowledge base and the possibility of using it to
develop a methodology for the controlled and efficient connection of renewable energy sources
to the power grid.

1. Introduction
In the past, national energy planning involved the development of a centralized infrastructure
investment program for a certain period of time. However, in the current geopolitical context,
environmental damage, depletion of fossil fuels and territorial imbalances are factors that require
a change in the energy mix, and the introduction of measures to invest in energy diversification
and the integration of renewable energy sources (RES).

At present, the construction of clean energy generation facilities is carried out solely from the
standpoint of commercial attractiveness, but not from the standpoint of the country’s economic
development, environmental friendliness and consumer interests. The rapid development of
green energy is taking part without consideration of the real needs of Ukraine’s energy system
for additional generating capacity. This can lead to destabilization of its functioning and the
possibility of emergencies.

Decision-making on the integration of RES into the electricity supply system should be based
on an analysis of the modes and processes that arise under different options for connecting RES.
However, decision-making will almost always take place in conditions of incomplete information,
which will cause some uncertainty about the results of these connections. In such circumstances,
the use of fuzzy logic elements in the process of assessing risk factors is justified.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012043

IOP Publishing
doi:10.1088/1755-1315/1254/1/012043

2

2. Purpose and objectives
The purpose of the article is to develop a methodology that allows for a controlled and efficient
connection of RES to power grids based on a risk profile. The objective of the article is a study
of the use of fuzzy logic for risk assessment in the connection of RES to the electricity supply
system, namely, a comprehensive consideration of the influence of factors.

3. Research material and results
According to a report by the International Renewable Energy Agency (IRENA), 3064 GW of
renewable generation capacity was in operation worldwide at the end of 2021 [1]. Of this volume,
40% is accounted for by hydroelectric power plants, 28% by solar power plants and 27% by wind
power plants. However, solar and wind power have dominated the expansion of renewable energy
capacities lately (figure 1).

Figure 1. Growth of RES capacities [2].

The studies [3, 4] has shown that further development towards increasing the share of solar
and wind power plants in the generation of the power system poses significant challenges to
ensuring reliable electricity supply and efficient management of the distribution system. In view
of this, as well as the growing technical capabilities of RES and related equipment, there is a
need to set requirements for the main equipment or to install additional equipment for flexible
and dynamic regulation of RES operation.

Unfortunately, there is currently no effective, comprehensive system for assessing and
managing risks in the integration of RES into the electricity supply system. The practical
aspects of risk management in this segment have not been sufficiently researched and covered,
considering the experience of the world’s leading countries and the grid specifics of the electricity
supply system. There is an urgent need to create a comprehensive risk management system for
the integration of RES, which will be adapted to the current realities of the Ukrainian power
system.

In the energy sector, decision-making often takes place with significant incomplete
information, lack of statistical estimates, and in poorly formalized conditions. In these
circumstances, many researchers suggest using fuzzy logic for decision-making.

Courtecuisse et al [5] use this method because it facilitates the analysis and definition of fuzzy
control algorithms adapted for complex hybrid systems. In addition, the fuzzy logic method is
adapted to solve the problems of forecasting energy production from RES and changes in grid
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frequency with load changes. This allows them to avoid accurate and detailed models of different
sources and system topology.

Dimitroulis and Alamaniotis [6] presents a fuzzy logic-based energy management system for
residential prosumers, who produce electricity for their own consumption and sell it to the grid.
The use of a mathematical model based on fuzzy logic allows reducing energy consumption costs
and increasing profits from the sale of excess energy to the grid. This was confirmed by the
results of practical implementation.

The article [7] addresses the problem of optimal control of energy storage systems to maintain
voltage/frequency in distribution power grids, considering the degradation of batteries. Liu et al
propose an optimal fuzzy control method that maximizes the useful effect, reduces power losses,
and minimizes battery degradation.

Yahyaoui et al [8] proposes and evaluates a methodology based on fuzzy logic for energy
management in autonomous installations with photovoltaic panels and limited battery capacity.
The decision-making process includes consideration of the system’s autonomy, battery protection
against deep discharge and overcharge, and power supply stability.

Ziemba [9] also use a fuzzy logic model, and more exactly, a modified fuzzy TOPSIS method
for multi-criteria assessment of investments in onshore wind farms in Poland. This method is
also used to determine the most cost-effective investment. The fuzzy TOPSIS method allows
capturing the uncertainty of input data as well as conflicting criteria.

Pankovits et al [10] uses fuzzy logic algorithms to integrate renewable energy generation and
storage units, using the example of a railway substation. This made it possible to contribute to
limiting the excess of the estimated capacity from the grid and to promote local consumption
of renewable energy through empirical supervision parameters. The multi-criteria approach,
including energy, environmental and economic constraints, was implemented at different time
levels.

De Carvalho et al [11] presented a methodology using fuzzy logic to optimize the control of an
embedded power system. The system under consideration was equipped with a supercapacitor
energy storage device that performs the function of power smoothing and peak reduction. The
optimization goals were to minimize the voltage fluctuations of the DC circuit and to improve
the system efficiency by reducing power dissipation.

In turn, Baqui [12] formulated an automated decision-making model for the allocation of
power grid resources using fuzzy logic algorithms. The rule base was created on the knowledge
of the subject area and analysis of the operator’s decision-making activities.

The article of Ibrahim et al [13] is devoted to the development of a fuzzy logic-based energy
management system for hybrid energy sources. The proposed system uses fuzzy logic to make
decisions on load distribution between different energy sources depending on external conditions
and consumer requirements. In addition, the system can adapt to changing operating conditions
and ensures optimal energy utilization. Studies have shown that the proposed fuzzy logic-based
electricity consumption management system is effective and can reduce electricity costs.

Castillo-Calzadilla et al [14] describes a methodology for assessing positive energy districts
(PEDs) based on fuzzy logic. A PED is an area where most of the energy consumed is provided by
renewable sources and excess energy is transferred to the grid. The use of this methodology can
help determine the degree of sustainable development and energy security in different PEDs.
The results of the study demonstrate the effectiveness of the proposed methodology and the
possibility of its use to assess positive energy districts in different regions and cities.

Fuzzy logic has also been used to evaluate crops that can be grown profitably for bioenergy
production. Lewis et al [15] used a fuzzy spatial suitability model with physical and economic
variables to identify non-agricultural areas that could be profitably cultivated with bioenergy
crops that are more resilient to environmental conditions.

Alekhya et al [16] consider risk assessment using fuzzy logic. This study proposes a
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risk assessment methodology that uses fuzzy logic to model and analyze uncertainty. This
methodology involves creating a mathematical model that includes a set of factors and fuzzy
rules to assess the degree of influence of each factor on the project cost. The use of fuzzy
logic allows modeling uncertainty and ambiguity in risk assessment. The results of the study
demonstrate the effectiveness of the proposed methodology and its ability to more accurately
assess the risks of project cost overruns.

In the tasks of risk assessment when connecting RES and decision-making under uncertainty,
problems arise that are difficult to solve using traditional methods. In a real-world model, there
is always a technological scatter of parameters due to the complexity of the system. To solve this
problem, it is necessary to use fuzzy concepts and knowledge that describe the control process
using productive if-then rules. The most important advantages of this method of evaluation
include the ability to use the expert’s experience without drawing up differential equations.
The use of fuzzy logic for decision-making is most useful for systems with poorly formalized
processes [17].

The advantages of using a fuzzy logic model in decision-making are as follows:

• fuzzy logic methods make it possible to describe risk factors in a qualitative, verbal way by
introducing the concepts of linguistic variables, the meaning of which is understandable to
the expert;

• the use of fuzzy sets allows formalizing more flexible relationships between the factors of
each of the risks under study. This is more in accordance with the nature of the real
interactions studied in the electric power industry;

• fuzzy methods make it possible to make decisions under conditions of incomplete
information by synthesizing and analyzing qualitative values. This is important for decision-
making in connecting RES to the power supply system.

In general, the mechanism of logical inference includes four stages [18]: introduction of
fuzziness (fuzzification), fuzzy conclusion, composition and reduction to clarity, or defuzzification
(figure 2). Fuzzy inference algorithms mainly differ in the type of rules used, logical operations,
and the type of defuzzification method.

Figure 2. System of the fuzzy logic model.

Despite the complexity of the mathematical apparatus embedded in the algorithms, this
approach allows for a fairly flexible model that will operate with numerous input arguments and
provide a resultant value. The resulting value can be considered objective with a certain degree
of approximation. Because there are a variety of subjective things, such as the assessment of
specific threats by experts [19].
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The Mamdani algorithm was used to create a risk profile for the integration of RES into the
power supply system. The application of this algorithm allows us to qualitatively describe
the possible causes (processes or phenomena) that contribute to the connection problem.
Subsequently, with this information about the factors, it is possible to build a functional
correspondence.

In Mamdani’s model, each rule has a degree of execution ωi, which is calculated as follows:

ωi(x1, ...xnx) =
nx∧
j=1

µj,i(xj), i = 1...nr, (1)

where ∧ – a fuzzy conjunction operation that corresponds to the “AND” operator in the rules;
nx – number of inputs; µj,i(xj) – the membership function on the j-th input in the antecedent
of the i-th rule; nr – number of rules.

After the degrees of rule fulfillment are calculated, the fuzzy values of the rule constituents
are calculated using implication (in Mamdani systems, the minimum operation is usually used).

Then, using the aggregation operation (in Mamdani systems, the maximum operation is
usually used), the fuzzy output value with the membership function µY out(y) is calculated
according to the expression:

µY out(y) =
nr∨
i=1

(ωi(x1, ...xnx) ∧ µY i(y)), (2)

where ∨ is an aggregation operation that corresponds to the union of fuzzy rules by ELSE, which
is equivalent to a disjunction in the Mamdani system; ∧ – implication operation (equivalent to a
conjunction in the Mamdani system); µY i(y) - is the membership function of the concatenation
of the i-th rule.

After the rule inputs have been processed by the algorithm described above and the
fuzzy output µY out(y) is obtained, it is necessary to find the corresponding crisp value using
defuzzification y∗. The main methods of defuzzification are the center of gravity, center of sums,
and average maximum methods.

4. Practical application
The Matlab environment used in the study is a specialized package Fuzzy Logic Toolbox [20].
It is used to create and further use a fuzzy logic system in an interactive mode.

To assess the risks of integrating RES into the power supply system, indicators reflecting
the impact of these sources on the system are used. These elements include such factors as:
the occurrence of higher harmonics (Ku), voltage deviation from Un (∆U) and reactive power
flow (cosϕ). The occurrence of higher harmonics was defined by an ordered term set of values
consisting of three terms: “low”, “medium” and “high”. The terms are listed in order from the
most negative to the most positive. According to the tasks set, it is enough to select 3 linguistic
variables to describe the aspects of the factor for further application of the fuzzy logic method.
This scale is also used for other indicators (table 1).

Table 1. Scale for assessing linguistic variables.
Factors Range Scale (L) (M) (H) in rel. units

Higher harmonics 0 % …10% 0.90 …0.94 0.92 …0.98 0.96 …1.0
Voltage deviation from Un 196 V …264 V 0.85 …0.91 0.88 …0.97 0.94 …1.0

Reactive power flow 0.75 …1.0 0.75 …0.85 0.80 …0.95 0.90 …1.0

A distinctive principle of the Mamdani method is that its rules of logical inference contain
fuzzy values (membership functions) in their concretions (on the right side). The Matlab
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module includes 11 built-in membership types. However, in practice, it is convenient to use
those membership functions that allow an analytical representation in the form of some simple
mathematical function. This simplifies not only the corresponding numerical calculations, but
also reduces the computational resources required to store individual values of these membership
functions [21]. Therefore, in our study, we considered the triangular, trapezoidal, and simple
Gaussian membership functions.

The triangular membership function (figure 3) is formed using a piecewise linear
approximation.

A triangular function (for example, for the “medium” term of ∆U) can be given analytically

(a)

(b)

(c)

Figure 3. Graphs of the triangular membership function for variables Ku(a), ∆U(b), cosϕ(c).
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by the following expression:

f∆(∆Um; a, b, c) =



0, ∆Um 6 a
∆Um − a

b− a
, a 6 ∆Um 6 b

c−∆Um

c− b
, b 6 ∆Um 6 c

0, c 6 ∆Um


=

=



0, ∆Um 6 0.88
∆Um − 0.88

0.925− 0.88
, 0.88 6 ∆Um 6 0.925

0.97−∆Um

0.97− 0.925
, 0.925 6 ∆Um 6 0.97

0, 0.97 6 ∆Um


.

The parameters a and c characterize the base of the triangle, and the parameter b
characterizes its vertex. As you can see, this membership function generates a normal convex
unimodal fuzzy set with a carrier – the interval (a,c), the boundaries (a, c) \ {b}, the kernel b
and the mode b.

The following is a trapezoidal membership function (figure 4).
In turn, the trapezoidal (also for the term “medium” of ∆U) can be given analytically by the

following expression:

fT (∆Um; a, b, c, d) =



0, ∆Um 6 a
∆Um − a

b− a
, a 6 ∆Um 6 b

1, b 6 ∆Um 6 c
d−∆Um

d− c
, c 6 ∆Um 6 d

0, d 6 ∆Um


=



0, ∆Um 6 0.88
∆Um − 0.88

0.91− 0.88
, 0.88 6 ∆Um 6 0.91

1, 0.91 6 ∆Um 6 0.94
0.97−∆Um

0.97− 0.94
, 0.94 6 ∆Um 6 0.97

0, 0.97 6 ∆Um


.

The parameters a and d characterize the lower base of the trapezoid, and the parameters b and
c characterize the upper base of the trapezoid. In this case, this membership function generates
a normal convex fuzzy set with a carrier – the interval (a, d), the boundaries (a, b)∪ (c, d)) and
the kernel [b,c].

A commonly used method of generating a membership function is to apply a Gaussian
curve. Based on the Gaussian distribution function, two types of membership functions can
be constructed: a simple Gaussian membership function (figure 5) and a bilateral one formed
using different Gaussian distribution functions.

The symmetric Gaussian function for the “medium” term of ∆U is given analytically by the
following expression:

fG(∆Um;σ, c) = e

−(∆Um − c)2

2σ2 = e

−(∆Um − 0.925)2

2 · (0.015)2 .

In this expression, c is the coordinate of the maximum of the membership function; and σ is
the concentration coefficient of the membership function.

The accuracy of risk assessment in the integration of RES depends on the completeness of the
knowledge base. The flexibility of the analysis process is achieved by setting key decision-making
rules. The course of logical inference is formed at the stage of defuzzification, in our case, using
expert data obtained in the study [3]. For each rule, the membership functions of the input
variables and the output variable are displayed (figure 6).
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(a)

(b)

(c)

Figure 4. Graphs of the trapezoidal membership function for variables Ku(a), ∆U(b), cosϕ(c).

Considering the respective possibility of occurrence and the level of consequence of the
realization of factors, the results of building fuzzy logic are obtained. In this case, they are
based on the identified 27 rules. To analyze the results of the model, a graphical interpretation
of the rules was made. This made it possible to see how the model works for the three output
parameters Ku, ∆U , cosϕ (figure 7).

The level of integration of RES into the electricity supply system reflects how efficiently and
reliably the grid is provided with energy from RES. The integration of RES into the electricity
supply system can have different levels, depending on the type and capacity of the installed
equipment of these sources, as well as on the size and characteristics of the electricity grid.
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(a)

(b)

(c)

Figure 5. Graphs of a simple Gaussian function membership function for variables Ku(a),
∆U(b), cosϕ(c).

According to the results, the level of integration at the same values of the system parameters
for the three selected membership functions is in a small range of deviations. For the
triangular membership function with relative values Ku=0.94, ∆U=0.95, cosϕ=0.92, the level
of integration is 0.763, for the trapezoidal function – 0.757, and for the simple Gaussian function
it is 0.725. The small range of deviations indicates the adequacy of the developed model.

It should be noted that the method used allows us to track the level of RES integration
at different values of system parameters. For example, for a triangular membership function
with other parameter values (Ku=0.91, ∆U=0.92, cosϕ=0.91), the integration rate decreases
to 0.537. That is, a mechanism for making a generalized decision when integrating renewable
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Figure 6. Fuzzy logic rule base

Figure 7. Results of calculating fuzzy logic for 27 rules of the triangular membership function.

energy sources into the power supply system appears. In the future, this will be used to develop
a methodology for the controlled and efficient development of renewable energy.

The Matlab functionality makes it possible to view the input-output surface corresponding
to the synthesized fuzzy system. However, when we go beyond the three dimensions, we begin
to face problems with the full display of the results. Since our system has three inputs and one
output, the program can only generate a three-dimensional output surface where any two inputs
change, but one of the inputs must remain constant (figures 8-10).

The fuzzy inference surface makes it possible to visually assess the probabilities of a situation
that may result from the connection of a particular RES installation. In order to obtain the
highest efficiency of RES, it is necessary to adhere to the parameters that form the yellow and
green zones of the profile. The blue zone, on the contrary, is characterized by the greatest risks to
the normal functioning of the system and shows a categorically unacceptable integration of the
system and RES under these parameters. Getting into the blue zone is also not recommended, as
it shows low efficiency from RES and a higher probability of risk consequences. The graphs have
a local decrease in the level of integration, which is explained by the number of logical variables
and rules. With their increase, the model will more accurately reflect the level of integration for
making decisions on RES connection, which will be done in further research.

The developed system makes it possible to quickly carry out the evaluation procedure based
on fuzzy logic tools and quantify the level of integration. It can also be supplemented or
modified by an expert by introducing other rules, adjusting membership functions for variables,
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(a) (b)

Figure 8. The fuzzy inference surface of the trapezoidal membership function with input
parameters ∆U , cosϕ at Ku = 0.92 (a) and Ku = 0.97 (b).

(a) (b)

Figure 9. The fuzzy inference surface of the trapezoidal membership function with input
parameters ∆U , Ku at cosϕ = 0.92 (a) and cosϕ = 0.97 (b).

and adding new parameters. Therefore, using this toolkit based on logical rules, it is possible
to model various connection options, and then use the data obtained to set requirements for
the parameters of the electrical installation at the stage of issuing technical specifications to the
customer.

The results of the fuzzy logic system in the Matlab environment show that the program
tools allow tracking the level of RES integration at different values of system parameters. The
modeling results demonstrate the adequacy of the developed knowledge base and the possibility
of its use for the controlled and efficient connection of renewable energy sources to power grids.

5. Conclusions
The growing role of intermittent generation from RES, the need to reduce the use of fossil
fuels, and the different profile of consumer demand create a number of risks for the system.
They relate to the impact of RES sources on the planning, organization of operation, and
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(a) (b)

Figure 10. The fuzzy inference surface of the trapezoidal membership function with input
parameters Ku, cosϕ at ∆U = 0.92 (a) and ∆U = 0.97 (b).

management of power grids. At present, the construction of clean energy generation facilities
is carried out solely from the standpoint of commercial attractiveness, not from the standpoint
of the country’s economic development, environmental friendliness and consumer interests. The
rapid development of “green” energy is taking place without considering the real needs of
Ukraine’s energy sector for additional generating capacity, which may lead to destabilization
of the country’s energy system and the possibility of emergencies.

In the tasks of risk assessment in connection of RES and decision-making under uncertainty,
problems arise that are difficult to solve using traditional methods. In a real-world model, there
is always a technological scatter of parameters due to the complexity of the system. To solve
this problem, it is necessary to apply the mathematical apparatus of fuzzy logic theory. One of
the most important advantages of this method is the ability to use the experience of an expert
without drawing up differential equations.

We have developed a fuzzy model for risk assessment in the integration of RES into the
electricity supply system based on expert data. To formalize the initial data, we used triangular,
trapezoidal, and simple Gaussian membership functions for the input variables. According to
the results, the level of integration at the same values of the system parameters for the three
selected membership functions is in a small range of deviations, which indicates the adequacy
of the developed model. In the future, it can be supplemented or modified by an expert by
introducing other rules, adjusting the membership functions for the variables, and adding new
parameters.

The use of fuzzy logic allows tracking the level of RES integration at different values of system
parameters. The toolkit, based on logical rules, allows modeling various connection options.
The data obtained can then be used to set requirements for the parameters of the electrical
installation at the stage of issuing technical specifications to the customer. The modeling results
demonstrate the adequacy of the developed knowledge base and the possibility of its use for the
controlled and efficient connection of renewable energy sources to power grids.
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Abstract. This paper studies the potential impact of electric transportation charging modes
on Ukraine’s Integrated Power System operation and emission levels. The non-linear integer
least-cost model developed by the Institute of General Energy was used. Three electric
transportation charging modes were analyzed. Calculations illustrate mainly positive effect
of electric transportation on the energy system operation, particularly reduction of fuel
consumption and emissions of greenhouse gases and pollutants. The results would support
the development of strategies for electric transportation development.

1. Introduction
Nowadays the humankind is facing the dramatic challenges – the limited technologically available
resources of fossil fuels and global climate change. Implementation of electric transportation is
effective way to address these problems. Naturally, the part of electricity is produced from fossil
fuel combustion, but there are alternative sources of electric energy integrated in national power
systems, i.e. nuclear energy, hydro, wind, solar and other renewable sources. Also it should be
noted that electric transportation charging stations equipped by solar batteries do not use any
fossil fuel and do not produce any greenhouse gases (GHG) and pollutant emissions.

The fleet of electric transportation (ET) rapidly increases worldwide [1, 2]. The number of
electric vehicles per 1,000 residents in EU significantly varies. For example, in 2020 this indicator
totals 6.5 in France, 8.5 in Germany, 20.6 in Sweden and 81 in Norway. Ukraine is significantly
behind in the number of electric cars (approximately 0.75 numbers of electric vehicles per 1,000
residents). Now Ukrainian government plans to develop national strategy and programs for
electric transportation implementation.

The common practice is to compare emissions from ET with petrol cars using average
consumption of electricity/fuel per 1 km and specific emissions of GHG and pollutants from
electricity/fuel [3–6]. Similar approach is used for evaluating economic efficiency of electric
vehicles exploitation. This approach is not comprehensive. We should take into account that
ET charging is additional load on energy system operation. Therefore electric transportation
causes changes in energy system operation and consequently changes in the emission level.

Although ET presents several environmental advantages, a massive introduction of them
could create several issues in the power grid, which has been studied by several researchers [7].
For example, in [8], the impact of different penetration levels of plug-in electric vehicles in
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a distribution system was considered, and it was demonstrated that a significant ET load
leads to voltage drop and voltage deviations. In [9], it was demonstrated that charging ET
considerably increases the distribution load and, so, the total power losses. Furthermore, ET
charging increases the daily peak load. Shafiee et al [10] indicated that ET generate substantial
investment costs in distribution systems, and that power losses can reach up to 40 percents
for an EV penetration of 62 percents. Lucas et al [11] exposed that ET fast charging leads to
harmonic issues and failure to respect IEEE standard limits. Turker et al [12] proposed that the
life durations of low-voltage transformers are reduced with a high penetration of ET.

Although ET presents several environmental advantages, a massive introduction of them
could create several issues in the power grid, which has been clarified by Clairand et al [7]. For
example, smart charging of ET is an important area of study, which allows EV users and grid
operators to properly manage ET charging profiles in order to obtain technical and economic
benefits, as well as considering the specific demand-side management of ET [13]. Some other
researchers have focused on the management of ET charging stations. In particular, it is crucial
to locate the optimal placement of ET charging stations to meet technical grid constraints,
considering customer wait times [14,15].

So the fundamental study of the influence of electric transportation implementation on
Ukraine’s Integrated Power System (IPS) is needed for developing strategies of ET fleet increase.
The experience of other countries is not applicable for Ukrainian circumstances. The Ukraine’s
IPS is unique complex system with different energy sources, partly obsolete equipment etc.

The main factors to consider are the volume of ET and ET charging modes. The specific
feature of electric transportation is the opportunity to vary the charging load during the day
due to implementing different regulatory and/or incentive measures.

The aim of the paper is to estimate the effect of different ET charging modes on the IES
operation, fossil fuel consumption, GHG and pollutant emissions.

2. Methodology
Author use program and information complex simulating the operation of Ukraine’s Integrated
Power System developed in the Institute of General Energy of the National Academy of Sciences
of Ukraine [16].

This complex is based on non-linear mixed integer least-cost dispatch model. It contains
information of all power units in the Ukraine’s IPS mentioned below.

Nuclear energy provides a reliable base load and covers more than half of the electricity
production in Ukraine (55.5% in 2021). There are four nuclear power plants (NPPs) in Ukraine
with a total installed capacity of 13,835 megawatt (MW) (15 reactors in total, including 13
reactors with a capacity of 1,000 MW and two reactors with a capacity of 415 MW and 420
MW, respectively) [17].

At the beginning of 2022, there were 12 thermal power plants (TPPs) in Ukraine with a total
installed power capacity of 21.5 gigawatt (GW). Most TPPs are using coal as a primary fuel. In
2021, the TPPs’ share in electricity production was 23.8% [18]. At the beginning of 2022, the
total installed power capacity of combined heat and power plants (CHPs) was 6.1 GW. Most
CHPs are using natural gas as a primary fuel. In 2021 the share of CHPs and cogeneration units
in electricity production was 5.5%.

At the beginning of 2022, there were ten large hydropower plants (HPPs) with a total installed
power capacity of about 4.7 GW (101 units in total) and three pumped storage plants (PSPs)
with an installed capacity of 1.5 GW (11 units ranging from 33 MW to 324 MW per unit).
Hydropower plays a crucial role in the functioning of the Ukrainian power system, as HPPs and
PSPs are the main providers of auxiliary services to meet the peak demand of the power system
and balance intermittent Renewable Energy Source (RES) capacities. PSPs also contribute to
flattening the night “gaps” of electricity consumption. In 2021, the share of HPPs and PSPs in
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electricity production was 5.8% and 0.8%, respectively [19].
The photovoltaic (PV) sector had the highest growth rate among other renewable energy

sources in Ukraine during 2019-2021. At the beginning of 2022, the total installed PV capacity
reached 7.6 GW or 80% of the total RES installed capacity in Ukraine (including 45,000 prosumer
installations with a total capacity of 1.2 GW) [20].

At the beginning of 2022, Ukraine’s total installed capacity of wind power plants (all onshore)
was 1.6 GW. Almost all wind power plants in Ukraine were built in the southern regions nearby
the Azov and Black seas coasts (Kherson and Zaporizhzhia regions), where natural conditions

Figure 1. Electric transportation charging modes.

Figure 2. Structure of Ukraine‘s IPS operation in January.
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for wind power plants are the most favorable.
A set of calculations was carried out for assessing influence of electric transportation charging

modes on Ukraine‘s IPS functioning, fuel combustion and emissions of carbon dioxide and

Figure 3. Structure of Ukraine‘s IPS operation in July.

Figure 4. Annual Structure of Ukraine‘s IPS operation.
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pollutants.
Four scenarios were considered. First scenario assumes the ET fleet at the 2020 level

(Baseline). Next three scenarios assume that a number of EV in Ukraine increases by five
times and consider three charging modes; standard (xFive Standard), equal (xFive Equal) and
night (xFive Night) (figure 1). Evidently, two last modes are ideal and not achievable really.
However, the results indicate the direction for development of strategy and regulatory acts to
get better results.

3. Results
Diagrams at the figure 2, figure 3 and figure 4 illustrates structure of Ukraine‘s IPS operation
under four scenarios in January, July and annual. Author choose January and July, because
usually these months differ each other significantly in consumption level, as well as wind, solar
and hydro characteristics.

The results show that the share of nuclear power plants increases practically for all scenarios
except for the scenario xFive Equal in Winter. Therefore it is expected the decrease of fuel
consumption as well as GHG and pollutants emissions. The table 1 (January), table 2 (July)
and table 3 (annual) illustrate this fact. The figure 5 and figure 6 show the behavior of fuel

Table 1. Fuel combustion and emissions in January.

Indicators Units Baseline
xFive

Standard
xFive
Equal

xFive
Night

Electricity produced MWh 19459.6 19689.4 19689.4 19689.4
Fuel combusted thous. tce 2498.6 2559.3 2606.1 2564.7
Fuel intensity tce/kWh 0.128 0.130 0.132 0.130
Compared to baseline Percent 100.00 101.24 103.09 101.45
CO2 Emissions Gg 6184.1 6361.0 6487.2 6411.4
Compared to baseline Percent 100.0 102.9 104.9 103.7
Specific CO2 Emissions t/kWh 0.318 0.323 0.329 0.326
SO2 Emissions Gg 16.391 16.985 17.366 17.300
NOx Emissions Gg 4.034 4.213 4.260 4.326
Dust Gg 0.858 0.889 0.909 0.906

Table 2. Fuel combustion and emissions in July.

Indicators Units Baseline
xFive

Standard
xFive
Equal

xFive
Night

Electricity produced MWh 14469.7 14699.5 14699.5 14699.5
Fuel combusted thous. tce 1113.4 1087.1 1130.3 945.1
Fuel intensity tce/kWh 0.077 0.074 0.077 0.064
Compared to baseline Percent 100.00 96.12 99.94 83.56
CO2 Emissions Gg 2795.4 2731.2 2841.0 2351.4
Compared to baseline Percent 100.0 97.7 101.6 84.1
Specific CO2 Emissions t/kWh 0.193 0.186 0.193 0.160
SO2 Emissions Gg 7.573 7.408 7.710 6.277
NOx Emissions Gg 1.668 1.642 1.699 1.456
Dust Gg 0.398 0.389 0.405 0.329
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Table 3. Fuel combustion and emissions annual.

Indicators Units Baseline
xFive

Standard
xFive
Equal

xFive
Night

Electricity produced MWh 190881.3 193586.9 193586.9 193586.9
Fuel combusted thous. tce 22231.9 21629.5 22283.8 18863.1
Fuel intensity tce/kWh 0.116 0.112 0.115 0.097
Compared to baseline Percent 100.00 95.93 98.83 83.66
CO2 Emissions Gg 55437.3 53822.9 55534.0 46327.6
Compared to baseline Percent 100.0 97.1 100.2 83.6
Specific CO2 Emissions t/kWh 0.290 0.278 0.287 0.239
SO2 Emissions Gg 148.596 143.766 148.689 120.971
NOx Emissions Gg 33.730 33.038 33.923 28.962
Dust Gg 7.797 7.541 7.802 6.330

Figure 5. Energy intensity compared to baseline.

intensity and carbon dioxide emissions throughout the year. Fuel intensity increases in Winter for
all scenarios, because the share of ET load is smaller than in Summer. In Summer and annually
the decrease of of fuel intensity and emissions reaches up to approximately 14 percent (xFive
Night). For scenario xFive Equal GHG and pollutant emissions increase despite of decrease of
fuel intensity. This is explained by the larger share of coal thermal power plants compared to gas
thermal power plants. It should be noted that such trends are observed exclusively for Ukraine
due to specific structure of Ukraine’s with the large share of nuclear energy.

4. Conclusions
Electric transportation (ET) volumes rapidly increase around the world. Ukrainian government
also plans to develop strategies for ET implementation. For these purposes, it is necessary to
study the influence of ET as additional load on Ukraine’s Integrated Energy System operation.
The main factors to consider are the volume of ET and ET charging modes.

ET implementation may affect both positively and negatively the IES operation depending
on the share of additional ET load. The calculations were carried out using information and
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Figure 6. Carbon dioxide emissions compared to baseline.

program complex developed in the Institute of General Energy. This paper analyzed the
influence of ET charging modes on fuel consumed by IES, fuel intensity and emissions levels.
Three charging modes were considered, specifically standard, night and equal. Evidently, two
last modes are ideal and not achievable really. However, the results indicate the direction for
development of strategy and regulatory acts to get better results.
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Naumov Str., Kyiv, 03164, Ukraine

E-mail: antonlepatiev@gmail.com, samoylov.vd@gmail.com

Abstract. The article is devoted to an automatic data preparation method for setting up a
distribution network model, which is used to develop training tasks for distribution network
personnel. The main goal in creating the method is to reduce the time for developing a
simulator task by leveling the human error during the stage of filling in the structural data of
the distribution network components. To interact with the automatic method and the already
pre-created component library that was used in the previous method, it was necessary to change
the internal structure of the double winding and three winding transformer components. Also,
a new structural component was added to the library – Connection. The program algorithm of
the automatic method consists of three cycles that go through all the components transferred
from the library to the distribution network model. For a better understanding and perception
of textual information about each cycle, a graphical representation of cycle process diagrams is
presented. In conclusion, information is provided on the time spent when creating a task with
manual data preparation and the developed automatic one, as well as suggestions to reduce
computer resourced used during model run.

1. Automatic method of preparation of data
Rapid advances in technology have also affected the energy industry. In the components of energy
distribution networks, characteristics and properties change dynamically, and the networks
themselves undergo frequent changes in the number of components and structural changes.
Given these changes, employees need to learn new knowledge and test current skills. The lack of
skills and lack of qualifications of personnel in this area threatens the safety of people and the
failure of networks [1, 2]. Accordingly, it was necessary to speed up the process of developing
simulator tasks, as well as take into account innovations in the energy sector [3]. Significant
results in this matter have been achieved with the help of the distribution network model.

The distribution network model is a program that was created using a graphical editor
that contains a graphic field and a library of distribution network components with which it
is possible to create a mnemonic diagram model that will completely duplicate the existing
distribution network. The model can be run on any device with the Windows operating system,
which is beneficial from an economic point of view [1, 4–6]. The model of distribution network
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modes does not require the presence of a programmer at the task development stage, since
all the processes that require the programmer’s work (calculation of current or voltage values,
mode switching, functions of the distribution network components) were done before the task
development stage [7–9]. Previously, the task was developed simultaneously by a programmer
and an energy specialist who does not have programming skills, which significantly slowed down
the development. A specialist in the energy field can contact a programmer to add a new
distribution network component by providing the necessary technical documentation about the
component. The new component will be added to the library from the next version of the model,
and the developer of simulation tasks will be able to use the new components to train personnel.

At the stage of preparing data for calculating the model of the distribution network, initially,
the developer manually enters the structural parameters (number of copies of components,
branch indices). The main disadvantage of this method of preparing mode model setting data
is the possibility of errors when entering this data. These errors can occur if the task developer
copied a ready-made parameter, pasted it, but forgot to change the value to the required one.
Therefore, several parameters will have the same values of node numbers or branch indices,
which will lead to an error in calculating the mode values. It can take a long time to find invalid
parameter values. An error in the calculation of modes makes this training task irrelevant in the
process of training the personnel of the distribution network, which leads to a decrease in the
competence of the personnel. Therefore, it was decided to develop a new data entry method that
would eliminate the human factor in the process of entering structural parameters. This method
has been called the automatic data entry method for setting up the mode model. Unlike manual
preparation, in automatic preparation, a copy of the node component receives its number in the
process of adding it to the mimic (the copy that was added first gets number 0, the copy that
was added second gets number 1, etc.).

2. Library of components
As in manual data preparation, the automatic one uses a library of distribution network
mnemonic diagram components, which is created by graphical editor. The library contains
the following components (figure 1):

(i) Structural Components
• Node
• Branch
• Line
• Connection

(ii) Technological components
• Double winding transformer
• Three winding transformer
• Switch
• Disconnector

(iii) Output Components
• Current pointer
• Node load power pointer
• The field for outputting the value of the load current of the node
• Voltage value output field
• Current value output field

For automatic preparation, the following components of the mnemonic diagram have been
changed: Double winding transformer and a three winding transformer. Also, a new structural
component was added to the mnemonic diagram component library – a connection.
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Figure 1. An example of a fragment of a mnemonic diagram of a distribution network.

2.1. Double winding and three winding transformers
When mimic diagram components were transferred from manual to automatic data preparation,
the double winding transformer and three winding transformer components had a problem
with assigning a number to the transformer nodes and assigning an index to the transformer
branches. This issue has been fixed by adding transformer Nodes and transformer Branches
inside transformer component copies. Unlike ordinary branches and nodes, transformer ones
have a technological one – the transformation ratio parameter. Also, transformer branches are
not visible on the mnemonic diagram, as they are located in the inner layer of the transformer
[10, 11].In transformers, it is possible to set technological parameters, such as conductivity and
transformation ratio [11,12] (figure 2).

2.2. Connection
The connection component performs the function of transferring the structure parameter from
node or branch copies to voltage or current output component copies. When constructing a
mnemonic diagram, a copy of the connection component must be placed so that one end of the
line enters the node or branch, and the other end of the line must enter the instance of the
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Figure 2. Inner layers of double winding and three winding transformers.

voltage or current output (figure 3) [13]. If this condition is not complete, the transfer of the
structural parameter does not occur and the output will show an incorrect result (the value will
be permanently equal to 0).

Figure 3. Visual view of the Connection component.
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3. Construction of a mnemonic diagram
After getting acquainted with the modified library of components, the developer of the training
task can proceed to the construction of a mnemonic diagram. This process is shown in figure 4.

A visual representation (specification) of this process and three cycles of data preparation was
created using Bizagi, based on the BPMN 2.0 standard.this standard is often used to represent
program process [14–16]. The following components are used from this standard [17,18]:

• Data Object – data array
• Start Event – start of the process of constructing a mnemonic diagram
• User Task – task performed by the developer of the training task [19]
• Inclusive Gateway – gateway with condition. Depending on the fulfillment of the condition,

the branching of the process depends
• End when message is send
• Start when message is received
• Sub Processes – task that contains other tasks
• Service Task – a task that is performed automatically
• End Event – completion of the mode calculation model process

The first step the developer selects from the component library is the component copies
necessary to construct the mnemonic diagram. Unlike manual provisioning, in automatic, the
developer does not need to set structural parameters, since the program automatically assigns
structural parameters after the program starts. After adding and placing all the components on
the mnemonic diagram and filling in the technological parameters for copies of the mnemonic
diagram components, the program must be started. The next step is the automatic preparation
of structural parameters and links. The last step is the mode calculation model, in which the
value of voltages and currents is mathematically calculated. After each switching, the value of
currents and voltages is recalculated [7–9,20].

3.1. First loop through component copies
The Service task of preparing structural parameters and links consists of three cycles. In each of
the cycles, structural parameters are assigned to the copies of components. Using the function
of browsing all copies of the mnemonic diagram components, the process of reading the type of
the mnemonic diagram component is in progress. While browsing all the components, the array
of components is filled. After the array is filled, it loops over it. On the first iteration, the nodes,
node buses, and transformer nodes of the mnemonic diagram are automatically assigned unique
numbers and displayed on the mnemonic diagram. The switch and disconnector component
copies are set to state. These components can be in two states: 1 (disabled) and 2 (active).
The developer can change the state by clicking the left mouse button on the component copy
(figure 5).

3.2. Second loop through component copies
In the second cycle, the component copies: capacity of node, branch, transformer branch, line,
are automatically assigned structural parameters. Numbers are assigned to capacity of node,
and indexes are assigned to branches, transformer branches and lines. The capacity of node
number duplicates the number of the host node. The value of the index parameter depends on
the numbers of nodes that are between the branch or line. Further, the structural parameters
are entered into the adjacency list, and the links to the components into the link array (figure 6).
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Figure 4. Visual The process of constructing a mnemonic diagram, preparing parameters, links
and a mode calculation model.

3.3. Third loop through component copies
The third iteration through the component array begins by assigning indexes to the switch,
disconnector, and current pointer component copies. The index of these components duplicates
the index of the placement branch. The direction of the pointer is also automatically set by
readout the direction of the mains current. The last process in the third cycle is the transfer of
the structural parameter of the current or voltage output copies using the connection component
(figure 7).

4. Conclusions
The disadvantage of the automatic method of preparing data for setting up the mode model is
the increase in the time for placing component copies on the mnemonic diagram in comparison
with manual preparation. This increase in time is due to the addition of a new communication
component and its location on the mnemonic diagram. An error of incorrect placement of a
connection component is easier to notice than an error when filling in structural parameters.
The average time to fix this error is 7 seconds, but the average time to find this error is 2 seconds,
and unlike the structural data filling error, there is no need to check the “Properties” menu and
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Figure 5. First loop through component copies.

Figure 6. Second loop through component copies.

the structure parameter field for each mimic component copy. In automatic data preparation,
the average time to find and correct an error is reduced by 15 minutes. The advantages of
automatic data preparation are: the leveling of human error during the filling of structural
parameters and the reduction of the development time of the training task. The average time to
fill in the structural parameters per copy of component is 8 seconds. Depending on the number of
component copies, the time to create a training session is reduced from 10 minutes to one hour.
Automatic method of preparation of data for setting the model can be improved by reducing
the number of cycles that go through all copies of the mnemonic diagram model. The number
of cycles can be reduced to one, which will reduce the amount of computer resources needed to
run the model.
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Figure 7. Third loop through component copies.
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Abstract. The article considers synthesis of an expert system for controlling electric power
consumption by pumps of main water drainage facilities of an underground mine on the basis of
the Mamdani fuzzy inference algorithm. The proposed system has a MISO-structure (multiple-
input, single-output) with two input variables, such as water inflow and power cost as well as
one output coordinate – power of pumping units. Two bases of fuzzy rules such as conjunction
(AND) and disjunction (OR) are formed. By simulation modelling, a comparative analysis of
fuzzy control systems for power consumption by water drainage facilities is carried out, as well
as a system without control, when the pump performance is stabilized, during week and month
periods. It is established that OR-rule based systems can reduce power costs by 1.89% during
a week and by 2.28% during a month, and AND-rule based systems by 4.13%, as well as by
5.43% during week and month, respectively. At the same time, we note that the economic
effect is achieved not through a decrease in power consumption, but by adjusting the operation
mode of the water drainage facility, which involves ensuring maximum efficiency of groundwater
drainage when the power cost is high, and minimum efficiency when it is low.

1. Introduction
Creation of the power market in Ukraine and widespread introduction of distributed generation
facilities has resulted in a radical change in principles of mutual financial settlements
between distribution operators and consumers due to rapid improvement of power production
technologies using renewable sources. Dynamic pricing in determining power prices has provided
ample opportunities to develop new algorithms for controlling power supply and consumption
in power systems of various hierarchical levels. Given that the most energy-intensive objects are
industrial enterprises, there are great prospects for improving energy efficiency specifically for
them.

Simultaneously, the constant change in power costs requires a significant revision of principles
of managing technological operations, which have traditionally remained unchanged for many
years. In particular, this concerns main water drainage facilities of underground mines
designated to pump groundwater from internal working spaces of enterprises engaged in
underground mineral mining. Their operation is critical for creating safe working conditions
for personnel, so water drainage is controlled through ensuring maximum efficiency of pumps.
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At the same time, energy efficiency is improved by optimizing performance characteristics of
technological units using an automated electric drive. Design features of mine water drainage,
namely reservoir for accumulating mine water, make it possible to implement a different approach
to controlling the system. It will involve limiting the performance of pumps and, as a result,
power consumption, in certain periods of time when the power cost is high and its significant use
is economically inefficient. In this case, the main limitation will involve preventing overflow of
reservoirs in case of an intensive water inflow that can cause flooding of the underground mine.

The power system, regardless of its architecture and operation algorithm, aims to reduce
the cost of purchasing power from an external distribution operator. Given that for enterprises
power cost can vary widely during the day, it would be logical to ensure maximum power
consumption during the period of the minimum power cost. However, this is not always
possible to implement for consumers, because their operation is related to ensuring safe working
conditions for personnel of a certain production facility, in particular, mine water drainage.
If during the enterprise operation there is a significant or abnormal water inflow into the
underground mine, it is required to pump water with maximum efficiency, despite high or
average power costs. Therefore, the power control system of main water drainage facilities
of underground mines should have two input actions: water inflow and power cost (or the cost
of power generation in case of availability of sources of distributed generation). The initial
coordinate is the power of electromechanical complexes of pumps that are simultaneously in
operation, i.e. their total power.

2. Literature review
A number of works are devoted to controlling multi-pumping systems.

Thus, [1–7] consider various aspects of functioning of pumping systems with several pumps
using both group and individual electric drives. At the same time, some works specify parameters
of pumps and the hydraulic system. In particular, Arun Shankar et al [7] looks into cavitation
and water hammer, and Vodovozov et al [4] – pressure. Papers [1–3, 5] are devoted to control
with the optimal operating point of the system determined by pump efficiency. Additionally,
practical implementation of control using industrial logic controllers is proposed. Beshta et
al. [6] is worth highlighting as it directly considers the process of controlling pumps of main
water drainage facilities of the underground mine. At the same time, we note that the authors
focus on improving efficiency of the pumping system in terms of its performance, but the control
over power consumption depending on power costs is not sufficiently considered.

Gong and Zhu [8] optimizes operation of a group of pumping stations operating in parallel,
according to the criterion of minimizing losses for power consumption by the entire technological
complex. Efficiency of water drainage and flows between individual units of each pumping station
are considered as limitations. A multifactor optimization criterion is proposed, which takes into
account power costs in a certain period of time. The authors consider a three-tariff system
with differentiation by time periods. The optimization procedure includes determining the best
conditions for the functioning of each individual station according to the developed criterion
using a genetic algorithm, followed by their aggregation. As a result, power costs decrease
for all stations. Meanwhile, on one of them, the savings amount to almost 20%. Besides,
power consumption is regulated by frequent starting/stopping of individual pumps, which, as
the authors themselves note, significantly affects their reliability.

Wang et al [9] deals with development of an algorithm for controlling a multi-level system
for pumping water in an urban environment during heavy rains or floods using the Particle
Swarm Optimization method. As optimization criteria, the number of starts/stops of pumps
and duration of their operation are considered. The proposed algorithm has significantly reduced
the number of pumps, so it can be used to improve the multifactor optimization system shown
in [8].
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Bordeas,u et al [10] explores the algorithm for controlling a multi-pump irrigation system
powered by a distributed generation power system, which includes a centralized electrical grid
and power production facilities using renewable energy sources, in particular, photovoltaic
panels. The proposed system is multi-level. The top-level subsystem determines the procedure
for starting/stopping individual pumps depending on the level of filling the tanks with water and
the amount of power available for consumption. Lower-level subsystems implement a smooth
start and frequency regulation of the rotation speed of the electric drive of each pump. One of
the indicators of assessing efficiency of the system is the hourly level of power consumption. It
is compared with the periods of different power costs. As in [8], the authors consider three-zone
tariffs for different time periods. At the same time, when forming the control, the power cost is
not directly used as a parameter for adjusting the algorithm, but is considered because of the
power available for consumption. As a result, the system does not function in the peak tariff
period. Thus, such a system is impractical to use for mine water drainage for safety reasons.

The papers [11–14] consider the control of industrial and household consumers power supply,
taking into account fluctuations in the power tariff during the day.

To date, the most promising control methods include those based on fuzzy logic, artificial
neural networks and machine learning, which are usually classified as smart. Moreover,
in problems when an object has several input variables, it is advisable to apply a fuzzy
logic inference due to simplified synthesis and control algorithms implemented. On its
basis, there are developed irrigation control systems [15, 16], pumping facilities powered from
autonomous power plants using renewable energy sources [17–22], control systems of wind
turbines electromechanical equipment [23], urban water supply [24], cascades of multi-pump
systems [25], as well as the electric drive of a separate pumping unit [26].

As mentioned earlier, the power control system of main water drainage facilities of the
underground mine can be represented by a MISO-structure (multiple-input, single-output) with
two input (water inflow and power cost) and one output (the power of pumps) variables.
Moreover, all three coordinates are subject to expert evaluation. As a result, it is advisable
to develop a smart power control system for main water drainage facilities using the Mamdani
fuzzy logic inference algorithm.

The research paper aims to synthesize a system for controlling power consumption levels by
electromechanical equipment at main water drainage facilities based on the Mamdani fuzzy logic
inference algorithm to reduce power costs of an industrial enterprise for the power supplied by
an external distribution operator.

The developed fuzzy algorithm can be applied to controlling a peak pumped-storage power
plant of main water drainage facilities of underground mines [27,28].

3. General characteristics of main water drainage facilities of the underground
mine as a fuzzy control object
The synthesis of a fuzzy control system for power consumption by main water drainage facilities
as part of a mining enterprise can be clearly demonstrated on the example of the Kryvorizka
underground mine (Kryvyi Rih). Main water drainage facilities are placed on appropriate levels
and include several pumps, usually of the same type and power. On the same levels, there
are additional water reservoirs, the size of which allows accumulating required volumes of mine
water entering a specific level from others (deeper ones).

A 500 m water drainage level is adopted as a control object (figure 1). Given that this level is
the final stage before pumping water to the surface, where water from the entire internal space
of the underground mine enters, it is equipped with the largest water reservoir and consequently
the most powerful pumps. As a result, it is one of the most energy-intensive consumers of water
drainage and the entire underground mine as a whole. The water drainage section of the 500m
level contains seven pumps of the CNS-300x600 type with a nominal power of 800 kW each.
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Figure 1. Water drainage facilities of the 500 meters horizon of the Kryvorizka underground
mine.

Table 1. Annual groundwater inflow into the Kryvorizka underground mine for 2016-2021.

No Year Water inflow, m3/year

1 2016 3281132
2 2017 3709753
3 2018 4416601
4 2019 4619121
5 2020 4784339
6 2021 4673021

Due to the reduced production volumes, compared to the design ones observed in recent years,
there is a decrease in water inflow to the underground mine (table 1). This caused the need to
simultaneously use only three pumps at the maximum water inflow into the working spaces and
one or two under normal conditions.

After taking into account the above features during fuzzification of the fuzzy system for
controlling power consumption by electrical equipment of the 500 m level, let us consider this
procedure in more detail.

4. Development of a smart expert system for controlling power consumption by
main water drainage facilities of the underground mine
4.1. Fuzzification of linguistic variables of a fuzzy control system
Each coordinate of the fuzzy logic inference MISO-structure, namely “water inflow”, “power
tariff” and “pump power” are represented by corresponding linguistic variables.

A finite set Q, used to form the membership functions of the linguistic variable “water inflow”,
is defined on the interval {qi ∈ R | qmin ≤ qi ≤ qmax}, where qmin and qmax are the minimum and
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maximum levels of groundwater inflow into the underground mine. We assume that the linguistic
variable includes three fuzzy sets: “low inflow” (QL), “medium inflow” (QM ), and “high inflow”
(QH). Membership functions to the above-mentioned fuzzy sets are formed by piecewise linear
functions. This reduces computational complexity while implementing a fuzzy logic inference
algorithm. The membership function for the fuzzy set “medium water inflow” is defined as
triangular, for the set “high water inflow” as S-shaped, and for the set “low water inflow” as
Z-shaped.

When parametrizing membership functions, the average value of water inflow over 6 years
(table 1) is taken as the mean value, which is qm = 484.85 m3/h. We assume that the high water
inflow exceeds 2.5 times the medium one, while the low water inflow is twice smaller, and make
ql = 1212.13 m3/h and qh = 242.43 m3/h respectively. At the same time, we set the minimum
value at the level of qmin = 0 m3/h, and the maximum value of qmax = 1500 m3/h.

The membership function to the fuzzy set QM is defined by the following expression:

µQM
(q) = f (q; ql, qm, qh) =

= max

[
min

(
q − ql
qm − ql

,
qh − q
qh − qm

)
, 0

]
,

(1)

while:
core (QM ) = {qm} = 484.85 m3/h;
supp (QM ) = {q ∈ R | ql ≤ q ≤ qh} = 969.71 m3/h.

Here is an expression for determining the membership function to the fuzzy set QL:

µQL
(q) = f (q; qmin − 1, qmin, ql, qm) =

= max

[
min

(
q − (qmin − 1)

qmin − (qmin − 1)
, 1,

qm − q
qm − ql

)
, 0

]
,

(2)

while:
core (QL) = {q ∈ R | 0 ≤ q ≤ ql} = 242.43m3/h;
supp (QL) = {q ∈ R | 0 ≤ q ≤ qm} = 484.85 m3/h.

Here is the expression for determining the membership function to a fuzzy set QH :

µQH
(q) = f (q; qm, qh, qmax, qmax + 1) =

= max

[
min

(
q − qm
qh − qm

, 1,
qmax + 1− q

qmax + 1− qmax

)
, 0

]
,

(3)

while:
core (QH) = {q ∈ R | qh ≤ q ≤ qmax} = 287.86 m3/h;
supp (QH) = {q ∈ R | qm ≤ q ≤ qmax} = 1015.15 m3/h.

Given the membership functions to the fuzzy sets QL and QH , both the upper and lower
reference values go beyond the limits of the finite set Q, that is, they increase and decrease by
one respectively. This is done to avoid dividing by zero cases.

A diagram representation of membership functions to the fuzzy sets of the linguistic variable
“water inflow” is shown in figure 2.

The fuzzification of the linguistic variable “power tariff” is performed on the basis of the
following considerations. In compliance with the Law of Ukraine On the Electric Power
Market [29] as of January 07, 2019, a new power cost system for industrial enterprises and
distributors was established. This system involves the introduction of an hourly tariff mode,
where power cost changes every hour depending on the market condition. What is more, one
day in advance, an enterprise orders from a distributor the amount of power that is expected to
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Figure 2. Membership functions to the fuzzy set “water inflow”.

be consumed during each hour of the following day. This approach is fundamentally different
from payments according to tariffs differentiated by time periods, which were in effect before,
when the power cost was fixed. At the same time, the analysis of the hourly payment structure
allows us to state that it is appropriate to distinguish three zones based on power cost, when its
level is high, medium or low. Moreover, the day periods when the specified zones are virtually
active coincide with peak, half-peak and night periods. This is explained by the nature of the
power load schedule, namely, a high level of power consumption in morning and evening hours,
a low level at night and a medium level during daylight hours. Thus, in order to formalize the
fuzzy control algorithm, we differentiate the power cost in the “peak”, “half-peak” and “night”
zones.

As reference values for assigning membership functions for the linguistic variable “power
tariff”, we will use the tariff values set by the power distributor DTEK Dniprovski
Elektromerezhi [30]. Also, we use the data for the case of centralized power supply and for
the case of the installed distributed generation facilities. In the latter case, this variable is
equivalent to the cost of power production.

For the consumers of the first voltage type, namely from 35 kV and higher, at
the limit of balance distribution, which includes the Kryvorizka mine, the tariff of
cHP = 0.13788 UAH/kWh has been effective since January 01, 2022. This value will determine
the power cost in the “half-peak” zone. Accordingly, the “peak” tariff is 1.5 times higher than the
“half-peak” one, and the “night” tariff is 0.4 times lower. They are cPK = 0.20682 UAH/kWh
and cNT = 0.055152 UAH/kWh respectively. These three values are used as references when
forming membership functions and their further parameterizing.

The linguistic variable “power cost” is defined by a finite set on the interval
{c ∈ R | cmin ≤ cq ≤ cmax}, and cmin = 0 UAH/kWh, cmax = 0.3 UAH/kWh. Let us represent
the variable as three fuzzy sets – “night zone”, “half-peak zone” and “peak zone”.

The membership function to the fuzzy set “night zone” is defined as Z-shaped:

µCNT
(c) = f (c; cmin − 1, cmin, cNT , cHP ) =

= max

[
min

(
c− (cmin − 1)

cmin − (cmin − 1)
, 1,

cHP − c
cHP − cNT

)
, 0

]
,

(4)
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where:
core (CNT ) = {c ∈ R | 0 ≤ c ≤ cNT } = 0.055152 UAH/kWh;
supp (CNT ) = {c ∈ R | 0 ≤ c ≤ cHP } = 0.13788 UAH/kWh.

The membership function to the fuzzy set “half-peak zone” is triangular and has the following
characteristics:

µCHP
(c) = f (c; cNT , cHP , cPK) =

= max

[
min

(
c− cNT

cHP − cNT
,
cPK − c
cPK − cNT

)
, 0

]
,

(5)

while:
core (CHP ) = {cHP } = 0.13788 UAH/kWh;
supp (CHP ) = {c ∈ R | cNT ≤ c ≤ cPK} = 0.151668 UAH/kWh.

The membership function to the fuzzy set “peak zone” is S-shaped and has the following
characteristics:

µCPK
(c) = f (c; cHP , cPK , cmax, cmax + 1) =

= max

[
min

(
c− cHP

cPK − cHP
, 1,

cmax + 1− c
cmax + 1− cmax

)
, 0

]
,

(6)

while:
core (CPK) = {c ∈ R | cPK ≤ c ≤ cmax} = 0.09318 UAH/kWh;
supp (CPK) = {c ∈ R | cHP ≤ c ≤ cmax} = 0.16212 UAH/kWh.

A diagram representation of membership functions to the fuzzy sets of the variable “power
tariff” is in figure 3.

The output coordinate of the fuzzy power consumption control system is the total output
power consumed by the drainage pumps. Moreover, it is advisable to focus on the value of this
electrical parameter, and not on the number of units that are operated at a time as modern
electric drives of pumps are equipped with semiconductor frequency inverters making it possible
to adjust the output power of flow-generation mechanisms over a wide range.

Figure 3. Membership functions to the fuzzy set “power tariff”.
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According to the static characteristics P = f (Q) of the CNS-300x600 pump, its operating
performance for the nominal angular rotation frequency of 1485 rpm is within efficiency limits of
220− 360 m3/h with a power change range of 625− 825 kW. Taking into account the fact that
one to three pumps are used for water drainage, the final set for the linguistic variable “pump
power” should be determined on the interval {p ∈ R | pmin ≤ p ≤ pmax}, where pmin = 625 kW
is a lower level of drainage power consumption, which corresponds to the minimum power of
one CNS (centrifugal) pump pmax = 2475 kW, i.e. when all three pumps work with the highest
performance and at maximum power.

During fuzzification, we represent the linguistic variable “pump power” as three fuzzy sets
corresponding to the total power consumed by one, two or three pumps. All three membership
functions to the fuzzy sets are defined as triangles and the fuzzification procedure is performed.

The membership function to the fuzzy set “power of one pump” is defined by the following
expression:

µpON (p) = f (p; pmin, pnom, pmax + pmin) =

= max

[
min

(
p− pmin

pnom − pmin
,

pmax + pmin − p
pmax + pmin − pnom

)
, 0

]
,

(7)

while:
core (PON ) = {pnom} = 800 kW;
supp (PON ) = {p ∈ R | pmin ≤ p ≤ pmax + pmin} = 825 kW.

The peculiarity of this function is that the upper reference value is taken in such a way that
one pump is supposed to work at maximum power, while the second one additionally drains
water with the minimum permissible power consumption, i.e. pmax + pmin = 1425 kW.

The following membership function to the fuzzy set “power of two pumps” is formulated from
the following considerations. The reference value of the lower limit is taken considering the fact
that both pumps will work simultaneously at the minimum of their operating characteristics,
so their power will be 2pmin = 1250 kW. The reference value of the upper limit is set
assuming that two pumps will work simultaneously at the maximum working section of the static
characteristics, and the third is put into operation at the minimum, i.e. 2pmax+pmin = 2275 kW.
As a result, the membership function is as follows:

µpTW (p) = f (p; 2pmin, 2pnom, 2pmax + pmin) =

= max

[
min

(
p− 2pmin

2pnom − 2pmin
,

2pmax + pmin − p
2pmax + pmin − 2pnom

)
, 0

]
,

(8)

while:
core (PTW ) = {2pnom} = 1600 kW;
supp (PTW ) = {p ∈ R | 2pmin ≤ p ≤ 2pmax + pmin} = 1025 kW.

Similarly, the membership function to the fuzzy set “power of three pumps” is given. At the
same time, it is assumed that the reference value for the lower limit involves the operation of
three pumps with the minimum power consumption of 3pmin = 3 · 625 = 1875 kW, and for the
upper limit – three pumps with the maximum power 3pmax = 3 · 825 = 2475 kW:

µpTR (p) = f (p; 3pmin, 3pnom, 3pmax) =

= max

[
min

(
p− 3pmin

3pnom − 3pmin
,

3pmax − p
3pmax − 3pnom

)
, 0

]
,

(9)

while:
core (PTR) = {3pnom} = 2400 kW;
supp (PTR) = {p ∈ R | 3pmin ≤ p ≤ 3pmax} = 600 kW.
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Figure 4. Membership functions to the fuzzy set “pump power”.

For the first two membership functions, the upper limit includes an extra pump operation
with a minimum power consumption, when intervals that do not belong to any fuzzy set defined
for the linguistic variable emerge in the system of fuzzy logic inference in the domain of the finite
set. For example, the upper reference value for the membership function to the fuzzy set “power
of one pump” should be given at pmax = 825 kW. However, the lower limit of the function to
the fuzzy set “power of two pumps” is 2pmin = 1250 kW. As a result, the power range from
825 kW to 1250 kW does not belong to any fuzzy set, which greatly reduces control flexibility.

4.2. Synthesis of the rule base for the fuzzy inference system
On completing the fuzzification phase, it is necessary to form the rule base of the Mamdani fuzzy
inference system. This procedure is carried out taking into account technological requirements
for operating modes of mine water drainage. The key requirement is to ensure the efficient
groundwater pumping, depending on intensity of its inflow into the underground mine. This is
done to avoid flooding a shaft and mine levels, as it creates a danger to human life and makes
it impossible to carry out technological operations of rock mass mining. Therefore, the highest
level of significance is given to those comprising the fuzzy set “high inflow”.

Since the system has two inputs, the conditional part of the base rules uses fuzzy AND
conjunction operators to establish a logical relationship between the input variables of the fuzzy
inference system.

Let us formalize the rules.
In all cases, if there is a high water inflow into the underground mine, all three pumps must

be put into operation, regardless of the current power tariff. Moreover, the significance of this
block of rules is 1, which determines the highest importance of these rules. As a result, they
have the following form:

R1: IF (q is H ) AND (c is NT ) THEN p is TR;
R2: IF (q is H ) AND (c is HP) THEN p is TR;
R3: IF (q is H ) AND (c is PK ) THEN p is TR.

Given a medium water inflow, the output power consumption of pumps depends on the
current tariff. It is expedient to pump out water with maximum efficiency at the “night” tariff
with all three pumps of a level, at the “half-peak” tariff with two, and at the “peak” tariff with
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only one. The significance of this block of rules is 0.75. As a result, the rules have the following
form:

R4: IF (q is M ) AND (c is NT ) THEN p is TR;
R5: IF (q is M ) AND (c is HP) THEN p is TW ;
R6: IF (q is M ) AND (c is PK ) THEN p is ON.

Regardless of power costs, it is advisable to drain water with only one pump at low water
inflow, so the following set of rules looks like this:

R7: IF (q is L) AND (c is NT ) THEN p is ON ;
R8: IF (q is L) AND (c is HP) THEN p is ON ;
R9: IF (q is L) AND (c is PK ) THEN p is ON.

The significance of this block of rules is 0.75 as well.
Table 2 summarizes the fuzzy rules.

Table 2. AND-type rule base of the fuzzy system controlling power consumption by water
drainage facilities.

NT HP PK
L ON ON ON
M TR TW ON
H TR TR TR

The output surface of the Mamdani fuzzy inference system with nine AND rules is shown in
figure 5.

For comparison, let us synthesize the rule base using the fuzzy disjunction operator OR.
Water drainage facilities will consume the maximum power either at high water inflow or during
the “night” tariff, and the minimum power either at low water inflow or at the “peak” tariff.
Similarly, we formulate the rule for medium water inflow and the “half-peak” tariff. The resulting
rule base is as follows:

R1: IF (q is L) OR (c is PK ) THEN p is ON ;
R2: IF (q is M ) OR (c is HP) THEN p is TW ;
R3: IF (q is H ) OR (c is NT ) THEN p is TR.

The first rule R1 has the significance of 1 and the other two – 0.75. It should be noted that
this approach does not cover all possible combinations of value pairs of input variables.

The output surface of the Mamdani fuzzy inference system with three OR-type rules is shown
in figure 6.

5. Modelling the expert system for controlling power consumption by main water
drainage facilities of the underground mine
Let us analyze the efficiency of the fuzzy power consumption control system of the 500 m level.
To do this, we will implement the system in MATLAB/FuzzyLogicToolbox and simulate its
operation.

As a test signal for the input coordinate “water inflow”, we use a stochastic process
of a random variable. The law of probability distribution is assumed to be normal with
mathematical expectation E [Q] = 500m3/h and variance σ2 = D [Q] = 200m3/h The state
of the pseudorandom number generator is recorded by the software to ensure representativeness
when comparing several control systems. Therefore, the stochastic process implementation will
be conditionally constant for all experiments.
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Figure 5. Output surface of fuzzy inference system.

The test signal for the input variable “power tariff” is generated by distributing tariff zones
during the day. That is, the “night” zone is effective for 8 hours from 23.00 to 7.00, the “half-
peak” zone – 11 hours from 7.00 to 8.00, from 11.00 to 20.00 and from 22.00 to 23.00, the
“peak” zone – 5 hours from 8.00 to 11.00, from 20.00 to 22.00. To simplify, we assume that the
underground mine is supplied with electric power in a centralized way by an external distributor,
so the test signal has a stable periodic nature.

A comparative analysis will be performed for fuzzy logic inference systems with AND- and
OR-type rule bases, as well as with a system without power consumption control, in which two

Table 3. Modelling results of power consumption fuzzy control by the water drainage facilities
of the level over 7 days.

Power consumption
control type

Medium
power, kW

Maximum
power, kW

Power
consumption, kWh

Power
cost, UAH

No control 1600 1600 268800 33510.36

With fuzzy inference system
and OR-type rule base

1646.1 2078.18 276545.37 32878.18

With fuzzy inference system
and AND-type rule base

1644.23 2243.57 276230.13 32125.55
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Figure 6. Output surface of fuzzy inference system.

Table 4. Modelling results of power consumption fuzzy control by the water drainage facilities
of the level over 31 days.

Power consumption
control type

Medium
power, kW

Maximum
power, kW

Power
consumption, kWh

Power
cost, UAH

No control 1600 1600 1190400 148403

With fuzzy inference system
and OR-type rule base

1639.03 2078.18 1219441.7 145023.34

With fuzzy inference system
and AND-type rule base

1623.65 2243.57 1207996.01 140344.64

pumps with nominal performance and power are simultaneously operated on the level throughout
the day.

The system operation is modeled during a week and a month.
The results of the experiments are summarized in table 3 and table 4 and presented in

figure 7 – 10.
The obtained results of the water drainage modelling over a week (table 3) demonstrate that

when using fuzzy power consumption control systems, power costs decrease, compared to the
system without such control.

The controlled system that uses the fuzzy inference algorithm with the OR-type rule base
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Figure 7. Results of modelling the operation of the water drainage power consumption control
system based on the Mamdani fuzzy inference algorithm with the AND-type rule base over 7
days.

provides 1.89% (or UAH 632.18 in monetary value) lower level of power cost over a week than
the uncontrolled one, and the use of the AND-type rule base – by 4.13% (or by UAH 1.384).
If we compare smart expert systems with each other, the system with the AND-type rule base
is more cost-effective. It provides 2.29% (UAH 752.63) lower power costs than the system with
the OR-type rule base.
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Figure 8. Results of modelling the operation of the water drainage power consumption control
system based on the Mamdani fuzzy inference algorithm with the OR-type rule base over 7 days.

This trend persists if we consider a longer period, for example, a month (table 4). Moreover,
the level of savings on power costs is only increasing. Thus, the fuzzy system with the OR rule
base allows reducing power costs by 2.28% (by UAH 3379.66), the system with the AND-type
rule base – by 5.43% (by UAH 8058.36). That is, the percentage ratio increases for both systems
by 0.39% and by 1.3% compared to the week’s operation. The cumulative nature of the economic
effect is observed. At the same time, the AND-type rule base system provides 3.23% (or UAH
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Figure 9. Results of modelling the water drainage power consumption control system based on
the Mamdani fuzzy inference algorithm with the OR-type rule base over 31 days.

4,678.7) lower total cost of the produced power compared to the OR-type rule base system.
Two characteristic features of fuzzy control systems of water drainage power consumption at

underground mines should be noted. The average power of the facilities at the mine level almost
does not deviate from 1600 kW during the considered periods of operation. What is more, the
power consumption level of uncontrolled systems is lower. This is due to the fact that in fuzzy
control systems, power is consumed unevenly and there are long periods when the water inflow
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Figure 10. Results of modelling the water drainage power consumption control system based
on the Mamdani fuzzy inference algorithm with the AND-type rule base over 31 days.

is high and three pumps are running at the same time, which leads to an increased level of
power consumption. However, the fuzzy control algorithm allows increasing economic efficiency
of the system due to the transfer of the high power consumption period to the “night” tariff
time, thereby reducing the total cost of produced power.
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6. Conclusions
The proposed expert control system of power consumption by main water drainage facilities of
the underground mine based on the Mamdani fuzzy logic algorithm demonstrates its expected
economic efficiency. Correspondingly, it is to be recommended for implementation at the relevant
facility of iron ore underground mines.

The higher quality of control is demonstrated by the system with a conjunction-type fuzzy
rule base. The level of power consumption in the uncontrolled system is lower due to uniformity
of output power distribution by electromechanical drainage facilities during the day.

Further improvement of fuzzy control systems consists in increasing energy efficiency, i.e.
reducing power consumption by main water drainage facilities of underground mines, which
can be achieved by introducing an additional limitation for the power level of pumps running
simultaneously during fuzzification of the corresponding linguistic variable.
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Studying the interaction process of a solid particles

flow with the hydraulic classifier flowing part

A O Bondarenko, O O Shustov and A A Adamchuk

Dnipro University of Techology, 19 Dmytro Yavornytskyi Ave., Dnipro, 49000, Ukraine
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Abstract. The paper provides a theoretical description of the solid particles movement process
along with the horizontal flow of slurry within the hydraulic classifier flow part. Three modes
of movement of solid particles are described: deceleration relative to the slurry flow at a
constant speed or its increase, acceleration relative to the slurry flow at a decrease in its
speed, with the speed of the slurry flow. The complex equation of solid particles motion in
a horizontal co-flow of liquid. A graphic description of the process is given. A laboratory
installation was developed to study the interaction of the hydraulic classifier flow part with
the slurry flow. Experimental studies were carried out and quantitative process parameters
were determined during the movement of rolled quartz solid particles in the size range < 1.8
mm and < 0.2 mm. For the first time in crisis economic conditions, in order to confirm the
reliability of previously obtained analytical dependencies to determine the rational parameters
of hydraulic disintegrators and determine the operational characteristics of equipment, full-scale
experimental studies of the JPD 300-120 suction dredger equipped with an innovative ejector
soil suction head with a jet disintegrator system were carried out.

1. Introduction
The processing of fine-grained materials is traditionally carried out in gravitational apparatus
with a horizontal movement of the carrier flow: horizontal classifiers, deslimators, screw
classifiers, decanters, horizontal settling tanks, etc. [1]

Despite the mass nature of the work aimed at studying the process of falling solid particles
in a stationary liquid, the process of motion of solid particles relative to a moving horizontal
flow of a carrier slurry remains practically unexplored. Unprovenly considered that in a carrier
horizontal flow solid particles move with a flow velocity [2].

It is known that the rational size for gravitational processing, for example, quartz particles, is
0.15 < d < 5 mm. In this case, the separation range for horizontal classifiers can be considered
the fineness 0.1 < d < 0.2 mm [3].

Thus, to justify the rational parameters of the apparatus for the gravitational processing of
granular materials in a horizontal flow, it is sufficient to simulate the movement of solid particles
which have a size withing the separation range expected values [4, 5].

2. Methodology
The work used a complex research method. A theoretical study of the interaction process
between the hydraulic classifier flow part and the flow of solid particles that move along with
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the horizontal flow of the slurry is made in the form of physical and mathematical modeling. The
process of co-movement of solid particles and slurry is described using the Lagrange method.

Experimental study of the process was carried out on the developed laboratory installation [6,
7]. Processing and analysis of experimental data were performed using the methods of
mathematical statistics and planning of experiments, and the approximating dependences were
obtained by the least squares method. Measurements of technological and design parameters
were carried out using standard metric equipment.

3. Results and discussion
3.1. A theoretical study
The characteristic modes of movement of solid particles in a horizontal slurry flow during
hydraulic classification in a horizontal flow are:

• movement of particles with deceleration relative to the carrier flow at a constant and
increasing speed of its movement;

• movement of particles with acceleration relative to the carrier flow with a decrease in the
speed of its movement;

• movement of particles with the speed of the carrier flow.

To describe the process of interaction of the horizontal hydraulic classifier flow part with a
slurry flow that includes suspended solid particles moving along, we apply the Lagrange method.
Let a solid particle move under the action of a horizontal fluid flow along it (figure 1). The
horizontal projection of the velocity vector of a solid particle is directed along the motion of the
liquid. The horizontal motion of a solid particle is characterized by its mass in a liquid m, force
of the hydrodynamic pressure Fav at the velocity of the carrier flow Ux and resistance force P ,
at the speed of movement of a solid particle relative to the carrier flow vx (figure 1).

m
Ux

dt
= Fav − P (1)

Figure 1. Scheme of the process of a solid particle motion in a horizontal liquid flow.

After transformations, the equation of motion of a solid particle in a horizontal liquid flow
will take the form

Up
x =

(3

4
· ρs
ρq − ρs

·
Cf

dg

)∫
(U2

x − v2x)dt+ C. (2)

The integration constant C is defined as the initial velocity of the solid particle Up
x0.
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Let us analyze the obtained dependence and consider three modes of motion of a solid particle
relative to the carrier flow.

Let the solid particle be motionless, that is Up
x = 0. In this case, the velocity of the liquid

relative to the solid particle Ux is equal to the velocity of the solid particle relative vx

Ux = vx. (3)

The connected movement of a solid particle and a carrier flow can occur in the range
Ux > vx ≥ 0, in this case, the equation of motion (2) takes the form

Up
x =

(3

4
· ρs
ρq − ρs

·
Cf

dg

)∫
(U2

x − v2x)dt+ C if Up
x < Ux,

Up
x =

(3

4
· ρs
ρq − ρs

·
Cf

dg

)∫
(U2

x + v2x)dt+ C if Up
x > Ux, (4)

Up
x =

(3

4
· ρs
ρq − ρs

·
Cf

dg

)∫
(U2

x)dt+ C if Up
x = Ux, vx = 0.

The counter motion of a solid particle and a carrier flow is characterized by the mode of
motion Ux < vx, while the equation of motion will retain the form (2).

Graphical representation of this process, in the absence of relative motion of the carrier flow
and solid particles in the original cut, that is Up

x0 = Ux0, vx0 = 0 shown in the figure 2.

Figure 2. Scheme of the process of co-movement of a solid particle and a horizontal liquid flow.

Process analysis shows that within time t the function Up
x is limited by the functions

Ux = const and Ux. The speed of a solid particle movement, in the i-th section, relative to
the carrier horizontal flow, moving at a constant velocity, is taken as v1xi, but with relation to
the decelerating flow v2xi (figure 2).

The graphical representation of this process is built on the basis of the following hypothesis.
Carrier flow moves in laminar mode. At a time interval t, at a constant velocity of the carrier
flow a solid particle can move with relative deceleration, that is Ux = const ≥ Up

xi. When the
carrier flow slows down, the solid particle can move with relative acceleration, Up

xi ≥ Uxi. That
is, the particle velocity function is within Ux = const ≥ Up

xi ≥ Uxi.
The theoretical substantiation of the process of relative movement of solid particles and the

carrier horizontal flow is very difficult. A rational and more informative method of modeling
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the process, in a narrow designated area, can be considered an experimental study, which will
allow to determine the values of relative velocities v1xi, v

2
xi.

One of the important factors influencing the process of relative motion of a solid particle in
an carrier flow is the particle form. However, in the designated area of motion velocities and
size particles, characterized by the number Re, there is a mode of motion of a solid particle
close to laminar, at which, in accordance with the data of [6], the form of the particle has an
insignificant effect on its motion.

The vertical projection of the particle velocity vector is characterized by the sediment process,
and is determined by the absolute value of the particle weight in the liquid and the resistance
force in liquid, directed in the direction opposite to the direction of movement (figure 1).

Fg − FA = P

where Fg – gravity, H; FA – strength of Archimedes, H; P – resistance force, H.
Due to the traditional nature of the use of raw materials with a high content of rounded quartz

particles (construction and glass sands), the investigated area of fineness 0.15 < d < 5 mm turned
out to be the most studied experimentally. The literature sources provide data from different
authors who obtained experimental values of the velocity of free fall of quartz particles [8]. Thus,
in view of the presence of a sufficient amount of experimental material, in further studies, the
final velocity of the fall of quartz particles will be taken according to the experimental data
known in the literature. It should also be noted that at the indicated velocities of the carrier
flow, the sedimentation process time is much longer than the time of unsteady motion of a solid
particle, so this factor is not taken into account in the model.

When taking into account the relative displacement of a solid particle driven by a horizontal
carrier flow in the horizontal and vertical directions, the formula for constructing the particle
trajectory will take the form

x =

∫
Ux ± vx
Uy − vy

dy + C.

Let us replace the parameter that takes into account the relative vertical displacement by
the experimental value of the falling velocity of a solid particle in water Uy − vy = ω then

x =

∫
Ux ± vx

ω
dy + C.

where ω is experimental value of the speed of free fall of a solid particle, m/s.
The integration constant C characterizes the initial conditions for the motion of a solid

particle, and, when the origin of coordinates is located in the initial position of the solid particle,
the constant C = 0.

Let us assume that the movement of a liquid and a solid particle proceeds without mutual
displacement, that is vx = 0. Thus, we simplify the consideration of the process and equate the
horizontal projection of the velocity of a solid particle and the velocity of a liquid Ux

p = Ux.
Then the equation of motion of a solid particle under the action of a horizontal flow takes the
form

x =

∫
Ux

ω
dy + C.

and after integration

x =
Ux

ω
y (5)
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3.2. Experimental studies
Laboratory studies of the interaction process of the horizontal hydraulic classifier flow part with
a pulp flow that includes suspended solid particles are performed on the basis of specialized
laboratory equipment. Laboratory equipment for studying the processes of gravitational
processing of granular materials is based on the use of a horizontal multi-section classifier HMC.
With the use of the HMC classifier, fundamental laboratory studies were carried out to study
the movement of granular material particles in a horizontal carrier flow. Laboratory installation
based on the HMC classifier, consists of a horizontal multi-section classifier 1, a jet feeder 2, a
water supply system (figure 3).

The horizontal multi-section classifier is an elongated vessel of rectangular section 1, in the
lower part divided into 12 compartments 3, equipped with discharge nozzles 4. Power is supplied
through the intake pipe 5, the sludge is drained through the drain pipe 6.

The jet feeder 2 is designed to prepare the slurry of specified parameters and feed it into the
inlet pipe 5 of the horizontal multi-section classifier 1.

Preparation of the slurry in the jet feeder 2 is carried out by supplying water through a pipe
branch with irrigation nozzles 7, the transport of the prepared slurry is carried out by means of
a jet pump 8. For water supply of the pipe branch 7 and the jet pump 8, a water supply system
is used.

The water supply system consists of a main valve 9, a control valve 10 and a pressure gauge
11 of the water supply system of the pipe branch 7, a control valve 12 and a pressure gauge 13
of the water supply system of the jet pump 8. Transportation of water and sludge is carried out
through flexible pipes 14. The equipment is installed on support frames 15, 16. The source of
water for the operation of laboratory equipment is the plumbing.

The following equipment was used to perform the necessary measurements:

1. Precision pressure gauge type MZM with a division value of 0.005 kgf/cm2 (accuracy class
0.6).

2. Laboratory cylinder with a volume of 1 liter with a measurement accuracy of 2 ml.

3. Stopwatch “Agat” with a measurement accuracy of 0.5 s.

4. Scales VNC-2, a measurement accuracy of 2 g, TU 25-06-2068-82.

5. Scales RN-10C13M, a measurement accuracy of 5 g, GOST 7327-55.

6. Laboratory sieve SL-200 with cell of 0.1 mm, 0.2 mm, 0.315 mm, 0.4 mm, 0.5 mm, 0.63 mm,
1.25 mm, 2.5 mm.

7. Laboratory sieve shaker.

8. Drying cabinet.

The complexity of modeling the process of gravitational processing of granular materials in a
carrier horizontal flow lies in the need to take into account the horizontal and vertical movement
of solid particles. At the same time, the following factors may have some influence on the solid
particles motion process: co-flowing relative vertical and horizontal motion of solid particles;
constraint of the solid particles movement; movement of solid particles relative to the carrier
horizontal flow.

In order to take into account the above factors and quantify their influence on the process of
granular materials gravitational processing, the obtained experimental data were processed. At
the same time, the tasks of quantifying and assessing the need to take into account such factors
were solved:

• movement of solid particles relative to the carrier horizontal flow;

• constraint of the solid particles movement;

• movement of solid particles in various parts of the gravity processing process in a horizontal
flow.
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(a)

(b)

Figure 3. Laboratory installation for the study of gravitational processing of granular materials
based on HMC: (a) the general view of the installation; (b) a circuit scheme of the installation.

4. The movement of solid particles relative to the carrier flow
The study of the movement of solid particles from this size range was devoted to experimental
studies carried out on a laboratory installation using a horizontal multi-section classifier HMC
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Figure 4. Theoretical trajectory of motion of rounded quartz particles: 1 – trajectory of
movement of rounded quartz particles with size 0.2 mm; 2 – trajectory of movement of rounded
quartz particles with size 0.1 mm

Table 1. Parameters of deposition of quartz particles with a particle size of < 0.2 mm, %
Slurry № of the HMC compartment

∑
№2-6

concentration, % 2 3 4 5 6 7 8 9 91.2
3.0 37.4 18.4 14.9 12.1 8.4 4.7 2.7 1.4 94.1
6.0 44.1 18.6 14.1 10.5 6.8 3.5 1.6 0.8 92.0
10.0 40.1 18.8 14.2 11.1 7.7 4.3 2.5 1.2 93.4
13.0 42.3 18.6 14.0 11.0 7.6 3.6 2.0 1.0 89.7
19.0 36.0 18.0 14.6 12.2 9.0 5.6 3.2 1.5 91.2

(figure 3).
As a result of laboratory studies, the movement of rounded quartz particles in the size range

< 1.8 mm and < 0.2 mm was studied. The calculation of the theoretical trajectory of particle
motion was performed using the dependence (5) (figure 4).

The sedimentation process proceeded at an average horizontal flow velocity of 0.03 m/s.
Processing of the experimental data showed that in the size range < 0.2 mm, more than
90% of solid particles sedimented in compartments No. 2-6, located in the theoretical area
of sedimentation of rounded quartz particles with a size of 0.2 ... 0.1 mm (table 1, figure 5).
Thus, the minimum value of the probability of sediment of a rounded quartz particles with a
particle size of 0.2 ... 0.1 mm in the theoretical area of deposition is 90%. And when taking into
account the presence of particles smaller than 0.1 mm in the used raw material, the theoretical
area expands and the probability tends to 100%.

The purpose of laboratory studies was also to determine the effect of the concentration of
solid particles in the feed on the deposition process. Processing of experimental data showed
that the concentration of solids affects the constraint of particle movement, causing a decrease
in the fall velocity (figure 6). In a detailed study of the mass characteristics of the material
deposited in the area with a 90% probability of sediment of rounded quartz particles with a
particles size of 0.1 ... 0.2 mm the average value of the mass difference in compartments No. 2-6
at a solid concentration in the slurry of 3% and 19% was 3%.
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Figure 5. Sedimentation of rounded quartz particles with a particle size of < 0.2 mm when fed
with a volumetric concentration (Co, %).

Table 2. Average size of deposited quartz particles with a size of < 1.8 mm, %.
Slurry № of the HMC compartment

concentration, % 1 2 3 4 5 6
3.0 0.41 0.337 0.285 0.24 0.202 0.174
6.0 0.404 0.341 0.278 0.229 0.192 0.165
10.0 0.398 0.347 0.276 0.227 0.19 0.165
13.0 0.403 0.36 0.283 0.231 0.194 0.164
19.0 0.391 0.361 0.28 0.232 0.197 0.168

An analysis of experimental data from laboratory studies of the movement of rounded quartz
particles with a particle size of < 1.8 mm showed, that the influence of the solid concentration
in the slurry within 0 ... 20% on the average size of the granular material deposited in the
compartments does not go beyond 5%, and the average error is 1.6% (table 2, figure 7, 8).

This value indicates the fact of the insignificance of the influence of this factor on the process
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Figure 6. Influence of slurry concentration on the process of sedimentation of rounded quartz
particles with a particle size of < 0.2 mm: 2, 3, 4, 5, 6 – compartments.

Figure 7. Sedimentation of rounded quartz particles with a particle size of < 1.8 mm when fed
with a volumetric concentration (Co, %).

of the solid particles sedimentation in the concentration range of 0...20%. Thus, the performed
laboratory studies of the rounded quartz particles deposition process, under the influence of a
horizontal carrier flow, confirm the relevance of the application of dependence (5) to calculate
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Figure 8. Influence of slurry concentration on the process of sedimentation of rounded quartz
particles with a particle size of < 1.8 mm: 2, 3, 4, 5, 6 – compartments.

the parameters of the solid particles sedimantation with particle size < 1.8 mm and < 0.2 mm
in the concentration range 0. . . 20%.

5. Conclusions
The results of the theoretical studies of the interaction process between the flow part of a
horizontal hydraulic classifier and the laminar slurry flow, which includes suspended solid
particles, allow us to make the following conclusions:

1. The basis for the theoretical description of the gravitational sedimantation of solid particles
during its passing and counter motion relative to the horizontal carrier flow was the Lagrange
method.

2. At the velosity Ux of vx the liquid movement, and the speed Up
x of movement of the solid

particle relative to the liquid, the absolute speed of the solid particle in passing motion with
the carrier flow can be in the ranges: 1 – Up

x < Ux; 2 – Up
x > Ux; 3 – Up

x = Ux, vx = 0.

3. An initial theoretical dependence was obtained to determine the path traveled by a solid
particle under the conditions of gravitational sedimantation under the action of a horizontal
carrier flow, which takes into account possible scenarios for the relative motion of a solid
particle and liquid.
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Abstract. Currently, in the Quang Ninh coalfield, exploiting the seams with medium thickness
and dip angle of over 50 degrees is often difficult, so labor productivity and safety are low. It is
necessary to research and apply advanced mining technology to medium thickness seams with
dip angle of over 50 degrees in order to improve efficiency and safety. Studying the actual
production in the Mao Khe coal mine shows that the mining technology for the condition of
the seam with medium thickness, and dip angle over 50 degrees is mainly mining technology
by drilling and blasting. This technology has the disadvantage of low labor productivity and
unsafety. In this paper, the authors have researched and proposed mining technology by the
combination of ANSH equipment to exploit the longwall in Seam 6 of Mao Khe coal mine. This
is a fully mechanized mining technology, coal cutting by plow, combined with shield. Analysis
of economic and technical indicators shows that this technology has been more effective and
productive than the mining technology currently applied in other coal mines. This application
will benefit not only Mao Khe coal mine, but also to other coal mines of Quang Ninh coalfield
with similar coal seam conditions.

1. Introduction
Fully mechanized mining technology is a type of technology that uses shearer or plow with
mechanized shield to extract coal seams [1–3]. This technology has been used in many countries,
especially in China and European countries [4], where mechanized mining techniques applied to
coal seams are also relatively effective.

In recent years, mechanized mining technology that uses shearer has been applied to a number
of underground mines in the Quang Ninh coalfield, Vietnam and it has achieved certain initial
effects [5–9]. However, the fully mechanized mining technology that uses a plow is still a new
technology and has not been adequately researched and invested in underground mines in the
Quang Ninh coalfield. This is a mechanized mining technology that is applied to the seams with
medium thickness and dip angle of over 50 degrees.

Currently, in Quang Ninh coalfield, there are many underground mines managed by Vietnam
national Coal - Mineral industries Corporation. In which, the reserves of coal seams of medium
thickness and dip angle of over 50 degrees account for a relatively large proportion [10]. The
condition of these seams belongs to most coal mines such as: Mao Khe, Nam Mau, Vang Danh,
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Uong Bi, Ha Lam, Nui Beo, Hon Gai, Duong Huy, Thong Nhat, Ha Long, Quang Hanh, Mong
Duong and Khe Cham. Due to the geological conditions of the seams at different coal mines,
the Vietnam national Coal - Mineral industries Corporation has also selected and applied many
different types of mining technologies and methods, but it has not yet brought about the expected
efficiency [11]. Mining technology by drilling and blasting is the main technology that has been
applied to coal seams of medium thickness, dip angle of over 50 degrees, this is a manual mining
technology. The disadvantages of this technology are low safety, interruption in the technological
chain, releasing harmful gases, and low productivity.

To eliminate the disadvantages of the drilling and blasting mining method, along with the
determination to modernize technology in underground mining. For many years, the Vietnam
national Coal - Mineral industries Corporation has coordinated and directed coal mines in Quang
Ninh coalfield to actively research and select suitable and effective mining technologies for coal
seams of medium thickness, dip angle of over 50 degrees. From the above practical issues, the
article has researched and proposed a mining technology by the combination of ANSH equipment
for longwall in Seam 6 of Mao Khe coal mine. Mining technology using a combination of
ANSH equipment has been applied in some Eastern European countries and has brought good
results when exploiting coal seams of medium thickness, dip angle of over 50 degrees. This
is a fully mechanized mining technology, coal cutting by plow, combined with shield and it is
applied to the seams of medium thickness, dip angle of over of 50 degrees. On the basis of the
research results of the article, Mao Khe coal mine can apply and deploy these proposal designs in
actual production to improve working efficiency in the longwall face, thereby increasing mining
efficiency and productivity.

2. Geological features of the longwall in Seam 6 of Mao Khe coal mine
The thickness of the seam varies from 0.8 to 3.75 m, with an average of 1.82 m, belonging to
the medium thickness and very unstable type. The dip angle of the seam varies from 57◦ to 70◦,
with an average of 61◦.

Roof: located directly on the seam, there is a claystone layer interspersed with coal- clay and
thin layers of coal forming a layer with a thickness of 0.2 . . . 2.2 m, which is easy to collapse
and separate during mining, followed by layered siltstone with a total thickness of 8 . . . 25 m of
medium stable hard rock. Many interstitial places in the siltstone are thin layers of sandstone.
Next, the siltstone is a thick and stable layer of sandstone.

Floor: located directly below the seam, it is a soft rock layer consisting of: claystone interlaced
with coal-clay lenses with a total thickness of 0.21 . . . 1.8 m. The weak rock layer is followed by
a thin to medium layered siltstone layer with a total thickness of 14 . . . 20 m. The distribution
under the siltstone is a layer of fine to medium grained sandstone with a total thickness of
5 . . . 30 m. Rocks are sustainable.

Table 1. Some average physical and mechanical parameters of the roof and floor [12].

Rock unit σn (Mpa) σk (Mpa) γ (T/m3) φ (degree) C (Mpa)
sandstone 94.2 10.1 2.64 33 12.1
siltstone 45.8 5.8 2.6 32 10
claystone 17.1 2.9 2.57 24 8.9
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3. Mining technology by the combination of ANSH equipment
3.1. Mechanized equipment in the longwall
3.1.1. Combination of equipment type ANSH Currently, in Eastern European countries, two
types of mechanized mining equipment combinations have been manufactured and applied
for coal seams with medium thickness, dip angle of over 50 degrees. Combinations include:
1ASHMG, 1ANSH and 2ANSH. The basic technical characteristics of the above equipment
combinations are shown in table 2.

Table 2. Technical characteristics of ANSH mining equipment combinations [13].

No Parameters Unit 1ASHMG 1ANSH 2ANSH
1 Applicable seam thickness m 1.2 . . . 2.2 0.7 . . . 1.3 1.1 . . . 2.2
2 Applicable seam dip angle degree 50 . . . 80 35 . . . 90 35 . . . 90

3
Load capacity of shield for 1 m2,

(not less than)
kN/m2 200 170 240

4
Load capacity of the shield

(not less than)
kN 500 800 800

5
The displacement of the shield

(not more than)
m 0.63 0.63 0.63

6
Step of installing a shield

(not more than)
m 1.0 1.0 1.0

7 Height of the shield (min-max) mm 1000 . . . 2200 670 . . . 1300 980 . . . 2200
8 Width of the shield mm 960 960 960
9 The length of the complex m 45 60 60

Based on the geological conditions of the mine, on the basis of the technical characteristics of
the mining equipment combinations, select the 2ANSH combination or the type with equivalent
technical characteristics for the application of coal seam mining of medium thickness, dip angle
of over 50 degrees at Mao Khe coal mine. Through analysis and field survey, it is shown that
this equipment combination is suitable for the conditions of the longwall in Seam 6 of Mao Khe
coal mine.

3.1.2. Shield The shield used in this equipment complex is the 2ANSH shield combination
(figure 1) and the technical characteristics are shown in table 2.

3.1.3. Coal cutting To extract coal in the longwall in Seam 6, the Mao Khe coal mine has
chosen the plow 1ASHM (figure 2) with specifications shown in table 3.

Table 3. Technical characteristics of coal plow 1ASHM.

No Parameters Unit Value
1 Plow productivity T/minute 2.5
2 Plow speed m/s 1.6
3 Engine power kW 140
4 Plow width mm 760
5 Plow length m 6
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Figure 1. 2ANSH shield complex [14].

Figure 2. Coal plow 1ASHM [14].

3.1.4. Emulsion pumping station To provide emulsion for equipment in the longwall, Mao Khe
coal mine has selected pump code CND-200/32, its basic technical characteristics are shown in
table 4.

Table 4. Characteristics of CND-200/32 pumping station.

No Parameters Unit Value
1 Rated pressure Mpa 32
2 Engine power kW 2x 55
3 Volume of solution tank liter 1600
4 Pump size (length x width x height) mm 2700 x1200 x 1000
5 Solution tank size (length x width x height) mm 3200 x 1200 x 1100
6 Pump weight kg 2000
7 Solution tank weight kg 1600
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3.2. Technological process of mining in the longwall face
The process of this mining technology is carried out in 3 stages as follows:

3.2.1. Stage 1: exploiting to install the shields Exploiting to create space to install the shields
is done by manual drilling and blasting method, supporting the longwall face by wood. When
cutting and supporting in the strike direction of 4 web cuts, install the first shield, then exploit
in the strike direction of one web cut to continue installing the next shield. The work of cutting
and installation of shields is carried out sequentially until the number of installed shields is
completed in the longwall. During the process of cutting and installing the shield, the distance
from the longwall face to the shield position must not exceed 3 meters. Next, install the plow
system, pumping station, communication signal equipment, automatic control device and other
auxiliary equipment.

3.2.2. Stage 2: exploiting the longwall using a combination of shield Coal cutting in the
longwall follows in dip direction of the seam, the cutting of coal in the longwall face by the
plow system. The plow moves along the longwall face and cuts coal from the floor to the roof
of the longwall. After cutting the entire length of the longwall face, the plow is returned to its
original position before moving the shield.

3.2.3. Stage 3: dismantling the shield complex, moving to the next mining lift When the
longwall is exploited to about 8 to 12 meters from the transport level, proceed to create a
space for the longwall face to dismantle the shield system. The work of dismantling the shield
is carried out in turn from the ventilation brake incline to the transport brake incline. The
recovery shields are transported to the ventilation level to be installed in service of mining for
the new lift.

The diagram of mining technology by the 2ANSH shield system is shown in figure 3 and the
process of coal cutting in the longwall face using a plow is shown in figure 4.

3.3. Support plan for the longwall face in Seam 6 of Mao Khe coal mine
3.3.1. Arrangement of shield (figure 5) Based on the mine pressure of the longwall face, the
load capacity of the shield (the load capacity of the rig for 1 m2 is greater than 240 kN/m2

and the load capacity of the shield is not less than 800 kN). At the same time, based on the
experience of exploiting the longwall using a combination of shield equipment from a number of
Eastern European countries and Ukraine, the design of the support plan for the longwall face is
as follows:

• The length of the longwall (a lift): 60 m.

• Distance between shields in the complex: 1.0 m.

• Number of shields in the complex: 60 shields.

3.3.2. Moving the shield in the longwall Moving process of the hydraulic shield is as follows:
Two adjacent auxiliary shields on each vertical segment are depressurized by hydraulic control
series. Auxiliary shields are pushed toward the face by stretching of the hydraulic jacks. Then,
the main shield groups are depressurized by hydraulic control panels and the main shields are
pulled toward the face by the shrink of the hydraulic jacks. Main and auxiliary shields are set
in a straight line by hydraulic jacks. The process of moving the shield is shown in figure 6.
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Figure 3. Diagram of mining technology applying 2ANSH combination [15].

Figure 4. Process of coal cutting in the longwall face using a plow [15].

3.4. Operation scheme and human resource arrangement for the longwall in Seam 6 of Mao
Khe coal mine
The production tasks in the longwall in Seam 6 are organized and performed in cycles. A cycle
of eight web cuts is completed within three shifts, equivalent to the face moving progress of
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Figure 5. Arrangement of shield in the longwall [16]: 1 – shields; 2 – frame of scraper conveyors;
3 – coal plow.

Figure 6. The process of moving the shield in the longwall: 1 – shields; 2 – scraper conveyors;
3 – hydraulic jacks; 4 – longwall face.

four meters per day (figure 7). A web cut includes the following stages: cutting face and shield
shifting with an advance rate of 0.63 m, strengthen the longwall and preparing for a new web
cut. The inspection and maintenance of equipment complex are carried out at the end of shift
III, including maintenance, repair, and replacement of spare parts if necessary for the plow,
roof supports, conveyors, electrical equipment and emulsifier pump systems, dust filter system,
power supply system, water supply system, methane warning system, and pressure test of roof
supports. The number of workers in the longwall face is arranged depending on the specific work
of each shift. According to calculations, the required number of workers is 48 people, in which,
each shift is arranged for 16 people (figure 8).
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Figure 7. The operation scheme in the longwall in Seam 6 of Mao Khe coal mine.

Figure 8. Chart of human resource arrangement in the longwall in Seam 6 of Mao Khe coal
mine.

3.5. Economic and technical indices
After researching and application of mining technology by the combination of ANSH equipment
to longwall in Seam 6 of Mao Khe coal mine, which is exploited by fully mechanized technology,
with the above equipment combination, the calculated main economic-technical indices are
shown in table 5.
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Table 5. Economic and technical indices of the longwall face in Seam 6 of Mao Khe coal mine.

No Indices Unit Amount
1 Average thickness of seam m 2.1
2 Average dip angle of the seam Degree 61
3 Volumetric weight of coal T/m3 1.61
4 The length of the longwall (a lift) m 60
5 The length in dip direction (a lift) m 120
6 The height of coal cutting (longwall) m 2.1
7 The length in strike direction m 540
8 Face advance in one web cut m 0.63
9 Face advance in a day and night m 4.0
10 The type of shield used in the longwall (shield complex) 2ANSH
11 Coal output of a day and night ton 777
12 Cycle completion coefficient - 0.8
13 Face advance in a month m 104
14 Capacity of longwall face ton 207.790
15 Number of workers in a day worker 48
16 Direct labor productivity T/labor 16.1
17 Consumption of wood for 1000 tons of coal m3 28.7
18 Consumption of roadway preparation for 1000 tons of coal m 6.5
19 Consumption of emulsifying oil for 1000 tons of coal kg 13.7
20 Consumption of clean water for 1000 tons of coal m3 13.1
21 Consumption of cutting teeth for 1000 tons of coal unit 3.0
22 Consumption of compressed air for 1000 tons of coal m3 433
23 Coal loss % 28.9

4. Conclusions
(i) According to the general assessment of geological and technical conditions, reserves in Quang

Ninh coalfield are about 3 billion tons, of which coal reserves of steep seams account for more
than 30%. At the Mao Khe coal mine, the steep seams account for about 47.5%, of which
the thick seams are 51% and the remaining 49% are the medium thick ones. Therefore,
it is very necessary to research and select mining technology to ensure the economic and
technical requirements to exploit the seams of medium thickness and dip angle of over 50
degrees at Mao Khe coal mine.

(ii) In the condition that the coal seam has an average thickness of 1.8 to 2.5 m, the dip
angle of the seam is from 45◦ to 90◦, some countries such as Ukraine have applied the
mining technology diagram in the slope direction, mining technology uses a combination
of mechanization with a plow, and support for longwall face by the shield. In fact, the
advantage of this mining technology is to reduce the unsafety risks from the collapse of roof
during the exploitation of thin to medium-thick seams, dip angle of over 45◦. This complex
has a small cutting step and the movement of the combination is due to the self-sliding
mechanism on the slope due to the impact of the collapsed rock mass above the shield
and the self-weight of the equipment combinations. Based on the geological conditions
of the mine and the technical characteristics of the mining equipment combinations, this
study proposed and selected a combination of 2ANSH equipment or a type with equivalent
technical characteristics to exploit coal seam of medium thickness, dip angle of over 45◦ at
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Mao Khe coal mine.

(iii) The application of mining technology using a combination of 2ANSH equipment to the
condition of the longwall in Seam 6 of Mao Khe coal mine, according to calculations, it has
met the requirements of economic and technical indices when mining. Labor productivity
16 tons/worker-shift, low coal loss, high safety level (table 5).
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Abstract. Obtaining a powder product from brittle materials is associated with significant
difficulties: an insufficient number of production capacities as well as with their low efficiency.
This indicates relevance and need for research aimed at creating new designs and technological
schemes. Glass containers were selected for research from among all types of glass waste.
Presented are a structural diagram and description of a horizontal pendulum impact tester, on
which studies were carried out on destruction of a bottle by impact load. The impact tester
gives an opportunity to determine impact energy, impact speed, acceleration, movement of the
impactor. An analysis of the above figures shows that one blow is enough to destroy a bottle.
Rational mode is when impact load is distributed along the length of the bottle. This mode can
be implemented in a vibratory jaw crusher with an inclined crushing chamber, which includes
the following main elements: a passive jaw located on shock absorbers, an active jaw pivotally
mounted in the body and connected to it by means of elastic links, a two-shaft inertial vibration
exciter. The presented granulometric characteristic of the crushed bottle shows a high efficiency
of using a vibratory jaw crusher. The yield of the product sized less than 5.5 mm was 95%, and
that sized less than 100 microns - 16%. The crusher has enough parameters to adjust particle
size distribution over a wide range.

1. Introduction
In nature, there are a number of materials (quartzite, basalt, marble, etc.) with high compressive
strength and low resistance to impact loads. At the same time, a significant percentage of
the equipment used for their disintegration consist of jaw and cone crushers, in which the
destruction of the material is carried out by compression [1]. In high-tonnage production, these
metal-intensive overall machines currently have no adequate replacement. In the technological
schemes for obtaining fine-grained and powder materials with a productivity of 1…10 t/h and a
size of the raw material corresponding to average crushing, there is a need to improve existing
grinding methods [2] and develop new grinders that combine crushing and grinding operations
in one design.

Ideally brittle materials, along with diamond and quartz, include glass, which can serve
as a standard in determining the efficiency of using crushing and grinding equipment. At
the same time, interest in obtaining glass powder is currently growing in the world. This
problem is relevant, because it is associated with a wide range of properties that make simple
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and special purpose glass powders a versatile material [3–5]. Depending on their composition,
powders can meet a variety of requirements and can be used in the sphere of electrical insulation,
sealing or bonding of various materials, for 3D printing of complex glass bodies, as additives in
polymers, concrete, etc. [6–8]. Powder production is a complex and energy-intensive process [9],
which includes all stages of glass production. The raw materials for glass production are low-
iron quartz sands, soda ash, limestone, dolomite, etc., which require preliminary enrichment,
washing, drying, and grinding. The resulting glass mass is again subjected to crushing, grinding,
separation, which creates a high cost of production.

At the same time, hundreds of thousands of tons of glass waste are generated annually, but
only a small part of them goes into secondary resources [10]. It is known that one ton of
cullet saves 1.5 tons of mineral glass raw materials, incl. 100-130 kg of soda ash, 40-50 kg of
sodium sulfate and 300-350 kg of quartz sand. Recycling glass allows to save huge areas of land
that otherwise should turn into environmentally hazardous landfills [11]. This testifies to the
relevance and necessity of carrying out analytical, experimental, design developments aimed at
increasing efficiency of obtaining fine-grained and powder materials directly of glass wastes.

Study purpose is to evaluate the effectiveness of using vibratory jaw crushers for processing
brittle materials to obtain a fine-grained and powder commercial product.

2. Results
A distinctive feature of glass is its high compressive strength and low impact resistance [12,13],
therefore, glass is destroyed by mechanical action without noticeable plastic deformation, which
predetermines the development of crushers with the impact principle of loading the material.

From among all types of glass waste, glass containers were selected for the research; they
have a fairly well-developed collection scheme at collection points [14]. It was also taken into
account that the volumetric shape leads to a sharp change in filling of the crushing chamber
with material during the process of loading.

Interaction of bottles with the impactor was studied on the developed laboratory installation
for destruction of rocks, which is a horizontal pendulum impact tester; its structural diagram is
shown in figure 1.

The laboratory installation includes a pendulum (1) with its suspension axis (2) fixed in the
bearing units of the housing (3). At the free end of the pendulum there is an impact assembly,
consisting of a replaceable load (4) and an impactor (5). The centers of mass of the load and
the impactor are located on a common vertical axis at a distance of 1 m from the axis of the
pendulum suspension. Fastening of the impactor allows you to set various profiles of the working
surface that interacts with glass. The lifting (dropping) height of the impactor is determined
by a measuring system containing a curvilinear bar (6) rigidly connected to the pendulum
suspension axis and a following mechanism (7). The mechanism is presented in the form of a
cylinder with a piston and a clamping spring inside. The rod fixed on the piston has one end in
contact with the curvilinear bar, and the other end is connected to the displacement sensor (8).
The system works as follows. When the pendulum is raised, the curvilinear bar rotates along
with the suspension axis, and so it moves the following mechanism rod according to the given
dependence. Accordingly, the displacement sensor rod also moves; the signal from this sensor
passes through the VI 6-6tn (9) vibration measuring equipment, the USB oscilloscope (10) and
it registers the height of the load drop on the laptop screen (11). This system also allows you
to track the nature of interaction of the impactor with the material under study (12). For the
same purpose, an acceleration sensor (13) is fixed on the impact assembly; it records changes
in acceleration in the vertical plane. At the initial moment of testing, the working surface of
the impactor is installed on the surface of the sample located on a massive base (14). Next,
the pendulum suspension axis is moved to a position at which the longitudinal surface of the
pendulum rod is set in a horizontal position. Movement of the suspension axis is carried out
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(a)

(b)

Figure 1. Structural scheme of the laboratory installationd (a) structural scheme (b) general
view.
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(a) (b)

(c) (d)

Figure 2. Schemes of the initial contact of the bottle with the working surface of the upper
jaw, 1 – lower jaw; 2 – upper jaw.

by means of gaskets 15 (or a screw connection). The horizontal setting of the pendulum rod is
controlled by a level (16).

Results of a single impact of a flat impactor on bottles for sparkling wines are given as an
example. Impactor mass is 5 kg, drop height is 0.7 m.

The initial application of the load was simulated with different method of feeding the bottle
into the inclined crushing chamber of the vibratory jaw crusher. When feeding the bottle into
the crushing chamber with the bottom in the direction of the unloading window (figure 2, a), the
first impact occurs when the working surface of the upper jaw comes into contact with the ring
of strength of the bottle (force P1).The implementation of such a scheme on a pendulum impact
tester showed that the bottle is destroyed (figure 3) by a single impact, however more than
50% of the glass breakage has convex shapes, which reduce the filling factor of the transporting
container.

When feeding the bottle into the crushing chamber with the neck in the direction of the
unloading window (figure 2, b), the first impact occurs when the working surface of the upper
jaw comes into contact with the bottle shoulders (force P3). When the impact of the pendulum
impact tester interacted with the bottle shoulders, a product with a size of more than 50 mm
with a destroyed neck and a whole bottom was mainly formed (figure 4).

The bottle can be loaded into the crushing chamber in a position where the longitudinal
axes of symmetry of the bottle and the chamber are perpendicular (figure 2, c, d). When the
cylindrical surface is affected by a point load P2 (figure 2, c), with sufficient destruction of the
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Figure 3. Impact on the bottom (P1).
Figure 4. Impact on the bottle
shoulders (P2).

Figure 5. Impact in the middle (P3). Figure 6. Impact on the plane (q).

cylinder, the neck and bottom are not subjected to destruction (figure 5).
The preferred result is obtained when the surface of the bottle interacts with a distributed

load q (figure 6).
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The result obtained shows sufficiency of one impact for the effective destruction of a brittle
material with internal cavities, which predetermines the need to create small-sized crushing
plants. Conversion of bottle convex shapes into a flat state allows you to significantly increase
the filling factor of the shipping container and have a high-quality initial product for processing
into commercial products.

The experience of using vibratory jaw crushers to obtain fine-grained materials shows the
possibility of implementing the results obtained in similar designs [15,16].

Crushers of this type have a pronounced impact nature of the load applied to crushed
materials, as well as the advantages of jaw and rotary crushers. In general terms, the design
scheme of vibratory crushers is an oscillatory system with vibrations of 16–32 Hz communicated
to the crusher jaws [17,18].

The material crushing process is effectively controlled in a vibratory jaw crusher with an
inclined crushing chamber [19]. The crusher (figure 7) includes a passive (lower) jaw (1) mounted
on elastic elements (5) and simultaneously performing the function of the housing. The active
jaw (3) is installed in the racks of the passive jaw by means of the suspension axis (2), relative
to which it can perform rotational vibrations. Vibrations of the jaws are generated by a two-
shaft inertial vibration exciter (4). Destruction of the material crushed occurs in the crushing
chamber formed by the working surfaces of the passive jaw (1) and the active jaw (2).

Figure 7. Structural scheme of the vibratory crusher.

Grinding was carried out on a laboratory sample of a vibratory jaw crusher with a large set of
adjustable parameters: the frequency and amplitude of oscillations of the jaws, the magnitude
and direction of the disturbing force, the weight of the jaws, the size of the unloading gapt, the
rigidity of the elastic elements, the profile of the working surface of the jaws, the grip angle,
the angle of inclination of the conveying surface. Crushing was carried out on bottles with a
cylinder diameter of 90 mm, identical to those studied on a pendulum impact tester. Based on
the fact that the width of the crushing chamber of the laboratory sample is less than the height
of the bottle, its loading was carried out according to the scheme of figure 2, a.

At the first contact of the bottle with the working surface of the jaw, the process of bottle
destruction corresponded to the destruction on the impact tester. Obtained was a high-quality
mass of a flat shape suitable to fill the transport container. However, a feature of the crusher
is the possibility of producing marketable products. Subsequently, the resulting flat material
moved in the crushing chamber to the discharge window, receiving a high-frequency impact.
The resulting presentation of fine-grained material from a crushed bottle is shown in figure 8.
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Figure 8. Fine-grained material from a crushed bottle (µm).

Figure 9. Crushed bottle presentations.

A wide range of adjustable parameters allows you to control the process, create rational
crushing modes and obtain the required granulometric composition of the finished product.
Figure 9 shows the characteristics of crushed glass at a frequency of jaw oscillations of 17 Hz
(curve 1) and 21 Hz (curve 2). The mass of the movable jaw is 97 kg, the width of the crushing
chamber is 120 mm, and the length is 550 mm.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012049

IOP Publishing
doi:10.1088/1755-1315/1254/1/012049

8

As can be seen from the graph, increasing the oscillation frequency to 21 Hz (curve 2)
eliminates the +5.5 mm class, narrows the size range of the crushed product and increases
the yield of powder material.

3. Conclusion
According to the purpose of the work, the studies carried out on the example of glass container
destruction substantiated efficiency of crushing brittle materials in a vibratory jaw crusher with
an inclined crushing chamber.

Feeding a cylindrical feedstock with a diameter of 90 mm into the crusher and obtaining a
fine-grained product shows the prospects for creating a small-sized vibrating jaw crusher with
the implementation of medium, fine crushing and grinding in it, which will significantly reduce
the number of units in the production process chain, reduce their cost and expand the range of
products obtained fine-grained and powder materials.

A laboratory plant with a horizontal type pendulum impact tester allows you to pre-select
the profile of the working surface of the jaws, get a physical picture of the destruction of the
material and determine the main dynamic characteristics of the crusher.
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Abstract. The article studied the issue of improving the scientific and methodological base
in the field of design and planning of open-pit mining by developing new and adjusting existing
methods for determining the ore productivity of an open-pit, which should take into account
the interconnection between the mining schedule and the productivity of an open -pit for ore,
based on the condition for ensuring the standard volume of finished to the extraction of reserves.
When choosing the production of an open-pit for ore, it is necessary to take into account the
impact of the interconnection between the schedule of mining and production, based on the
conditions of regulatory regulation of the volume of mining for the excavation of reserves, on
the cost of ore mining and concentrate production. With an increase in ore productivity, the
cost of ore mining, as well as the cost of production of concentrate reduction. At the same time,
the very possible productivity of the open-pit for especially minerals is achieved, the economic
efficiency of the development of deposits is achieved with the chosen direction of the open -pit.
A decrease in productivity for a common mineral by 20 and 40% entails a decrease in profit from
the development of the deposit by 10 and 20%, respectively. It has been determined that an
increase in the slope angle of the working side of the open-pit significantly reduces the economic
efficiency of the development of the deposit due to the fact that the operation of the open -pit
with a large slope angle entails not only a decrease in the current stripping ratios as a result of
an improvement in the mining schedule, but also a decrease in ore productivity, which reduces
the present value of marketable products due to an increase in the period of development of the
deposit. The results of the studies performed can be used by design organizations and mining
enterprises in determining the ore productivity of an open-pit.

1. Introduction
To select the productivity of a open-pit, which ensures the maximum efficiency of field
development, a comprehensive technical and economic analysis of the operation of the enterprise
is required [1–3], taking into account, among other things [4,5], the influence of the time factor
on the evaluation of the results of its work [6, 7].

The existing relationship between the parameters of the development system [8, 9], which
provide the norm of reserves ready for excavation in a open-pit [10, 11], determines, with a
change in productivity for a mineral, a change in stripping ratios [12–14]. In turn, the change
in stripping ratio is reflected in the volumes of rock mass and their distribution over the years
of operation, which ultimately is one of the main factors affecting the economic indicators of a
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open-pit mine [15–17]. At the same time, the maximum productivity for ore also determines
the maximum or close to maximum productivity for the rock mass, which leads to an increase
in the cost of developing the deposit. Thus, an increase in the productivity of a open-pit for a
mineral is accompanied by an increase not only in income, but also in costs [18,19].

In this regard, the question arises whether there will be profitability in terms of economic
efficiency [20–22] of operating a open-pit with the maximum possible productivity for a mineral
[23,24].

2. Object and methods of research
Most studies aimed at establishing the impact of open-pit productivity on the economic
indicators of development, the existing relationship between the development of mining and
mining operations in a open-pit [25–27], is considered only on the basis of the condition that
a change in the angle of slope of the working side of the open-pit [28] leads to a change in the
current stripping ratios [29–31]. This does not take into account the need to ensure the standard
volume of reserves ready for extraction [32–34].

It is known that as the production capacity of a open-pit increases and its lifetime decreases,
with the same reserves, the specific semi-fixed costs change [35], which means that the cost of
ore mining also changes [36]. Therefore, it is necessary to investigate the change in the cost
of ore mining and the production of final marketable products, taking into account changes in
stripping ratios with an increase in ore productivity.

Therefore, the goal was set: to improve the scientific and methodological base in the field of
design and planning of open pit mining by developing new and corrections existing methods
for determining the productivity of a open-pit by ore, which should take into account the
interconnection between the mining mode and the productivity of a open-pit by ore, based
on the condition for ensuring the standard volume stocks ready for extraction.

3. Results
The creation of normal working conditions for a open-pit for various ore productivity options,
within the maximum possible value, is possible by changing the width of working benches [37,38],
which ensures the standard of reserves ready for excavation. At the same time, an increase in
the width of working benches leads to a decrease in the number of working benches within the
deposit and, accordingly, to a change in the length of the mining front, both in ore horizons and
in overburden, which largely determines the distance of transporting the rock mass in the open-
pit. With an increase in the width of the working bench, the transportation distance increases
both on ore horizons and on overburden. This is due to the fact that with an increase in the
width of the working bench, the ore front is concentrated on a smaller number of benches in
the lower part of the open pit. At the same time, the overburden front of mining operations
increases due to an increase in the number of underlying overburden benches. Therefore, when
determining the cost of ore mining and the production of final marketable products, it must be
taken into account that with an increase in ore productivity, the width of working benches will
increase, as well as the haulage arm from the faces to the opening working. Therefore, even a
small increase in the distance of transportation with significant volumes of traffic will lead to a
significant increase in costs.

For conditions close to the mining and processing plants of Krivbass, let us analyze the impact
of the productivity of an open-pit on the cost of production of the final marketable product. We
investigate the work of an open-pit developing a steeply dipping mineral deposit. Let’s divide
the open-pit field by depth into zones, within which the pattern of changes in the volume of
rock mass with a decrease in mining operations remains constant.

The studies carried out allow us to establish the measure of the influence of various costs on
the production cost of the concentrate when changing the productivity of the open pit for ore.
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Figure 1. Influence of open pit productivity in terms of ore on the production cost of ore
mining and its components at the first stage of its operation: 1 – unit semi-fixed costs for ore
mining; 2 – unit conditionally variable costs for ore mining without overburden costs; 3 – unit
conditionally variable costs for the excavation of overburden; 4 – unit conditionally variable
costs for ore mining; 5 – unit production cost of ore.

From figure 1 and figure 2, it can be seen that the unit semi-fixed costs for ore mining
(line 1) are the same in both the first and second periods and decrease with an increase in ore
productivity.

However, in the second period, due to a decrease in stripping ratios, the specific conditionally
variable costs for ore mining with an increase in productivity slightly decrease (line 4, figure 2).

Curve 5 (figure 2, figure 2) shows the change in the production cost of ore depending on the
ore productivity of the open pit with the already chosen direction of development of mining
operations and indicates the presence of an optimal productivity value. On figure 3 shows the
change in the cost of production of concentrate from the productivity of an open-pit for ore
for the first (line 1) and second (line 2) periods of work. It can be seen from the figures that
with an increase in ore productivity, the cost of ore mining, as well as the cost of concentrate
production, decrease.

However, the cost cannot fully characterize the increase in production for which development
is being carried out. The main purpose of the enterprise is to make a profit. Therefore, it is
more rational to solve the problem of determining the optimal productivity of an open-pit based
on the profit from the sale of commercial products of the mining and processing plant. Profit
from the sale of marketable products (concentrate) was taken as an optimality criterion when
comparing options. For the commensurability of costs and incomes at different times, they were
brought to one moment of evaluation.

We calculate the costs and revenues from the development of a mineral deposit and the
production of a concentrate when operating an open-pit with different productivity values and
a price for a concentrate, while for each performance option we set certain rates of deepening
of mining operations. At the same time, when changing the ore productivity of an open-pit,
it is necessary to take into account a change in the angle of slope of the working side of the
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Figure 2. Influence of open pit ore productivity on the production cost of ore mining and its
components at the second stage of its operation: 1 – unit semi-fixed costs for ore mining; 2 –
unit conditionally variable costs for ore mining without overburden costs; 3 - unit conditionally
variable costs for the excavation of overburden; 4 – unit conditionally variable costs for ore
mining; 5 – unit production cost of ore.

open-pit due to changes in the parameters of the development system that ensure the standard
of reserves ready for excavation in the open-pit. That leads to a change in the stripping ratios
and the distance of transportation of the rock mass.

These calculations are made for a certain variant of the development of mining operations in
an open-pit and only indicate the presence of optimal productivity. A change in the direction of
development of mining operations entails a change in the calendar distribution of the volumes
of overburden and mining operations.

The calculation results are shown in figure 4. From the graphs of the function K=f(Ap),
Co=f(Ap) it can be seen that the given total capital (K) and operating (Co) costs increase with
the increase in the production capacity of the open pit.

The curve PRp=f(Ap), which characterizes the change in the reduced profit depending on
the productivity of the open pit, shows that the maximum possible productivity of the open pit
for minerals ensures the maximum economic efficiency of the development of the deposit in the
chosen direction of the deepening of the open pit. In this case, the maximum profit is provided
with a productivity of 12 million m3/year. A decrease in productivity for minerals by 20 and
40% entails a decrease in profit from the development of the deposit by 10 and 20%, respectively.

On figure 5 shows the influence of the slope angle of the working side of the open pit on
the reduced profit from the development of the deposit when the norm of reserves ready for
excavation is provided in the open pit. It can be seen from the graph that an increase in the
slope angle of the working side significantly reduces the economic efficiency of field development.
This is explained by the fa ct that the operation of an open-pit with a large slope angle of the
working side entails a decrease in productivity not only for waste rocks, but also for ore, which
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Figure 3. Influence of open pit ore productivity on the production cost of the concentrate at
the first (1) and second (2) stages of open pit operation.

Figure 4. Change in costs and income from the development of a mineral deposit and the
production of a concentrate, depending on the ore productivity of an open-pit.
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Figure 5. Graph of changes in profit from the development of the field, depending on the angle
of slope of the working side of the open pit.

reduces the present value of marketable products due to an increase in the development period
of the deposit.

4. Conclusions
An increase in the slope angle of the working side significantly reduces the economic efficiency
of the development of the deposit due to the fact that the operation of an open-pit with a large
angle of slope entails not only a decrease in the current stripping ratios as a result of a change
in the mining schedule, but also a decrease in ore productivity, which reduces the present value
of marketable products due to an increase in the period of development of the field.

The maximum possible productivity of an open-pit in terms of minerals ensures the maximum
economic efficiency of the development of a deposit in the chosen direction of deepening the
open-pit. A decrease in productivity for minerals by 20 and 40% of the maximum value entails
a decrease in profit from the development of the deposit by 10 and 20%, respectively.
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Abstract. The paper considers the expediency of complex processing of zeolite-smectite tuffs
using the method of borehole hydro-mining. The basic information about deposits of zeolite-
smectite tuffs in the Rivne-Volyn region of Ukraine and the main areas of their application
in industry are presented. Also, the method of calculating the parameters of the process of
hydraulic erosion of tuffs and underlying rocks by the method of borehole hydro-mining is
given, and the dependence of the specific consumption of the working agent during erosion of
tuffs and underlying rocks on the diameter of the nozzle at variable pressure is presented. The
dependences for determining the rational forms of recess chambers with the specified erosion
radius are given.

1. Features of occurrence of zeolite-smectite tuffs in the Rivne-Volyn region
At the current stage of development of mining science, intensive research and industrial
development of Ukraine’s raw resources are being carried out [1–5]. The Rivne-Volyn region
of Ukraine is rich in deposits of zeolite-smectite tuffs, which are of great interest to the industry
of Ukraine. Currently, their industrial extraction is not carried out, however, in the development
of basalt deposits, in particular (Berestovetske deposit, Ivano-Dolynsk basalt deposit (Rivnen
district), Rafaliv basalt deposit (Varas district)), tuffs are the host rock, and, as a rule, when
loading the blasted basalt mass for processing tuffs are sent to the dump [6–9].

Tuff deposits are known in Iceland, Italy, New Zealand, Azerbaijan (Gyuzdek, Garadag
district), USA (Yellowstone National Park).

Those tuffs that have low sound and thermal conductivity are loose and porous. Calcareous
tuffs are used as building materials, floor and facing tiles are made from travertine. Calcareous
tuff is used for the construction of buildings as a light building stone, thermal insulation material,
for the production of lime.

At the same time, the zeolite-smect tuffs of these deposits deserve special attention and
study. Their use in the national economy is already widely known as a feed supplement for
animals and poultry, to increase soil fertility and their deactivation in radioactively contaminated
soils, and wastewater treatment. In construction, tuffs are used to make bricks, roof tiles,
ceramic tiles, and as a pigment for paints. Zeolites have valuable physical and mechanical
properties, in particular, resistance to aggressive environments and ionizing radiation, reversible
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low-temperature dehydration, high mechanical strength, absence of toxic compounds and
contamination by microorganisms, the ability to readsorb water, gaseous tuffs are prone to
easy ion exchange of cations at normal temperature and pressure [10,11].

According to the forecasts of geologists of the Rivne expedition, the tuff resources of the
Rivne region amount to hundreds millions of tons and lie along the western flank of the Poliska
saddle and the western slope of the Ukrainian crystalline shield in the form of a strip 1...10 km
wide at depths 5...200 m. On the territory of the Rivne region, in particular, the Rafaliv basalt
deposit (figure 1), tuffs lie at a depth 4...60 m and are stretched in the form of a strip from
north to south.

Figure 1. The Rafaliv deposit near the villages of Polytsi and Ivancha, Rivne region (taken
from open sources).

The mineralogical and petrographic characteristics of these tuffs, their mineral composition
(table 1), structural features have been studied in sufficient detail [12–14], which allows them to
be used purposefully and effectively.

Complex processing of zeolite-smectite tuffs should be carried out in two ways: well hydraulic
production and quarrying. The mine method is not considered due to the high cost of works,
difficult mining and geological conditions, high level of groundwater [15,16].

2. Development of a methodology for calculating the parameters of the
hydroerosion process of tuffs and underlying rocks by the method of borehole
hydro-mining
The influence of well-known laws of mechanics is manifested in the conditions of borehole hydro-
mining (BHM). They are expressed in the manifestation of the balance law of mining pressure
work, the results of which, in the conditions of hydraulic mining, are proportional to the loss of
minerals in the subsoil [17]. Based on this, the main task of mountain pressure management is to
maximize the share of work that goes to the safe deformation of the massif outside the excavation
chambers, and to minimize it – to the deformation of the roof and protective units. The specifics
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Table 1. Content of elements in tuff samples at different quarries, concentration, %.

The name of the elements Rafaliv quarry Berestovtsk quarry Ivano-Dolynsk quarry

Aluminum 0.03 10.2 3.0
Silicon 30...32 57.2 42.0
Phosphorus 0.1 0 0.15
Sulfur 1,2 0.3 0
Potassium 1.3 2.4 4.8
Calcium 6.4...12.1 15 37.5
Titanium 2.8...4.0 1.3 0.5
Chrome 0.2 0.05 0.1
Manganese 0.070 0.12 0.07
Iron 48...50 12.8 7.0
Nickel 0.2 0.1 0.01
Copper 0.4...0.7 0.17 0.6...1.0
Zinc 0.05 1,2 0.07
Strontium 0.07...0.1 0.07 0.07

of field testing and development by these methods is to conduct excavation chambers without
fastening. Continuous extraction of chambers followed by collapse is rational [18, 19]. In the
process of excavation, an unloading zone is formed in the roof of the chambers, which perceives
only the mass of the roof directly, the pressure of which is mainly transmitted to adjacent massifs
and collapsed rocks of the produced space [19–21]. Using this solution, it is possible to reduce
the pressure of the roof on the security cells by up to 10%.

For systems with different shapes of recess chambers, the limit erosion radius R is set as a
function of the limit span of the roof:

• for a round chamber

R =
L

2
, (1)

• for a rhomboid chamber

R =
L

sinα
, (2)

• for a square camera

R =
L√
2
, (3)

where L – the ultimate length of the jet, m; α – the angle of inclination of the jet to the
horizon, °.

The most rational parameters R = f(L) there are systems with round and square chambers
in which R ≤ L. Magnification R > L (systems with rhomboid chambers) leads to a significant
increase in the consumption of the useful component on the bottoms of the chambers:

R =
3.9dH0.526

8.02 + 4.34 · 10−2dH0.843
, (4)

where R – the radius of tuffs erosion in the chamber, m; d – nozzle diameter, m; H – the pressure
of the working agent (WA) in the nozzle, Pa.
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Checking the axial dynamic pressure of the jet at the distance of the washout radius is carried
out according to the equation:

P = H

(
l

R

)t

, (5)

where P – axial dynamic jet pressure, Pa; l – the length of the initial section of the jet, m;
t – the indicator, which for a camera at a distance of 5. . . 7 m, is recommended to be equal to
0.25 m.

The productivity of erosion of tuffs P is determined from the equation:

P = K

(
65.39H1.8

0.313dH−0.5

)
e0.101dH

−0.4
, (6)

where K – the coefficient that takes into account the strength properties of rocks, K =
0.0356...0.042; e – the base of the natural logarithm.

The specific consumption of the working agent (WA) and the energy consumption during
washing of tuffs:

Q = a+ bd+ cd, (7)

where a, b, c – constant approximations, the values of which are given in the table 2.

Table 2. Value of constant approximations.

The pressure of WA before Constant approximations
the nozzle, Searched expense Energy consumption
MPa a b c a b c

1.0 -0.5 0.652 -0.014 -1.0 0.240 -0.005
1.6 -1.5 0.415 -0.007 -1.6 0.271 -0.005
2.2 -1.8 0.367 -0.006 -1.2 0.227 -0.004

In figure 2 the dependences of the specific consumption of the WA when washing tuffs on
the diameter of the nozzle at variable pressure in the range of 1. . . 2.2 MPa are presented. As a
result, we can draw a conclusion about the linear dependence of these parameters.

The erosion radius of the underlying rocks R1 is calculated according to empirical
relationships:

R1 =
10.2H

1.88− 4.2 · 10−2d+ 12.85d−1.24Hd−1.24
. (8)

Erosion productivity of underlying rocks P1:

P1 = 6.36 · 10−3d3.2H0.725l
d−2.66

200.72H0.3

1 + 1.21 · 10−2d2H, (9)

where l1 – the distance of the nozzle to the hole, m.
The specific consumption of the WA for erosion of the underlying rocks is equal to:

q = akHb + c, (10)

where a, b, k, c – constant approximations, the values of which are presented in the table 3.
The specific energy capacity of erosion of the underlying rocks E is equal to:

E = 1.835
l

d
+ 0.3837H0,7 (11)
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Figure 2. Dependencies of the specific consumption of the WA when washing tuff on the
diameter of the nozzle at variable pressure.

Table 3. Value of constant approximations.

Nozzle diameter, Constant approximations
d, mm a k b c

15 99.3 0.0536 -1.26 0.77
20 111.5 0.03216 -1.48 1.16
25 173.3 0.01426 -1.83 1.47
30 252.6 0.05134 -2.27 1.87

According to the results of research in figure 3 the dependences of the specific consumption
of WA during washing of the underlying rocks on the diameter of the nozzle at variable pressure
in the range of 1. . . 2.2 MPa are presented.

The amount of minerals loss on the surface of the underlying rocks is determined by
dependence:

P2 = l · 10−4(10.2H)0.11d−42.84
√

0.02dHl1.184dH0.55 +m+
9l

(10.2H)0.1d
, (12)

where P2 – the productivity of the hydraulic elevator, m3/t; m – a constant value characterizing
the level of minimum consumption of minerals on the surface of the underlying rocks; for tuffs
m = 10%.

The results are presented in figure 4.
The working time of the excavation chamber is set as a fraction of the volume of the excavation

chamber divided by the productivity of erosion of minerals (6) plus the volume of the underlying
rocks that are being eroded by the depth of the timing of the useful component, divided by the
productivity of erosion (10).

The working time of the excavation chamber is equal to the time of the roof collapse. If the
working time of the camera exceeds the time of collapse, the correction of the camera span is
made in the direction of its decrease, and the means of strengthening the security cells at depths
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Figure 3. Dependencies of the specific consumption of WA when washing the underlying rocks
on the diameter of the nozzle at variable pressure.

Figure 4. Dependence of hydraulic washing productivity on nozzle diameter at variable
pressure.

of 50 m are provided by dividing the size of the reservoir capacity by the number of layers with
the subsequent paving of the produced space.

The proposed technology of hydroerosion of tuffs and underlying rocks by the method of
borehole hydro-mining has been experimentally investigated within the Rafaliv basalt deposit
and is at the stage of implementation at PrJSC “Rafaliv Quarry” (Ivanchi village, Varas district,
Rivne region, Ukraine).
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3. Conclusions
Zeolite-smectite tuffs are increasingly used in the national economy, and due to their trace
element composition, they are valuable raw materials for industry. Significant man-made reserves
of tuffs in basalt quarries can be selectively extracted due to their weakening with water and
subsequent screening, and with the well method of mining, weakening allows to increase the
productivity of the process.

Based on the calculation of the hydroerosion process parameters of tuffs and underlying rocks,
the shape of excavation chambers with the specified radius of erosion is recommended. The most
rational forms of cameras, formed taking into account the radius and length of the span, are
round, star-shaped and square.

The dependence of the productivity of tuff erosion in the chamber is presented, taking into
account the working time, rock strength properties, chamber geometry, water consumption by
the hydromonitor and air lift, and the energy consumption of the process. At the same time,
the working time of the excavation chamber is adjusted with the time of the roof collapse and
the strengthening of the security cells.
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Abstract. In the Republic of Kazakhstan, there is a noticeable shortage of water resources,
which is a consequence of the natural features of its territory and climate. In particular, there
are big problems in the water supply to the Mangystau region. The main source of water in
the region is the Samskoye groundwater field. In this work, the conditions of the Samskoye field
are typified, the method and technological parameters for drilling a typical well are selected
and substantiated. It has been established that rotary drilling with reverse circulation in the
conditions of the Samskoye field has significant advantages. The maximum possible production
rate of drilling with reverse circulation, taking into account the limited thickness of the aquifer,
is 4.3 times higher than with rotary drilling with direct circulation and 2.5 times higher than
with percussion drilling. With the same filter pipe diameter, the greatest possible thickness
of the gravel pack layer in reverse circulation drilling is 15 times greater than for conventional
rotary drilling and 3.7 times greater than for percussion drilling. Thus, the use of rotary drilling
with reverse circulation will solve an important problem – the provision of domestic and drinking
water supply to the area.

1. Introduction
Water resources play a crucial role in the economy of any country. An important resource
is groundwater extracted from boreholes. The problem of the development and protection of
groundwater of the Planet Earth is in the focus of attention of special UN organizations [1].
In the Republic of Kazakhstan, there is a noticeable shortage of water resources, which is a
consequence of the natural features of its territory and climate. A significant part of its vast
territory, including the center, south and west, belong to the zones of deserts and semi-deserts,
characterized by rare precipitation and underdeveloped river networks. The earth’s surface is
often covered with salt marshes, and the permeable layers close to the surface contain waters
with high mineralization and cannot be used for drinking purposes.

Since 2002, the country has been consistently implementing the programs “Drinking Water”
for 2003-2010, “Ak-Bulak” for 2011-2020 and the State Program for the Development of Regions
for 2020-2025.

The “Drinking Water” Program started in 2002. The goal of this program was the complete
provision of drinking water to more than 7,000 settlements, including the installation of water
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supply systems in 174 villages and 86 towns. It lasted 8 years for its implementation, 195 billion
tenge was allocated from the budget [2].

The second program, which was supposed to help provide Kazakhstan with clean drinking
water, was launched in 2011 for a period of 9 years. The program was supposed to provide by
2020 with high-quality drinking water from centralized water supply systems the rural population
of Kazakhstan by 85% and the urban population by 100%. For these purposes, it was planned
to allocate a total of 1.3 trillion tenge. In 2011-2018, within the framework of the state program
for the development of regions, 2015 projects were implemented from the republican budget for
the development of water supply and sanitation systems [2].

Unfortunately, for a number of reasons, the implementation of these programs did not allow
solving the problems of water supply in certain regions.

Mangystau is an industrial region. The basis of the economy is the oil and gas sector. In
the structure of industry, the main share is occupied by the mining industry and quarrying, the
share of which at the end of 2020 amounted to 85%. The industry employs about 25% of the
population of the region, the share of the industry in the gross regional product is about 50%.
Regional enterprises annually produce more than 10% of the industrial output of the country [3].

Based on the current demographic situation and the development of the region as a whole,
the need for water supply in the region is growing every year. The water supply of the
region is carried out from the Astrakhan-Mangystau water conduit and desalinated sea water,
since there are few sources of natural groundwater. To date, drinking water consumption is
149 thousand m3/day. There is a deficit in the region’s water supply in the amount of 51
thousand m3, and given the development of the region by 2025, the need will be 250-260
thousand m3, and the deficit will be 100-110 thousand m3 [4].

The implementation of the 2nd stage of bringing the capacity of the desalination plant
“Kaspiy” to 40 thousand m3/day has begun. JSC NC KazMunayGas is building a plant with a
capacity of 17 thousand m3/day at the Karazhanbas field.

To supply the city of Zhanaozen in the area of Kenderli and the village of Kuryk, it is planned
to build desalination plants with a capacity of 50 thousand m3/day, and on the territory of
MAEC-Kazatomprom LLP with a capacity of 24 thousand m3/day. It is planned to build a
desalination plant with a capacity of 5 thousand m3/day in the city of Fort Shevchenko [3].

Drinking water supply is provided by three sources and their share in the total volume of
water consumption has the ratio:

• sea water – 52.4%;
• Volga water – 12.5%;
• groundwater – 35.1% [5].

2. Literature review
The Samskoye field is the main source of groundwater for the city of Zhanaozen. The field
has been in operation since 1970. In 1979, the established total water withdrawal was only
0.02 thousand m3/day, mainly due to private wells dug by the local population. Currently,
the withdrawal of groundwater in the city of Zhanaozen has increased to 6.4 thousand m3/day,
which is 18% of the resources of the Samskoye field, although the problem of high-quality water
supply to the city is still acute [6].

This problem can be solved only by significantly increasing the number of water wells and
obtaining the maximum flow rate of groundwater of standard quality at the lowest cost.

Established according to the report [7] and approved for category B, the operational
groundwater reserves are 21.2 thousand m3/day for fresh water and 14.3 thousand m3/day
for slightly brackish water. The same values appear in modern documents [6].
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For successful drilling of a well in the conditions of the Samskoye field, it is necessary to
justify the drilling method, select drilling equipment, composition and parameters of the drilling
fluid, rock cutting tools and drilling mode parameters.

As a rule, the main directions of scientific research are carried out in two main directions:
solving issues related to the technology of cleaning a well from cuttings [8] and developing
optimal parameters for the operation of a rock cutting tool [9].

Most often, drilling with direct circulation of drilling fluid is used for water wells. This
technology is simple to organize, does not require additional equipment, and allows efficient use
of the energy of the drilling fluid for the destruction of rocks [10].

However, with this circulation method, low drilling fluid flow rate, poor particle retention,
low drilling efficiency, and severe wear of the drill bit are observed [11].

Another huge problem with this method is the high time and cost involved in combating fluid
losses [12].

Usually, to eliminate this complication, the installation of casings or plugging of the absorbing
layer in various ways is used [13]. However, when drilling wells for water, the use of these methods
will only lead to unjustified expenditures of time and money.

The use of reverse circulation effectively solves the problem of drilling fluid losses in the
well [14].

Reverse circulation drilling has proven to be highly effective in drilling wells for various
purposes.

Thus, this method was successfully applied for the extraction of uranium ore by underground
borehole leaching at operating technological wells of Volkovgeologiya, with an average total
depth of 300-500 m [15].

There are examples of its use even in mine exploration instead of traditional core drilling,
where reverse circulation drilling has high drilling efficiency and low cost [16].

According to [17], compared with traditional core drilling, drilling with reverse air circulation
increased drilling efficiency by 70-90% while reducing costs by 30–50%, the number of accidents
during drilling decreased by 60-70%.

It should be noted that the reduction of accidents is the most important factor in improving
the efficiency of drilling wells, since the cost of repairs significantly increases the cost of well
construction [18].

Airlift reverse circulation drilling showed high efficiency when drilling geothermal wells [19].
The application of airlift reverse circulation drilling technology is possible even in the

construction of well with a depth of 4200 m, which is the deepest geothermal well in China [14].
Note that another possible application of reverse circulation with the help of an airlift is not

drilling a well, but expanding it with the help of jet jets [20].
The experience of using this technology in drilling wells for gas hydrates is also known [21].
Thus, in recent years there has been a steady trend towards expanding the scope of drilling

wells with reverse circulation of drilling fluid. This is due to the fact that this method has a
number of significant advantages.

Thus, the use of reverse circulation drilling allows drilling wells with a diameter of up to 1500
mm [22].

Reverse circulation drilling technology is much more efficient, has better technical support
and will play an increasingly important role in water well drilling in the future [23].

When using this method, the well production rate increases by about 30% compared to direct
circulation drilling [24].

The key parameters of the drilling technology with reverse circulation and airlift gas injection
are the volume of gas injection and displacement of the drilling fluid, the change of which
regulates the bottomhole pressure [25].
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It should be noted that reasonable recommendations do not include a choice of parameters
for reverse circulation mechanisms and a large number of design flaws hinder the wide practical
application of this drilling method [26].

Thus, the purpose of the article is to typify the conditions of the Samskoye field, choose
the drilling method and justify the technological parameters of drilling a typical well, which will
solve an important problem – providing household and drinking water supply to this area.

3. Results
On the territory of the Mangystau peninsula, surface water is practically absent. Since the
sixties, exploration work has been carried out here, which made it possible to discover a number
of groundwater deposits suitable for development.

A typical field is the Samskoye field. In the course of exploration work for 1968-1969,
according to the report [7], this field has the following features. It has a total area of 1500 km2

and is composed of Quaternary field of the North Ustyurt trough. Water-bearing formations
have the form of lenses of various shapes and sizes. They are represented by fine-grained sands
with small admixtures of medium and fine-grained sands.

The field has been in operation since 1970. A number of wells have been drilled, mainly by
hand, as well as by UGB-50 drilling rigs. These wells are characterized by a low flow rate; their
depth does not exceed 50 m, and their diameter is 150 mm.

According to the degree of water mineralization, the deposits are divided into two groups.
The first group includes fresh waters with salinity up to 1 g/l (in fact, mineralization from 0.2
to 1 g/l occurs). These waters belong to the hydrocarbonate-chloride-sodium type. The second
group includes slightly brackish waters with salinity up to 3 g/l. Waters of the first type are
suitable for drinking needs of the population, waters of the second type can be used for technical
needs and for the needs of cattle breeding.

Water-bearing rocks are mainly represented by fine-grained sands with small admixtures of
medium– and fine-grained sands. Aquifers are generally highly homogeneous. The values of the
filtration coefficient in general are in the range from 1 to 12 m/day, but in most cases they do
not go beyond the range of 5.6-7.0 m/day. Waters are characterized by low pressure.

Roof and bottom rocks for aquifers are usually loams, less often they are represented by
sandy loams, sandstones on lime cement and clays.

The depth of occurrence of fresh waters established by the mentioned studies is in the range
from 1.5 to 44 m, the thickness of aquifers, according to modern data, reaches 39 m with an
average value of 14 m. Aquifers of weakly brackish waters are located below the aquifers of fresh
waters and are separated from them by layers of aquicludes.

In the article [27] based on the study of the geological and technical conditions of the Samskoye
field, it was substantiated that the use of a rotary drilling method with reverse circulation makes
it possible to multiply the well flow rate; reduce their required number; improve the quality of
produced water; drastically reduce the well completion time; significantly lengthen the time of
operation of wells; provide high rate of penetration (ROP); reduce the cost per cubic meter of
produced water. Below, in support of this proposal, mathematical algorithms are given that
allow obtaining the necessary numerical characteristics.

In order for the mathematical apparatus to be focused on the specific geological and
hydrogeological conditions of the considered groundwater deposit, a basic model of a water
well was built, which must meet the requirements of the following factors.

Economic factors:

• the maximum possible production rate of water;
• the maximum degree of its purification from mechanical impurities;
• minimum costs for the equipment of the water intake and for experimental pumping;
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• minimum costs for current and workover of the well;
• maximum ROP;
• minimal time spent on round trips and drill string extensions;
• minimum cost of the drill string;
• the possibility of exploration and development of productive layers located below those that

are known at the moment.

Geological and hydrogeological factors:

• depth of the productive aquifer;
• productive formation capacity;
• its mineralogical composition;
• filtration coefficient;
• reservoir pressure;
• types of rocks included in the well section;
• drillability of rocks.

Technological factors:

• ensuring the speed of the upward fluid flow, which guarantees the cleaning of the bottomhole
from cuttings and a high ROP;

• using an airlift method to create a reverse circulation;
• ensuring the efficient operation of the airlift at the greatest planned depth of the well;
• taking into account the fact that the maximum height of the updraft corresponds to the

upper position of the swivel on the mast.

Taking into account the above requirements, the following typical model for drilling a water
well was adopted

The depth of a typical well is assumed to be 200 m.
This is justified by the following arguments:

• Established by earlier studies, the depth of fresh water (with salinity below 1 g/l) at the
Samskoye field reaches 44 m, and the thickness of aquifer lenses reaches 39 m. Summing up
these two figures, we obtain the depth of the base of the aquifer 83 m. The fact that the
aquifers are composed, as a rule, of fine-grained sands, we take the length of the settling
tank to be 15 m. Thus, the maximum depth of a well drilling into fresh water that exists
at the moment can be 98 m;

• In addition to fresh water, it is also planned to use waters with a higher (up to 5 g/l) salinity.
Such waters are used for technical and agricultural needs. According to the exploration work
carried out, the brackish water aquifers are located below the fresh water aquifers and are
separated from them by layers of aquicludes. Thus, the maximum required depth may be
significantly greater;

• The given parameters of water wells refer to exploration work carried out before 2012 [6].
The possibility of discovering exploitable aquifers when drilling wells to great depths should
hardly be ruled out;

• The study of the features of drilling water wells by the proposed method to a depth of 200
m (and possibly even more) will allow a more complete assessment of the proposed method
of drilling.
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The depth of the roof of the productive aquifer is assumed to be 170 m.
Based on the previous paragraph, in which, according to the considerations given there, it

was decided to take the depth of a typical well equal to 200 m, the location of the aquifer was
accordingly shifted down.

The aquifer has a thickness of 14 m.
According to available materials, this is the average thickness of productive aquifers

containing fresh water.
The filtration coefficient of permeable rocks of the aquifer is 6.3 m/day.
The aquifers of the Samskoe field are composed of homogeneous fine-grained sands and are

characterized by the indicated average value of the filtration coefficient.
The static head of a productive formation penetrated by a typical well is assumed

to be 100 m.
This is justified as follows:

• the available materials do not allow to establish the average value of the static head for the
drilled wells of the Samskoye field;

• since the depth of a typical well is assumed to be 200 m, which is at least 100 m higher
than the depth of water wells drilled to date, then, accordingly, the water in this well may
have a static head of the order of 100 m.

The diameter of a typical well is assumed to be 800 mm.
This is justified as follows:

• according to the literature data [28], the diameters of water wells drilled by the rotary
method with reverse circulation can be in the range from 300 to 1500 mm;

• most often such wells have a diameter of 500 or 800 mm;
• with an increase in the diameter, the possible flow rate of the well increases;
• the required length of the receiving part of the well is reduced;
• the quality of mechanical water purification is improved due to the creation of a powerful

layer of gravel;
• simplifies the technology of creating gravel;
• the required time of experimental pumping is reduced;
• at the same time, with an increase in the diameter of the well and, accordingly, the volume

of the destroyed rock, the required amount of circulating drilling fluid increases;
• when passing through permeable layers, there is a high degree of absorption of drilling fluid

in the walls of the well, which requires the continuous supply of new volumes of water;
• the ROP decreases;
• taking into account the above, and also, taking into account the low filtration coefficient,

in the water-bearing rocks of the Samskoye field, which causes a relatively small loss of
circulation, the largest of the two most commonly used diameters is 800 mm.

A drill string is accepted from commercially available pipes with a diameter of
146 mm (inner diameter 136 mm).

This is justified as follows:

• according to literature data [28] for rotary drilling with reverse circulation, drill pipes with
a diameter of 127, 146, 168 and 219 mm can be used;

• with an increase in the bore section of drill pipes, the hydraulic resistance to the upward
flow decreases sharply;

• the content of sludge in it decreases;
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• at the same time, the required water supply is increased;
• sharply increase the time spent on round trips and build-up;
• commercially available pipes cannot be used in airlift drilling without significant

modification, and their threaded connections are replaced with flanged ones, which
drastically slows down the process of connecting pipes into a string and increases the total
cost of work;

• the minimum diameter of the drill string, when implementing the proposed new solution,
is 146 mm.

The height of the sludge-containing water-air mixture above the earth’s surface
is assumed to be 10 m.

This is justified as follows:
• the maximum lifting height of the cuttings-containing mixture corresponds to the height of

the swivel at the moment of resumption of drilling after the drill string is built up;
• this height is equal to the height of the mast of the drilling rig, minus the dimensions of

the blocks, hook, shackle, etc., as well as the distance that ensures the necessary maneuver
(for example, raising the drill string above the clamp holding it before lowering it into the
well);

• height of masts of rigs intended for rotary drilling with reverse circulation varies from 8.2
to 18.5 m [29] and averages 13 m; from installations of a similar purpose, the UGB3UK-OP
installation has a mast height close to the indicated average value (14.2 m);

• thus, minus the average height of the mast 3-4 m, we get the average height of the swivel
in its uppermost position, equal to 10 m.

The speed of the upward flow of water is 2.5 m/s.
This is justified as follows:
• the main advantage of rotary drilling with reverse circulation is the high speed of the upward

flow, which ensures effective cleaning of the bottomhole from destruction products;
• this advantage is achieved due to a multiple decrease in the cross-sectional area of the

channel through which the ascending flow moves;
• if during direct circulation speed of the upward flow rarely reaches 1 m/s, then according to

the literature [28] during reverse circulation, it should be in the range from 1.5 to 3.5 m/s;
• at upstream speeds that do not reach the lower limit of this interval, the advantages of

drilling with reverse circulation are lost, and in order to reduce the amount of cuttings
formed per unit time, it is necessary to resort to reducing the diameter of the wellbore to
normal sizes;

• when the upper limit of the specified interval is reached, the removal of large particles is
ensured, the size of which is close to the inner diameter of the drill pipes and the discharge
hose;

• aquifers of the Samskoe field are homogeneous in their mineralogical composition and, as
a rule, are composed of fine-grained sands [7]; there is no information on the presence of
large pebbles and, especially, boulders;

• for the indicated reasons, when drilling a typical well, the upward flow rate will be
maintained at the level of the average value over the given interval – i.e. 2.5 m/s [30].

The value of the average ROP in the enclosing rocks is assumed to be 15 m/h.
This is justified as follows:
• when drilling in aquifers composed of fine-grained sands, the penetration rate may exceed

100 m/h;
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• the limiting factor is the supersaturation of the upward flow with sludge and an unacceptable
increase in its total density;

• a sharp increase in the density of the upward flow can negate the effect of aeration – the
speed of the upward flow will drop to zero and the bit will be stuck with cuttings;

• in connection with the indicated risks, the ROP during the passage of the aquifer should
be restrained to values that are typical for the host rocks;

• the rocks hosting the aquifers in the field under consideration are clays and loams, therefore
the accepted ROP of 15 m/h is quite progressive for these rocks when drilling with reverse
circulation and, at the same time, quite achievable;

• the calculations below will show that at this ROP there will be no unacceptable increase in
the density of the updraft.

The depth of the mixer is assumed to be 2 m less than the depth of the well.
This is justified as follows:

• fluid circulation in the airlift method is carried out due to the fact that at the mixer level
a difference in hydrostatic pressures is created in the annulus filled with water and in the
drill string filled with water-air mixture;

• at an extremely low (which corresponds to the stated ratio) location of the mixer, the
maximum height of the mixture column is achieved, and hence the maximum value of the
difference mentioned above;

• due to this difference, the maximum speed of the upward flow is created and, accordingly,
the best cleaning of the bottomhole from cuttings;

• starting from a certain drilling depth, due to the limited pressure of the compressor, the
resumption of airlift circulation after technologically necessary stops (for example, when
building up the drill string) becomes impossible;

• to resume circulation, the immersion depth of the mixer has to be reduced;
• at the same time, the height of the mixture column and the difference in hydrostatic

pressures inside and outside the drill string decrease with a corresponding decrease in the
circulation intensity;

• the existing methods of separating the operating conditions of the compressor during the
resumption of circulation and during the normal drilling process are reduced to significant
complications in the design of the drill string.

Summarizing, we will present the main parameters of drilling a typical well in a summary
(table 1).

Below are calculations of possible results of the practical application of the above typical
model of rotary drilling with reverse circulation.

The well flow rate is determined by the possibility of creating the necessary drawdown on
the productive formation. During pumping, this drawdown (i.e. pressure reduction) is created
by lowering the water level in the pay zone near the wellbore. This reduction is:

S = hD − hS (1)

where hD is the dynamic level (i.e. the distance from the surface to the water in the well during
pumping), hS is the static level (the same level before pumping). The static level is also defined
as:

hS = hp −HS (2)

where hP is the formation top depth, HS is the static head.
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Table 1. Basic drilling parameters of a typical well.

No. Parameter name Meaning

1 Drilling depth, N , m 200
2 Depth of the roof of the productive formation, NR, m 170
3 Reservoir thickness, m 14
4 Filtration coefficient, KF , m/day 6.3
5 Static formation head, HS , m 100
6 Drilling diameter, D, mm 800
7 Drill string diameters: out./in., dO/di, mm 146/136
8 The height of the mixture above the surface, h, m 10
9 Upward water flow rate, UW , m/s 2.5
10 Rate of penetration, ROP , m/h 15
11 Mixer immersion depth, L, m 2H

During pumping, the flow rate corresponding to the decrease (in m3/h) is determined by the
formula [31]:

QS =
SKFm

36
(3)

where m is the thickness of the aquifer in m; KF is the filtration coefficient in m/day.
In confined aquifers, according to formula (2), the largest possible decrease is a decrease by

the value of the static head.
Smax = hP − hS (4)

In unconfined aquifers, this formula is reduced to:

Smax = hF − hS (5)

where hF is the depth of the base of the productive formation.
When trying to achieve the maximum flow rate from this particular well, an important

limitation is to prevent catastrophic production of reservoir material from the walls of the well,
caused by an excessively high rate of water withdrawal.

The criterion here is the maximum allowable rate of water filtration through the formation
pores in the receiving part of the well. The maximum filtration rate (in m/h) is determined by
the formula:

UF = 2.71 3
√
KF (6)

where KF is the filtration coefficient in m/day.
From formula (6) it can be seen that the maximum allowable velocity drops sharply (in cubic

dependence) with a decrease in the filtration capacity of the productive formation.
Taking into account the above limitation when pumping water from a given well, the

maximum allowable flow rate in m3/h is determined by the formula:

Qmax = FUF (7)

where F is the surface area of the well in m2 through which water enters (corresponding to the
area of the filter).

Subject to the condition of not exceeding the allowable filtration rate, the highest allowable
well flow rate is achieved by varying the filter parameters.
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Given the cylindrical shape of the well, formula (7) can be written as

Qmax = LπDUF (8)

where L is the length of the receiving part in m; D is the diameter of the receiving part in m.
Formula (8) shows that the surface F can be reached in three ways (or using their

combination):
(i) By increasing the length of the filter – the most practical and least expensive way. The

required length of the receiving part is equal to:

Lmax =
Qmax

πDUF
(9)

However, the application of this method is limited by the thickness of the productive
formation m. Taking into account the capacity, the maximum possible well flow rate is
determined as follows:

Qmax = mπDUF (10)
(ii) By increasing the diameter of the receiving part, which is usually associated with complex

additional operations to expand it:

Dmax =
Qmax

πLUF
(11)

(iii) By drilling a well with a large diameter, which is ensured by the use of rotary drilling with
reverse circulation.

We use the results of the methodology presented in formulas (1)-(11) to evaluate the
effectiveness of the method of rotary drilling of wells with reverse circulation in comparison
with two other drilling methods used in drilling water wells – a rotary method with direct
circulation and a shock-rope method.

In a comparative assessment of drilling methods, the main role is played by the maximum
possible diameters of the bits when using them (without taking into account the possibility of
expanding the receiving part).

For rotary drilling with reverse circulation we accept the diameter value equal to
800 mm (table 1).

For rotary drilling with direct circulation in the case of using the widespread installation
1BA-15V, the final diameter (i.e., the one with which the productive aquifer is opened) can be
a diameter of 190 mm [32].

When percussion drilling with a rig UKS-22 the size of the first casing cannot exceed
600 mm (i.e. 22 inches in inner diameter). When designing a casing telescope specific to
percussion drilling, each subsequent casing must be at least 2 inches smaller than the previous
one, with the protrusion of one casing from under the other increasing with decreasing diameter.

From table 2 it follows that when building a well with a depth of 200 m and a diameter of
the first casing of 22 inches, the required depth can be achieved, taking into account the above
conditions, by creating a telescope of 6 casings. In this case, the diameter of the receiving part
of the well is equal to the outer diameter of the last (sixth) casing – i.e. columns with an outer
diameter of 12 inches (324 mm).

The initial data given in lines 1-5 of table 1 were taken as the basis for comparative
calculations.

Given in table 3 the maximum theoretical (excluding restrictions) flow rate of each of the 3
wells is determined by formula (3). The maximum possible value, namely the static head HS ,
is taken as the reduction in S.

According to formula (6), the admissible filtration rate UF = 5.01 m/h was obtained.
The results of comparative calculations are given in table 4.
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Table 2. Typical design of a percussion-rope drilling well with a depth of 200 m.

Column number in descending order 1 2 3 4 5 6

Column diameter, inches 22 20 18 16 14 12
Exit (length of contact with rock), m 10 20 30 40 50 50

Table 3. General parameters used in the comparative analysis of three drilling methods.

No. Parameter name Meaning

1 Maximum possible theoretical flow rate, QS , m3/h 245
2 Depression required to achieve it, HS , m 100
3 Permissible filtration rate, UF , m/h 5.01

Table 4. Main indicators of drilling water wells.

Parameter name Rotary
drilling

Percussion
drilling

Reverse circu-
lation drilling

Diameter of the receiving part D, m 0.190 0.324 0.800
Filter pipe diameter DF , m 0.146 0.146 0.146
Sprinkling layer thickness δ, m 0.022 0.089 0.327
Required filter length at a flow rate of
245 m3/h (table 3), L, m

82 48 20

The highest production rate (at reser-
voir thickness m = 14 m), Qmax, m3/h

41 71 176

4. Conclusions
According to the results of the work, rotary drilling with reverse circulation in the conditions of
the Samskoye field has such advantages.

The maximum possible production rate of drilling with reverse circulation, taking into account
the limited thickness of the aquifer, is 4.3 times higher than with rotary drilling with direct
circulation and 2.5 times higher than with percussion drilling. These results are ratios of accepted
diameters. For this reason, the maximum achievable, according to formula (10), flow rate may
increase or decrease depending on the thickness of the reservoir m, but the indicated ratio of
maximum flow rates will remain the same.

If the reservoir thickness is not a limiting factor, then with the same flow rate (formula (3)),
the indicated ratio will be valid for the required lengths of the receiving part calculated by
formula (9). The larger the diameter, the smaller the required length (line 4 of the table), with
a decrease in which the costs of both the equipment of the receiving part and its repair are
reduced.

With the same diameter of the filter pipe (line 2 of the table), the maximum possible thickness
of the gravel pack layer during reverse circulation drilling is 15 times greater than for conventional
rotary drilling and 3.7 times greater than for cable percussion drilling.

Powerful gravel sprinkling provides the best quality of mechanical cleaning of the sampled
water. The consequence of this is also the minimum time required for experimental pumping
and the minimum length of the well sump. Such sprinkling also provides the maximum duration
of overhaul operation.
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It should be noted that with rotary drilling of large diameter wells with reverse circulation,
labor costs for the manufacture of a gravel pack are minimized. As a rule, gravel is filled manually
through the wellhead, since the large area of the annular space eliminates the possibility of
plugging and failure of the filled material to reach the receiving part.
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Abstract. Dnipro University of Technology is a leading institution where an authoritative
scientific school was formed to solve the fundamental issues of percussive-rotary drilling with
the help of hydraulic hammers. This method makes it possible to intensify significantly the
mining processes of rock mass breaking. In order to perform the specified function as fully as
possible, hydraulic hammers are to work in a certain technological mode and have appropriate
technical characteristics; the paper deals immediately with the analysis of those characteristics.
The original designs of hydraulic hammers proposed by the authors are distinguished by a
high degree of reliability of the interaction of individual parts and assemblies. Simulation of
the operation of hydraulic hammers under appropriate mode-parametric support revealed a
number of their significant advantages, i.e. in terms of creating effective conditions for rock
mass disintegration. It has been proven convincingly that some features of the approaches to
the implementation of a hydraulic well washing programme correspond to the stability of a
high-quality process of the downhole work of percussion machines. As a result of the research,
a composition of some rational formulations of flushing fluids, which contribute to a significant
acceleration of the development of destructive processes, was clarified.

1. Introduction
Further sustainable innovative development of mining and other related industries is impossible
without wide application of drilling well technologies. And for the latter, in the near future,
there are no real technically and technologically justified alternatives [1].

In the generalized sense of this well-established and widely used terminological expression,
drilling different-purpose wells helps solve a significant range of production and theoretical
issues related to the need to search for promising structures for the available useful components
and study the specific geological and technical conditions of stratified mineral deposits with
further creation of powerful industrial complexes for their effective extraction and partial local
processing [2].

Modern engineering and technologies of well construction face rather complex but extremely
necessary tasks of obtaining comprehensive multifaceted information, which source, first of all,
is represented by core samples of rock formations [3]. In relation to wells of the large number of
operational wells, the main requirement is the formation of a communication channel suitable for
long-term operation with a mineral deposit in the rock layer. Taking into account the above, the
following can be stated confidently: completeness and perfection of the geological and industrial
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task of deposit development depends on the quality of operations related to well construction in
the rock mass; moreover, the latter should contain comprehensive and concrete details.

The multi-factorial cycle of well construction with its indispensable component in the form of
various bottomhole drilling processes (in other words, phenomena of rock mass breaking), will be
effective only while observing a certain mode of interaction of a drilling rock-breaking tool with
the rock mass. Thus, in terms of well layout, the connection links of a rock-breaking tool with
the surface energy and power equipment, there is a significant number of functional elements
designed to rationalize maximally each factor of the complex operation of rock bottomhole
disintegration. The above should be supplemented by the fact that well technologies allow
carrying out effectively a cycle of operations to solve complicated issues, e.g. preparation
of territories for future construction of civil and industrial complexes as well as necessary
technological support for proper execution of the specified operations [4].

Summing up, it is possible and necessary to highlight significant complexity of the structural
design of drilling processes, which features are determined by the ultimate goal of well
construction. Due to the fact that well drilling can have different purposes, the specified rock
formations have a significant range of options for their dimensional design and spatial position
in the rock mass. The well depths determined by the stratigraphic location of a specific mineral
deposit or by special instructional requirements for the technology of drilling and testing differ
greatly in their absolute values. As for the wellbore diametrical characteristics, their values are
specified, in particular, by the requirements for the representative qualities of rock samples as
well as the overall dimensions of the research and operational equipment of wells.

In such a formulation of the analysis of problematics of drilling operations, one can trace a
clear need to apply the substantiated (from the standpoint of minimized capital costs) approaches
to the development of regulations for their construction; that will also contribute to the complete
avoidance of complications and accidents in shafts of the considered specific mining operations.

2. Related work
According to the conducted analysis of literature sources and information reports of production
organizations engaged in drilling and related operations, it is possible to talk about current
and prevailing trend – improvement of rock-destroying tools to increase their operating resource
on the well bottom [5]. The following remark will be relevant here: a new rock-breaking tool
is intended mostly for its use in terms of classic rotary drilling. The given data can be also
explained by the fact that almost all technical means of drilling operations are designed and
adapted to carry out corresponding operations using rotation (rotary, in case of oil-and-gas well
construction) method of rock mass breaking. The latter is the most widely used one; though, it
has significant defects, which essence is exclusively in those factors being the basis of functional
principles of the method under consideration [1].

Generally, mechanical methods of rock mass breaking are distinguished by a too low coefficient
of efficiency due to the fact that they are characterized by unjustified energy dissipation
in most technological schemes of their implementation. That refers to large power losses
due to drill string friction against the well walls during its necessary rotation as well as
bottomhole interaction of a rock-breaking tool with the rock mass with further heat release. The
described phenomena are objective and the ones that cannot be eliminated without fundamental
transformations of a technological scheme of the rotary drilling method [4]. In fact, such a state
of affairs has resulted in the development of a number of effective and promising non-mechanical
methods that apply useful phenomena of physical or chemical origin to form breaking forces
within the drilling tool-rock contact zone of a special design.

Modelling, extensive testing, and, in some cases, even industrial implementation of
multifaceted forms of non-mechanical methods have proven their important potential advantages
and wide opportunities. However, their relatively large-scale application in the practice of
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well construction is hindered by the need to make changes, sometimes quite significant, in
the construction schemes of the corresponding technological cycles. It will be appropriate here
to provide examples of partial application of some principles of non-mechanical methods of
forming wells in rock mass. In particular, that refers to high-pressure jets of washing fluid,
which hydraulic organs are woven organically into the drill bit structure [6]. In the context of
such a technical solution, it is possible to intensify significantly a course of destructive processes
and their further development in terms of effective drilling mud removal from the well bottom [7].
Additional introduction of interaction of high-pressure jets with a rock mass of various-origin
abrasive materials into a circulation chain can bring significant positive changes at almost all
stages of the formation of a rock mass breaking zone [8].

While applying this method, it is possible to observe an extremely intensive development
of complex deformation and subsequent breaking phenomena in the rock mass; ultimately, that
allows obtaining high indicators of the wellbore deepening. It can be explained by the significance
of dynamic level of application of breaking forces to the rock, which cannot be achieved by other
methods and techniques. The conducted studies proved the expediency of such an interpretation
of effective rock-breaking methods, when the variants of conditional periodicity of applying the
required values of axial load occurs due to the presence of not only abrasive-jet percussion effects
but also the generation of directed shock pulses by special impact machines. A convincing
advantage of the described modifications of the well formation methods is the possibility of
controlled adjustment of the frequency characteristics to a higher degree of a dynamic process
of the breaking element-rock interaction. It is implemented by complementing the design with
special downhole machines and a corresponding complex tool of certain design of components,
developed to act as a so-called downhole regulator as comprehensively as possible. They should
function to coordinate the requirements of a well construction technology regarding the proposed
combined drilling methods and capabilities of the drilling mechanisms. Percussion downhole
machines are to form appropriate pulses of a clearly defined amplitude with the possibility of
direct and operational adjustment from the surface; according to the general definition of this
concept, a drilling tool should be able to relay and transform shock pulses to the rock bottomhole
of the well as fully as possible [9].

The design and implementation of special measures of a hydraulic well flushing programme
with the mandatory use of appropriately activated technological indicators of circulating drilling
fluids is the additional and very influential factor for a proper downhole breaking process [10].

The represented reasoned data indicates indisputably the available urgent needs for further
comprehensive development and industrial implementation of sufficiently effective technical
means and technologies for well construction with the adequate multi-category indicators.

3. Results
A complex cycle of well drilling consists of several sequentially performed operations; rock
breaking is the most responsible one from the viewpoint of reaching high production and
economic indices [11]. A rock breaking method determines almost all technical and technological
features of well drilling regulations. It is the method that influences directly the course of
downhole breaking processes, which, under conditions of well construction in the rocks prone
to manifestation of various complications, must be planned in a logical sequence to prevent
violation of the execution completeness of all necessary well technological operations [12].

Overall, a drill well is a complex geotechnological structure that requires certain (and
sometimes quite cumbersome) effective measures to maintain them in a certain working
condition. Here, great attention should be paid to the needs of high rates of wellbore
deepening [13]. In order to fulfil the specified criterion, it is necessary to create rational
conditions for a stable flow of a rock breaking process with restrictions concerning the resource
of the effective tool operation.
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In the context under consideration, several approaches to optimization of percussive rock
breaking can be mentioned, i.e.: use of a drilling tool with increased wear resistance (this
includes a tool equipped with ultra-hard materials); use of the principles of toolless rock mass
breaking (physical and chemical methods of rock disintegration are a characteristic feature of
the case under consideration); involvement of highly mobile elements in the interaction with a
wellbore with the possibility of their operational circulation replacement (principles of combined
ball jet drilling are traced here); creation of certain conditions to intensify downhole breaking
processes due to dynamic impact of a special tool (a drilling tool layout includes the machines
generating shock pulses of different amplitudes and frequencies) [5].

A drilling tool made with the use of relatively wear-resistant cutting structures, is
distinguished, for the most part, by a rather high cost, determined not only by a significant
indicator of the consumable costs but also by the complexity of the technological manufacturing
of tool structures. That is also complicated by special requirements for bottomhole operation
of the latter. It narrows somewhat the area of possible rational use of such a drilling tool and
requires preliminary analytical and laboratory studies regarding the expediency of its use in
specific lithological variants of rocks [1].

In terms of limited funding for drilling operations and the need to construct wells
in complicated geological conditions, other considered approaches to the optimization of
bottomhole rock breaking, separately or in a complex combination, are seen as the most
acceptable ones from many leading positions.

Further developments were based on a rational technological approach, meaning
implementation of significant dynamic loads on the wellbore using a hydraulic energy source.
That makes it possible to obtain the mode of well deepening characterized by the intensive
formation of zones of rock mass breaking and re-breaking of a very effective volumetric nature
[14]. It is possible to create such conditions due to the involvement of metal balls that move
with the flow of washing fluid at high speeds and impact the rock downhole. According to
the features of the methodology of a briefly described modernized principle of ball jet drilling,
metal balls also perform the work of processing the peripheral wellbore areas together with the
percussion machines under certain technical and technological regulations [5].

The considered combined drilling method was studied rather comprehensively by means of
analytical and bench modelling. The following can be noted among its main results: the method
is characterized by active development of breaking deformations in the form of cracks and holes;
the method is characterized by a clear dependence of the scale of breaking processes on the
application of axial load and its subsequent physical results (compared to cases of rock breaking
in the absence of dynamism of axial load application). This is illustrated both qualitatively and
quantitatively on the corresponding graphs in figure 1 and figure 2.

The developed ball jet or hydromechanical method is distinguished by its exceptional feature –
it is the possibility of obtaining a wide range of load application speed v, which is known to
determine usefully the effectiveness of breaking processes. Along with a gradual increase in v
values, there is a natural increase in the scale of breaking process development, followed by the
formation of corresponding breaking and re-breaking zones.

The data shown in figure 1 demonstrate clearly that the penetration depth of breaking
disturbances h into the rock mass, in comparison with the case of static application of axial
load, increases by approximately 1.3-1.4 times. Certain dependence of the results of breaking
processes on the petrophysical characteristics of rocks was also revealed. In this case, influence
of a mineral grain size can be observed (constant fluctuations between the absolute values of the
depth of breaking hole formation h within the range of 6-14% is noted here), which is necessary
to take into account while developing regulations for the operation of designed drilling devices
for hydromechanical well drilling.

Pre-qualification studies of the devices under consideration have proved that they exclude
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Figure 1. Patterns of the development of breaking processes for different mineralogical rock
types under variable values of the axial load application rate.

Figure 2. Influence of a physical state of rock mass on its breaking rate in terms of a modernized
ball-jet method of well construction.

completely the most influential shortcoming of the ball jet drilling method – lack of proper
treatment of the peripheral well zone. This is solved by complementing the device layout with a
special design of rock-breaking organs, which, together with balls, form a well drilling contour.
The effectiveness of this approach is the availability of an additional component in the complex
downhole layout of a concrete hydromechanical drilling device. It allows forming the combined
impact pulses on the rock mass deformed by active impacts of balls.

Under the proposed technical-technological scheme of drilling, there is a potential possibility
of total exclusion of the suspension of well borehole deepening due to its complex curvilinear
narrowing in the bottomhole part. Proper conditions for wellbore deepening are formed by the
device rotation together with a rock-breaking organ and by creating the necessary static axial
load with an active dynamic component (figure 2).

Thus, analyzing the data of figure 2 and statistics of the parametric values of stand studies,
the following can be stated: by systematic increase in the rotation frequency n and axial load
C, together with their reinforcement with dynamic pulses, it is possible to increase wellbore
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deepening rate u by approximately 30%. This is most clearly seen for a deformed bottomhole;
in this case, growth of u is more than 40%.

A modernized ball-jet (hydromechanical) method of rock mass breaking (or abrasive-
mechanical percussion method of rock breaking as we call it according to its technological
essence), is the one that allows achieving high wellbore depth values, i.e. the main indicator
that is the main criterion for the excellence of drilling operations; it is identified by a mechanical
speed of drilling wells.

For its organic implementation in drilling practice, the method we have modernized does not
require any significant technical and technological innovations and changes in the currently used
layouts of the available drilling machines, mechanisms, tools etc. [15].

The design of a downhole rock-breaking tool adapted to the processing mode of the peripheral
well zone is characterized by simple modification and work cycle stability. In addition to its
simplicity, a ball jet device needs only some special hydraulic mode of operation; that was
taken into account as much as possible while developing an additional percussion machine for
it – a modernized hydraulic hammer [16]. In addition to the necessary clear synchronization
of the interaction with a jet device, the reasons for its improvement included following
significant defects peculiar for the majority of currently operated impact machines, i.e.: excessive
complexity of the functioning of components and parts in a “valve-piston-hammer” system with
the lack of sufficient technologically substantiated range of movement speeds of the latter. This
provokes considerable and unpredictable, in terms of absolute values, pressure fluctuations in the
device, reducing significantly the energy intensity of each individual act during the shock pulse
generation. In most cases, hydraulic shock devices are also characterized by large alternating
loads on power springs with their active wear and failure.

Figure 3 demonstrates a general scheme of the proposed hydraulic hammer, which includes:
an upper locking adapter 1 with an internal thread 2 for the column nipple and recesses 3
for a drilling tongs as well as a central circulation channel 4. An adapter 1 with a casing
bushing 24 connected by a thread 29 form an acceleration chamber 5. Casing bushings 24
and a cup 18, connected by a thread 31, form an impact chamber 8. In the internal part
of the interconnected adapter 1, the casing bushing 24, and the acceleration chamber 5, the
following operates: hammer 7, which contains a high-pressure pneumatic chamber 19, a through
circulation channel 6, a drainage channel 26 with the circulation holes 25, rubber-metal sealing
rings 27, and an anvil 11, which contains through holes 9 and a central circulation channel 10,
external splines 16, shank adaptor 20, and sealing elements 21, 22, 28. To remove the washing
liquid, the casing bushing 24 contains resettable circulation windows 23. A casing cup 18 in
its lower part is equipped with internal splines 17 for the connection with the anvil 11, which
also contains a metric thread 15, to which the lower adapter 12 with the recesses 31 for drilling
tongs, a vertical circulation channel 13, and a tool-joint thread 14 are connected.

When lowering the hydraulic hammer in combination with the jet machine, with mandatory
flushing fluid circulation when reaching the wellbore, the fluid moves as follows: the central
circulation channel 4 of the lock adapter 1, the acceleration chamber 5, the through circulation
channel 6 of the hammer 7, the impact chamber 8, the through holes 9, and the central circulation
channel 10 of the anvil 11, the vertical circulation channel 13 of the lower adapter 12. When
the assembly connected to the locking thread 14 of the lower adapter 12 reaches the wellbore,
the axial movement of the adapter 12 and the anvil 11 connected to it by the metric thread
15 occurs, which unhindered and stable movement is ensured by the contact of the splined pair
“outer splines 16 of the anvil 11- inner splines 17 of the casing cup 18”. The occurrence of a
hydraulic shock – a generator of shock pulses of the corresponding frequency, occurs when the
anvil 11 is moved axially by a structural parametric value L, which overcoming leads to an instant
increase in the liquid pressure in the acceleration chamber 5, being the result of blocking the
liquid flow to the bottomhole with the help of through holes 9 in the anvil 11, which, together
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Figure 3. Layout diagram of a hydraulic hammer device.

with the shank adaptor 20, are immersed in the high-pressure pneumatic chamber 19 of the
hammer 7. The consequence of the indicated interaction will be the rapid accumulation of the
necessary kinetic energy reserve by the hammer 7, which will cause it to impact the anvil 11
with a given working movement by distance D.

The accuracy of impacting the anvil 11 is ensured by the anisobaric nature of the processes
in the high-pressure pneumatic chamber 19, filled with compressed gas with a critical pressure
of P > 0.4 MPa and its periodic compression (during the active washing liquid movement)
or expansion (when the active movement stops), which corresponds to a specific stage of the
circulation process in the acceleration chamber 5. Hermeticity of the high-pressure chamber 19
and insulation of the through holes 9 in the anvil 11 is ensured by the rubber-metal sealing rings
21 and 22. Constancy of the processes of forward and reverse movements of the hammer 7 is
possible while fulfilling the conditions for flushing liquid removal from the impact chamber 8 by
synchronizing the location of the resettable circulation windows 23 of the casing bushing 24 and
the circulation holes 25 made in the drainage channel 26 of the hammer 7. The rubber-metal
sealing rings 27 exclude unpredictable connection of the circulation holes 25 of the drainage
channel 26 with the circulation windows 23 of the casing bushing 24. Smoothness and isolation
of the movement between the pair of “external splines 16 of the anvil 11 – internal splines
17 of the casing cup 18” and the casing cup 18 itself is ensured by the sealing element 28.
The technological manufacturing of the hydraulic hammer structure and the possibility of its
maintenance are also facilitated by the available threaded connections 29 and 30 between the
upper lock adapter 1, casing bushing 24, and casing cup 18, respectively. The installation
operations with the lower adapter 12 are convenient as there is the recess 31 for the drilling sickle-
shaped tongs on its surface. The principle of hydraulic hammer operation in the automatic mode
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and possible adjustment of the latter are based on the creation of a regular periodic flushing fluid
circulation for the hydraulic hammer, which can be achieved by operational transformation of
the drilling pump design – a combination of the technological scheme of operation and interaction
of plungers, disconnection of a compensator, and modernization of the piston operation cycle.

An abrasive-mechanical impact method is the one that it allows its versatile technological
enhancement. Since the basis of the operation of the drilling machines accompanying its
technological cycle is transformation of hydraulic energy, which is supplied in the form of
a directed flow of flushing fluid, it is important here to preserve maximally the original
characteristic hydraulic parameter of the flow – pressure drop (produced by the surface drilling
pump) to overcome the resistances in the circulation circuit of the drilling well, i.e. in the
percussion machines themselves [17].

Special experimental studies were conducted at the Department of Oil and Gas Engineering
and Drilling of Dnipro University of Technology. Their purpose was to clarify the patterns of
influence of surface-active substances (surfactants) and polymer additives on hydraulic supports
during the movement of liquid through a pipeline [18]. These studies were performed on a special
stand (figure 4), where pressure drop ∆P was measured in a standard steel pipe with a diameter
of 14 mm and a length of L = 4.5 m, through which the NB-11E pump pumped the studied
liquids at different speeds (they were controlled with the help of a valve, marked as B in the
diagram, figure 4). DT-10 pressure sensors (marked as M1 and M2 in the diagram, figure 4),
VT-21 equipment complex, and an oscilloscope were used to measure pressure and determine
its difference for the solutions and without surfactants and polymer additives at the tube inlet
and outlet [19].

Figure 4. Schematic diagram of a laboratory stand to study hydraulic resistances when
pumping liquid through a pipeline.

The next analytical stage of the research involved determining the value of resistance
reduction to liquid movement through a pipeline (in%) [20], which we called hydraulic efficiency
A calculated according to following formula

A =

(
∆P0 −∆PA

∆P0

)
100%, (1)

where ∆P0 is drop in liquid pressure at the pipe ends without adding active impurities to the
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circulating medium; ∆PA is pressure drop at the pipe ends due to addition of polymers and
surfactants to the circulation medium.

Table 1 represents summary data on the determination of a generalized coefficient of hydraulic
resistance and so-called hydraulic efficiency A.

Table 1. Influence of surfactants and water-soluble polymers on the values of a generalized
coefficient of hydraulic resistance and hydraulic efficiency.

Active additive
Admixture

concentration, %
Generalized coefficient
of hydraulic resistance

Efficiency
A, %

Sulphate soap 0.5 | 1.0 | 2.0 0.031 | 0.027 | 0.027 0 | 12 | 12
Ditalan 0.5 | 5 - | 0.018 - | 42
Metaupon 0.5 0.024 22
Polyacrilamid 0.01 | 0.05 | 0.10 0.027 | 0.017 | 0.015 12 | 44 | 52
Polyoxyethylene 0.005 | 0.010 0.015 | 0.015 58 | 58
Polyacrylonitrile 0.05 | 0.10 | 0.5 0.027 | 0.026 | 0.020 12 | 12 | 35
Polyacrilamid+sulphate soap 0.05 | 0.5 0.015 52
Polyacrilamid+tall oil+OP-10 0.05 | 0.5 | 0.25 0.015 52

While analyzing the data represented in table 1, following conclusions can be drawn: polymer
additives and surfactants within a certain range of concentrations reduce hydraulic resistance but
the degree of this effect depends on the polymer and surfactant types [21]. The greatest reduction
of hydraulic resistances can be obtained with the use of polyacrylamide and polyoxyethylene
additives. Moreover, it was found that plant polymers lose their effectiveness during the
circulation through a pipeline as a result of so-called destruction of molecules, which is evidenced
by a decrease in the solution viscosity. To maintain the duration of the effect of hydraulic
resistance reduction, it is necessary to use polymers in combination with additives of special
reagents-stabilizers [22].

In general, the task of planning an effective hydraulic washing programme means development
of compositions and technology for preparing such washing liquids, which would have
simultaneously the following most important properties: reducing the coefficient of internal
friction, thereby reducing hydraulic resistance; decreasing the surface tension; reducing the
manifestation of friction effect during the rotation and contact of a drillstring and a rock-
breaking tool with the rock due to lubrication; and preventing swelling, wetting, and falling of
clayey and other unstable rocks.

A significant and still insufficiently used reserve of intensification of downhole breaking
processes [23] in terms of simultaneously decreasing power losses for the technologically necessary
rotation of a drillstring in the wellbore (table 2) is in the possibility to use special flushing fluids
treated with appropriate active reagents of complex effect.

Basing on the analysis of the experimental data shown in table 2, it can be stated reasonably
that, of all the considered substances, the greatest reduction in the friction coefficient can be
obtained when tall oil is added into the drilling fluid [24].

Since it is established and proven that a decrease in the surface tension of flushing fluids
σ [25] contributes to the increased mechanical speed of drilling, complex studies were conducted
to clarify the nature of the influence of active components on the technological properties of
flushing fluids and the results of breaking processes in their application. The data on the
laboratory-stand studied of these issues are represented in figure 5 and figure 6. The change in
σ indicators must be considered in the context of complex effect of surfactants on the properties
of washing liquids with the corresponding consequences.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012053

IOP Publishing
doi:10.1088/1755-1315/1254/1/012053

10

Table 2. Results of studying the influence of various active additives in flushing fluids on a
steel-rock friction coefficient (simulation of well rotational movement of a drill string).

Active additive
(Name)

Active additive
(Concentration, %)

Coefficient of
friction on rocks

(Sandstone)

Coefficient of
friction on rocks

(Argillaceous slate)

Water (Soap stock) - | 0.5 | 1.0 | 2.0 0.52 | 0.18 | 0.12 | 0.11 0.40 | 0.34 | 0.23 | 0.15
Water (Sulfonol) 0.25 | 0.50 | 1.00 0.26 | 0.19 | 0.19 0.35 | 0.26 | 0.25
Water (Tall oil) 0.25 | 0.50 | 1.00 | 2.00 0.13 | 0.11 | 0.11 | 0.11 0.29 | 0.15 | 0.14 | 0.14
Clay mud of ben-
tonite powder (Ben-
tonite powder)

10.0 0.55 0.46

Clay mud of bentonite
powder (Soap stock)

0.50 | 1.00 | 2.00 0.54 | 0.54 | 0.53 0.42 | 0.42 | 0.41

Clay mud of bentonite
powder (Sulfonol)

0.25 | 0.50 | 1.00 0.25 | 0.53 | 0.52 0.46 | 0.46 | 0.45

Clay mud of bentonite
powder (Tall oil)

0.25 | 0.50 | 1.00 | 2.00 0.32 | 0.23 | 0.21 | 0.16 0.27 | 0.21 | 0.20 | 0.20

Figure 5. Experimentally determined dependence of surface tension σ of water solutions on
the surfactant concentration: 1 – tall oil; 2 – tall oil + sulfonol; 3 – sulfonol; 4 – emulsol; 5 –
sulfate soap; 6 – ditalan; 7 – mixture of tars; 8 – katapin; 9 – hydro processed oil sludge; 10 –
HFA.

According to the complex experimental data shown in figure 5 and figure 6, following
conclusions can be made: when processing washing liquids (in this case, technical water) with
the studied surfactants, a decrease, sometimes quite significant, in surface tension σ [26] by 10-
240% is observed, and such a transformation of σ indicator is noted in the concentration range
of 0.5-1% surfactant (figure 5) [27]. Use of flushing fluids with a reduced σ index during the
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Figure 6. Dependence of the mechanical speed of drilling on surface tension σ of flushing fluids:
1 – percussive rotary drilling; 2 – rotary drilling.

rock mass breaking results in the increasing maximum possible mechanical speed of drilling by
the basic 1.6 times for percussive-rotary drilling and by 1.3 times for the rotary method of well
construction (figure 6) [28].

The considered technical solutions have a relatively simplified implementation, which,
however, did not cause any violations of the completeness of a shock pulse generation cycle [29].
The above also concerns the use of special washing liquids with the activation of some of their
general and special functional properties [30].

4. Conclusions
The perspective of thorough analytical development and wide industrial implementation of an
innovative abrasive-mechanical impact method of obtaining suitable rock products is shown in
the context of the need to increase a well construction rate along with simultaneous reduction
of financial and material costs for drilling technological and, immediately, rock-breaking tools.
Distinctive features of the specified method are that it requires the use of a special type of rock-
breaking elements (in the form of special-design drill crowns and metal hard-alloy balls) as well
as jet and percussion hydraulic machines. Such a comprehensively formed bottomhole layout
allows intensifying and strengthening significantly the breaking processes and phenomena for
rock mass. It can be characterized by current significant technologically controlled development
of deformation disturbances in the form of cracks and rock chipping.

There are following particular components to regulate well deepening with the help of balls:
speed of applying ball load v to the well bottomhole and axial load C on them during their
subordinate movement in the peripheral zone of the well bottomhole. The results of breaking
processes make it possible to confirm that the method under consideration demonstrates an
increase in the mechanical drilling speed u by a weighted average of 20-30% and an increase in
the volumes of breaking zones by 2 or more times in comparison with the corresponding values
obtained for the case of static application of axial forces.

The paper represents a technical description of the percussion machine, which can be adapted
especially to the conditions of implementation of the abrasive-mechanical percussion method.

The conducted studies show the prospects of using surfactants and polymers as hydraulic



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012053

IOP Publishing
doi:10.1088/1755-1315/1254/1/012053

12

resistance reducers (up to 50% or more) in the circulation contour of the well, which will
contribute to the additional strengthening of the effect of active washing liquid jets on the
rock mass. The use of specified chemically active reagents as a component of flushing fluids
also helps reduce significantly the power consumption for drill string rotation in the wellbore by
minimizing a coefficient of friction (depending on the type of rocks and flushing fluids, it can be
reduced by 1.1-4.0 times and even more). Treatment of flushing fluids with certain surfactant
also contributes to the reduction of their surface tension σ, which has a positive effect on the
results of destructive processes (due to this, it is possible to increase the mechanical drilling
speed by a minimum of 30%, especially the indicated case relates to the technological reception
of shock impact on the bottomhole).
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Abstract. Modern industrial production is aimed at the development of waste-free
technological processes, wider use in the production of waste and by-products. The largest
amount of waste is generated from the activities of mining and metallurgical enterprises. One
of the problems of foundry production is the disposal of multiton solid waste, about 90% of
which is spent molding mixture. Part of the spent mixture is reused as recyclable, but the
main mass of it is collected at municipal solid waste landfills. This work is devoted to the
study of the component composition of foundry production waste – spent molding mixture
with the aim of its reuse. According to the results of the research carried out by the authors,
mineralogical recommendations regarding its reuse were provided. Involvement in the reuse of
spent molding mixture will allow to free up part of the solid household waste landfills, reduce
the negative man-made load on the environment, and additionally obtain conditioned restored
molding sands.

1. Introduction
Currently, Ukraine has accumulated about 45 billion tons of industrial waste, located on an area
of more than 160,000 hectares. About 1.7 billion tons of new waste is generated every year, while
5-12% of waste is reused, while in developed countries industrial waste is used for 60-80% [1–3].

The largest amount of waste is generated from the activities of mining and metallurgical
enterprises. One of the enterprises that uses the metallurgical cycle of processing raw materials
is the Kryvyi Rih Repair and Mechanical Plant (Metinvest – KRMZ LLC) in the city of Kryvyi
Rih, the main activity of which is the production of machines and equipment for the mining
and mining processing industry, parts and components for it, as well as production of steel
and iron castings, welded metal structures, stampings, non-standardized equipment for objects
under construction or reconstruction. This enterprise includes a full production cycle, from
metal smelting to the production of finished products in the form of machines and mechanisms.

The main waste of the enterprise, which can be involved in processing, is generated in the
steel casting, mechanical assembly, repair and tool shops, and metal structures shop [4, 5]. The
waste of these subdivisions includes: dust from gas cleaning traps (emissions from electric steel
melting furnaces in the form of suspended particles undifferentiated by composition), foundry
slag, slag, spent molding mixture, welding production waste, abrasive metal dust. Welding
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production waste and slag are completely disposed of at the enterprise for internal needs, all
other generated waste is processed by the enterprise for its own needs in small quantities, and the
main volume is transferred to third-party organizations or stored on the factory territory. One
of the problems of foundry production is the utilization of multi-tonnage solid waste, about 90%
of which is spent molding mixture, which currently belongs to substances of the 4th category of
danger [6–8]. A part of the spent mixture is reused as a turnover, for the Kryvyi Rih Repair and
Mechanical Plant, this indicator is 10percent of its total mass. The rest is collected at municipal
solid waste landfills.

2. Methodology
The current state of production waste was analyzed and compared with global trends. Waste
samples were selected by the authors. Chemical analyzes were carried out, granulometric and
component composition and the content of impurity elements were investigated. The current
state of the situation with industrial waste was analyzed and compared with global trends.

Detailed mineralogical studies of spent molding mixture waste (burnt earth) were carried
out. According to the results of the obtained data, mineralogical recommendations for the
technological scheme of the processing of the used molding mixture and its reuse are provided.

3. Results
The authors investigated the waste of the steel foundry shop – spent molding mixture (burnt
earth), which is formed from foundry molds and rods during the production of metal blanks.
After knocking out hardened castings from foundry molds on grids and sieving on sieves,
metal blanks and waste are obtained in the form of burnt molding mixture. According to
the technological regulations of the Kryvyi Rih Repair and Mechanical Plant, about 10% of
the mixture is reused, the rest is transported by road transport to the temporary storage site
(figure 1).

Figure 1. Site of temporary storage of industrial waste.

Based on the results of granulometric, chemical, and detailed mineralogical studies of the
composition, structure, and texture of the used molding mixture by the authors, it was
established:
• The spent molding mixture was represented by a loose, lumpy material of burnt sands of

gray, dark gray to black color with a brownish, yellowish tint.
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• The structure of the material is psammitic with a minor psephytic component content
(figure 2).

• The size of the lumps varies from 1 to 10-20 cm, with mechanical action the lumps are
destroyed.

Figure 2. The material of the spent molding mixture.

The lumpiness of the mixture (figure 3) is due to significant heating of the molding mixture
during the pouring of the molds. The presence of a metal component (hooks, nails, forming
pins) in the spent mixture is associated with their use as an auxiliary material in the assembly
of casting molds. After knocking out on the grates, part of the hooks, nails, and forming pins
remains in the mixture and falls together with the burnt sand to the temporary storage area.

(a) (b)

Figure 3. Lumpy particles (a) of the molding mixture with individual metal inclusions and
metal pins (b) in its composition.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012054

IOP Publishing
doi:10.1088/1755-1315/1254/1/012054

4

During the selection of initial samples, in addition to the above-mentioned metal objects in
the composition of the used molding mixture, individual allocations of residual metal in the
form of “beads”, dendrites, and irregular shapes were occasionally observed. The size of the
discharges ranged from 1 to 10-20 cm. Large fragments are most often manually selected by the
employees of the enterprise from the composition of burnt earth, were identified by the authors
during the selection of initial samples at the enterprise and did not fall into the composition of
the examined samples of burnt earth (figure 4).

(a) (b)

Figure 4. Separation of residual metal in the spent molding mixture.

The authors established that the average content of coarse-grained material (particles larger
than 0.5 mm) in the composition of burnt earth is 5.1%, the main part of the material (85.4%)
is represented by particles with a size of -0.5+0.1 mm. The amount of the most fine-grained
(siltstone-pelitic) component is 9.5% (figure 5).

Mineralogical studies were performed by the authors using macroscopic and microscopic
methods. According to the results of detailed mineralogical studies, the average component
composition of the used molding mixture was determined (table 1).

Table 1. The average component composition of the spent molding mixture.

Components Content

quartz 91.6
carbonates 0.9
metal component 0.9
oxides and hydroxides of iron 0.4

Total 100.00

The results of a complete silicate analysis obtained by the authors for the material of the spent
molding mixture revealed that the product-forming chemical component is silica, aluminum, iron
and calcium oxides are of secondary importance (table 2).
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(a) (b)

(c) (d)

Figure 5. Material of selected granulometric fractions of burnt earth: (a) granulometric fraction
+0.5 mm; (b) -0.5+0.25 mm; (c) -0.25+0.1 mm; (d) -0.1+0 mm.

The significant content of silicon oxide is due to the presence of quartz as the main mineral
component in the molding mixture. The increased content of aluminum oxide is associated with
the presence of silicates – products of thermal effects on the clay minerals of the primary molding
mixture. A noticeable admixture of calcium and magnesium oxides is due to the presence
of carbonates represented by calcite and dolomite. The presence of iron oxides is caused by
several factors: the presence of iron-containing minerals (magnetite, ilmenite, hematite, goethite,
chromite) in the sand of the primary molding mixture; migration of iron from the molten metal
to the side of the mold; the presence of iron in the composition of substances used to ensure the
strength of forms, their non-stick properties, etc. The relatively high content of alkalis (sodium,
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Table 2. The average content of chemical components in the spent molding mixture.

Chemical components wt.%

SiO2 83.09
Al2O3 6.22
Fe2O3 4.56
FeO 0.63
CaO 1.97
MgO 0.46
K2O 0.05
Na2O 0.69
P2O5 0.03
CO2 1.43
S 0.06
H2O 0.28
Insoluble residue 0.53

Total 100.00

Table 3. The average content of impurity elements in the material of the spent molding mixture.

Chemical Average content impurity elements Clarke number, Clarke
elements in the scorched earth mg/kg mg/kg [9] concentration

silver 0.067 0.07 0.96
bismuth 2.0 0.009 222.22
cobalt 6.0 18 0.33
chrome 1696 83 20.43
copper 30 47 0.64
germanium 2.0 1.4 1.43
manganese 2348 1000 2.35
molybdenum 7.0 1.1 6.36
niobium 10 20 0.50
nickel 62 58 1.07
phosphorus 570 930 0.61
lead 157 16 0.94
tin 4.0 2.5 1.60
titanium 4565 4500 1.01
vanadium 92 90 1.02
zinc 60 83 0.72
zirconium 248 170 > 1.46

to a small extent potassium) causes the use of liquid glass in the composition of the original
molding mixture.

The content of rare, scattered chemical components in the used molding mixture was
determined by the authors using the method of semi-quantitative spectral analysis (table 3).

The obtained data were compared with the data on the concentrations of the corresponding
chemical components, which reflect the average content of each of them in the composition
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of the earth’s crust. The authors assumed that the Clarke number corresponds to the safe
concentration of the corresponding chemical element in both natural and man-made formations.
In order to compare data on the average content of chemical components in the composition of
burnt earth and their clarke, the Clarke indices of concentrations were determined – by dividing
the values of the average content of an element by its Clarke number (table 3). According to
the obtained data, all the investigated chemical elements can be divided into three groups:
(i) impurity elements, the content of which is less than clarke (clarke concentration lower than

1.0): silver, cobalt, copper, niobium, nickel, porcelain, lead, zinc;
(ii) elements, the content of which is close to the Clarke number (clarke concentration from 1.0

to 2.0): germanium, tin, titanium, vanadium, zirconium;
(iii) elements, the content of which in the composition of burned earth significantly exceeds the

Clarke number (clarke concentration from 5 to 250): bismuth, chromium, molybdenum.
According to the authors, the reasons for significant fluctuations in the content of impurity

elements in the material of the spent molding mixture compared to the amount of these elements
can be as follows:

– the presence of the investigated impurity elements in the primary material of the molding
mixture;

– the presence of these chemical elements in the composition of substances used to ensure the
strength of forms, their non-stick properties, etc.;

– different behavior of chemical elements in the technological process (redistribution between
the mold and the product, transition to the gaseous phase and evaporation, etc.).

The raw material used in the manufacture of casting molds mainly contains quartz sand
and clay minerals (kaolinite, beidelite, hydromuscovite, etc.). They are characterized by a low
isomorphous capacity, which is why the content of impurity elements in their composition is very
low: for the studied chemical elements, it usually does not exceed 1·10-3 – 1·10-6 wt.%. The
sand may contain accessory minerals, which include the studied chemical elements (ilmenite,
chromite, zircon, monazite, rutile, pyrolusite, etc.).

In the process of preparing foundries molds, in accordance with the features of the technologies
used, the following chemical components are added to the molding mixture: liquid sodium
glass; soluble sodium silicate; lignosulfonate grade A; PLH-1 brand refractory clay; chromite
concentrate; furan resin SQG-120; phenolic resin SQJ610; Permabind CO phenolic resin; phenol-
formaldehyde resin NOVANOL 160, 165N; zirconium and magnesite non-stick mixtures.

Thus, in the composition of the components that are added to the clay-quartz molding mass,
it is possible to distinguish:

– inorganic substances that practically do not contain the studied impurity elements (sodium
liquid glass, refractory clay);

– organic substances that do not contain the investigated impurity elements (lignosulfonate,
furan resin, phenolic resin, phenol-formaldehyde resin);

– mineral components, which include investigated impurities (chromite concentrate,
zirconium and magnesite non-stick mixtures).

That is, in the composition of substances added to the molding mixture, there are two of the
36 investigated chemical components – chromium and zirconium. The technological process is
accompanied by:

– partial combustion of organic substances (lignosulfonate, furan resin, phenol resin, phenol
formaldehyde resin) with the formation of amorphous carbon present in the form of “shirts”
on quartz particles and their cementing substance;
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– sublimation of parts of impurity elements characterized by low melting and boiling
(evaporation) temperatures: bismuth (melting point 271°C, boiling point, evaporation
1564°C), phosphorus (respectively, 44°C and 277°C), zinc (420°C and 907°C), ytterbium
(819°C and 1194°C), strontium (769°C and 1382°C), thallium (304°C and 1473°C), lithium
(18°C and 1342°C), stybium (630°C and 1587°C), mercury (-39°C and 357°C);

– redistribution of a part of refractory elements-admixtures (chromium, manganese, titanium,
cadmium, molybdenum, cobalt, nickel, zirconium, tungsten) between the outer surface of
the casting and the inner surface of the mold.

4. Conclusions
One of the problems of foundry production is the disposal of multiton solid waste, about 90% of
which is spent molding mixture [10, 11]. The existing methods of using the spent mixture can
be divided into three groups:

(i) use of spent molding mixture without additional processing;
(ii) methods that ensure processing and recycling of production waste at the same enterprise;
(iii) methods of processing and utilization of spent molding mixture in various branches of the

national economy.

According to the results of the research carried out by the authors, the following mineralogical
recommendations were proposed regarding the technology of processing the spent mixture for
the purpose of its reuse:

– due to the presence in its composition of spent mixture of metal inclusions (forming pins,
nails, particles of excess metal in the form of beads, dendrites, formations of irregular
shape) it is necessary to remove them from the composition of the mixture; at the same
time, it is necessary to take into account that individual metal particles can be weakly or
non-magnetic;

– the spent molding mixture is a loose, lumpy material of the sand fraction with an admixture
of psephyto-siltstone-argillite and pelite components. The lumpiness is due to the presence
of impurities used in the preparation of the molding mixture and its significant heating and
sintering during the pouring of the molds;

– when drawing up a technological scheme for the processing of the mixture, it is necessary
to ensure the destruction of lumpy aggregations of the mixture, the rubbing of quartz
particles from silicate-hydroxide “shirts”, the reduction of the number of binding organic
and inorganic components on the surface of quartz particles to a level that will allow the
separation of aggregations into separate particles;

– restoration (regeneration) of the spent molding mixture can be carried out using mechanical,
hydraulic or pneumatic methods.

The spent mixture without preliminary processing can be used as an additive in the
production of construction and road construction materials, it must first be cleaned of metal
inclusions. In the production of silicate bricks, the spent mixture can completely replace quartz
sand. The use of burnt earth will increase the degree of sintering of the brick mass due to liquid
glass and alkalis in its composition. Using the spent molding mixture, you can get building
solutions, wall stone, concrete products, cinder blocks, foam concrete.

The spent mixture without preliminary treatment can be used for reclamation of spent
quarries, backfilling of road surfaces, in the technological processes of solid household waste
landfills for overlapping layers as an insulating material in the middle and upper parts of landfills.
In road construction, the spent mixture, classified as a special soil and classified as man-made
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soil (industrial waste), can be used as a component of the upper part of the road surface, for
the formation of embankments.

Modern industrial production is aimed at the development of waste-free technological
processes, wider use of waste in production and by-products. The reuse of spent molding mixture
will allow to free up part of the solid household waste landfills, reduce the negative man-made
load on the environment, obtain additional commercial products for third-party consumers, and
additionally obtain conditioned reclaimed molding sands.
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Abstract. The article provides the basic foundations of the implementation of sustainable
development approaches in the world society and their interpretation in mining activities.
The study also analyzes the regulatory framework and organizational mechanisms for the
implementation of these principles in the Ukrainian mining industry. An analysis of the current
state of rational subsoil use and solid industrial waste management in Ukraine is given. The
concept of a mining cluster and prospects for its formation in the region of the Kryvyi Rih
iron ore basin are substantiated. An algorithm designed to optimize the schedule of mining
operations in the mining cluster is described. The Ingulets iron ore deposit was analyzed from
the standpoint of integrated development. The reserves of talc shale extracted from the open-pit
and stored in a man-made deposit for further sale are separately allocated. The order of mining
works for the development of man-made deposits is given.

1. Introduction
The 1992 United Nations Conference on Environment and Development in Rio de Janeiro, also
known as the “Earth Summit”, announced a new paradigm for human development aimed at
implementing sustainable development approaches. One of the results of the conference was the
Declaration on Environment and Development, which is largely consistent with the principles
of its predecessor – the Stockholm Conference of 1972, as well as its successor – the “Rio+20”
Conference held in 2012 [1, 2].

The third principle of this Declaration emphasizes that the right to development must be
exercised in such a way as to adequately meet the developmental and environmental needs of
present and future generations [1, 2].

With regard to mineral resources, this principle directs society to solve the problem of
providing them after the exhaustion of rich mineral deposits. In the context of the mining
industry, this means that the slower new mineral deposits are brought into development, the
more this principle will be fulfilled. And until humanity finds ways to industrially synthesize
materials in sufficient volumes, comprehensive development of mineral deposits is the main
direction of the implementation of the third principle of the UN Declaration on the Environment
and Sustainable Development.
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At the same time, the mineral and raw material base of Ukraine is quite significant on a global
scale. Almost 20000 deposits and occurrences of 117 types of minerals have been discovered in
the domestic subsoil, of which 8290 deposits and 1110 objects of accounting for 98 types of
mineral raw materials are of industrial importance and are recorded in the state balance of
mineral reserves, 3349 deposits are being developed [3–5].

The mineral and raw material complex of Ukraine provides a significant share of the gross
national product. 48% of the country’s industrial potential and up to 20% of its labor resources
are associated with the mining industry and the subsequent use of minerals [6–8]. These
indicators are quite comparable to the indicators of developed countries with a powerful mining
industry. For example, the level of production waste utilization in the advanced countries of the
world it reaches 80%. Such tendency of using of secondary resources has place in the Republic
of South Africa, Japan, Canada, USA, Great Britain, France, Germany and other industrialized
countries [9–11].

Today, in Ukraine numerous minerals are mined in Ukraine, such as coal (1.7% of total world
production), commercial iron (4.5%) and manganese (9%) ores, uranium, titanium, zirconium,
graphite (4% ), kaolin (18%), bromine, ocher, non-ore metallurgical raw materials (quartzites,
flux limestones and dolomites), chemical raw materials (native sulfur, rock and potassium salts),
facing stone (granites, gabbros, labradorites), glass sand etc [12–14].

At the same time, the difficult economic situation does not allow geological exploration to be
carried out sufficiently to reproduce the mineral and raw material base. Since 1994, the increase
in explored reserves of most strategic types of minerals in Ukraine has not compensated for their
extraction [3, 15].

There are a total of 54 iron ore deposits in Ukraine, of which 22 are in operation. Rich
iron ores and iron quartzites are mined in the deposits of the Kryvorizka, Kremenchuk, and
Belozirsk iron ore basins. Explored (confirmed) reserves amount to 28 billion tons, their share
in the world’s confirmed reserves (139 billion tons) is 20% [3,16–18].

At the same time, the annual volume of waste in Ukraine only in the solid phase is 600 million
m3. 25 billion tons (8,6 billion m3) of solid industrial waste accumulated to date are located on
an area of more than 50000 hectares [19–21].

All this emphasizes the high relevance and paramount importance of the development of iron
ore deposits of Kryvbas as a powerful mining complex of Ukraine.

2. Materials and methods
In order to determine how the provisions of the Declaration are implemented by mining
enterprises of Ukraine, an analysis of the regulatory framework regulating their activities was
performed.

Decree of the President of Ukraine dated July 23, 2021 No. 306/2021 implemented the
decision of the National Security and Defense Council of Ukraine, which includes a list of metallic
and non-metallic minerals that are of strategic importance for the sustainable development of
the economy and the state’s defense capability [14]. Iron ores are included in this list.

In the Law of Ukraine “On the approval of the State program for the development of the
mineral and raw material base of Ukraine until 2030” [3], among the ways of solving existing
economic problems, the “implementation of rational methods of development of complex deposits
and extraction of associated components” is listed as one of the main steps to overcome crisis
phenomena in the economy.

The Law of Ukraine “On Subsoil” [22], among the main principles of policy in the field of
subsoil use, encourages users of subsoil to “rational, integrated use of subsoil ... to ensure the
safety of the natural environment”.

The Code of Ukraine on the Subsoil, among other things, defines the concept of man-
made mineral deposits as “places where the waste of extraction, enrichment and processing of
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mineral raw materials has accumulated, the reserves of which are estimated and have industrial
value” [22].

It is also noted that these deposits may arise as a result of losses during storage, transportation
and use of mineral processing products. After the reserves of the man-made deposit have been
assessed as industrial, it is included in the State Fund of Mineral Deposits, and all previously
assessed mineral deposits are the reserve of this fund. In the same document, it is noted that the
exercise of state control over the formation and use of man-made deposits and the processing of
mineral raw materials is the responsibility of the Cabinet of Ministers of Ukraine. In turn, the
procedure for state accounting of mineral deposits is regulated by the Resolution of the Cabinet
of Ministers of Ukraine “On Approval of the Procedure for State Accounting of mineral deposits,
reserves and occurrences”: “…reserves of minerals are subject to accounting in the state balance
sheet separately for each object (deposit, section of a deposit, mine field, etc.) according to
the main industrial types, grades, brands, technological groups of minerals in accordance with
current state standards, as well as according to the method of development, with allocation of
reserves of raw materials suitable for extraction by underground, opencast, hydraulic and other
methods” [23].

At the same time, it is obvious that in the long term, the development of man-made objects
reduces the environmental load, but during the period of mining operations, the impact on the
environment will be greater than from dumps in a re-cultivated state. And according to the
law of Ukraine “On environmental impact assessment” “… it is prohibited to carry out economic
activity... the use of man-made deposits of minerals, if the full observance of environmental
conditions is not ensured” [24].

Carrying out an analysis of the legislator’s base on how to develop man-made objects, showing
the real imperfection that can be looked over. The above factors make it difficult to transfer
man -made objects to the status of man-made deposits with their further development.

The measures laid down in the National Program provide for “…continuation of work on the
formation of a database of man-made deposits of Ukraine” [3] and “…geological and economic
evaluation of man-made deposits...” [3]. As a result of the implementation of the National
Program for the Development of the Mineral and Raw Materials Base of Ukraine until 2030, it
was planned to attract an additional 15 million tons of man-made raw materials from 2021 to
2030, that is very little on the scale of waste accumulated annually.

Solving the technological aspects of rational subsoil use begins with determining the schedule
of mining operations, which would take into account all types of minerals that make up the
deposit. For powerful operating enterprises, the question of choosing the main direction of
development of mining works in most cases is already on the back burner, since there are
restrictions on objects on the day surface, transport communications in the pit and the current
situation of mining works [25–27]. However, the choice of the schedule of mining operations for
subsidiary minerals, as well as the determination of the volumes of their extraction and storage
in man-made deposits is still relevant. Moreover, variation of volumes and places of extraction is
possible not only within the limits of separate mining enterprise, but of an entire mining cluster.

A cluster refers to a set of mining enterprises located in the same region and having
stable technological, logistical, economic and financial connections among themselves. The
identification of such clusters usually becomes possible when mining enterprises belong to
the same owner. Then the market competition between such enterprises disappears and the
connections outlined above strengthen. In turn, this strengthens the market positions of
enterprises and significantly releases technological potential. The integration of enterprises in
such clusters is initially appears in the simultaneous development of natural and man-made
deposits with the management of a joint schedule of mining operations, and later – in the
management of the schedule of mining operations and the productivity of the entire cluster of
enterprises.
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The Kryvyi Rih mining region is confidently moving towards the origination of such a cluster.
This is confirmed by the purposeful formation of man-made deposits of subsidiary minerals,
which takes place despite the difficult economic and technological conditions in the country.

3. Results
The Ingulets ferrous quartzite deposit, which is developed by the open-pit of MPP “Inguletskiy”,
is complex, since, in addition to the main mineral – magnetite quartzites, it also includes deposits
of oxidized ferrous quartzites, manganese ore, granites, talc shale, limestone, etc (figure 1).

Figure 1. Geological section along surveying axis 70 of the pit of the MPP “Inguletskiy”:
1 – project outline of the pit; 2 – migmatite; 3 – magnetite, silicate-magnetite quartzites; 4 –
hematite-martite quartzites; 5 – oxidized quartzites; 6 – amphibolite-biotite schists; 7 – talc
shale; 8 – the actual position of mining operations.

In addition, magnetite quartzite, which is the main useful mineral, is represented by seven
grades of ore with different indicators of the content of the useful component and enrichment.
This further complicates the separation of cargo flows by subsidiary minerals.

Moreover, the full realization of subsidiary minerals currently extracted from the open-pit
is impossible without temporary storage. This is explained by the variability of demand for
minerals and the complexity of managing the schedule of mining operations for them. The
figure 2 shows the dynamics of current mining of granites and talc shale from 2013 to 2021.
Therefore, there is a need for temporary storage of subsidiary minerals with the formation of
temporary warehouses and man-made deposits.

At the same time, the following technological difficulties arise during the exploitation of
man-made deposits:

• Selective placement of each type of subsidiary minerals requires alienation of large land
areas.
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Figure 2. The dynamics of the production of transitory minerals in the open-pit of MPP
“Inguletskiy”.

• In fact, in the process of waste rock dump creating or storage of man-made raw materials,
the accounting of its quality characteristics is not carried out in most cases, and the spatial
placement is recorded inaccurately.

• Quantitative and especially qualitative characteristics of man-made raw materials can
change over time under the influence of meteorological factors of the external environment
(precipitation, groundwater, physico-mechanical and physical properties of the base rocks)
and the mutual influence of stored mineral substances.

• Based on the factors outlined above, the geological exploration of man-made deposits is also
complicated, since it is quite problematic to take samples in the stratum of a bulk lumpy
deposit, and the laws of distribution in space of quality characteristics are not always
predicted.

Taking into account all the technological complexities of the development of man-made
deposits, the percentage of waste should be reduced as much as possible at the stage of its
extraction from the subsoil, and the creation of man-made deposits must be carried out in
accordance with the principles of their purposeful formation, and not gross waste formation.

At the same time, it is recommended to realize right out of the open-pit of subsidiary minerals
extracted, but here the question arises of determining the schedule of mining operations by
subsidiary types. Combinatorial optimization problems can be used to control the mode of
mining operations in the mining system as a search for the best element in some discrete set.
For this purpose, an algorithm for finding the optimal sequence of extraction of geological blocks
was developed.

The proposed algorithm is based on the improved method of determining the schedule of
mining operations by Arsentiev [28] in accordance with the principles of reducing the current
and boundary stripping ratios [29]. According to the proposed algorithm, the input data is
loaded first. In the simplest case, the problem can have a set of flat solutions for each unit of
the cluster, which consists of quarries, man-made deposits, storages. Therefore, at this stage,
a set of transverse or longitudinal sections should be selected, given in the form of a database
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of blocks, which contain information about their geometric coordinates, as well as the content
of each mineral in each block. The next component of the input data is the forecast level of
demand for each type of mineral, which must be satisfied by the regional mining cluster. It is
usually projected based on long-term contracts and industry prospects.

Next, the main directions of movement of the bottom of the pits are chosen: behind both sides
of the pit, along the hanging and lying sides of the deposit, and behind its center. According
to the drawn lines of movement of the bottom of the pit, isolines of equal volumes of mining
mass are constructed in automatic mode in accordance with the planned ones. Next, there are
calculation blocks that intersect with this deepening line and the corresponding extraction cone
is calculated, that is, the volume of rocks that must be removed to work this block. After all the
cones for all the isolines are calculated, such cones are found that are characterized by minimal
deviations of the actual volumes of extraction from the planned ones, and based on their set,
the necessary version of the mining operation schedule is chosen.

Despite the organizational and economic difficulties in Ukraine, MPP “Inguletskiy” continues
the policy of sustainable development and rational subsoil use. Thus, a large part of the granites
extracted in the process of extracting ferruginous quartzites is used for the internal needs of the
open-pit: for backfilling and ballasting of open-pit roads, as well as for the construction of the
tailings dam.

Today, talc shale also belongs to the overburden rocks of the open-pit, but earlier they were
part of the explored Inguletskiy deposit of brick raw material, which was located directly in the
contour of the open-pit’s mining diversion. Within the boundaries of the Inguletskiy deposit,
the layer of talc shale has a sloping bed with an eastern dip. The thickness of the layer in the
south of the site is 18 m, in the northern part -64 m, the most characteristic thickness on average
-40 m figure 3.

The talc shale occurs according to the rocks of the first shale horizon and belongs to the

Figure 3. The state of the mining operations of the MPP “Inguletskiy” open-pit for 01.01.2022
with the marked zone of talc shale.
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Skelevatska formation, which can be traced in the south of the deposit in the region of the
closure of the fold behind the eastern and western wings. The chemical composition of talc
shale is given in table 1.

Table 1. Chemical composition of talc shale according to the results of a detailed exploration.

No Chemical composition Contents, mass %

1 SiO2 31.94-48.28
2 Al2O3 5.13-15.66
3 Fe2O3 0.14-8.43
4 FeO 3.48-13.92
5 MgO 14.28-27.74
6 CaO 0-7.7
7 TiO2 0.321
8 SO3 0.11
9 Na2O 0.1
10 K2O 0.1
11 others 8.47

According to preliminary estimates of the trust “Ukrgeology”, the total reserves of talc shale
in the Inguletsk deposit amount to 20-22 million tons with a volumetric weight of 2.6 t/m3 [30].
Of these, about 200 thousand tons are stored in three sections of a separate part of the waste
rock dump, which is a man-made deposit. Areas of storage have a height of 3-3.5 m, the slope
angle is 34-38◦. The hydrogeological and mining technical conditions allow working out the
man-made deposit in an open-pit way. Shales do not require enrichment or processing. Talc
shale is planned to be sold in raw form to consumers in Ukraine. MPP “Inguletskiy” plans to
conduct their development at the same time in three areas depending on the demand for raw
materials.

Considering the low productivity of 20 thousand tons per year, the man-made deposit is
expected to be developed in one shift during daylight hours in accordance with the current
demand for raw materials. The isolated character of the deposition of man-made raw materials
determines the absence of capital and excavation works. To carry out loading work, the use of a
CAT-993K loader with a bucket capacity of 10 m3 or other similar equipment is envisaged.
BELAZ-7540B dump trucks with a carrying capacity of 30 tons and BELAZ-7547 with a
carrying capacity of 45 tons are accepted as rolling vehicles for internal transport, with further
transshipment into railway vehicles.

Thus, the plant intends to ensure the rational use of natural resources, reduce the amount of
overburden storage, freeing up space in dumps with an area of 2.68 hectares.

4. Conclusions
The Kryvyi Rih region has all the prerequisites for creating a mining cluster. For this,
technological, logistical, economic and financial ties between the “Inguletskiy”, “Pivdenniy”,
“Pivnichniy” and ”Centralniy” mining and processing plants and their mineral bases should be
strengthened. MPP ”Inguletskiy” has significant success in this aspect and can become a driver
of such transformations.

Further optimization of the schedule of mining operations within the system of “open-pit-
technogenic deposits”, and in the future within the mining cluster, will contribute to more
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complete extraction of subsidiary minerals due to the possibility of meeting demand in a
timely manner. In turn, these measures ensure a more complete implementation of sustainable
development approaches in the exploitation of mineral deposits by an open-cast method.
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Abstract. The dissipative structure (DS) may follow irreversible processes, which occur in
the open thermodynamic systems passing and transforming a sufficiently intensive flow of
energy. DS can be detected as certain patterns of spontaneous organization in space and
time. We consider the DS, which transposes during irreversible ground movement due to
landslide or ground pressure manifestation. However, DSs may hide under stochastic noise that
impedes their detection. We developed a new method for revealing of DSs in such a stochastic
environment using a combination of k-mean clustering, Voronyi tessellation, and the optimal
schedule of ground movement monitoring. The developed method has been successfully tested
in the case of the irreversible ground movement in the vicinity of a longwall face.

1. Introduction
The majority of processes in the real life are irreversible. According to the modern theory of
thermodynamics [1], open systems may spontaneously generate DSs if they pass and transform
a sufficiently intensive flow of energy [2]. Investigation of DS promotes a better understanding of
the deep mechanism and facilitates more effective control of the complex irreversible processes.
In this paper, we consider such processes as landslides [3], sinkholes, and ground movement
due to underground mining [4], which expose the environment to the big hazards but effective
control of which is far from excellence. A distinctive feature of these processes is that DSs
are hidden and it is not easy to reveal them confidently. Traditional approaches propose to
describe these processes as definite events allowing their certain parameters [5, 6]. However the
modern publications describe the ground movement as a stochastic process [7] and consider its
parameters as probabilistic entities [8]. As far as we know, DS has not been revealed during
irreversible movement of the ground so far. Recently, DSs were detected for the first time during
instrumental observation of a slow landslide development [3] and microseismicity monitoring of
the hydrofracturing process [4].

This presentation aims to develop a method that is available to detect DS reliably and
unambiguously in processes of ground movement when DS patterns are hidden or veiled under
stochastic noise.
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2. Interrelation between components of the method
The history of irreversible ground movement depends on the loading path [9]. Therefore, one
should monitor the irreversible ground movements as accurately as possible to detect essential
features of the irreversible process. Physical modeling is the relevant approach to solve this
task considering the trade-off between cost and results. For that reason, we investigated the
irreversible ground movement on a physical model constructed of synthetic materials [10].

The height, width, and thickness of the model were 380, 360, and 19 mm correspondingly.
We investigated the behavior of an underground opening in the geometric scale of 1:35.8. The
synthetic material was made of sand, clay, chalk, and water in proportion 92.26:2.77:1.37:3.6
respectively. The thickness of the rock layers was 2.5–10 mm in the model or 0.089-0.358 m in
situ.

The model has been consolidated under the pressure of 89.8 kPa during 15 minutes under
vibration with the frequency of 50 cycles and magnitude of 2 mm. The applied pressure was three
times as much compared in situ level of the ground pressure. This eliminated possible errors of
the ground behavior modeling at the areas where abutment pressure concentrates. The uniaxial
compressive strength of the rock was 0.67 MPa in the model or 41 MPa in the real rock mass.
Ground pressure was simulated at the top of the model applying the load from 27 to 31 kPa.
The movement of the surrounding opening rocks was monitored by a digital camera locating the
position of special marks, whereby the standard deviation of the displacement measurement was
0.39 mm or 2.5 pixels on the digital frames. A confidence interval of four, five, and six pixels
corresponded to 90.7%, 95.6%, and 99% reliability of the displacement measurement.

The trajectories of the three marks during model testing are demonstrate in figure 1.

Figure 1. Trajectory of the selected marks.

The marks’ coordinates are indicated in pixels. Ten millimeters in the digital picture
corresponded to 12 pixels. A separate section of a trajectory reflects a path of the mark between
consecutive pictures, which were made on the basis of the constant time interval. We characterize
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these elementary paths as incremental displacements. It may be seen that the marks change
both directions of movement and velocity.

It is important to emphasize the stochastic nature of the displacements although the general
tendency of the movement was down to the opening since the marks were selected in its roof. At
the same time, one may notice the transversal movements of the marks, which are impossible to
disregard. The transversal deviation of the marks is significant and their neglection may cause
loss of important information that may be crucial for DS detection.

In the left fragment of figure 1, position 1 indicates the trajectory of the first mark, intermitted
line 2 presents the magnitudes of the incremental displacements, and vertical line 3 limits
of 90.7% confidence interval. Comparison of lines 2 and 3 shows that less than 10% of the
measurements were made with insufficient confidence. However, an increase in the confidence
interval simplifies the trajectory and many essential features of the trajectory might be lost. The
more interval between successive sessions of monitoring the less valuable information remains.
Frequently, researchers monitor the initial and the final state of a landslide that completely
deprives any possibility to reveal DS [11,12] (see the intermitted arrow in figure 2,c).

Figure 2. Trajectory of the same mark: a, b, c – 90.7; 95.6; 99% confidence interval.

That is why revealing DS in the ground movement process needs a special approach.
First the most informative is the irreversible ground movement because it complies with the
thermodynamics of irreversible processes [13]. According to Glansdorff et al [13], an open
thermodynamic system strives to minimize the production of entropy if it is not far from
equilibrium. The entropy is calculated as the production of thermodynamic forces and flows.
Ground pressure and gravity stand for the thermodynamic forces and irreversible ground
displacements for the thermodynamic flows.

Second, it is crucial to minimize the error of ground displacement measurements to reveal DS
as a fine natural structure, which may hide in the stochastic noise. Evidently, the probability of
DS detection is reversely proportional to the error of measurement.

Third, the periods of sequential monitoring sessions should be minimized and complied with
the errors of measurements. There is an optimal period that maximizes the probability of DS
revealing: a very short interval between sequential measurements increases the cost of monitoring
whereas expansion of this period increases the probability that DS will be lost or mixed with
other DS.

Finally, the density of the marks or monuments (in situ) in space should be optimized to
prevent losses of the valuable information on one hand and to minimize the cost of the monitoring
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on the other. The distance between adjacent monuments should be commensurate with the
average dimension of the blocks comprising the ground body: shorter distance increases the cost
of the detection but the oversized arrangement may cause to lose DS. As the first approximation,
the distance between adjacent monuments should be in a range from 2 to 10 of the block’s
dimension. All the aforementioned conditions should be satisfied to develop a reliable method
of DS detection.

3. Development of the method
We used a powerful method of variogram analysis [14] and k-means clustering [15]. The
variogram is a statistical second-order moment that is widely used during simulation and analysis
of spatial correlation. The variogram 2γ(x, x+ h) for the value of a spatial variable Z(x) at the
two points x and x+h, which a separated by a vector h, is expressed by variation of the variable
difference in the abovementioned points:

2γ(x, x+ h) = E[|(Z(x)− µ(x))− (Z(x+ h)− µ(x+ h))|2]. (1)

where µ denotes an expected value.
Method k-means has been used for simultaneous variance minimization of distances between

vectors within a cluster and maximizing of the distance variance between the clusters’ centers.
The distance between the vectors is determined in Euclid space that has arbitrary dimensions.
Importantly, the task of classification of the random variables, and particularly for the detection
of DS on a vector mosaic of the incremental displacements of the ground or the rock mass,
has no single-entry solution. That is why the possible number of the clusters was first set
equal to two and then increased until a certain condition has been satisfied. We controlled the
classification process by the variance dynamics of the distances from the clusters’ centers to the
common center. Notably, we used interpolated field of the ground displacements to calculate
the variogram, whereas only factual changes of the monuments’ coordinates were involved for
the cluster analysis.

The results of calculating the distances between clusters in Euclidean space at the stage
when there were seven clusters are shown in the table 1. As the number of clusters increased,
the length and orientation of the vectors changed as may be seen in figure 3. Some vectors
demonstrated certain stability whereas the other disintegrated to the components. Essential
variability of the vectors took place at the initial stages of clusterization.

Thus the only vector marked by a triangle remained almost unchanged when the number
of the vectors increased from five to seven. The other vectors changed their length and/or
orientation. The process of stabilization of the distances’ variances occurs both between the
vectors in every cluster and among the clusters as is illustrated in figure 4. The distance variance

Table 1. Distance between clusters.

Number of cluster 1 2 3 4 5 6 7

1 0.0
2 51.2 0.0
3 86.0 54.6 0.0
4 43.8 54.7 54.6 0.0
5 56.8 55.4 109.8 91.8 0.0
6 91.8 40.9 50.7 83.9 85.7 0.0
7 89.4 48.2 90.5 102.8 55.1 45.8 0.0
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Figure 3. Evolution of the cluster parameters due to increasing of their number.

Figure 4. Illustration of the variance stabilization.

is shown separately along the X and Y-axis. Importantly, clusterization of the vectors was made
according to their components separately.

As it can be seen the stabilization of the variances occurs for both components of the vectors
after the number of the clusters increased to nine. Nonetheless, further prolongation of the
clustering has shown that the k-means algorithm finds a more fine difference between clusters
as the number of clusters grows. Evidently, the algorithms will start to classify the vector
mosaic according to the signs, which have not physical but stochastic nature. Therefore, an
auxiliary criterion is needed to determine the moment when the clusterization process should
be terminated.

According to thermodynamics, the most probable state of ground corresponds to the
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maximum of its entropy [13]. This state can be expressed by the Boltzmann-Shannon formula:

Si = −k
∑

pjlnpj , 1 ≤ j ≤ N. (2)

where Si is entropy, pj is the probability that j-th cluster will emerge, k is a constant, N is the
total number of clusters.

The entropy Si reaches the maximum when probabilities of all clusters will be equal, namely:

pj =
1

N
. (3)

In this case the entropy production dSi
dt = 0.

In this situation, the results of monitoring have a certain error, and condition (3) is impossible
to reach. Nevertheless, this condition is a threshold to which cluster probabilities may be
reduced. In order to do this, we counted the number of cases when the same cluster occurred
due to the increase of the clusters’ number in the limits of measurement error.

Then we calculated the entropy according to formula (3) and reduced it to Si. Tests
demonstrated that it is possible to fix the moment when the entropy reaches the extremum
and this is expedient to terminate the clustering process.

Another problem concerns the determination of the cluster boundaries. The practice has
shown that adjacent clusters overlap and this introduces uncertainty. To solve this problem,
we used Voronyi tessellation [16] that determines a crisp boundary between adjacent clusters
as the lines, which are normal to the lines joining the clusters’ centers. These locations of
the boundaries correspond to condition (3) that minimizes the error of measurement of the
monuments’ position.

4. Testing of the method: a case study
We tested the developed model on a case of rock mass subsidence in the vicinity moving longwall
face. A base friction modeling has been used to imitate the ground displacement due to a coal
seam extraction.

Rock mass was modeled with discrete elements, which have been stacked on a desk within
a rectangular frame. The gravity was simulated by the traction of the frame along the deck.
We regulated the rate of the longwall movement by the incremental step of its advance along
the coal seam. The more the step was between serial pictures the more the rate of the longwall
advance.

At the first glance, the appearance of the model on both pictures in figure 5 is identical.
However, the incremental displacements are essentially different.

The incremental displacements of the marks in the moments when the longwall was replaced
from positions 5852 to 5853 and 5853 to 5854 respectively demonstrate figure 6, figure 7. The
displacements, which are confined within the boundaries were registered with 90% reliability.
The overlay of the vector displacements and Voronyi tessellation are depicted in figure 7.

Meaningful clusters of DS are marked with numbers from 1 to 6. The distances between
clusters were calculated according to both orientations of the displacement vectors and their
magnitudes (table 2). Seemingly, some clusters may contain different vectors (figure 7).

However, k-means method ensures that the difference among the vectors within a cluster will
be minimal according to all their parameters. Analysis has shown that the developed method is
efficient because the classification grasps the physical meaning of the irreversible process of the
ground movement. For instance, clusters 1 and 2 are found beyond the zone of active movement.
These clusters moved to the gob or zone of the smooth sagging where the ground pressure was
on the way to its recovery. Displacement vectors of cluster 2 turned to the longwall advance
direction whereas cluster 1 oriented downward and slightly to the gob. Cluster 4 is located at
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Figure 5. Digital pictures of successive positions of the longwall.
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Figure 6. Incremental displacements of the rock mass between positions 5852 and 5853.
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Figure 7. Overlay of incremental displacements of the rock mass between positions 5853 and
5854 and Voronyi mosaic.

the rib of the coal seam in the so-called abutment pressure zone. Cluster 5 encompassed the
zone where the most active subsidence occurred over the longwall void. Clusters 3 and 6 shifted
to the gob where the caved rocks consolidate, although the displacement vectors of cluster 6
have an apparently bigger component in the direction of the longwall advance. Therefore the
developed method of clusterization facilitated the revealing of DS localizing not only the cluster
boundaries but accounted for the physical meaning of the irreversible processes that follow the
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Table 2. Distance between meaningful clusters.

Number of cluster 1 2 3 4 5 6

1 0.0
2 484 0.0
3 560 281 0.0
4 475 421 214 0.0
5 691 242 231 444 0.0
6 812 329 442 651 216 0.0

ground movement.
Let us pay attention to the position of the immediate roof that was at the distance of 4 m

from the longwall face or at the rear part of the powered support canopy when the face was in
the previous position (5852). However, this roof kept still hanging after the next step advance
of the longwall to the distance of 4 m. It would seem the incremental displacements of the rock
mass may be neglected, although DS can evolve essentially even for such a short period.

The dramatic difference between the displacement distribution is that all vectors are oriented
downward and to the left or the gob in figure 6 whereas they turned to the right of the face at
the next step increased by only 4 m. In addition, the area of the rock mass expanded where
the incremental displacements were detected with the confidence of more than 90%. Such a
difference is not random and may be explained from a physical point of view.

The maximal incremental displacements occur in the zone of maximum sag and possible
delamination of the rock layers. The pictures in figure 5 and distributions in figure 6 highlight
this zone that is inclined to the horizon under the angle of 700. This complies with a common
vision of the subsidence mechanism. The strata caves as cantilever beams, which disconnect
from the solid rock mass on one hand and rotate in figure 5 clockwise on the other. This
rotation brings closer the rear end of the cantilever beams to the longwall face. These two
opposite incremental movements prevailed by turn, in successive order: at the stage 5852-5853
the disconnection component moved the undermined strata to the left or the gob while the
strata shifted to the right at the next step 5853-5854. Such maneuvers become possible due
to DS evolution and our method allowed distinguishing this fine behavior of the rock mass.
Let us stress that almost all displacement vectors abruptly turned from the left to the right
dramatically changing the pattern of DS.

Based on [13] it may be suggested that such a sharp replacing of the DS pattern might be
caused by a small fluctuation of the ground pressure. Some displacement vectors change their
orientation to 10 pixels exceeding the error of measurements by order.

5. Conclusion
The ground movement is a typical irreversible process that exposes the environment to hazards
during landslides, sinkholes, hydrofracturing, and other dangerous and poorly predicted events.
According to thermodynamics, such irreversible processes may be followed by DS, which can be
used to control the ground effectively. However, DSs are difficult to detect and identify because
of the stochastic nature of the irreversible ground movement.

We have formulated several conditions that should be satisfied to develop a reliable method
of DS detection. First the most informative is the irreversible ground displacements because
they comply with the thermodynamics of irreversible processes. The irreversible displacements
represent the thermodynamic flows, which generate the entropy acting together with the
thermodynamic forces that are expressed as the ground pressure. Second, it is crucial to
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minimize the error of ground displacement measurements to reveal DS as a fine natural structure,
which may hide in the stochastic noise. Third, the periods of sequential monitoring sessions
should be minimized and complied with the errors of measurements. There is an optimal
period that maximizes the probability of DS revealing: a very short interval between sequential
measurements increases the cost of monitoring whereas expansion of this period increases the
probability that DS will be lost or mixed with other DS. Finally, the density of the marks or
monuments in space should be optimized to prevent losses of the valuable information on one
hand and to minimize the cost of the monitoring on the other. The distance between adjacent
monuments should be in a range from 2 to 10 of the rock mass block’s dimension.

We used the variogram algorithm and K-means method of clustering to detect DS. The
number of the clusters was assigned starting from two and sequentially increased until the
minimum distance variance between the displacement vectors within the clusters and maximum
of the variance between clusters stabilize. We proposed an auxiliary criterion for termination of
the clustering process as the minimum entropy production.

The developed method of DS clustering has been tested successfully in the case of the
irreversible ground displacement around moving longwall face. The new method not only
revealed specific patterns of the DS but complied with the physical sense of the irreversible
ground movement.
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Abstract. Underground mining has a significant influence on ground movement, which
induces serious environmental disturbances on land. Movements of the rock strata can be
the cause of changes in the hydrogeological regimes of groundwater. As a result, the risk of
flooding of the longwalls goaf increases. The specific phenomenon of the Ukrainian Donbas is
the flooding of the underground roadway system at the result of the closure of the mines. Water
saturation of rocks leads to a decrease in its strength. The result is repeated subsidence. The
activation of the ground movement processes over the longwall goaf due to their flooding has
not been studied enough. In this paper, for the geological conditions of thin coal seams typical
for the Ukrainian Donbas, ground movement evolution caused by flooding of longwalls goaf
was studied. Ansys code was used to analyze the evolution of surface displacement in different
hydrogeological conditions. As a result of numerical simulation, it was found that full flooding
of the longwall goaf leads to an increase in surface subsidence by 22.4%, while the length of the
trough increase by 1.3%. Maximal inclination increases by 34.4%, and maximal curvature – by
74%. This contributes to a significant increase in hazards for surface infrastructure located on
the edges of the subsidence trough. The control of the negative impact on surface infrastructure
objects, water and agro-industrial objects can be ensured by a timely prediction of ground
movement and the implementation of surface controlling methods to prevent critical surface
deformations.

1. Introduction
The underground mining causes a failure of the equilibrium state in the rock strata, provokes
irreversible deformations and movements of rocks in the undermining zone. Underground mining
has a significant influence on ground movement (also known as subsidence), which induces serious
environmental disturbances on land [1]. These phenomena have a negative impact on surface
infrastructure objects, water and agro-industrial objects, specific objects mining companies such
as waste rock dump [2].

In fact, back to the early days of the 1960s, the processes of ground movement and
deformations in the zones of longwall undermining had been studied. The study of the subsidence
phenomena and its negative impact on surface is carried out by the following methods:

• by field monitoring [3–6];
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• by physical similar simulation [7–9];
• by numerical modeling [10–20].

Zhang et al. [3] presented a study of field measurement and numerical simulation on mining-
induced subsidence in an area of Northwestern China. The panels with dimensions 241 m wide
and over 3000 m long were extracted. It was showed that surface subsidence lags far behind
panel extraction; the subsidence influence through the whole length of a longwall panel varies.

Guney and Gul [4] described and discussed the evaluating of the influence of subsidence on
irrigation pipeline structure based on the field data using surface deformation prediction system
software.

Zhao et al. [5] reported an analysis result of the eld investigation of the ground ssures and
the establishment of GPS monitoring network. The ground deformation and damage has been
monitored and researched for the 10 years. The maximal vertical displacement reached 1,720 mm
and accompanied by the rapid development of ground ssures.

Nazarenko and Stelmaschuk [6] developed a spatio-temporal model of the formation of a
displacement trough for the conditions of coal mines in Western Donbas based on the results of
field instrumental monitoring. A new type of isolines is proposed - chronoisosediments, which
characterizing the time and place of occurrence of subsidences.

Zhou and Yu [7] presented results of the physical simulation experiment. Based on the
microseismic energy distribution cloud chart, the area of water-conducting fracture zone was
divided. After fully mining, the overburden caving height was stable, and the height development
range of the water-conducting fracture zone was 100120 m, which is consistent with the height
of the overburden caving envelope.

Yanli et al. [8] studied the movements of rocks of the upper layers, which were provoked
by mining operations, analyzed the regularities of the evolution of cracks using the methods of
measurement and physical modeling.

Stupnik et al. [9] proposed a method to determine quantitative composition of the equivalent
material for the study the rock mass stability in the laboratory conditions.

In world practice, the software package Surface Deformation Prediction System (SDPS) has
gained wide popularity [10–12]. Based on empirical or site-specific regional parameters, the
model quantifies a variety of ground deformation indices for both longwall and high extraction
room-and-pillar mines [13].

However, since SDPS is based on statistical analysis, it does not provide an opportunity to
investigate the mechanism of activation of subsidence in non typical geological conditions, for
example during the flooding of mine roadway system.

Methods of numerical modeling have not these shortcomings. Various software systems
are based on the finite difference method (FDM), (FLAC3D) [14, 15], finite element method
(ANSYS) [16–20], method of discrete elements [21].

Jeromel et al. [14] presented results of the numerical simulations of sub-level coal mining
by FLAC3D. The simulation results are comparable with the values obtained by the in-situ
measurements during coal excavation in the Velenje Coal Mine.

Zhao et al [15] presented a case study on predicting the distribution of the ground ssures and
water-conducted ssures induced by the coal mining. The analysis of the calculated by FLAC3D
movement and deformation of ground surface and strata allowed to predict the distribution of
ground ssures and water-conducted ssures.

A finite element analysis was performed by Marian et al [16] to study the state of stresses on
the structures of buildings subjected to the impact of underground mining of hard coal seams
in the Jiu Valley Basin.

The prediction of subsidence by the finite element method was in the center of attention of
scientists of UkrNDMI. For example, Sakhno et al [17] presented the simulation results of ground
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movement and deformations, which is based on a numerical nonlinear solution by ANSYS. An
example of the calculation of displacements for the conditions of the mine “Krasnolymanska”
was given. Grishenkov and Golubev [18] presented the results of the numerical simulation of
water inflow in mine roadway to the activation of subsidence over a single longwall. ANSYS
code is widely used to analyze the stability of rock outcrops [19,20].

Zhang et al. [21] proposed a locally adaptive remeshing method for FDM modeling of largely
deformed surface subsidence induced by underground mining. The effectiveness of the proposed
method has been veried by comparing the surface deformation for the Yanqianshan iron mine.

This analysis shows that modeling by numerical methods allows to visualize the process of
deformation of rock and the surface and obtain sufficient accuracy of the modeling results.

The basic regularities of the subsidence are sufficiently well-studied and they are the basis of
relevant normative documents that take into account regional character. For the conditions of
the Ukrainian Donbas, the parameters of the subsidence trough are calculated in accordance with
the DSTU 101.00159226.001-2003 “Rules of undermining Earth surface objects” [22]. This makes
it possible to predict subsidence in conditions of homogeneous rock with sufficient accuracy.

However, geomechanical processes can differ significantly from idealized ones due to the
presence of systems of geological fissures, rock heterogeneity, hydrogeological processes, etc.
These special situations are the subject of research of scientists.

Movements of the rock strata can be the cause of changes in the hydrogeological regimes of
underground and groundwater. As a result, the risk of flooding of the longwalls goaf increases.

Another phenomenon that is specific for the coal mines of the Ukrainian Donbas is the
flooding of the underground roadway at the result of the closure of the mines and the increase
in the mine water level. The risk of increased water inflows into roadways system due to mining
stoppages caused by military operations is increasing. Flooding causes changes in the physical
and mechanical properties of rock mass, provokes the development of deformation processes in
the rock strata, and deepens the negative consequences of undermining.

The intensity of flooding and the geometry of flooded zones are determined by technological
factors that depend primarily on the technology of longwall mining. Cavities and open cracks
are the main ways of underground water transit.

Nowadays, scientists are paying more attention to the impact of undermining on groundwater
system and on surface water objects. For example, Booth et al. [23] discussed the impact of
mining on groundwater including decline and recovery of water levels. Dawkins [24] discussed
potential management and rehabilitation requirements of environmental effects from longwall
subsidence on streams, lakes, and groundwater systems.

However, the activation of the ground movement processes over the longwall due to their
flooding has not been studied enough. Water saturation of rocks leads to a disturbance of the
equilibrium in the rock stratum and to the destruction of previously formed equilibrium vaults,
as a result of a decrease in the strength of the rocks. The deformation characteristics of the
rocks are also changing. The result is repeated subsidence.

These phenomena show the importance of timely prediction of subsidence and the
development of methods for the protection of surface infrastructure objects due to the flooding
of the roadways system of coal mines.

In this paper, for the geological conditions of thin coal seams typical for the Ukrainian Donbas,
through numerical simulation ground movement evolution at the result of flooding of longwalls
goaf was studied. This study provides a characteristic on the influence of mine water rising level
of longwalls goaf on the activation of subsidence.

2. Characteristics of the study area
The case study mine is located in the west-southern part of Pokrovsk region, Donbas, Ukraine.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012057

IOP Publishing
doi:10.1088/1755-1315/1254/1/012057

4

The Selidove city is located near the western border of the mine field. The villages of
Novomykolaivka, Mykhailivka and Kotlyarevka are located within the boundaries of the mine
field and near it. Mykhailivka and Marynivka villages are located in the undermining zone.

The average annual water inflow is 500 m3/year. The rock strata above the southern part of
the mine field, namely 1 and 2 the southern longwall the l1 seam, are the objects of the study.

The average thickness of the coal seam in the studied area was 1.05 m, the dip angle varied
from 11 to 13 degrees. The research area included two longwall goafs. The depth of the
ventilation roadway of the 1th southern longwall of the l1 seam is 376 m; the depth of the
conveyor roadway of the 1th southern longwall of the l1 seam is 476 m.

The Donetsk-Novogrodivka highway, Donetsk-Selydove highway and Mykhailivka village
located on the undermining surface. The part of the mine plan with surface objects is shown in
figure 1.

The highway Donetsk-Selidove is in the undermining zone of southern longwalls. At the same
time, the highway located almost perpendicular to the seam strike line. This line is marked as
a section line (figure 1) for a numerical simulation.

3. Methods
We used method of numerical simulation and method of engineering and graphic analysis to
investigate surface subsidence in undermining zone.

During the analytical analysis of ground movement elements on land, calculations and graphic
constructions were carried out, in accordance with the recommendation of normative document
DSTU 101.00159226.001-2003 [22].

Traditional ideas about overburden deformation zones caused by longwall subsidence were
accepted. The height of the caved zone was taken equal to 8 times the thickness of the seam.
The height of the fractured zone was 60% of the length of the longwall, which corresponds to
generally accepted ideas [25–27].

Mine water level rise and goaf flooding were modeled in two stages. At the first stage, the
height of the flood level was 40% of the height of the fractured zone, at the second stage – 100%
of the height of the fractured zone. Schemes of deformation zones caused by longwall subsidence
and subsequent flooding are shown in figure 2.

Finite element analysis software system Ansys was used. The modeling was carried out in a
volume setting on a natural scale. Due to the obvious symmetry of the model with respect to the
length of the panel, the thickness of the model was assumed to be much smaller than its other
dimensions and was 10 m. The sidewalls of the model were fixed from the corresponding normal
displacement, the bottom boundaries – from vertical displacement. The model was loaded by
gravitational forces. The Drucker-Prager model was used to simulate the behavior of rock mass.

The initial data for numerical simulation (modulus of elasticity, Poisson’s ratio, cohesion
value, angle of internal friction and angle of dilatancy) were taken from the cadastre of physical
rock properties [28], according to the stratigraphic column. At the same time, the rocks were
modeled as heterogeneous. The variation of the physical and mechanical properties of rocks
along and across the layering was determined according to the methodology proposed Sakhno
et al [29], which is generally consistent with the research of Rzhevsky.

The excessive detail during modeling was avoided trough grouping of rock properties
according to their strength, using average index. The rock strata were combined into groups,
where their strength difference was less than 25%. This approach is permissible, since the aim
of simulation was not to study the deformation of the rock strata in the undermine zone, but to
analyze the surface subsidence.

The general view of the finite element model with its dimensions is shown in figure 3.
The study consisted of three cases:

(i) basic model (no flooding);
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(A-A – section line)

Figure 1. Mine plan and the surface objects.

(ii) model with flooding of 40% of the fractured zone;
(iii) model with flooding of 100% of the fractured zone.

The geometry and grid of finite elements in the models were the same, which made it
impossible to accumulate calculation errors.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012057

IOP Publishing
doi:10.1088/1755-1315/1254/1/012057

6

(a)

(b)

Figure 2. Overburden deformation zones caused by longwall subsidence: (a) before flooding;
(b) after flooding.
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(1 – caved zone; 2 – fractured zone; 3 – rock strata; 4 – ground surface)

Figure 3. General view of numerical model geometry.

The simulation was carried out step by step as follows.

Step 1: Loading the model with gravity, followed by writing the values of stresses and
displacements in all nodes of the model to a file using the Inistate command in ADPL.

Step 2: Reading the recorded file with values and recalculating the model for zeroing
displacement. In this case, a situation of the initial stress-strain state of the strata
was obtained.

Step 3: Modeling of coal excavation and formation of caved zones and fractured zone (basic
model).

Step 4: Simulation of flooding 40% of the fractured zone.
Step 5: Simulation of flooding 100% of the fractured zone. The patterns of vertical

displacements in the model, which correspond to the described steps, are shown in
figure 4.

To simulate the behavior of rocks in the caved zone and fractured zone, the correction of their
properties was used, taking into account the fracturing. For this, the Hoek-Brown criterion was
used [30].

To take into account the influence of moisture on the rock properties, the deformation modulus
in the flooding zone was reduced and Poissons ratio was increase. The basis of this decision is
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(a) (b)

(c) (d)

Figure 4. Displacement patterns with a step-by-step modeling (displacement scale 20:1):
(a) step 1; (b) step 2; (c) step 3; (d) step 5.

numerous experimental study [31–34]. Obviously, this influence depends on many factors, first
of all, on the type of rocks and the degree of water saturation.

Sakhno et al. [35] showed that the deformation modulus for wet rock (Ew) can be expressed
as:

Ew = E1.0076e−0.239∆w,GPa (1)

where: E – deformation modulus of dry rock (MPa); ∆w – water increase (%).
The rise of water level was simulated, therefore the maximum water saturation of the rocks

was taken. The properties of the rocks that were used during the simulation are shown in table 1.

4. Results and discussion
The adequacy of any mathematical model is characterized by the divergence of the results
obtained during its use with real values in-situ. Since monitoring of surface subsidence was not
carried out in this study, the verification and calibration of the basic model were performed with
predicted subsidence determined by normative document DSTU 101.00159226.001-2003 [22].

A safe depth 440m was calculated. It has been established that mining was conducted above
the level of safe depth. That may cause subsidence of the surface exceeding the permissible ones.
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Table 1. Input data for numerical modelling.

Density, Elastic Poissons Cohesion, Angle of internal Dilatancy
kg/m3 modulus, MPa ratio MPa friction, deg angle, deg

Quaternary rock mass
1 2100 15-9 0.25 5.5-4.7 25 5

Bed rock mass (continuous zone)
2 2500 20-9 0.17-0.25 6.4-5.35 32 32

Caved zone (dry)
3 2500 0.6 0.25 – – –

Fractured zone (dry)
4 2500 0.9 0.25 – – –

Caved zone (wet)
5 2500 0.4 0.30 – – –

Fractured zone (wet)
6 2500 0.6 0.30 – – –

Figure 5. Subsidence trough (in accordance with DSTU 101.00159226.001-2003 [22]).
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Figure 6. Isolines of subsidence caused by undermining.

The results of the graphic calculation of the subsidence trough with the corresponding cross
sections are shown in figure 5.

Initial parameters of the subsidence process [22]: limit angle δ = 70o, γ = 70o, β = 63o, ψ1 =
55o, ψ2 = 58o, ψ3 = 55o, maximum subsidence angle θ = 83o, maximum possible surface
subsidence ηmax = 0.74 m.

Plan of subsidence isolines caused by undermining of 1th and 2th southern longwalls of the
seam l1 is shown in figure 6.

As can be seen from figure 6, Donetsk-Novogrodivka highway, Donetsk-Selydove highway and
Mykhailivka village are located in the mining influence zone. Some houses are located above the
zone of maximal subsidence. The results of numerical simulation for the base model are shown
in figure 7.

The scale for converting colors in digital format is shown in the upper parts of the figures.
Numerical designations on the scale line of figure 7a, b are given in meters, in figure 7c –
in Pascals. In order to more clear display of the subsidence trough boundaries, the scale of
displacement in figure 7 is increased by 20 times.

At the first stage of simulation process, the numerical model was calibrated. For this purpose,
graphs of displacements and curvature along the B-B line were made (figure 8) and their
convergence with the results of settlement calculations according to the DSTU 101.00159226.001-
2003 was checked [22].

As can be seen from figure 8, the numerical model allows to adequately describe the process
of surface deformation.

The maximal vertical displacement in the numerical model is 735 mm. The maximal vertical
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(a) (b)

(c)

(B-B – monitoring line)

Figure 7. Base model simulation results (displacement scale 20:1): (a) pattern of displacement
vectors; (b) pattern of horizontal displacements; (c) pattern of vertical stress.

displacement that was calculated according to DSTU 101.00159226.001-2003 [22] is 738 mm.
In the model, the displacement at the border of the trough subsidence is equal to 7 mm at a
distance of 40 m from the longwall axis, according to normative document [22] – 380 m. Thus,
the respective divergences are –0.2% and +4%.

The maximal inclination in the model is 0.003082, calculated according to [22] – 0.003029;
the divergence is 1.7%. The mean squared error of the simulation results for the inclination
factor is 5.23%, for the vertical displacement factor is 5.1%. Such results are quite acceptable.

In the next stage of modeling, flooding of the longwall goaf was simulated in two stages (40%
and 100% of the total height of the fractured zone). The simulation results are shown in figure 9.

The graphs of subsidence, inclinations and curvatures are shown in figure 10.
After the first step of flooding, the maximal subsidence increases to 821 mm, i.e. by 86 mm

(11.7%), after the second step of flooding – to 900 mm, i.e. by 165 mm (22.4%). At the same
time, the length of the subsidence trough during flooding increases by only 5 m (1.3%).

The simulation result shows that the length of the subsidence trough increases less significant
than the maximal subsidence, thus, flooding provokes the increase of inclination, curvatures and
horizontal displacements.
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(a)

(b)

(1 – according to the DSTU 101.00159226.001-2003 [22], 2 – numerical simulation results)

Figure 8. Graphs of vertical displacements (a) and inclination (b) along the B-B line.
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(a) (b)

(c) (d)

Figure 9. Distribution of vertical and horizontal displacement during the first (a, b) and second
(c, d) steps of flooding (displacement scale 20:1).

The maximal inclination as a result of full flooding of the fractured zone, according to the
simulation results, increases from 0.00302 to 0.00406 (by 34.4%). Flooding by 40% of the height
of the fractured zone leads to an increase in maximal inclination from 0.00302 to 0.00368 (by
21.8%).

Curvature at the edges of the trough subsidence increases from 0.0000200 to 0.0000348, and
in the central part of the trough – from 0.00003032 to 0.00004525, by 74% and 49% respectively.

The increase of maximal subsidence, inclination and curvatures occurs disproportionately to
the goaf flooding height. Thus, flooding by 40% of the height of fractured zone leads to an
increase of maximal subsidence on 52.1%, maximal inclination on 63.4% and maximal curvature
on 48.9% respectively.

Thus, flooding leads to activation of surface deformation. This cause increased hazards for
surface objects, especially at the extension trough zone. For the case study, the risk of destruction
of houses in the Mykhailivka village, which located in the subsidense prone land, increases. In
addition, the risk of destruction of the Donetsk - Selidove highway, which is located in the area
of subsidence impact, increases.

The current study is based on the results of numerical modeling and represents a theoretical
solution. In the future, field monitoring is planned to confirm and verify the obtained results.
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(a) (b)

(c)
(1 – before flooding, 2 after flooding of 40% of the fractured zone, 3 – after flooding of 100% of

the fractured zone.)

Figure 10. The graphs of subsidence (a), inclinations (b) and curvatures (c) in the undermining
zone (along monitoring line B-B) (displacement scale 20:1).

Modern methods of the surface monitoring allow making large areas observation quickly [3,36].
This significantly save time and human resources for field measurement.

This study opens up opportunities for development of different ways of surface subsidence
control. The goaf backfilling is one of the most well-known control methods of strata deformation.
Backfilling in Ukraine is carried out mainly for the conditions of ore deposits [37, 38]. The
theoretical studies are also carried out for coal deposits [39–41]. The presented study is planned
to develop in this direction.

5. Conclusions
This paper presents the numerical simulation results of the longwall goaf flooding impact on the
activation of ground movement during excavation of thin coal seams.

Based on the results of this investigation, the following conclusions can be drawn:

1. One of the characteristic phenomena with which the future of the Ukrainian Donbas is
connected is the flooding of the longwalls goaf of coal mines. The risks of mine roadways
flooding are increasing as a result of military operations in Ukraine. Therefore, save of the
surface objects from the negative impact of undermining is becoming one of the urgent
problems. Timely planning and development of control methods require an adequate
prediction of subsidence evolution caused by mine roadways flooding.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012057

IOP Publishing
doi:10.1088/1755-1315/1254/1/012057

15

2. The finite element model was created in the Ansys code, which allows to predict the
ground movement caused by underground coal mining. The error of the trough subsidence
calculation did not exceed 6%.

3. It was showed that the longwall goaf flooding leads to the activation of the subsidence
process. As a result of the analysis, it was proved that the flooding on the full height of
the fractured zone above the longwall goaf leads to an increase in subsidence by 22.4%,
while the length of the trough increase by 1.3%. Maximal inclination increases by 34.4%,
and maximal curvature – by 74%. This contributes to a significant increase in hazards
for surface infrastructure located on the edges of the subsidence trough. Risk decrease for
surface infrastructure can be ensured by timely prediction of subsidence and implementation
of surface controlling methods.
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Abstract. Conical monolithic thin-walled reinforced concrete blocks (shells) can be used as
foundations for frame structures and buildings with load-bearing walls. As an analogue of
columnar foundations, this type has the advantage of the speed of installation. It almost wholly
excludes earthwork and formwork from the technological process, provided that the physical and
mechanical properties of the soil base are improved. Shells are immersed in the supporting soil
base with the help of dynamic or static loading. Additional soil base compaction occurs due to
interaction with the conical outer surface of the shells. The work aims to develop the theoretical
foundations for modelling, mathematical description and the possibility of optimizing the process
of sinking monolithic thin-walled spatial reinforced concrete shells that model foundations for
low-rise technological or residential facilities. Based on the analysis of the ”hammer-head-shell-
soil” system, an elastic-viscous-plastic model with an attached soil mass was developed and
presented, which is used as a basis for developing a system of nonlinear differential equations
of the second order. The article provides recommendations on the impact of structural and
technological factors on the failure rate and the contact stresses in the hammer-shell zone.
The following factors have a significant influence on the failure of the shell: the height of the
hammer lift, soil resistance, and the ratio of the masses of the hammer and the shell. The effect
of shock-absorbing elements is insignificant. The greatest influence on the magnitude of the
contact forces in the zone of the hammer-shell has: the height of the fall of the hammer and the
stiffness of the resilient gasket.

1. Formulation of the problem
Monolithic and prefabricated reinforced concrete foundations traditionally used at present,
along with known advantages, have great complexity of erection on the construction site, high
material consumption and, accordingly, cost. The use of monolithic thin-walled spatial reinforced
concrete shells (MTWSRCS) as foundations for low-rise technological or residential objects is
economically feasible from the point of view of reducing the volume of earthworks by up to
90%, abandoning the use of formwork, shortening the time for the concrete to gain strength.
In addition, the use of MTWSRCS, in comparison with classical types and methods of laying
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foundations, allows you to significantly reduce the costs of concrete, reinforcement, and labor
costs, which ultimately leads to a decrease in the estimated cost of zero-cycle works by up to
40% [1–7].

The issues of interaction processes of MTWSRCS with the soil of the foundation during
dynamic or static immersion, as well as during the operation of the building, remain insufficiently
researched and highlighted in the scientific literature.

2. Analysis of the latest sources of research and publications
There are some close, according to the physics of the process, the results of research on
establishing the resistance of the foundation soils with the dynamic method of sinking classical
reinforced concrete piles into it, conducted by: B.V. Bakholdin, L.Ya. Ginsburg, D.D. Barkan,
etc. [8–12]. Most researchers recommend determining the soil base’s resistance by considering
the so-called viscosity coefficient.

In the work of L.R. Stavnitzer established the existence of a critical rate of soil deformation,
beyond which the magnitude of the reaction of the soil base practically does not depend on the
rate of its deformation. B.V. Bakholdin, L.Ya. Ginzburg proved that the value of the critical
rate of deformation of the soil relative to the piles depends on the static resistance of the soil.

Immersion in the soil of MTWSRCS, similar to the process of immersion of a classic reinforced
concrete pile, the layers of the soil base are pushed to the sides and bent down. Due to the
significantly greater conicity of MTWSRCS compared to the old one, soil deformations are
brighter and visually noticeable. This leads to additional compaction of the soil under the conical
part of the MTWSRCS, which is accompanied by the destruction of the natural structure of
the upper layers of the soil, their mixing and partial bulging upwards. The result is an artificial
soil base with improved physical and mechanical properties and correspondingly higher bearing
capacity. The prospects of this type of foundation with MTWSRCS for soil foundations that
are not prone to frost heave, are not over moistened and are not located in a climatic zone with
a long period of negative average daily outdoor air temperatures should be noted.

3. The goal of the work
Based on practical experience using monolithic thin-walled spatial reinforced concrete shells as
foundations for low-rise technological or residential facilities, develop theoretical foundations for
modelling, mathematical description and the possibility of optimizing the immersion process.

4. Research results
Immersion of MTWSRCS is possible by impact and static load in the form of discrete or
continuous gradual loading. Immersion by impact is a complex energy process, during which the
potential energy of the hammer is transformed into the kinetic energy of the impact, which leads
to the overcoming of the resistance forces of the soil base to the final and elastic movements
under the surface of the MTWSRCS [2,3, 11–13].

At the same time, the impact energy developed by the falling load (hammer) is partially
lost during the co-impact through the damper between the hammer and the shell, shaking
the surrounding soil of the base, and only a part of it determines the final movements of the
MTWSRCS.

During the impact of the shock load, the elastic deformation of the head C1 , then the shell
C2 itself, and the soil of the base C3 occurs, and only after that does the final vertical movement
(immersion) of shell E occurs. After the shock pulse is exhausted, the elastic deformations are
restored. Thus, the total elastic deformations are equal to:

C = C1 + C2 + C3. (1)
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Figure 1. Scheme of the dependence of C and E failures on the height of the fall of the hammer
H.

The values of C1 and C2 are usually small and can be neglected in many cases, i.e. take C = C3.
In the idealized schemes of changes in C and E as the impact energy of the hammer ϵ increases,
the elastic part of failure C increases at E = 0, until it reaches the limit value C (figure 1).
With a further increase in ϵ , the value of C remains constant. The final failure of E begins to
increase. Thus, the ultimate elastic deformation of soil C does not depend on the immersion
parameters Q and H and is a soil characteristic.

Figure 2. Dependence between the frontal resistance to movement of the shell P and its
settlement S with different models of interaction: a) - plastic model; b) - elastic-plastic model.

The dynamic nature of the load application, which qualitatively changes depending on the
ratio of the three phases of the soil base, significantly influences the soil’s deformation and
resistance to the immersion of the shells. Due to the impossibility of considering all the
features of the upper layers of the soil base of the construction site and obtaining accurate
analytical expressions of dynamic resistance, it seems appropriate to use modelling methods for
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this purpose. At the same time, it is proposed to apply simple models that could reflect only
the main properties of the system, and a large number of temporary features would be taken
into account in a generalized way or through the values of calculated indicators. To simplify
this model, the initial state of the soil and the features of its changes during deformation may
not be taken into account. Just to reflect the final influence of the features of this soil on the
development of resistance forces may be reflected. Such simplest soil models for the analysis of
the ”hammer-head-shell-soil” system are plastic and elastically plastic [9, 11–15] (figure 2).

The plastic model is built considering the following assumptions (figure 2, a). It is an
absolutely solid body, and the soil surrounding it is motionless. Resistance on the side surface
Pb, etc. friction between the side surfaces of the shell and the soil, reduced to equivalent to all
types of Coulomb dry friction (it is assumed that Pb, does not depend on the speed of movement
of the shell).

As the tests showed, reducing the dynamic side friction to the equivalent dry friction makes
it possible to obtain fairly stable soil resistance values.

The frontal resistance Pl is represented by a pinched weightless bottom. Overcoming the
friction that develops on the side surface, the shell affects the bottom, which sinks if the force
applied to it exceeds Pl.

The relationship between the frontal resistance to the movement of the shell and its subsidence
is given in a simplified form - in the form of a broken line OAB, and it is assumed that the force
Pl does not depend on the speed of movement of the shell. The area of the OABD diagram
represents the work for one cycle of Pe (figure 2, a). Despite its simplicity, this scheme can be
quite useful, as it does not require setting many uncertain parameters of elasticity and viscosity.

The elastic-plastic model is distinguished by the presence of elastic ties that simulate the
elasticity of the soil and intermediate elements (figure 2, b). At this research stage, it is assumed
that the elasticity of the soil is manifested mainly at the point of contact of the end of the shell
with the soil [16–19]. Therefore, the assumption that the lateral resistance to immersion is
characterized by dry friction remains valid for the scheme.

The mechanical model of frontal resistance is simplified as a bottom with a linear spring.
When the casing is struck, the elastic deformation of the soil OA (compression of the spring)
first occurs, and after the force in it reaches the value of the frontal resistance Pl, irreversible
compression of the bottom AB begins (figure 2, b). After the load is over, the BD is restored.
This graph generally shows well the interaction of the shell with the soil.

The positive properties of this model are also that when using the energy approach to
determine energy costs, i.e. the area of the force-displacement diagram, the contours of this
diagram, as well as the condition that C = 0 does not affect the accuracy of the results.

The considered model does not take into account the influence of soil inertia, which is quite
significant. Therefore, for further clarification, an elastic-plastic model with an attached soil
mass is adopted (figure 3, c). In this model, the surrounding attached soil mass is represented
by an equivalent elastic body resting on elastic supports. In this case, the body’s weight is equal
to the attached soil’s weight.

When the shell moves after impact, the attached mass moves together with the shell until
the elastic forces of the springs reach the values of the resistance on the side surface Pb. After
that, the shell begins to slide relative to these elements. Further interaction is similar to the
interaction of the previous model.

The elastic-viscous-plastic model (figure 3, d) allows you to consider the soil’s viscous
resistance. Further, it is possible to clarify the nature of the change in the frontal resistance
of the soil depending on the settlement during loading and unloading, which means applying
instead of a simple Prandtl elastic-plastic model, an elastic-plastic model with compaction, etc.
Thus, the number of possible variants of dynamic models can be pretty significant. These
models will more and more fully reflect the influence of the main factors and their role in the
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Figure 3. Dynamic models of the ”hammer-head-shell-soil” system: a) - plastic model; b) –
elastic-plastic model; c) – elastic-plastic model with attached soil mass; d) – elastic-viscous-
plastic model with attached soil mass.

immersion process. In all models analyzed above, the shell is considered as a completely rigid
body. However, upon impact, the shell has an elastic deformation. In addition, the usual impact
on the shell is performed through the elastic headband. Therefore, a spring can also represent
the shell and the headband’s elasticity.

Evaluating the possibility of using complex models for practical calculations, it should be
pointed out that currently, there is not a sufficient amount of experimental data for a reasonable
assignment of the numerical values of many indicators characterizing these models. In addition,
the obtained mathematical expressions of the interaction of the ”hammer-shell-soil” system will
become more and more complex with the complexity of the models, and this complexity will not
always contribute to an increase in accuracy, i.e. practical purposes. Taking this into account,
for further research, it is most appropriate to use an elastic-viscous-plastic model considering
the attached mass of the soil and the elasticity of the shell and the head (figure 3, d). This
scheme allows you to take into account the change in the value of the attached mass of the soil
and the change in the nature of the interaction in connection with this.

Thus, the dynamic model of the ”hammer-head-shell-soil” system with elastic-viscous-plastic
resistance of the soil is presented as follows. The elastic shell, which is in the soil, is struck with
a hard undeformed hammer through the elastic head.

Under the influence of the impact, the shell acquires a reserve of kinetic energy, which is spent
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on overcoming soil resistance: with each impact, the shell sinks, initially elastically deforming
the soil by the amount C, and then the plate moves in the soil by the amount of final failure
E. Elastic deformations are restored after each impact. Each blow is considered as a single one,
isolated from others, which means that before each subsequent impact, the shell, hammer and
soil are at rest. The shock is absorbed by the reduced mass of the shell, taking into account
part of the mass of the soil attached to it, and the subsequent movement is carried out only by
the shell. The hammer impact effect is represented as the transfer of some part of the kinetic
energy of the impact ϵ, which goes directly to the immersion of the shell [16–18,20].

Figure 4. ”Hammer-head-shell-soil” system: a) - real system; b) – calculation scheme: 1 -
hammer; 2 - headrest; 3 - conductor; 4 - core; 5 - tamping plate; 6 - mast; 7 - shell; 8 - finger; 9
- stops; 10 - guides; 11 - gasket; 12 - transmission plate; 13 - shock absorber.

For the development of a mathematical model of the process of immersion in the ground base
of conical-reinforced concrete shells, a calculation scheme is proposed (figure 4).

The mathematical model of this process is a system of nonlinear differential equations
consisting of the equations of the ”hammer-head” and ”shell-soil” subsystems, which must be
solved jointly.

The mathematical model ”hammer-head-shell-soil” is a system of nonlinear differential
equations of the second order:

m2d
2X2/dt

2 = Q2 + P12 − P23,

(m3 +m4) d
2X3/dt

2 = Q3 +Q4 + P23 − Fl − Fb, Fb ≤ Rb

X3 = X4,

m1d
2X1/dt

2 = Q1 − P12,

m3d
2X3/dt

2 = Q3 +Q4 + P23 − Fl − Fb,

m4d
2X4/dt

2 = Q4 + Fb −KbX4, Fb < Rb

(2)

where m1,m2,m3,m4 - are the masses of the hammer, head, and shell, respectively core and
load;

Q1, Q2, Q3, Q4 - respectively, the weight of the hammer, head, and shell core and soil;
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P12, P23 - respectively, the forces acting on the contacts of the bodies, which collide;
X1, X2, X3, X4 - are, respectively, the coordinates of the hammer, head, shell and soil;
Fl, Fb - frontal and lateral soil resistance, respectively;
Rb - is the ultimate resistance of the soil on the side surface.
The solution of this system of equations gives the displacement and speed of all bodies, as

well as the value of the forces acting on the contacts of colliding bodies at any moment in time.
Mathematical model (2) belongs to the class of simulation models, as it simulates in detail

the submersion of shells by impact load. This nature of the model allows you to use it to study
the process of computer immersion. In addition, implementing full-scale experiments on the
immersion of shells is a rather expensive method that requires a lot of machine time.

Experience shows that the most interesting for practice is the study of the influence of the
following factors on the immersion process:

• ultimate resistance of the shell on the soil;

• the ratio of the mass of the striking part to the mass of the submerged shell;

• the thickness of the elastic gasket in the headrest;

• lifting height of the impact part.

Wood or conveyor rubber can be used as cushioning material in the headrest. The soil’s
stiffness depends on the value of the lateral resistance so that the elastic failure does not exceed
1 cm. This value of elastic failure is most often encountered in practice.

Calculations on a computer were carried out for a hammer with a striking part weighing
500 kg. Mathematical planning of the experiment was used to organize calculations on a
computer. The four-factor Hartley-Cohn plan was adopted [21,22]. In order to obtain analytical
dependencies between the parameters of the studied system, a correlation analysis of the obtained
data was carried out. The regression equations of the type were used for the analysis:

y = A+

n∑
i=1

BiXi; (3)

y = A+

n∑
i=1

(
BiXi + CiX

2
i

)
; (4)

y = A+
n∏

i=1

XB
i . (5)

Co-impacts in the ”hammer-head-shell-base” system are characterized by forces that appear
at the contacts of the elements that are in direct contact during the impact. On (figure 4, a,
b, c) graphs of changes in time of these forces, calculated with the same initial data for some
time, at a level of 0,03 s after the first contact of the hammer with the head, are given. The
impulse of impact forces is characterized by several peaks and has a complex damping character.
The contact of the shocking part with the head is irregular. Thus, for a period of 0,06 s, 11
co-impacts occurred at the “hammer-head” contact and ten at the “head-shell” contact.

This way, we can talk about the presence of an oscillatory process in the ”hammer-head-
shell-shell-soil” system. The headrest oscillations are unstable. This follows from the fact that
during slow, quasi-static immersion, oscillations do not occur. They occur only during impact
and die out as the load decreases.

In real conditions, due to the inevitable eccentricities of load application, the headrest carries
out not only translational movement along the vertical axis, but also angular oscillations. In the
mathematical model, following the accepted assumptions, all movements occur only along the
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Figure 5. Forces acting on the contacts of colliding bodies: a) – hammer-head; b) – a head-
shell; c) – is the frontal resistance of the soil.

vertical axis, so the graph of the impact force on the shell is divided into a number of separate
co-impacts.

The observed multiple co-impacts of the headpiece with the shell are due to a significantly
shorter period of the headpiece’s own oscillations compared to the duration of the force
impact. Therefore, the headpiece can be represented as a mechanical oscillator, brought out
of equilibrium by mechanical co-impact with the striking part and then oscillating between two
massive bodies: the striking part and the shell.

The regularities noted above were reflected in the correlation dependences for the impact
force. The impact force on the ”hammer-headset” and ”headset-shell” contacts can be
determined by the following dependencies:

P1 = 314mmH1 + 0.7R+ 212
mm

mn
+ 6131

a1
S1

+ 950, (6)

P2 = 245mmH1 + 0.97R+ 522
mm

mc +mob
+ 9231

a2
S2

+ 637, (7)

where mm,mn,mob,mc - are the masses of the hammer, head, shell, and core, respectively;
a1, S1 , and a2, S2
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- respectively, the thickness and area of the cushioning pads at the ”hammer - headrest” and
”headrest-shell” contacts;

H1 - hammer lift height;
R - is soil resistance.
The correlation ratio of these formulas is at least 0,95. This testifies to the correct selection

of varied parameters.
The analysis of the given dependencies shows that the force of the impact is mainly determined

by the height of the impact part and the stiffness of the elastic gasket. The ratio of the masses
of the hammer and the shell has a smaller influence on the immersion process. The influence of
the physical and mechanical properties of the soil base is insignificant.

Despite the periodic nature of the force impact, the shell sinks into the soil base quite
smoothly. This is explained by the significant mass of the shell, as well as the inertial stabilization
properties of the soil base. The shell receives a positive acceleration under the influence of the
first co-impact, and then the shell acceleration changes its sign, and its motion slows down.

For the value of the final failure, the best result is given by the dependence of the form:

ϵ = 1.2
mmH1

(
mm

mn+mc+mob

)0.2

R1.3 (10a1)
0.64 . (8)

Analysis of the influence of various factors on the size of the failure shows that the impact
of the stiffness of the shock absorber can be neglected since the reduction in failure when the
thickness of the lining increases from 0,05 m to 0,25 m does not exceed 10%. Therefore, for
practical purposes, dependence (8) can be simplified:

ϵ = 1.2
mmH1

(
mn

mn+mc+mob

)0.2

R1.3
. (9)

5. Conclusions
• The theoretical foundations for modelling, mathematical description and the possibility
of optimization of the process of immersion of monolithic thin-walled spatial reinforced
concrete shells in the soil environment have been developed.

• Evaluating the possibility of using complex models for practical calculations, it should be
stated that, at the moment, there is not enough experimental data for a justified assignment
of the numerical values of many indicators characterizing these models.

• The following factors significantly influence the failure of the shell: hammer lifting height,
soil resistance, and the ratio of hammer and shell masses. The effect of shock-absorbing
elements is insignificant.

• The most significant influence on the magnitude of the contact forces in the zone of the
hammer-shell has: the height of the fall of the hammer and the stiffness of the elastic gasket.
The influence of the ratio of the masses of the hammer and the shell, as well as the value
of the soil resistance, is manifested to a much lesser extent.

• It is promising to establish the stress-deformation state of the soil base depending on the
method of immersion and during the structure’s life.
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Abstract. Currently, the most widely used devices for measuring the level of liquids (float
and non-float). Float gauges are generally more accurate than non-float gauges. However, the
operating conditions of float level gauges are much more difficult due to the difficult operating
conditions of floats in an aggressive environment with a large amount of mechanical impurities.
Automation tools used to measure the weight of oil and oil products should provide output
information in a form convenient for further processing, at the same time, these devices should
be structurally simple and applicable to existing types of tanks. The amount of oil in tanks
can be determined in two ways: by measuring the level of oil and its specific gravity; by direct
measurement of the weight of a liquid. Each of these methods has its own advantages and
disadvantages.Currently, the most widely used devices for measuring the level of liquids (float
and non-float). Float gauges are generally more accurate than non-float gauges. However, the
operating conditions of float level gauges are much more difficult due to the difficult operating
conditions of floats in an aggressive environment with a large amount of mechanical impurities.
The choice of this or that device is determined by the specific conditions of its operation, the
required measurement accuracy, aggressiveness of the liquid, etc. Limit switches are installed on
the level gauge, which, when the liquid level in the tank reaches the upper or lower limit mark,
turn on the alarm circuit. The principle of operation of the level gauge is based on measuring
the increase in the electrical capacitance of sensors when they are filled with a substance (oil
product) that has a dielectric constant that is different from the dielectric constant of air. The
measurement accuracy is achieved by the fact that the entire measured level is divided into
separate equal sections and is determined, among other factors, by the length of each section.

1. Introduction
The amount of oil in tanks can be determined in two ways: by measuring the level of oil and its
specific gravity; by direct measurement of the weight of a liquid. Each of these methods has its
own advantages and disadvantages.

Currently, the most widely used devices for measuring the level of liquids (float and non-
float). Float gauges are generally more accurate than non-float gauges. However, the operating
conditions of float level gauges are much more difficult due to the difficult operating conditions
of floats in an aggressive environment with a large amount of mechanical impurities [1].

The choice of this or that device is determined by the specific conditions of its operation, the
required measurement accuracy, aggressiveness of the liquid, etc. Limit switches are installed on
the level gauge, which, when the liquid level in the tank reaches the upper or lower limit mark,
turn on the alarm circuit.
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The principle of operation of the level gauge is based on measuring the increase in the electrical
capacitance of sensors when they are filled with a substance (oil product) that has a dielectric
constant that is different from the dielectric constant of air [2, 3].

Statement of the problem. The measurement accuracy is achieved by the fact that the
entire measured level is divided into separate equal sections and is determined, among other
factors, by the length of each section. The device consists of a receiver and a five-digit drum
counter that counts the liquid level in the tank. The block diagram of the capacitive level gauge
is shown in figure 1.

Figure 1. Block diagram of a discrete capacitive level transmitter.

It consists of a block of discrete sensors 1, a distribution block 2, a communication line 3, a
measurement block 4, a control and registration block 5, and a power supply 6 [4].

The design of the sensors allows them to be attached to the fittings of the oil gauge glasses of
the operated tanks. The sensors are pieces of two pipes of different diameters, located coaxially
and isolated from each other by insulating washers. Sensors are grouped on a common pipe.

The pipe with sensors welded to it is inserted into the fittings of the oil gauge cocks. A
threaded ledge emerges from the inner electrode of the sensor through an insulating sleeve,
to which a filter is attached, consisting of an inductor, an isolation capacitor and a trimmer
capacitor. The inductance of the filter, the capacitance of the sensor and the trimmer capacitor
form a circuit tuned to the frequency of the generator of the measurement unit.

2. Results
The length of the section of each sensor is determined by the formula

1 ≤ kδ, (1)

where l is the length of the section (sensor); k – coefficient; δ – permissible basic error.
For k = 100, the basic error is acceptable δ = 0.5 cm, at l ≤ 50 cm. Considering that the

length of each gauge glass (between the respective fittings) is 1 m, then the number of sensors
installed in each section should be n0 ≥ 2 [5, 6].

When manufacturing a level gauge with capacitive sensors, it is assumed that n0 = 3; thus,
30 sensors were installed on the entire tank. The sensors are connected by a coaxial cable to the
stepping finder of the distribution unit, installed at a distance of 10-15 m from them.

The distribution block is a piece of pipe with a flange and a cover. The step finder, when pulses
are received from the programming device, alternately connects the sensors to the measurement
unit.
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The step finder with the measurement unit is also connected with a coaxial cable. To stabilize
the parameters of the communication line and reduce additional errors associated with changes
in temperature and humidity of the environment, the line is laid in a pipe, and part of the
measuring unit to the step finder (distribution unit) is laid in the ground, and from the step
finder to the sensor is covered with special thermal insulation.

The device is powered by 220 V AC mains. The measurement unit consists of a 100 W power
transformer, a rectifier, and a discriminator generator [7].

An inductive circuit is connected to the anode of the generator lamp through a capacitor,
which consists of two high-frequency transformers, the primary windings (L1 and L2) of which
are connected in series. Each of the secondary windings L3 and L4 forms a circuit tuned to the
frequency

f1 = f0 + (10 ÷ 20)kHz

Signals from the secondary windings go to the rectifier. The rectified currents are then fed
for comparison to the input of an electronic potentiometer in the control unit. Parallel to the
windings of the circuit L3 and L4, communication lines, additional inductances of low-pass
filters, tuning capacitors and sensors are connected.

The variable load of the L4 winding is the capacitance of the main sensors, which are
connected in turn to the winding by a stepper finder. Parallel to the winding L3, a control
sensor located on the tank is permanently connected. Line connecting the control sensor with
the winding L3, measuring block, has the same length as the line going to the main sensors and
winding L4. Both lines are in the same conditions.

The above devices for automatic control of the amount of oil in tanks are based on the
principle of measuring its level. Another method for determining the amount of oil in a reservoir
is by weight.

The most convenient way to automate the measurement process is the so-called piezometric
method (determining the weight of an oil product by its hydrostatic pressure).

Instruments designed for piezometric measurement of the weight of an oil product in a tank
are compensatory pressure meters.

The operation of the device is based on the principle of force compensation, and discrete and
continuous compensation is used to achieve the required high accuracy. Discrete compensation
is carried out by weights, and continuous – by a lever with a movable weight.

As a sensitive element, which compares the measured and compensating parameters, a metal
membrane with a rigid center, made of beryllium bronze, is used. The measurement error
is mainly determined by the continuous compensation system, since discrete compensation is
carried out with a high degree of accuracy. In this case, the total measurement error is the
smaller, the more areas of discrete compensation for a given measurement range.

Indeed, if the entire range is divided into n parts, measured with a relative error δq and
continuous compensation is performed with a relative error δcontinuous compensation, then the
largest total relative measurement error will be

δ0 =
δcontinuous compensation + δqn

1 + n
(2)

Having for the instrument δcontinuous compensation = 0.2% and n = 10 and neglecting δq, because
of its smallness compared to δcontinuous compensation, we obtain the total compensation error up
to δ = 0.02%. Then the accuracy of the device will be determined mainly by the stability of
the characteristic and the sensitivity of the pressure element. The membrane used as a sensitive
element has a linear dependence of the displacement force on the pressure within 0-1 kg/cm2

and sensitivity 1-2 mm of water art., which provides the necessary measurement accuracy. The
continuous compensation system is designed to create an accurate compensating force during the
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measurement process. During non-working hours, this system compensates for the weight of the
plate, the elastic force of the rigid center, as well as the change in this force due to temperature
and other external factors [8].

As noted above, during the measurement process, pulses are sent to dynamic errors from the
system of discrete (coarse) and continuous (fine) compensation by the corresponding sensors.
These pulses are fed to dynamic errors to the counting devices of the secondary device and the
counting result is noted on the electroluminescent display. The block diagram of the secondary
device is shown in the figure 2.

Figure 2. The block diagram of the secondary device.

The device consists of the following blocks: counting decades, decoder, indication, power
supply and control.

The block of counting decades is a counter on non-contact triggers and carries out counting
of impulses and storing results in the binary number system.

The decoder block, also made on non-contact semiconductor diode elements, decodes the
results of the count in the decimal system. The decoded result of the count is transmitted to the
display unit, consisting of four identical nodes with luminescent digital indicators (according
to the number of decoder matrices), and is marked on it in the form of a four-digit number
expressing the reading of the device.

The control unit sends pulses to start and end the measurement.
When compensation is reached, the null-organ turns off the lever motor, the counting of

pulses stops.
After the pressure is removed, the discrete and continuous compensation systems return to

zero.
With the piezometric method, the weight of the oil product in the tank is determined by the
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formula
G = pFav(H), (3)

where p is the hydrostatic pressure of the liquid column in the tank (determined by pulse
counting), Fav(H) – the average area of the tank at a given filling level H. The value of Fav is
found from the expression

Fav(H) =
V h

H
=

1

H

H∫
0

F (h)dh, (4)

where F (h) dependence of the tank section on height h. Value Fav(H) variable in height and
determined by calibration tables.

Thus, to find the weight G oil product with the piezometric method, it is necessary to know
the filling height. For this purpose, the tanks must also be equipped with level gauges. However,
in this case, the requirements for the accuracy of level gauges are low. Calculation of weight
according to the reading of the weighing gauge with correction according to the data of the level
gauge is simple and can be reduced to finding the weight according to pre-compiled tables [9].

This counting can be performed automatically by adding a computing device to the display
unit that performs the multiplication operation.

To improve operational properties, explosion and fire hazard, as well as to simplify the design,
the device measures directly the hydrostatic pressure of the oil product, and to it the air pressure
supplied by the hydrostatic pressure transducer.

Thus, the process of measuring moisture content with the device is divided into two stages:

1) obtaining dehydrated oil (standard);

2) comparison of the dielectric constants of dehydrated oil (reference) and oil containing water.

Upon receipt of the standard (dehydrated oil), the investigated oil in the amount of 1 liter is
placed in an autoclave and heated to a temperature of 170-180 °C.

The pressure in the autoclave is 7-8 kg/cm2. Studies have established that this mode achieves
the best separation of water and oil without changing its chemical properties.

To speed up the process of preparing the standard, forced cooling of oil in an autoclave is
used. To do this, water is passed through a coil located inside the autoclave. Cooled to 38 °C,
the oil enters the centrifuge, where the water is finally separated from the oil [10].

3. Conclusion
The article also deals with the design of sensor transducers for measuring various non-
electrical quantities, as well as methods and devices for obtaining and processing measurement
information.

The use of devices allows you to automate the process of pumping oil and the most important
technological parameter – the dynamic level, which is especially important for marginal wells.
In the experience, electrical automatic control devices, a variety of designs and schemes of
measuring instruments were developed and applied.

Depth parameters of the wells, received the technological parameters of the drilling process
and the geometric parameters of the wells. I obtained the greatest possibilities for controlling
deep parameters during electric drilling, since the power channel connecting the deep-seated
electric motor with surface equipment is at the same time a reliable communication channel for
telemetry of deep parameters.

In the technological parameters of the electric drilling process, we obtained: the pressure of
the tool on the bottom hole, torque, voltage on the downhole electric motor, the temperature
of the clay solution, the temperature of the bottom hole, etc.
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In this regard, during electric drilling, it is possible to control a complex of technological and
geometric parameters of the drilling process and at the same time perform geophysical surveys
of wells.
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Abstract. The optimal geometrical parameters of boreholes in dimension stone quarries,
whose impact on granite blocks separation and splitting efficiency, are determined, taking
into account the stress-deformed state of rock massif. The crack initiation process is analysed
considering the flat problem of elasticity theory. Determine destruction parameters of natural
stone by borehole methods using the calculations of the required distance between the boreholes
in the row along the splitting line with the specified borehole diameters, and created forces of
stone destruction are proposed. The optimal shape of splitting block from massif depends on the
specific plane of splitting is determined. The possible directions of borehole deviation from ideal
ones, their extension due to drilling and tensions in the boreholes are studied. The introduction
of the borehole’s overlapping coefficient, which influences the weakening of the massif along the
directed (designed) split line, is proposed to define further necessary tensions for mechanical
ways of separating blocks. The equations for determining drilling operations parameters at
granite blocks splitting from dimension stone quarries massifs are proposed. The coefficient of
limit values of deviation angles is defined.

1. Introduction
Extraction of natural stone in dimension stone quarries consists of different processes such as:
drilling, blasting, splitting, cutting, crushing, excavation, etc. Besides mining, many of those
operations also apply to civil engineering [1].

Extraction technology of dimension stones is characterized by specific factors that aim to
keep the physical and mechanical natural stone properties and get blocks with a straight shape
and effective commercial size [2].

All used methods for dimension stone block extraction can be divided into crack-forming,
split-shaping, physical, technical and combined methods. Still, the most common ones are
crack-forming and split shaping.

Used split-shaping (fracturing methods) methods for the creation of critical tensions in the
splitting planes are formed by drilling boreholes. Fracturing methods into splitting with shims,
control blasting processes or thermal procedures and using non-explosive destructive mixtures
are divided.

Using the technology of dimension stone extraction during the process of splitting blocks
from the massif mostly the splitting methods by shims are used. In practice, due to drilling
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deformation and borehole deviation, the horizontal projections of the hole’s tops and bottoms
usually do not be projected one on one. Sometimes boreholes curvature causes the intersection
of the next holes in the middle of the length or near their bottoms. In such case, it causes the
formation of large rough surfaces after splitting on the block’s surfaces, that result in significant
losses of stone in further processing operations. The incorrect position of the boreholes’ bottom
causes the unequal concentration of splitting tensions. It is the result of diagonal fracture
formation.

Extraction of natural stone blocks has a large amount of drilling. The quality of drilling
operations performance determines the effectiveness of further operations for splitting blocks
from the massif. Borehole deviation from the design position causes an increase in the volume
of drilling operations due to an increase in the length of drilled boreholes. When using fracture-
forming methods, the deflection of borehole axes causes a change in the geometry of splitting
forces spreading, affecting the efficiency and quality of the splitting and separation process.
Borehole deviation when performing drilling operations of stone massif drilling can cause
increased separation area, tool costs, and poor quality of block production. The quality of drilling
boreholes is determined by a number of indicators: mode parameters of the drilling process, type
and condition of drilling tools, and state of the rock mass. One of the most promising directions
of improving extraction processes is optimizing drilling operating parameters, considering the
natural fracturing and physical and mechanical properties of dimension stone [3].

Thus, the research of the impact of these factors on the efficiency of drilling operations is a
topical scientific and practical task, the solution of which will improve the efficiency of extraction
natural stone technology and the quality of natural stone blocks.

2. Statement of the problem
Recently many researchers were based on such important operations as drilling, which was
performed with different materials, particularly dimension stones drilling in quarries. Drilling is
an important process during dimension stone extraction because an inefficient drilling process
can cause huge operational losses [4]. That’s why mining enterprises should attempt to optimize
those losses. Optimizing drilling losses is also sufficiently effective for further developing mining
technologies [5].

Many studies and research for increasing drilling process efficiency are based on determining
the optimal speed of penetration of the drill steel (jackrod) and sintered diamond coring a bit
into massif. It is based on the optimal choice of the type of drilling equipment according to
the current condition of massif and determination of the sufficient force for penetration into the
rock [6]. Assessing drilling efficiency considering rocks’ properties is also an important part of
research [7].

Another scientific and applied drilling problem is the problem of geometric linearity
deformation and extension of the boreholes. During drilling, the drill steel and the sintered
diamond core bit strike the rock mass, forming a borehole [8]. As a result, a circular borehole
wall becomes deformed, and the total borehole area is also changing. This process can cause
further crack creation and reduce tensions in the splitting plane [5].

Calculating the optimal tensions for splitting blocks from massif is also important to analyze
the micro-cracking process. Particularly this analysis can be found in the following work [9,10],
where are described the micro-cracking process and analysis of mechanical features of rocks
during splitting [11]. The crack creation and the process of further formation of cracks are
described by Huang et al [12].

The optimization of technological mining parameters in the quarry for dimension stone blocks
quality improvement, which is based on photogrammetric measurement techniques, is researched
by Levytskyi et al [13].

During extraction of the dimension stone, it is important to study the massif’s deformation
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mode (stress-deformed state) in detail. The boreholes drill along the splitting line of the
monolith.

All previous studies do not indicate how much the hole deviation line from the designed
direction reduces the coefficient of massif weakening. Also, the problem of the loss stone
coefficient changing after the deflection of boreholes is not considered earlier as a result of a
change in the shape of stone blocks, causing to increase in the costs of further processing.

3. Methodology
The method of determining the destruction of stone by hole methods is to determine the required
distance between boreholes in the line of splitting with given borehole diameters, creating
splitting tensions. Throughout the studies, full-scale measurements of lengths and diameters
were carried out of boreholes. After the block was splitted off, the azimuths of boreholes
deviation from the optimal directions and the dimensions of the directly extracted blocks with
all inequalities were considered (figure 1).

Figure 1. Splitted block by hydro shims.

According to this method, it was determined that the optimal shape of the splitted block
from the massif (the equality of splitting planes and their mutual perpendicularity) depends on
the specific area of splitting, i.e. the correlation of the area formed by the split plane to the
total area of splitted block or monolith.

4. Results
The study about the causes of the drilled borehole’s deviation shows that it occurs due to
geological, technical and technological factors. During the drilling of the borehole, deviations
can occur due to the following reasons: encounter with a crack, a stress state factors of the
massif, inaccuracies in the installation of the perforator, a clearance due to physical tool wear
or structural defects in the particular part of the drilling machine and influence of the surface
roughness on which the machine is installed for the accuracy of the installation.

The least studied and the most actual research on borehole drilling is the definition of the
influence of the zone of overlapping holes on the deviation of the borehole according to the
designed position [14].

The criterion for determining the maximum permissible values of the hole deviation angle
from the vertical is the condition of excluding its intersection with the next holes. It should
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be noted that the limit criterion is valid in such cases when the borehole axis coincides with
the plane of borehole lines. In case the difference between the azimuthal borehole axis angle
and the plane of borehole lines, the maximum deviation angle will be determined by additional
geomechanical determination of the stone blocks splitting process.

In practice, vertically drilled boreholes are over-crossed with one or a series of sub-horizontal
cracks. Each of these cracks adds value to the axis deviation angle. For the linear drilling
method, the criterion for the quality of drilling is also the geometric parameters, namely the
orientation of boreholes that may intersect with each other.

Only for different dimension stones, the method of line drilling, which is combined with
the mechanical stresses initiation in the boreholes, the quality of drilling operations will be
determined in addition to the geometric parameters, also by parameters of formation of the
stone massif tenses. Methods of calculation of the borehole parameters, which are based on
practical experience and conducted scientific research, are used in the technology of dimension
stone block extraction.

The dimension stone extraction calculation methodology by splitting boreholes method is
determined by the required distance between holes within the boreholes line of the given diameter
and splitting stone forces.

The research has established that the quality of the stone splitting from the massif (the
equality of splitting planes and their mutual perpendicularity) depends on the specific splitting
plane. That is the ratio of the area formed by the holes to the overall area of splitted block or
the monolith.

One of the important technological parameters of the extraction of granite blocks is the
required distance between the holes that are drilled in the designed splitting plane. These
formulas were obtained empirically and analytically and provided a diagram of the stress state
of the rock monolith, where the static stress acts inside the wells without stress concentrators.

For calculation of the distance between boreholes, it is proposed to use an equation that,
when used further, obtains the most accurate results:

L =
πdhlhp(t)

2Hσpk(t)
, (1)

where dh − diameter of the borehole; lh − borehole length; p(t) − pressure on the walls of the
borehole; H − granite monolith height; σp − ultimate rock tensile strength; p(t) − a coefficient
that takes into account the reduction of the strength of the stone from the time of loading, which
varies from 0,1 to 0,7, depending on the orientation of the splitting plane along the layer, or
at an angle to it (anisotropic properties). During the drilling of the borehole line for splitting,
in addition to the basic equations of the flat problem of elasticity theory, the plane of borehole
displacement from its ideal location has to be considered. It means that the borehole has neither
deviation in the azimuthal direction (α), nor in a circular direction (φ) (figure 2).

To determine the specific splitting area for one shim, a dependence which takes into account
both geometric parameters of splitting and the anisotropic properties of natural stone, which
makes it possible to use it in different deposits, was used:

S0 = ka

(
1 +

PU

σprg

)
m2, (2)

where ka− coefficient defines the anisotropic properties of the rock (for erupting rocks ka = 0,2−
1,0).

For the best splitting stone direction ka = 1,0, and in the direction π/2, 3π/2, for labradorite
ka = 0,6, gabbro-norite ka = 0,2, granite ka = 0,4; P − pressure in the system, Pa; rg step
between elements of hydro rock splitting systems installation, m; σp − tensile strength of granite,
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Figure 2. Borehole pattern.

MPa; U − specific relaxation ratio of the splitting plane by drilled boreholes, which depends on
the location of the boreholes in the splitting plane:

U =
zdb
S

=
zdb
ah

, (3)

where z − total drilled holes length in the splitting plane, m; db − diameter of the hole, m; S −
the block cut-off area with the length (a) and the height (h), m2.

The values of z are determined from the dependence:

z = (lbgnbg + lbpnbp)kdr =

(
a

rg
− 1 + kn

(
a

rg
− 1

))
hkdr, (4)

where lbg, lbg - length of boreholes where there are hydro rock splitting systems installed (lbg = h)
and additional boreholes for massif weakening (lbp = kn), m; np, nbp – number of boreholes
respectively for the installation of hydro rock splitting systems and additional boreholes for
massif weakening; kdr – uneven rate of drilling (kdr = 0, 9); rp – distance between additional
boreholes for massif weakening, m; kn − coefficient of reducing the length of weakening holes
(kn = 0− 1).

Reducing the above expressions and also taking into account that splitting is performed in
the vertical plane of the dimension stone blocks with the length a and height h for lbg = h and
lbp = h/3, we obtain the following relation (correlation):

S0 = ka

(
1− P (3rp + rg − 4rgrp)kdrdb

3σpr2grp

)
, (5)

As it seens from the expression, the specific splitting area by hydro rock splitting systems
does not depend on the height h of the ledge.

The technological coefficient of losses from the drill-split shim method of separating granite
blocks ktl is determined by the following equation:

ktl =
πd2bz

4abh
. (6)

An ideal borehole area and an actual overlapping area are introduced. The ideal borehole
area can be described by equation Si = lndn. The actual overlapping area can be described by
equation Sn = f(lh; dh;αφ)

The coefficient of splitting plane weakening: Kalap =
Si
Sh

.
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In the limit values at the maximum deviation, the coefficient of massif weakening will be for
α = 00 – Sh = πR ln

cosφ , for α = 900 – Sh = πR
2 l2 = πR2

2 sinφ . So in all other possible positions, the
actual boreholes overlapping area will be:

Sh =

[ ∫ 3
0 (lh; di;φ)dφ∫ 90
0 (lh; di;α)dα

, (7)

Taking to according that the loss coefficient and the weakening massif coefficient depend
on such parameters as hole diameter and depth, which in most cases equals the height of the
bench. It can be argued that when splitting the block, it is also necessary to take into account
the split-line direction if the designed directions of drilling operations are not kept.

As a result of field measurements, experimental values of the reduction of the weakening
massif coefficient were obtained due to the deviation of holes from the designed direction. As
a result, the values of the weakening coefficient were determined for different values of the
directional angle and the vertical deviation angle; the graphic representation of this dependence
is shown in figure 3.

Figure 3. Change the coefficient of the massif mitigation.

The above formula of technological loss coefficients, Eq. (7), allows you to determine the
coefficient of removal of blocks and the complex productivity of equipment for preparing blocks
for extraction.

In an ideal three-dimensional model of massif cracking, the geological coefficient of loss kg.l
= 0, since the main systems of cracks are parallel with each other and their planes intersect at
right angles. Separate this three-dimensional model on the SQL, SQS, SSL planes, the simple
models of individual location crack systems location in the dimension stone massif we obtained
(figure 4).

Considering the absence of ideal conditions on natural stone deposits, a non-orthogonal model
was introduced in which the basic systems of cracks do not intersect at a right angle γ. At the
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Figure 4. Orthogonal models of the propagation of QLS systems in the natural stone massif:
a) the longitudinal vertical plane of SQL; b) the blanket horizontal plane SQS ; c) the lateral
vertical plane of SSL.

Figure 5. Three-dimensional model of a natural stone massif fracture.

same time, it is considered that the angles of falling cracks in the massif are constant; that is,
all the cracks of one system are parallel. Given all the above, a three-dimensional model of the
fracture of an array (figure 5) was developed, which will allow determining the most optimal
directions of drilling operations with the subsequent minimal losses of minerals.

The following dependencies determine areas of separation planes in the case with:

SQL
m = LmHm =

1

sin γQL

[
(nlll)

2 sinαq cosαq

sin γQL
+ nlnqlllq

]
; (8)

SQS
m = LmBm =

(nqlq sin γQS + 0, 5nlll sin 2αq)(nsls sin γQS + 0, 5nili sin 2αs)

sin γ2QS sinαq sinαs
; (9)

SSL
m = BmHm =

1

sin γSL

[
(nlll)

2 sinαs cosαs

sin γSL
+ nlnsllls

]
. (10)

where Hm, Lm, Bm – height, length and width of the monolith, respectively, m; nq, ns, nl –
amount of blocks between planes respectively of transverse Q, longitudinal S and smooth L
cracks of the massif, within the linear dimensions of the monolith, units; lq, ls, ll – distance
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between the planes of the corresponding systems of cracks, m; αq, αs, αl – falling angles of the
corresponding cracks systems, degrees; γQL, γQS , γSL – angles between the corresponding cracks
systems that determine the non-orthogonally of the cracks systems with each other, degrees.

The indicator, which characterizes the overall geometric parameter of breaking, is the specific
plane of splitting. In mining practice, the line of drilled holes in a certain vertical plane, due to
some deviation of their axis, will only partially intersect the designed plane. Only in the case
of a deviation of the hole along the planned plane of splitting its section throughout its length
will it keep in this plane.

5. Conclusion
The value of the specific splitting area during the monolith preparation to the extraction will be
less than the estimated, which effect to splitting parameters of blocks from the dimension stone
massif. Therefore, the overall quality index of drilling can be taken as a performance criterion
for splitting blocks from the massif.

The values of tensions allow analysing the conditions for the creation of cracks for splitting
blocks from the dimension stone massif. It should be borne in mind that the theory of failure
considers only the most significant stresses, not taking into account that other present stresses
also affect the achievement of the critical state. The critical value is σγ for a dimension stone
massif. It can be determined the critical tension initiates cracking formation.

The quality of the stone preparation for splitting depends first of all on the plane of designed
split plane, the main characteristic of which is the specific value of splitting plane. As proved by
the calculations, this value depends on the angle of borehole inclination. It was researched that
boreholes have different values of deviations from vertical, which cause a decrease of the specific
value of splitting plane, which depends on the azimuthal α and the zenith angles φ of hole axis
along the designed split-line. It is obtained that the most negative values of the azimuthal angle
α are observed in the range from 72° to 90°, and the zenith angle φ from 0,75° to 1,4°.

ORCID iDs
A Panasiuk https://orcid.org/0000-0003-4947-1703
V Shlapak https://orcid.org/0000-0002-4183-1922

References
[1] Epiroc Middle East FZE 2023 Dimension Stone Industry | Uses and Applications | Epiroc URL https:

//www.epiroc.com/en-qa/applications/construction/quarrying-and-surface-construction/
dimension-stone-industry

[2] Yarahmadi R, Bagherpour R, Taherian S G and Sousa L M O 2019 Bulletin of Engineering Geology and the
Environment 78(1) 533–542 ISSN 1435-9537 URL https://doi.org/10.1007/s10064-017-1040-5

[3] Miyazaki K, Ohno T and Karasawa H 2018 Effects of Rock Properties on Bit Wear in Percussion Drilling
of Granite (ISRM International Symposium - Asian Rock Mechanics Symposium vol All Days) pp ISRM–
ARMS10–2018–210 URL https://onepetro.org/ISRMARMS/proceedings-pdf/ARMS1018/All-ARMS1018/
ISRM-ARMS10-2018-210/1184732/isrm-arms10-2018-210.pdf

[4] Bilim N and Karakaya E 2021 Mining, Metallurgy & Exploration 38(1) 359–366 ISSN 2524-3470 URL
https://doi.org/10.1007/s42461-020-00322-6

[5] Van Viet P, Anh Tuan N and Van Hoa P 2020 Inżynieria Mineralna 1(2) 95–103 URL https://doi.org/
10.29227/IM-2020-02-13

[6] Abbas N, Li K, Abbas N, Ali A, Ali M and Hussain J 2022 Scientific Mining Journal 61(4) 185–191
[7] Zhang Z X, Gong F, Kozlovskaya E and Aladejare A 2023 Rock Mechanics and Rock Engineering 56(4)

3139–3158 ISSN 1434-453X URL https://doi.org/10.1007/s00603-023-03216-3
[8] Wang J, Hu Y, Liu Z, Li L, Liu B and Huang L 2021 Shock and Vibration 2021 8813984 URL https:

//doi.org/10.1155/2021/8813984
[9] Servet D, Nazmi S, Ibrahim U, Tamer E, Deniz A and Rasit A 2014 International Journal of Mining Science

and Technology 24(2) 269–273 ISSN 2095-2686 URL https://doi.org/10.1016/j.ijmst.2014.01.020

https://orcid.org/0000-0003-4947-1703
https://orcid.org/0000-0002-4183-1922
https://www.epiroc.com/en-qa/applications/construction/quarrying-and-surface-construction/dimension-stone-industry
https://www.epiroc.com/en-qa/applications/construction/quarrying-and-surface-construction/dimension-stone-industry
https://www.epiroc.com/en-qa/applications/construction/quarrying-and-surface-construction/dimension-stone-industry
https://doi.org/10.1007/s10064-017-1040-5
https://onepetro.org/ISRMARMS/proceedings-pdf/ARMS1018/All-ARMS1018/ISRM-ARMS10-2018-210/1184732/isrm-arms10-2018-210.pdf
https://onepetro.org/ISRMARMS/proceedings-pdf/ARMS1018/All-ARMS1018/ISRM-ARMS10-2018-210/1184732/isrm-arms10-2018-210.pdf
https://doi.org/10.1007/s42461-020-00322-6
https://doi.org/10.29227/IM-2020-02-13
https://doi.org/10.29227/IM-2020-02-13
https://doi.org/10.1007/s00603-023-03216-3
https://doi.org/10.1155/2021/8813984
https://doi.org/10.1155/2021/8813984
https://doi.org/10.1016/j.ijmst.2014.01.020


ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012060

IOP Publishing
doi:10.1088/1755-1315/1254/1/012060

9

[10] Fattahi H and Bayat N 2020 Geotechnical and Geological Engineering 38(5) 5693–5693 ISSN 1573-1529 URL
https://doi.org/10.1007/s10706-019-00971-5

[11] He Y, Han L, Zhang H and Liu H 2016 Chinese Journal of Rock Mechanics and Engineering 35(1) 16–22
[12] Huang Y H, Yang S Q and Tian W L 2019 Fatigue & Fracture of Engineering Materials & Structures 42(6)

1341–1356 URL https://doi.org/10.1111/ffe.12990
[13] Sobolevskyi R 2014 Proceedings of the Mining Institute named after D.A. Kunaeva (1) 259–266
[14] Levytskyi V, Makhno A, Panasiuk A and Mamrai V 2018 “The Journal of Zhytomyr State Technological

University” / Engineering (2(82)) 259–267 URL https://doi.org/10.26642/tn-2018-2(82)-259-267

https://doi.org/10.1007/s10706-019-00971-5
https://doi.org/10.1111/ffe.12990
https://doi.org/10.26642/tn-2018-2(82)-259-267


IOP Conference Series: Earth and Environmental Science

PAPER • OPEN ACCESS

Improving the system for ensuring the safety of workers in the mining
industry on the basis of risk management
To cite this article: N S Yevtushenko et al 2023 IOP Conf. Ser.: Earth Environ. Sci. 1254 012061

 

View the article online for updates and enhancements.

This content was downloaded by semerikov from IP address 193.151.14.31 on 30/10/2023 at 13:35

https://doi.org/10.1088/1755-1315/1254/1/012061
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvNOJIvrwNrQozyigfF_ThAurC3pyMIzAg3gOGC4MnkS4VUn_g02XbuzfTEeqDY_q-fYh0-btizMT7y-Oez3dcxvGMdiq1ILV7v9h9AkgTYxyGVRE5BO9u-U3EKLTATFatN1RwnwqfkHjKe1uRTBHaarcHNR1MNOtw9U6Ttmx1kDR1tw0k6PAYYB59vLSYaV06W6kKxo406BXQzvNOB39SBJI6gCxXuv28URKxFt6NKLScm4LMNpbaJaLSluTzknqbEU15dnAnUwLhZhpki8-uxxTgFnmk8-B--WvXHUC1y0yZ8tGRO&sai=AMfl-YTCceSowjpGAyszpQXz1dvBBmLxScwspnDi-6R66QdTfS7cnlU8GUsAWNmINdk15un3R-ZVl55Cmus6t-k&sig=Cg0ArKJSzKWpTVcR_FeP&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/245/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DJournals%26utm_campaign%3D245Abstract%26utm_id%3D245


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012061

IOP Publishing
doi:10.1088/1755-1315/1254/1/012061

1

Improving the system for ensuring the safety of
workers in the mining industry on the basis of risk
management
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Abstract. The unfavorable situation that has developed in the economy due to the war in
Ukraine, the difficult working conditions of workers in the mining industry, the lack of efficiency
of labor protection measures taken lead to an increase in the level of occupational morbidity
among employees of enterprises. The need for safety requires the setting of tasks, within which it
is necessary to conduct a detailed analysis of a specific production activity, identify its inherent
dangers and develop effective measures to protect the personnel. The purpose of the work is
to develop a system of events for improving the level of safety in the mining industry on the
basis of risk management, which will reduce the dynamics of occupational diseases at work.
The importance of the work is in the implementation of a systematic analysis of the harmful
production factors impact, taking into account working conditions, the intensity and duration
of these factors impact on miners throughout their work experience in order to prevent, timely
diagnose, and treat patients with occupational diseases. The introduction of methods and
techniques to improve the level of safety at mining enterprises will ensure a decrease in the level
of occupational morbidity among workers.

1. Introduction
Along with difficult mining and geological conditions, the level of accidents, injuries and
occupational diseases is significantly affected by the crisis in the coal industry of Ukraine in
terms of technical, economic, financial and social indicators. As of the beginning of the year,
there are 148 mines in Ukraine, 102 of which are state-owned. Most of the mines are located in
the territory not controlled by Ukraine (67), 2 more mines are not operating, 33 are operating
(but only 4 are considered profitable). That is, about 30 mines are modern enterprises, and
more than half of the mines operate without reconstruction, have complex ventilation networks
and multi-stage underground transport. In the total fleet of operating downhole equipment, the
share of mechanized mining complexes and road headers of a new technical level is only 2%.
In general, the industrial and production assets of coal mining enterprises are worn out by an
average of 65% [1].

The main reason for the crisis state of the industry is insufficient funding, when the volume of
capital investments, which has decreased by more than 3 times, and the prices of materials and
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equipment have increased 2, 3 and more times. Low salary levels and delays in their payment
have become the main reason for the outflow of qualified personnel [2]. In this connection, in
the indicated crisis conditions, the role and tasks of the labor protection management system
operating in the coal industry increases (the main goal of which is to create safe and healthy
working conditions in accordance with the requirements of labor safety rules) [3].

High rates of occupational morbidity in the mining industry and insufficient efficiency of
the measures taken for labor protection satisfy neither the owners, nor employees, nor the
state. The dynamics of occupational morbidity indicators is evidence of the absence of trends
in its decline, and the share of workers in the mining industry accounts for about 76% of
diseases [4]. Solving the problem, a significant reduction in the level of occupational morbidity
of workers at coal enterprises, is an urgent and priority task. The most vulnerable link in the
current approaches to the prevention of occupational diseases was the lack of 1) a regulatory and
methodological framework for calculating risks, building work regimes, 2) methods of stimulating
economic interest in carrying out activities through the system of compulsory social insurance,
3) conducting in-depth medical examinations of miners and social rehabilitation measures [5].
In this regard, it is necessary to develop new conceptual approaches to the prevention of
occupational diseases of workers of coal enterprises, based on the development of methodological
principles for managing the risk of occupational diseases in coal mines, which make it possible
to increase the effectiveness of preventive measures.

The aim of the work is to develop methodological principles for managing the risk of
occupational diseases at mining enterprises, which make it possible to increase the efficiency of
the occupational health and safety management system and measures to prevent occupational
diseases of workers. The main idea of the work is to identify harmful production factors, based
on the analysis of working conditions for the entire length of service of an employee of the
coal industry. And also the formation of methods for the prevention of occupational diseases,
based on the principles of taking into account risk factors for the development of occupational
diseases, and establishing the dependence of their manifestation in order to predict (predict) a
possible occupational disease. Development and implementation of measures to reduce the level
of occupational morbidity of workers who work at mining enterprises.

The object of the research is the occupational health and safety management system and the
prevention of occupational diseases of workers who work at mining enterprises.

Research objectives: analysis of the state of occupational morbidity in the coal industry and
the regulatory legal framework for the investigation and registration of cases of occupational
diseases; identification of indicators of the significance of harmful production factors; to establish
the etiology and causation of occupational diseases at typical workplaces of workers in an
underground group of coal mines; establishment of patterns of development of occupational
diseases depending on specific working conditions (tension, severity) and development of risk
management methods; development of a set of indicators for assessing the effectiveness of the
functioning of the labor protection management system to reduce the risk of occupational
diseases and the classification of working conditions and occupational diseases development
of an algorithm for managing the risk of occupational diseases for workers who work at mining
enterprises; development of methodological principles for managing the risk of occupational
diseases, development of an algorithm and mechanism for transforming the existing system for
the prevention of occupational diseases at mining enterprises.

The coal industry is considered one of the most dangerous sectors of the economy. Working
conditions in coal mines are characterized by a number of factors that have a harmful effect
on the human body. Harmful factors include rock dust, noise, vibration, sudden temperature
changes, high air humidity, the need to work in a forced position, and harmful gases. The impact
of these factors causes occupational diseases of workers and the number of occupational diseases
in the coal industry is increasing.
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In the structure of occupational morbidity of workers in the mining industry, the largest
specific weight is made up of diseases of dust etiology, musculoskeletal system and vibration
diseases. In industry, most of the industrial production personnel work at elevated levels of dust
content – 58.4%, noise – 55.7%, vibration – 28.5%, chemical factors – 14.5%, humidity – 14.9%
and temperatures that do not meet sanitary standards – 15.0% [6]. Figure 1 shows the structure
by production factors that caused occupational diseases.

Figure 1. Distribution of harmful and hazardous production factors causing occupational
diseases in coal mines.

.
High levels of indicators of the severity of the labor process (classes 3.1 – 3.3) are observed

in working specialties and mid-level specialists. In the first group, high rates are due, first
of all, to the lifting and movement of excess cargo masses by hand, forced tilts of the body
at an angle of more than 30 and movements in space. In the second group, the need to use
in the process of work a large number of portable control measuring instruments, which are
used directly by the employee, and movements in space due to the technological process. High
indicators of the severity of the labor process are a prerequisite for the development of diseases
of the musculoskeletal system. High indicators of the intensity of the labor process are directly
related to the specific conditions of underground work, which requires knowledge of a series of
instructions both on labor protection and industrial safety, and on mining, and, in addition,
with high emotional stress.

To assess the risks of occupational diseases, it is necessary to use effective methods of their
identification, based on taking into account all hazardous and harmful production factors with
the use of express methods for assessing the intensity and severity of the labor process, the Map
of the working conditions of workers, as well as establishing the causal relationships of certain
forms of diseases from exposure complex of harmful and dangerous production factors [7].

2. Results and discussion
As a result of research and application of mathematical methods of analysis, the regularities of
the risk of occurrence of certain types of occupational diseases in workers were identified and
presented, depending on the profession and work experience [8]. In the study, the risk of getting
an occupational disease for workers in a certain profession is understood as the probability of an
employee getting sick in relation to the total number of workers in reduced working conditions.
Risk is calculated using the following formula (1):

R =
Nd

N
, (1)

where Nd – number of workers with occupational diseases in a particular profession; N – total
number of workers.
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The processing of data on occupational diseases made it possible to obtain data on the risks of
diseases for the main underground professions, depending on the length of service in hazardous
working conditions (table 1).

Table 1. Risks of getting occupational diseases in mines.

Profes-
sion

The risk of occupational disease
Work experience in adverse conditions, years

10-14 15-19 20-24 25-29 30-34 35-39

Tunneller 0.0012 0.0112 0.031 0.0410 0.0454 0.0462
Longwall miner 0.0010 0.0123 0.0291 0.0423 0.0491 0.0512
The operator of mining excavation
machines (in the longwall) 0.0005 0.0121 0.0318 0.0407 0.0495 0.0497
Underground miner – 0.0007 0.0041 0.0047 0.007 0.0081
Underground electrician 0.0004 0,0025 0.0053 0.0071 0.0072 0.0080
Mining master – 0.0024 0.0087 0.0105 0.0132 0.0147
Mining assembly worker – 0.0017 0.0026 0.0035 – –

The results obtained make it possible to predict the occurrence of an occupational disease in
workers, depending on the length of service at the enterprise. For this purpose, data on identified
occupational diseases at more than 10 coal enterprises from 2015 to 2021 were used, taking
into account the total number of workers employed in production. The resulting cumulative
dependencies between these parameters are shown in figure 2.

Figure 2. Cumulative dependence of occupational disease on the length of service in professions
in coal mines.

Estimated data are described with the greatest accuracy by a dependence of the form (2):

y = a · ebx, (2)
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where y – an indicator of the risk of getting an occupational disease; x – work experience; a, b –
regression coefficients.

The values of the coefficients a and b are presented in table 2.

Table 2. Values of indicators of the dependence of occupational disease on the length of service
in professions in coal mines.

Profession Coefficient values Correlation Student’s coefficients
a b relationship calculated tabular

Tunneller 0.0009 0.1231 0.85 12.81 2.02
Longwall miner 0.0006 0.1381 0.85 11.95 2.02
The operator of mining excava-
tion machines (in the longwall) 0.0003 0.1571 0.82 10.82 2.02
Underground miner 0.00001 0.1871 0.73 8.75 2.02
Underground electrician 0.0003 0.0991 0.86 13.02 2.02
Mining master 0.000009 0.2362 0.78 9.53 2.02
Mining assembly worker 0.00001 0.1815 0.72 8.75 2.02

The analysis of cases of occupational diseases in more than 10 enterprises made it possible
to establish the critical period of work experience in the profession, in which the largest number
of cases is observed.

For all professions, when assessing absolute values, it was 20-24 years. The decrease in the
number of cases of occupational diseases after 20-24 years of professional activity of an employee
is statistically due to the fact that the number of employees with a total length of service (in the
total number of employees) is removed in connection with the release of a preferential pension
and with an established occupational disease in earlier years of employment [9].

The obtained results of the study make it possible to develop diagnostic maps for assessing the
risk of an occupational disease depending on the length of service, degree and type of exposure
to harmful and dangerous working conditions on an employee in the main professions – longwall
miner, drifter, operator of mining excavation machines (in the longwall), underground miner,
mining foreman, underground electrician, miner (table 3).

Table 3: Diagnostic card for assessing the risk of occupational
disease in longwall miners, depending on the length of service
and diagnosis in coal mines.

Types of Work experience, years
occupational total
diseases 10-14 15-19 20-24 25-29 30-34 35-39 (for all years)
Polyneuropathy
(vegetative-
sensory) of the
upper limbs from
functional overex-
ertion

0.00020 0.00060 0.00040 0.00030 0.00030 0.00000 0.00179

Vibration disease
from exposure to
local and general
vibration

0.00060 0.00417 0.00447 0.00358 0.00179 0.00089 0.01551
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Continuation of table 3
Types of Work experience, years
occupational total
diseases 10-14 15-19 20-24 25-29 30-34 35-39 (for all years)
Sensorineural
hearing loss,
bilateral with sys-
tematic exposure
to occupational
noise

0.00030 0.00209 0.00298 0.00298 0.00119 0.00030 0.00984

Shoulder peri-
arthrosis (ad-
hesive shoulder
capsulitis, shoul-
der periaotritis,
"frozen shoulder")

0.00000 0.00030 0.00060 0.00000 0.00000 0.00000 0.00089

Professional bron-
chitis 0.00020 0.00040 0.00149 0.00060 0.00060 0.00030 0.00358

Bursitis of the el-
bow joint 0.00000 0.00060 0.00119 0.00060 0.00000 0.00000 0.00239

Pneumoconiosis
caused by dust
containing silicon
dioxide: silicosis,
anthracosilis, as-
bestosis, talcosis
and others

0.00000 0.00030 0.00060 0.00119 0.00000 0.00000 0.00209

Lumbosacral
radiculopathy
from functional
overexertion

0.00030 0.00119 0.00209 0.00298 0.00149 0.00000 0.00805

Lumbosacral
muscular-tonic
syndrome from
functional overex-
ertion

0.00000 0.00089 0.00119 0.00060 0.00030 0.00000 0.00298

Dust bronchitis,
non-obstructive 0.00010 0.00060 0.00050 0.00040 0.00020 0.00000 0.00179

Radiculomyelopa-
thy of the lum-
bosacral region
from functional
overexertion

0.00000 0.00000 0.00030 0.00089 0.00000 0.00000 0.00119

Radiculomyelopa-
thy of the cervical
spine from func-
tional overexer-
tion

0.00000 0.00010 0.00020 0.00000 0.00000 0.00000 0.00030
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Continuation of table 3
Types of Work experience, years
occupational total
diseases 10-14 15-19 20-24 25-29 30-34 35-39 (for all years)
Chronic obstruc-
tive (asthmatic)
bronchitis

0.00010 0.00050 0.00060 0.00089 0.00078 0.00010 0.00298

Compression
mononeuropathies
of the lower ex-
tremities from
functional overex-
ertion

0.00000 0.00010 0.00020 0.00000 0.00000 0.00000 0.00030

Cervico-shoulder
radiculopathy
from functional
overexertion

0.00000 0.00010 0.00050 0.00000 0.00000 0.00000 0.00060

Compression
mononeuropathies
of the upper ex-
tremities from
functional overex-
ertion

0.00000 0.00000 0.00010 0.00000 0.00030 0.00020 0.00119

Total 0.00149 0.01193 0.01700 0.01491 0.00775 0.00239 0.05547
– Minimal risk
– Acceptable risk
– Unacceptable risk

Thus, the revealed patterns of the risk of certain types of occupational diseases among
workers, depending on the profession and work experience, are a sufficient and necessary basis
for developing methodological principles for managing the risk of occupational diseases [10].

The paper developed methodological principles for managing the risk of occupational
diseases at mining enterprises, proposed a coefficient of working conditions, according to which
the classification of enterprises was carried out depending on the likelihood of exposure to
harmful and dangerous production factors on workers. An algorithm for managing the risk
of occupational diseases and approaches to improve the functioning of the labor protection
management system in the field of reducing the risk of occupational diseases have also been
developed.

The minimum risk of occupational diseases is understood as the value of the risk probability
in the first class of the probationary exposure of the diagnostic card for assessing the risk of an
occupational disease in which the disease is recorded.

The unacceptable risk of an occupational disease is understood as the maximum value of
the risk probability according to the diagnostic chart for assessing the risk of an occupational
disease [11].

The acceptable risk of an occupational disease is understood as the value of the probability
of the risk of an occupational disease, which is between the minimum and maximum risk of a
diagnostic chart for assessing the risk of an occupational disease.

The results obtained made it possible to identify the patterns of occurrence of occupational
diseases among workers, depending on the length of service, profession, degree and type of
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exposure to harmful and dangerous working conditions, and also to develop an algorithm for
managing the risk of occupational diseases [12].

Thus, taking into account risk factors (profession, length of service in hazardous conditions,
type of exposure to harmful and dangerous production factors) of the occurrence of an
occupational disease and establishing a dose-related dependence of the occurrence of a certain
type of occupational disease in a particular profession, allows you to predict a possible
occupational disease and redistribute the quality and level of control over working conditions
and health of the staff [13].

The regional system of labor protection should have in its arsenal a set of effective
management methods, the control over the work of which, as an object of management,
includes mining enterprises that differ in natural, technical, technological and organizational
conditions [14].

At present, classifications are widely used according to one attribute (and usually the most
important), which determines the general level of danger of the mine and the technological
principles of coal mining (methane content, gas emission) [15].

At the present level of development of the science of labor protection, it is possible to develop
multidimensional classifications according to the factors that determine the level of danger to
the health of workers [16]. This makes it possible to single out indicators of enterprise groups
that are increasingly stable in terms of variability, which is a way to more accurately determine
the rationality of applying certain methods of managing these objects [17].

Currently, most researchers prove that the probability of the implementation of occupational
diseases should be considered as a set of random variables [18]. This circumstance, as well as the
selective nature of the information used, determines the feasibility of a probabilistic-statistical
approach to the classification of mining enterprises.

The main stages of the proposed methodology for classifying by the level of risk of
occupational diseases are:

• the choice of parameters by which the object is delimited;
• formation of a training sample;
• choice of object delimitation method;
• establishing the homogeneity of the selected object.

One of the main tasks in the classification of objects is the choice of parameters by which
the existing sample is distinguished into homogeneous groups. Studies have shown that working
conditions are assessed by a fairly wide range of indicators [19].

The working conditions at the mine with a sufficient degree of objectivity can be characterized
by the following indicators: tension, severity, harmful substances, microclimate, illumination,
infrasound, vibration, noise.

Also in the work, a mechanism for improving the labor protection management system in
coal mines, the results of testing the developed methods and proposed principles, as well as an
assessment of the effectiveness of the proposed measures to improve the labor protection system
are given. The study of the regularity of the occurrence of occupational diseases in coal mines
made it possible to establish that they vary within a fairly wide range and their nomenclature
is also different [20].

Theoretical and practical interest is to identify the relationship between working conditions
in mines and occupational diseases [21].

To do this, it is advisable to introduce the concept of specific occupational morbidity Ms (the
risk of getting an occupational disease), the value of which is calculated by the formula (3).

Ms =
Mgen

N
, (3)
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where Mgen – is the general morbidity at the mine; N – is the number of employees at the mine.
The sample of occupational diseases was formed according to the data of 10 mines. The

resulting relationship between Ms and Cwork (working conditions coefficient) shown in figure 3.

Figure 3. Dependence of the coefficient of working conditions and the value of specific
occupational morbidity in coal mines.

The resulting dependence is most accurately described by the following formula of the form
(4).

Ms = 0.2168e0.302Cwork . (4)

The correlation ratio is 0.67, and the coefficient of determination is 0.45. This means that
55% of the occurrence of an occupational disease is explained by other factors.

One of these factors is the effectiveness of the functioning of the labor protection management
system at mines. Thus, in order to characterize the level of efficiency of the functioning of
the labor protection management system of an enterprise in terms of managing the risks of
occupational diseases, it is proposed to use the efficiency coefficient of the labor protection
management system (5).

Ce =
Cwork

Ms
. (5)

According to the value of this coefficient, 3 groups of coal mines can be distinguished:
• mines with an effective labor protection management system (Ce>300);
• mines with an inefficient labor protection management system (Ce<10);
• mines with an inefficient labor protection management system (10<Ce<300).
The conducted studies allowed to formulate methodological principles for managing the risk

of occupational diseases in coal mines.
To manage the risk of occupational diseases based on taking into account long-term

dependencies, predict possible occupational diseases and redistribute the quality and level of
control over working conditions and health of personnel, it is necessary to adhere to such
principles. This is a coordinated interaction of the key subjects of the coal mine – the owner
of the capital, management, personnel, state supervision and control bodies. Ensuring the
necessary and sufficient level of prevention of occupational diseases. Monitoring of risk factors
for occupational diseases, including observation, assessment, control and forecast of the state
of the working environment, equipment, technology and production organization. Purposeful
formation of an information base of risk factors for occupational diseases and mechanisms of
their development. Improvement of rehabilitation mechanisms and development of medical
and social rehabilitation infrastructure. When using methods such as assessment of working
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conditions, assessment of the risk of occupational diseases, assessment of the effectiveness of the
functioning of the labor protection management system, classification of coal mines according to
working conditions and occupational diseases. assessment of the risk of an occupational disease
depending on the profession, work experience in hazardous conditions and diagnosis, prediction
of possible occupational diseases, assessment of the effectiveness of preventive measures [22].

Especially important is the choice of the way to change the labor protection management
system – it is revolutionary, evolutionary and corrective. The revolutionary way of changing the
labor protection system involves a radical change in the structure of the system, its functions,
organization of activities, methods, methods and means of control. The evolutionary way
does not require a fundamental change in the existing structure, but its functions must be
reviewed. The corrective path is aimed at constantly maintaining a high level of efficiency
of the existing system, searching for reserves and resources of the system in order to reduce
costs and form an additional fund of funds for the prevention of occupational diseases of coal
mine workers. To select the optimal management solution for the transformation of the labor
protection management system, it is proposed to distinguish the effectiveness of its work into
three levels (table 4).

Table 4. Choice of management decisions to improve the labor protection system.

Level efficiency
labor protection
management sys-
tems

Meaning ef-
ficiency ra-
tio (Ce)

Required
changes

Conversion Meth-
ods labor protec-
tion management
systems

Necessary actions to
move to a higher level
of efficiency of the labor
protection management
system

High Ce>300 Permanent
corrective

Development
of programs,
research works,
methods

Assessing the risks
of occupational
diseases, monitoring
the state and
potential the
current labor
protection
management system

Middle 10<Ce<300 Evolution-
ary

Analysis and
modification of
the functions of
the labor protec-
tion management
system

Low Ce<10
Revolu-
tionary
(cardinal)

Analysis and
change in the
structure of the
labor protection
management sys-
tem, formation
of a new labor
protection man-
agement system
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3. Conclusions
The high level of occupational morbidity among miners is due to the low efficiency of the
functioning of the labor protection management system in coal mines, the increase of which
requires a radical change in the methodology of its formation, transformation, adjustment and
improvement.

The results of the investigation of cases of occupational morbidity indicate the insufficient
effectiveness of their prevention. This is due, first of all, to the fact that the labor protection
management system of enterprises is not aimed at preventing and preventing occupational
diseases, but in fact at fixing them. The current systems are based on the concept of
implementing a secondary prevention program, that is, carrying out measures to restore already
significantly impaired physiological functions of the body under the influence of production
activities.

To identify dangerous and harmful factors and assess the risks of occupational diseases,
express methods have been developed and proposed for assessing the intensity and severity of
the labor process, indicators of the significance of the main harmful and dangerous production
factors.

Taking into account the risk factors for the occurrence of an occupational disease, which makes
it possible to establish a time dependence of the occurrence of a certain type of occupational
disease in a particular profession, makes it possible to predict a possible occupational disease and
redistribute the quality and level of control over working conditions and the health of personnel.

To implement the principle of differentiated management of labor protection, it is proposed
to classify mines according to working conditions and occupational diseases. The most effective
method of such classifications is the method of principal components.

Necessary and sufficient conditions for the development and implementation of methodolog-
ical principles for managing the risk of occupational diseases in coal mines and, on this basis,
improving and developing the labor protection management system of enterprises are applica-
tion of the principles of prevention of occupational diseases, based on the consideration of risk
factors for the development of occupational diseases, the application of patterns of development
of occupational diseases; depending on the specific working conditions (tension, severity), the
use of a set of methods and criteria for assessing the effectiveness of the functioning of the labor
protection management system, in terms of prevention occupational diseases; application of an
algorithm for choosing the optimal set of preventive measures to reduce the risk of occupational
diseases while maintaining the material well-being of the employee.
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Abstract. This paper studies the ways of solving the resource-saving direction of the strategy
for the mining industry development in Ukraine. The existing ideas about the patterns of
changing stress-strain state (SSS) in the mass during the stope mining of minerals are analyzed.
The problem of the host rock SSS formation and development is studied. The main directions
of studying the relationship between the parameters of mass SSS anomalies in the area of stope
operations and their technological parameters has been substantiated with the selection of a
methodology for conducting multivariate computational experiments. A macromodel has been
constructed to calculate the change in the distribution fields of the rock mass SSS components
with subsequent substantiation of its idealizations. The principles of matching the macromodel
and the subordinate models have been studied. A new methodical approach is proposed for
taking into account the time technological parameters (average daily face advance velocity and
the duration of its stoppage) through their relationship with the mechanical characteristics of
the rocks. A test assessment of the adequacy of the performed calculations based on the spatial
model SSS analysis for all stress components has been conducted. The degree of influence of the
stope face advance velocity and the mass texture on the parameters of rock pressure anomalies
has been studied, as well as the linking patterns in the area of conducting stope operations have
been obtained: frontal and lateral bearing pressure zones and a zone of destressing behind the
stope face. A base has been created for studying and predicting the rock pressure manifestations
in critical areas in order to develop recommendations for choosing rational technological and
design parameters for high-rate mining of coal seams.

1. Introduction
At present, the strategy for the development of the Ukrainian coal industry should be aimed at
ensuring high-rate mining and, consequently, the use of high-performance stope equipment. In
this regard, the problem of effective supporting of mine workings in the zone of stope operations
influence, as well as their reuse, becomes relevant. A comprehensive solution to this issue provides
a resource-saving focus on mining operations.

The patterns of changes in the coal-bearing mass state as the stope face approaches and
retreats have been studied for many decades. Thus, certain ideas [1–5] about the parameters of
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SSS anomalies depending on the mining-geological and mining-technical conditions for mining
coal seams have been developed by now. There is no doubt that there are three main zones of
the anomalous state of the coal-bearing mass around the stope workings and associated with
them extraction drifts:

• frontal bearing pressure zone ahead of the face, where the vertical stress σy concentration
is several times higher than the initial state of the undisturbed rock mass σy = γH (here
σy – vertical stresses; H – mining depth; γ – weight-average unit specific gravity of coal-
overlaying formation);

• zone of lateral bearing pressure that occurs in the side of the extraction drifts from the side
of undisturbed rock mass; here, also, the vertical stress σy concentration is several times
higher than the initial undisturbed rock mass state;

• destressing zone behind the stope face, which occurs when a cavity is formed after coal
mining, into which the roof rock layers are lowered and then collapse; in this zone, vertical
stresses can almost completely disappear (σy = 0) near the stope face, and as it retreats,
the collapsed rocks are compacted and the rock pressure increases with stabilization at a
certain distance at the level of the initial undisturbed rock mass state.

The parameters of the specified SSS rock mass anomalies usually include two interrelated
indicators: the value of vertical stress concentrations Ky = γH and the distance of their
propagation in the plane of coal seam bedding. Index “i” denotes a family of concentrations
Ky (y is the vertical coordinate of the mass) of different values, which quite naturally propagate
to different distances ly.

The noted parameters depend on the mining-geological indicators of mining the coal seams,
as indicated by numerous studies, for example, [6–14] in different periods of the coal mining
industry development both in Ukraine and in other countries. Among the influencing mining-
geological factors (in addition to the mining depth) are, first of all, the mass texture, taking
into account the existing discontinuity and the mechanical characteristics of the rock layers at a
distance of at least 20 m to the roof and bottom from the seam [15]. One of the main patterns
of formation of anomalous SSS zones is considered to be determined, the essence of which is as
follows:

• the occurrence in the roof of more thick (from 3 – 5 m and more) and increased hardness
(hardness coefficient according to Protodyakonov scale is f ≥ 5–6) rock layers increases the
propagation lyi of frontal and lateral bearing pressure zones with a simultaneous increase
in vertical stress concentrations Ky near stope faces and in the side of the extraction drift
from the side of the undisturbed rock mass;

• the same parameters of lithotypes occurring in the seam roof contribute to a deeper
destressing of the mass above the stope face and behind it – the distance lyi of almost
complete destressing (σy = 0) increases, as well as the length of the rock pressure
stabilization area at the level of the undisturbed rock mass initial state;

• various types of discontinuity in the roof rocks (fracturing, small-amplitude breaks) act in
the opposite direction of influence: the zones of frontal and lateral bearing pressure reduce
their propagation in the bedding plane, and the vertical stress concentrations decrease; in
the destressing zone, the length of areas of minimum rock pressure propagation, as well as
the length of areas of rock pressure stabilization are reduced;

• more thin-bedded and less strong rock layers of the roof cause tendencies similar to the
action of various types of their discontinuity.

The noted tendencies for the same region or even the mine field flank are clearly manifested
when measuring in the extraction drifts such indirect indicators as the convergence value of
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the roof and the bottom rocks in the mine working, as well as in its sides. As an example,
figure 1 shows graphs (constructed based on the results of measurements) of changes in the
drift contour displacements as the stope face advances for two roof rock textures: predominantly
thick-bedded and medium-bedded; predominantly thin-bedded and medium-bedded. Moreover,
the measurements were carried out in the same driven entry of the seam C6, Stepova Mine
of PJSC DTEK Pavlohradvuhillya, where both types of roof rock textures are present in the
length of the extraction site. As it can be seen from the graphs, with a thick-bedded texture, the
frontal bearing pressure zone extends ahead of the stope face up to a1 = –73 m in terms of the
convergence of roof and bottom rocks UR,B and up to C12 = –73 m in terms of the convergence of
the drift sides Us. In the area of predominantly thin-bedded and medium-bedded texture of the
roof rocks, the length of the frontal bearing pressure zone is significantly reduced: a2 = –33 m
(by 2.21 times) C2 = –47 m (by 1.55 times). A similar situation is behind the stope face with
regard to the stabilization distance of rock pressure manifestations. Thus, with a predominantly
thick-bedded and medium-bedded texture of the roof rocks, the length of the area in terms of the
parameter UR,B is 104 m, in terms of the parameter Us, the distance increases to d1 = 124 m. In
the area (in length of the mine working) with a predominantly thin-bedded and medium-bedded
texture, these indicators are reduced: b1 = 36 m (by 2.89 times); d1 = 72 (by 1.72 times).

These patterns are typical for various mining-geological conditions and Donbass regions
[16–21]; therefore, they should be considered as sufficiently objective and taken into account
in further studies.

Figure 1. Dependences of the convergence development in the roof and bottom rocks sides of
the drift with predominantly thick-bedded and medium-bedded (1), with predominantly thin-
bedded and medium-bedded (2) texture of the roof rocks.
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Among the variety of technological factors, two are distinguished [22–26], which combine a
significant influence, on the one hand, and, on the other hand, are amenable to regulation in
the process of stope operations: the average daily velocity Vd of the stope face advance and the
duration t of its stoppage.

Thus, the presence of a significant influence of technological parameters (the velocity Vd of the
stope face advance and the duration t of its stoppage) of mining the coal seam on the formation
of the load on the powered support sections of the stope complex has been experimentally
confirmed. The load itself is inextricably linked with the parameters of the SSS anomalies
around the stope face, and for this reason, it can be concluded that there is interrelation
between the distribution curves of the stress components in the vicinity of the stope face and
the specified technological parameters of the coal seam mining. Determining the linking patterns
in a numerical form is quite a difficult task due to the influence of many different factors. But,
the relevance of studying this problem is undeniable: after all, the experimental results in the
Western Donbass convincingly prove a decrease in the rock pressure manifestations by 23 –
47 per cent only due to a change in the velocity of the stope face advance, and this decrease
increases the safety of mining operations and equipment life, thereby reducing the probability
of accidents.

To date, two main ways have been formed to study the interrelation between the parameters
of mass SSS anomalies in the area of stope operations and their technological parameters:

• full-scale experiments for measuring indirect rock pressure indicators and their analysis in
order to determine the linking patterns;

• analytical research with the predominant use of numerical methods is the so-called
computational experiment.

In this regard, many researchers use a combination of the above methods, for example, [27–29]
which is justified by the desire to obtain more reliable results. Undoubtedly, the parameters of
SSS anomalies and indicators of rock pressure manifestations are interrelated, and the nature
of these relationships is revealed by a set of ideas about the mechanism of a coal-bearing mass
displacement in the area of mining operations.

Thus, it seems the most appropriate way to solve the problem of studying the formation and
development of SSS anomalies in the mass, which is substantiated by a three-stage structural-
logical scheme: mine instrumental observations of the rock pressure manifestations in stope
faces and extraction drifts; computational experiments to calculate the surrounding mass SSS
and a linking element – the mechanism of rock displacements in the coal-overlaying formation,
revealing the influence of the stope face advance velocity and the duration of its stoppage.

2. Substantiating the methodology for conducting multivariate computational
experiments
To date, rich experience has been accumulated in measuring the indicators of rock pressure
manifestations in various mining-geological conditions [30–32].

The main attention is paid to the substantiation of the methodology for modeling different
velocities Vd of the stope face advance as the primary stage; further, the results of the mass SSS
calculations are analyzed in conjunction with the parameter Vd and the patterns of its influence
on the indicators of rock pressure anomalies in the vicinity of the stope face are determined.

When substantiating the methodology for conducting a computational experiment, we had to
face a number of factors, the objective reflection of which in geomechanical models is conditioned
by significant difficulties.

Firstly, the model of a stratified rock mass with two conjugated mine workings located in
it (stope face and an extraction drift) is characterized, in addition to its extensive dimensions
in space (figure 2), by a combination of significant heterogeneity of the geometric, mechanical
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and strength parameters of the elements that constitute this model. Thus, only the model of
one rock mass includes a sufficiently large number of rock layers of the roof and bottom in the
coal seam, differing from each other in mechanical properties. The strength characteristics of
contacts of adjacent lithotypes for the Western Donbass conditions [33–35], as a rule, are very
low, or there is no adhesion along the bedding planes at all. In addition, the research object is
located in the zone of active influence of stope operations, where, along with significant vertical
displacements of the coal-bearing mass, significant movements occur in the horizontal direction
of the rock layers relative to each other.

Figure 2. Macromodel for studying rock pressure anomalies in the area of stope operations.

The noted facts make it possible to predict the destruction of contacts between adjacent
rock layers, and this leads to a significant change in the distribution fields of the rock mass
SSS components [36]. In addition to these factors, it is also necessary to take into account
the processes of weakening the rock layers (occurrence of tension cracks, partitioning into
blocks and their partial caving into the mined-out space). More intense fracturing [37] and the
occurrence of the so-called thrust-block systems in the roof increases their deformation capacity
for more significant displacements, and rocks caved into the mined-out space radically change
their mechanical characteristics [38–40]. These factors have been sufficiently tested using modern
methodologies for modeling geomechanical processes [41,42].

Secondly, it is necessary to more adequately and reliably represent the real mining-technical
conditions of mining operations and to model in detail the objects for supporting mine workings
(support of a stope face and extraction working, security structure, etc.) in accordance with
their design and technological peculiarities. Each of these objects includes a set of elements with
complex geometry, significant heterogeneity of mechanical properties and strength parameters.
In this case, one of the main difficulties is the ratio of the scales of object elements and the rock
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mass texture parameters (the difference reaches two or three orders of magnitude), which is a
serious obstacle to the stable conduct of a computational experiment.

Similar problems of the available degree of modeling idealization relate to the mechanized
hydroficated support of a stope face. Undoubtedly, from the point of view of the reliability
and adequacy of the research, it will be positive to reflect the actual design of the powered
roof support used in a particular calculation, in accordance with its technical characteristics.
However, when developing such a detailed model, it is necessary to overcome (for a long period
of time) serious difficulties when reflecting the real operation modes of hydraulic prop stays
and hydraulic cylinders, as well as hinged joints of the section elements. At the same time, a
significant computing resource is required to calculate the SSS of only one powered roof support
section, and in the stope plow set, for example, there are 196 such sections.

Thirdly, when taking into account the time factor (the stope face advance velocity and the
duration of its stoppage), it is necessary to use an appropriate physical model (for example,
viscoplastic) of the rock mass behavior (primarily) in combination with special technological
methods (for example, regular changes in the parameters of the final element mesh) of a
computational experiment [43,44]. This formulation of the problem is not only time-consuming,
but also requires significant computing resources in the absence of guaranteed calculation process
stability.

As a result of the analysis of three groups of factors influencing the computational experiment
reliability, an opinion has been formed on the need to introduce a number of idealizations and
simplifications into the geomechanical model, which would have a minimal effect on the adequacy
and accuracy of the final SSS calculation results, but at the same time significantly save the
computing resource.

The approach described above is associated, first of all, with the consistent implementation
of interrelated studies, the essence of which is the division of tasks and their consistent solution
by constructing a common macromodel and more detailed development of subordinate models.
The methodology for performing phased studies is as follows.

The macromodel dimensions are indicated on the scheme and determined based on:
previous experience in modeling geomechanical processes in similar mining-geological conditions;
experimental studies of rock pressure manifestations in the extraction drifts of the Western
Donbass mines; normative guidance documents.

Thus, the methodological approach in terms of the phased and continuity of research provides
a reasonable construction of two groups of subordinate models with a high degree of detailing the
fastening and security elements of extraction workings. The adequacy of the reflection implies
modeling of real parameters: frame support of the TSYS series; roof-bolting system combined
of resin-grouted rockbolts and rope bolts; security structure (behind the stope face); the central
and side prop stays of the strengthening support.

When constructing subordinate models at the second stage of research, the following
methodological approach has been developed.

Firstly, to ensure the stability of the SSS calculation, it has been decided to switch to flat
models that reflect the section in the plane Y Z, that is, the cross-section of the extraction
working. The accumulated experience of calculating such models proves the high reliability of
conducting the computational experiment.

Secondly, in the absence of a real possibility of a detailed reflection of the scheme elements
for supporting an extraction working (in a spatial model) of considerable length, the two most
critical areas of the drift has been selected, for each of which its own group of flat models is
constructed:

• the first area is a zone of frontal bearing pressure at a distance of 3 – 5 m from the stope face,
where the maximum concentrations of vertical and other stress components act, provoking
an active increase in the load on the fastening structure;
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• the second area is the zone of stabilization of rock pressure manifestations behind the stope
face, where the main part of the drift contour displacements has already been realized
(figure 1), that is, the load approaching the maximum has been formed.

Thirdly, instead of the geomechanical system spatial construction in the critical areas of the
drift, a set of flat models is proposed, each of which reflects the extraction working section (with
a model thickness equal to a step of frame setting) with different supporting elements. The above
is explained in figure 3 and figure 4, where one of the most effective schemes implemented in
the Western Donbass mines is used as an example. The scheme for fastening and supporting
extraction workings includes:

• in the area of frontal bearing pressure zone: a frame support made of special profile SCP-27
of the TSYS series, set with a step of 0.8 m; resin-grouted rockbolts placed symmetrically
in each side of the mine working in the middle of the inter-frame space with a step of 0.8 m;
rope bolts, set in a checkerboard pattern in length of the mine working in the middle of
the inter-frame space with a step of 3.2 m (every four frames) according to the scheme in
figure 3; central and side wooden prop stays of strengthening support, placed with a step
of 0.8 m;

• additional fastening elements are set behind the stope face to support the drift for its
reuse: side wooden prop stays of strengthening support are set continuously along the mine
working and include two rows; there is one breaker-prop row on the drift berm.

The construction of three drift sections in each of the selected areas makes it possible to
track changes in the SSS along the mine working in order to determine the degree of loading of
fastening elements and identify their most dangerous sections.

Fourthly, in order to bring the loading conditions of flat models into conformity with the
coal-bearing mass state, determined during the calculation of the macromodel, the following
actions are performed. For the area with the maximum frontal bearing pressure (3 – 5 m ahead
of the stope face plane), three flat models are constructed (figure 3), in which the dimensions
(in the plane Y Z), structure and boundary conditions completely coincide with those for the
macromodel. The results of calculating the vertical stress σy distribution curve for a flat model
and a macromodel are compared. As an object of comparison, the contact plane of the immediate
and main roof of the seam are chosen, which is conditioned by the greatest influence of the rocks
in this area (immediate roof and one or two layers of the main roof) on the state of the extraction
working fastening elements. Next, an external load (geostatic pressure) is selected at the flat
model upper boundary, at which the distribution curves σy have a minimum difference from each
other, which contributes to a more adequate reflection (within the framework of a flat model) of
the coal-bearing mass behavior in real three-dimensional measurement (macromodel). Similar
actions are performed for flat models in the zone of stabilization of the coal-overlaying formation
displacements.

Thus, the two-stage research makes it possible to determine two groups of patterns of the
influence of the stope face advance velocity on the parameters of rock pressure anomalies near
the stope face and the SSS of fastening elements of modern schemes for supporting extraction
workings intended for repeated use. The analysis of these patterns is of significant practical value
in the conditions of highly loaded stope faces.

To conduct a series of computational experiments for studying the influence of the stope face
advance velocity Vd, an interval of 5 m/day ≤ Vd ≤ 15 m/day is chosen, which most fully reflects
both the mine conditions of coal mining using the previous generation of stope equipment, and
the modern performance achieved using the equipment of latest generation. Three discrete values
of the average daily velocity of the stope face advance (Vd = 5 m/day, 10 m/day and 15 m/day)
are selected, for each of which a separate computational experiment is performed.
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Figure 3. Scheme for fastening the extraction working in the frontal bearing pressure zone.

Within the framework of the second idealization, a methodology has been developed for
“linking” all three values of Vd to the deformation modulus of each of the lithotypes included in
the macromodel.

In modern computer programs, in particular ANSYS, the development of creep deformations
εcreep is usually represented in the form

εcreep = C1σ
C2tC3 (1)

where C1, C2, C3 – approximation coefficients of experimental creep diagrams in the coordinates
“deformation ε – loading time t”; σ – stress intensity; t – time of loading the rock samples.

Equation (1), along with a sufficient simplicity of written form, most objectively reflects the
rheological process of the creep deformation development, since it uses the results of experimental



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012062

IOP Publishing
doi:10.1088/1755-1315/1254/1/012062

9

Figure 4. Scheme for supporting the extraction working in the displacement stabilization zone
of the coal-overlaying formation behind the stope face.

studies accumulated to date. In this regard, one of the tasks is to match the parameters of the
experimental diagrams “deformation – loading time” as reliably and adequately as possible with
the parameters and coefficients included in equation (1).

3. Substantiation and studying the stress-strain state of “mass – support”
geomechanical models
For a complete and adequate study of the process of formed rock pressure anomalies, the mass
spatial model has dimensions (x = 255 m, z = 55 m, y = 50 m), which completely exclude the
influence of boundary conditions and “edge” effects on its faces.

Based on the existing information provided by the geological surveys of the Western Donbass
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mines (stratified mass of weak rocks), the most common textural variants of the coal-bearing
stratum are summarized and two types of its texture are formed: predominantly thin-bedded and
medium-bedded; predominantly thick-bedded and medium-bedded. These two textural types are
shown in figure 5 and accepted for research in order to determine patterns of influence on the
parameters of rock pressure anomalies.

The data of geological surveys of mines, studies of M.S. Polyakov Institute of Geotechnical
Mechanics NAS of Ukraine and a number of studies [18, 19], on the mechanical properties
of the coal-bearing stratum; average characteristics for each lithotype are introduced into the
geomechanical model.

The orientation in space of the stope face and the extraction working associated with it is
fully reflected, taking into account the formation of bearing pressure and destressing zones.

The real parameters of the latest technology for supporting extraction workings have been
modeled.

The developed algorithm of methodical methods makes it possible to assess the influence of
the stope face advance velocity on the stress-strain state of the coal-bearing mass, the fastening
and security structures of the extraction workings.

4. General analysis of the SSS of spatial models
Then, the assessment of rock pressure anomalies is studied that occur in the rock mass in the
area of stope operations from the point of view of the correspondence of the computational
experiment results for a spatial geomechanical model to existing ideas about the processes of
coal-bearing rock mass displacements. Thus, the term “general SSS analysis” refers to a certain
test assessment of the adequacy of the performed calculations.

The spatial model SSS analysis is carried out for all stress components, and the most
informative ones are distinguished to illustrate the distribution curves: vertical stresses σy,
horizontal stresses σz (along the extraction site) and stress intensity σ.

For the test analysis, fragments of the SSS calculation of one of the computational experiments
(predominantly thick-bedded and medium-bedded mass with a relatively moderate stope face
advance velocity of 5 m/day) are selected, since the general tendencies are qualitatively the same
for other computational experiments with other initial data.

An analysis of the vertical stress distribution in the spatial model (figure 6, b) presents the
following results.

Firstly, on the one hand, the spatial model clearly reflects all the main rock pressure anomalies
in the vicinity of the stope: frontal and lateral bearing pressure zones; destressing zone behind the
stope face. On the other hand, the selected spatial model dimensions ensure that the influence
of the so-called “edge effects” arising from the application of boundary conditions on the model
faces is absent. This factor improves the adequacy and reliability of the results obtained for the
calculation of the geomechanical model SSS.

Secondly, the determined parameters of the frontal bearing pressure zone are quite consistent
with the data range obtained by most researchers. Thus, the frontal bearing pressure developed
into the seam roof is observed up to 23 – 25 m. More significant concentrations of the level 1.46
– 1.56 extend up to a height of 11.0 m, and individual local areas appear at a distance of up to
16.2 m. The width of this zone (with an average concentration in the area of 1.5) is 5.2 – 6.0 m,
and the beginning of the stope face influence is manifested at a distance of 20 – 25 m, which is
quite consistent with the results of mine observations in the Western Donbass.

Thus, for all generally recognized zones of rock pressure anomalies, there is a quite satisfactory
correspondence with existing ideas, experimental and analytical studies of the coal-bearing
stratum behavior in the area of stope operations.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012062

IOP Publishing
doi:10.1088/1755-1315/1254/1/012062

11

Figure 5. Textural types of the coal-bearing stratum: predominantly thin-bedded and medium-
bedded; predominantly thick-bedded and medium-bedded.

5. Change in the SSS of spatial models at different stope face advance velocities
After substantiating the adequacy of the spatial models, six computational experiments is
performed, the main task of which is to assess the degree of influence of the stope face advance
velocity and the coal-bearing stratum texture on the parameters of rock pressure anomalies in
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(a)

(b)

Figure 6. Curves of vertical stresses σy in a spatial model of a predominantly thick-bedded and
medium-bedded mass at an increased (a) and decreased (b) stope face advance velocity.

the area of the stope face.
A comparative analysis of the SSS components of spatial models is conducted, where, for

example, the minimum value of the average daily velocity Vd = 5 m/day of the stope face advance
is taken as the base. For it, the main parameters of rock pressure anomalies are determined in
the form of concentrations of stress components (or the degree of their destressing) and the
propagation distances of these concentrations into the mass. At two other values of Vd (10
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m/day and 15 m/day), the same order of research is set and the result is presented in relative
units of change (increase, decrease) of certain parameters of rock pressure anomalies.

The obtained results in terms of the Vd influence on the dimensions of the frontal bearing
pressure zone are presented in the form of graphs (figure 7) for a more visual representation
of the correlation degree between the studied parameters. The non-linearity of the growth in
the relative dimensions of the frontal bearing pressure zone with an increase in the average
daily velocity Vd of the stope face advance is clearly observed. At the Vc of 10 m/day, there
is a decrease in the increase gradient P . It should be clarified that when constructing these
graphs and subsequent ones, average values of P are taken in each range of vertical stress
σy concentration coefficients Ky. The general conclusion on the frontal bearing pressure zone
dimensions is such that the velocity Vd has a very significant influence (in the range of Vd = 5 –
15 m/day), varying in the range from 132 percent to 281 percent.

Figure 7. Patterns of the average daily velocity Vd influence of the stope face advance on
the growth of the relative dimensions P of the frontal bearing pressure zone at concentration
coefficients σy.

Similar patterns of the average daily velocity Vd influence of the stope face advance are shown
in figure 8 for the dimensions P (at different concentration coefficients Ky) of the lateral bearing
pressure zone. The main difference is in the relatively lower degree of influence from 100 percent
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(no link between P and Vd) to 163 percent for most dimensions of this zone. The only exception
is the propagation distance of the concentration Ky = 1.25 – 1.35 into the seam bottom. It is
noteworthy that the concentration Ky = 2.0, which is capable of weakening the border rocks,
practically does not change its propagation with an increase in Vd by 3 times (from 5 to 15
m/day). This means a sufficient constancy of the dimensions of weakened rocks from the side of
the undisturbed rock mass and, at least, the absence of an increase in the mass displacements
(in this direction), if the time factor of their development is not taken into account (limitation
of displacements at high values of Vd). Lower concentrations σy propagate to more remote areas
at Vd = 10 – 15 m/day, but it is their moving away (up to 13–15 m along the strike) that makes
it possible to predict the minimum impact from the undisturbed rock mass on the rock pressure
manifestations in the extraction drift.

In the destressing zone behind the stope face, similar tendencies in the velocity Vd influence
on this rock pressure anomaly values are observed (figure 9).

Figure 8. Patterns of the average daily velocity Vd influence of the stope face advance on the
growth of the relative dimensions P of the destressing zone at concentration coefficients σy.
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Figure 9. Patterns of the average daily velocity Vd influence of the stope face advance on
the growth of the relative dimensions P of the lateral bearing pressure zone at concentration
coefficients σy.

6. Influence of the coal-bearing mass texture on the stress-strain state of spatial
models
The studies accumulated to date on the stratified coal-bearing mass stress-strain state, including
the Western Donbass weak rocks, convincingly prove the presence of the influence of its texture
on the parameters of distributing stress components in the area of stope operations. Therefore,
this factor is subjected to a detailed study in combination with a variable velocity of the stope
face advance. The studies are illustrated by the example of spatial curves of the three stress
components distribution: vertical σy, horizontal σz (in the plane of the cross-section of extraction
workings) and stress intensity σ.

First of all, the peculiarities of vertical stress distribution are studied, the curve of which is
shown in figure 10 for the minimum (Vd = 5 m/day) and maximum (Vd = 15 m/day) stope face
advance velocities in the studied range of their change. Since the analysis of the distribution
parameters σy for a predominantly thick-bedded and medium-bedded structure has already been
presented, the results of comparison with the peculiarities of the curve σy for a predominantly
thin-bedded and medium-bedded structure are presented below.
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(a)

(b)

Figure 10. Curves of vertical stresses σy in a spatial model of a predominantly thin-bedded
and medium-bedded mass at an increased (a) and decreased (b) stope face advance velocity.

At the minimum stope face advance velocity (Vd = 5 m/day), the following differences in
the distribution curve σy for predominantly thin-bedded and medium- bedded texture of the
coal-bearing stratum have been revealed.

In the frontal bearing pressure zone, the change in the mass texture has caused a number
of transformations in the vertical stress σy distribution. Thus, the minimum influence of the
approaching stope face (Ky = 1.05 – 1.25) is noted at a distance of 13 – 15 m to the rise of the
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seam. This is by 35 – 40 percent closer to the stope face than with predominantly thick-bedded
and medium-bedded texture. This is quite consistent with the results of mine observations of
rock pressure manifestations and is explained as follows: less thick rock layers that are not
capable of developing a high repulse reaction to vertical rock pressure weaken and break into
blocks with a small length of a stable cantilever, which deform the underlying layers at a greater
distance (to the rise) from the stope face.

The minimum concentration of Ky = 1.05 – 1.25 propagates into the seam roof up to 23 – 24 m,
which practically coincides with the results of the predominantly thick-bedded and medium-
bedded texture variant. Into the seam bottom, the minimum concentrations are distributed to
an equivalent depth and go beyond the boundaries of the spatial model.

More significant concentrations of the Ky = 1.46 – 1.56 level reach 2.5 – 4.6 m to the rise from
the stope face plane, that is, they reduce their impact by 23 – 52 percent. This concentration in
the roof reaches 6.7 m (decrease by 39 percent), and in the bottom – 18.6 m, which is by 2.04
times higher than in the predominantly thick-bedded and medium-bedded texture.

The most dangerous concentrations of Ky = 2.0 level are located near the stope face and
are characterized by the following dimensions: to the rise of the seam – 2.1 – 2.6 m (81 – 87
percent); throughout the height into the roof – up to 4.6 m (by 1.19 times greater); in depth of
the bottom – up to 11 m (by 2.29 times greater).

Summing up the above data, one should pay attention to the tendencies of reducing the
propagation of concentrations σy to the rise of the seam and mainly the growth of their
dimensions into the roof and bottom of the seam.

The obtained tendencies in terms of the development of rock pressure manifestations in the
extraction workings make it possible to predict the following:

• reduction not only of the distance (ahead of the stope face) of the coal-bearing mass
displacement intensity into the cavity of mine workings, but also the value of their
displacements;

• directly near the junction of the stope face with the drift, an increase in the displacement
velocity of the rocks in the roof and the bottom of the seam.

In general, according to the results of the performed studies on the stress-strain state of
spatial models, a number of influence patterns of the coal-bearing mass texture type and the
average daily velocity of the stope face advance on the parameters of the three main rock pressure
anomalies in the area of conducting stope operations have been determined: frontal and lateral
bearing pressure zones, as well as destressing zone behind the stope face.

These studies are used in the development of recommendations for the selection of rational
design parameters for high-rate mining of coal seams in the Western Donbass conditions.

Based on the performed research, the state of modern fastening and security structures has
been studied, which provides the possibility of reusing the mine working at high velocities of
stope face advance in order to improve the schemes for maintaining extraction workings.

The state of the fastening and security structures is studied in terms of three main stress
components. The SSS analysis is performed sequentially for each of the studied areas of the mine
working maintenance.

For example, a curve of the vertical stress σy components is studied (figure 11).
The conducted comparative analysis of the vertical stress distribution in all fastening

structure elements proves the significance of the influence of the stope face advance velocity and
the mass texture. The identified tendencies should be taken into account when substantiating
the fastening parameters. The patterns determined during the performance of multivariate
computational observations have been confirmed in the course of instrumental observations in
the mine workings of the Western Donbass mines (figure 12).
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(a)

(b)

Figure 11. Curves of vertical stresses σy iin the fastening structure of the extraction drift in
the frontal bearing pressure zone at the stope face advance velocities Vd: (a) Vd = 15 m/day;
(b) Vd = 5 m/day.
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Figure 12. The state of mine working at the experimental site.

Experimental studies have been performed in various mining-geological and mining-technical
conditions.

The decrease in the material consumption of fastening and security structures at high
velocities of advancing stope faces has been substantiated and confirmed by calculations. It
is recommended to fasten with the lightweight SCP-22 profile and with an increase in the step
of setting the frame support and resin-grouted rockbolts up to 1.0 m, the rope bolts are placed
in a checkerboard pattern with a step of 4.0 m, the permissible diameter and the number of
rows of side prop stays of the strengthening support and the breaker-prop row are reduced. The
use of such a highly efficient scheme for maintaining extraction workings provides a reduction
in the time and cost spent on end operations. Thus, this creates an opportunity for the full
operation of modern high-performance stope equipment and, as a result, the intensification of
mining operations in difficult mining-geological conditions.

7. Conclusions
Generalization of the research results makes it possible to formulate the following conclusions.

The analysis of existing analytical studies and experimental measurements of the rock
pressure manifestation parameters has convincingly proved the significance of the influence
of technological parameters of coal seam mining on the formation of SSS anomalies (frontal
and lateral bearing pressure, destressing zone behind the stope face) in the coal-bearing mass
adjacent to stope operations. For indicated three main SSS anomalies, a set of parameters
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has been substantiated that completely characterize this research object. On the other hand,
two technological parameters have been distinguished that not only significantly influence on
the formation and development of SSS anomalies, but are also inextricably linked with the
intensification of mining the coal seams: the average daily velocity Vd of the stope face advance
and the duration of its stoppage t.

Based on the analysis of existing scientific-practical developments, the most expedient
three-stage structure for performing research has been substantiated, where mine instrumental
observations and multivariate computational experiments are combined and complement each
other through a linking element – the mechanism for coal-bearing mass displacement in terms
of the impact of the selected technological parameters for conducting stope operations.

A new methodological approach has been developed in the technology of conducting
computational experiments, which ensures the research continuity when separating and
sequentially solving two groups of problems on a common macromodel and subordinate models
with a more detailed reflection of real conditions. Such a two-stage research structure makes it
possible to more adequately and reliably determine two groups of patterns of the influence of
technological parameters on the indicators of rock pressure anomalies and stress-strain state of
fastening, security elements in the latest schemes for resource-saving maintenance of extraction
workings in the conditions of highly stressed stope faces.

Six main peculiarities of the substantiation and construction of geomechanical models have
been formulated and systematized, with account of which it is possible to ensure a sufficient
degree of adequacy and reliability of the results of computational experiments for studying the
correlation between the rock pressure anomaly parameters and mining-geological, technological
factors of highly-productive mining of coal seams.

It has been proved that the results of calculating the SSS of spatial geomechanical models
correspond to the prevailing ideas about the mechanism and nature of the coal-bearing stratum
displacement process in the zone of stope operations. The consistency of the results and their
objectivity has been determined based on the analysis of the parameters of rock pressure
anomalies.

A very significant influence of the average daily velocity Vd of the stope face advance (in the
range of changing Vd = 5 – 15 m/day) on the dimensions P of the frontal bearing pressure zone
has been determined. The link between P and Vd is non-linear with some damping of the growth
gradient of the zone dimensions at Vc = 10 m/day. The average values of increasing P at Vd =
15 m/day are from 132 percent (to the rise of the seam at Ky = 1.05 – 1.25) to 281 percent (in
depth of the bottom at Ky = 1.46 – 1.56). The revealed patterns should be taken into account
when choosing the mode for conducting stope operations and, especially, when substantiating
the parameters of the fastening structures and the means of their strengthening (ahead of the
stope face) for the extraction drifts.

A reduced influence of Vd on the dimensions P of the lateral bearing pressure zone has been
revealed. Moreover, the distribution of “destructive” vertical stress σy concentrations practically
does not change in the range of 5 m/day Vc 15 m/day. On the other hand, reduced concentrations
σy that are influenced by Vd cannot significantly affect the rock pressure manifestations in the
extraction drift due to their remoteness. This brings to the fore the pattern for limiting the
adjacent mass displacement at high velocities of the stope face advance.

A tendency to reduce the influence of the stope face advance velocity on the dimensions of the
frontal bearing pressure zone with a more thin-bedded mass texture compared to a thick-bedded
texture has been revealed. This is conditioned by the reduced stability of less thick lithotypes,
which, during their bending, “react” to a lesser extent to limiting the period of acting bending
loads at increased stope face movement velocities. At the same time, in the zone of lateral bearing
pressure (in the area of the drift ahead of the stope face, where the maximum frontal bearing
pressure acts), the opposite tendency has been determined – an almost universal increase in the
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degree of Vd influence on the dimensions of the zone under conditions of a more thin-bedded
mass texture. In the destressing zone, there is a decrease in the degree of Vd influence, similar
to the tendencies in the frontal bearing pressure zone.

The results of research in various mining-geological conditions are experimentally confirmed,
as well as recommendations for the implementation of resource-saving fastening and security
systems are presented.
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Abstract. Mining waste can generate environment pollution including acid mine drainage
(AMD). AMD is dangerous for its surroundings and can pollute surface and groundwater it is
contacting with. Nanomaterials are advanced materials used in all fields of human activity and
development. However, their production is still expensive and may pollute the environment due
to the chemicals’ used and/or production of the energy needed for their synthesis. A smart
solution could be use of mining waste and AMD to produce nanomaterials with properties
similar to the properties of nanomaterials obtained from clean chemicals. Thus both waste will
be valorised / decontaminated and useful and needed materials produced. This paper presents
production of nanoparticles and nanomaterials from mining waste and AMD with emphasis on
iron- and copper-based materials, as well as some applications of the obtained materials.

1. Introduction
Mining and minerals beneficiation are fundamental activities that provide raw materials for the
production of goods and services necessary for the daily life of every person, as well as for the
sustainable development of all humanity.

However, large amounts of solid rocky waste and tailings are generated that, apart from their
unaesthetic appearance, can be a source of dangerous environmental pollutants resulting from
the leaching of usually present toxic metals, metalloids and/or non-metals under the influence
of precipitation [1, 2]. This type of waste has been accumulated for hundreds and thousands
years and some authors estimate that its yearly production rate is 350x109 t [3] while other give
the value of 100x109 t waste from primary production of mineral and metal commodities [4].
Although the mining waste disposal decreases in some well-developed countries, due to their
ability to treat, recycle or use for energy recovery part of this waste this is not the case with all
countries worldwide.

Scientific and engineering community has already been working on the technologies for mining
waste management [4,5] and for extraction of valuable metals from mining and mineral processing
waste [6–10].

Mining activities and mine waste can be a source of mine drainages that can be four types
(neutral, acid, basic and saline) in dependence of the ores composition and local hydro-geological
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and physicochemical conditions. Among the mentioned types, acid mine drainage (AMD)
represents the major concern. Generally, its formation can be presented by the following chemical
equations [11,12]:

2FeS2(s) + 7O2(g) + 2H2O → 2Fe2+(aq) + 4SO2−
4(aq) + 4H+

(aq),

4Fe2+(aq) +O2(g) + 4H+
(aq) → 4Fe3+(aq) + 2H2O,

FeS2(s) + 14Fe3+(aq) + 8H2O → 15Fe2+ + 2SO2−
4(aq) + 16H+,

Fe3+(aq) + 3H2O → Fe(OH)3(s) + 3H+.

The pyrite (FeS2) oxidation can be facilitated by the presence of sulphur-oxidizing bacteria.
The acidic nature of the AMD leads to the leaching of the ores that it is contacting with
and thus different metals, such as aluminium (Al), cadmium (Cd), chromium (Cr), cobalt
(Co), copper (Cu), manganese (Mn), nickel (Ni), lead (Pb), zinc (Zn), etc. and metalloids
(for example, arsenic – As) appeared in the AMD, besides iron (Fe). AMD is dangerous
for the surrounding environment or when it mixes with surface or groundwater bodies. The
composition and characteristics of AMD depends on the local geological, hydro-geological and
climate conditions, availability of pyrite ores and the rate of their oxidation. Without any claims
for comprehensiveness, table 1 gives an idea about the ranges of some AMD parameters.

Table 1. Concentration ranges of some metals and As in AMD from different mines worldwide.

Parameter, Pollutants Coal Sulfide Copper Pyrite
concentration range, mines ores mines∗ mines mines
mg L−1 [11–15] [12,13,16,17] [12,18,19] [12,13,17]

pH 2.43-3.23 1.9-2.7 2.2-5.2 2.1-2.7
Al 17.7-668.8 9.1-260 0.44-382.6 117-1878
As 0.06-3.52 n.i. n.i. n.i.
Cd 0.01-0.05 0.10-163.8 0.04-0.9 0.01
Co 0.14-1.87 45-163 0.12 n.i.
Cu 0.06-0.45 0.23-77.3 14.7-531.2 0.02-165
Fe 105.3-6051 16.7-2040 1.1-413 153-3580
Mn 12.2-128.0 13.7-210.7 66.3-72.0 21.9-467
Ni 0.03-3.48 0.13-312 0.22 n.i.
Pb 0.03-0.18 0.1-45.0 n.i. 0.13-0.40
Zn 0.2-25.0 4.4-410 1.11-133 4.9-976

∗ Cu-Zn, Pb-Zn, Cu-Pb-Zn, and polymetallic ores; n.i. – no information

It is difficult to prevent formation of AMD because it is a natural oxidation process accelerated
by the increase in pyrite-bearing minerals surface area that is exposed to water and oxygen
during mining operations [14]. The already formed AMD is treated in active and/or passive
systems. Constructed wetlands, limestone drains, permeable reactive barriers, and use of natural
sulphate reduction processes are the main passive treatment methods. They could be more cost
effective and environmentally friendly, compared to active methods, but are slow and depend
on the site conditions [12]. Most often the active treatment is based on addition of neutralizing
and alkalizing reagents, mainly lime, limestone, magnesite, etc. [11, 20]. However, alkalization
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precipitation of metals-pollutants results in big amount of sludge. In addition, the metals in the
sludge could be relatively easily mobilized by contacting with acidic or even fresh water. Thus,
this type of treatment needs corresponding handling and storage. Adsorption is considered as a
cost-effective and efficient method in treating AMD. Different adsorbents are used, among them
natural mineral materials such as clays and zeolites. Their low mechanical strength and poor
ion selectivity can be pointed as drawbacks. Membrane technologies such as nanofiltration and
reverse osmosis possess high separation efficiency, automatic operation and produce good water
quality. However they are still relatively expensive and need a preliminary treatment of the
water in order to reduce membrane system pollution and unstable work [12].

Recovery of the valuable metals from AMD and solid mining waste is needed in order to
achieve sustainable use of resources jointly with sustainable remediation and the environment
protection.

Nanomaterials are materials that have at least one dimension at nanoscale. Due to their size,
nanomaterials have a number of different properties compared to bulk materials of the same
chemical composition [14]. They are used in different areas such as electronics, power generation
and storage, mechanical industries, water treatment, pharmaceutical and medical activities and
products, etc. [21,22]. Recently magnetic zeolite nanocomposites have been studied as reusable
green adsorbents for removal of different pollutants from wastewater [23,24].

Two approaches are applied to synthesize nanoparticles (NPs). The “top-down” approach
is based on a physical miniaturization of materials to the nanometer scale by applying high-
energy inputs. Mechanical milling, laser ablation, ion sputtering, etc. are included in this
approach. The “bottom-up” approach is based mainly on chemical reaction of precursors and
precipitation of the obtained NPs or evaporation followed by deposition. Both techniques for
NPs production are expensive and can pollute the environment by using chemicals and/or due to
the production of the energy needed. The basis of the NPs biosynthesis is the use of biochemical
redox reactions where the ion is transformed to its solid phase by using as chemicals extracts
of different microbes and plants. This approach is considered environmentally-friendly, cost
effective and scalable [21,25] but usually the NPs yield is low.

This paper aim is to present recovery of the valuable metals from mining waste and AMD
under the form of useful nanoparticles and nanocomposites and some applications of the
produced materials, which is a relatively new scientific field being developed in recent years.

2. Nanoparticles from mining waste
Mining waste contains diverse valuable metals and various technologies have been and are being
developed and applied to extract metals. Recent 10-15 years with the burst of nanoscience and
nanotechnologies the number of studies on NPs production from mining waste is also increasing.
Mainly iron (Fe) mining waste has attracted the scientists’ attention probably due to the two
reasons: a) diverse unique properties of iron-based nanoparticles and especially of the magnetite
nanoparticles (MNPs) and b) due to the mineral beneficiation technology usually this waste is
rich in Fe that could be used as a cheap precursor for preparing MNPs.

2.1. Iron-based nanoparticles
Iron based materials and especially magnetite (Fe3O4) nanoparticles have found wide
application. Back in 2004 Hu and co-workers [26] prepared MNPs (∼ 10 nm) by sol-gel method
and studied their ability to remove Cr(VI) from wastewater by adsorption. Adsorption on MNPs
is regarded as an effective and economically vital method for removing different pollutants (such
as metal ions, dyes) from water [20]. Besides their use as adsorbents MNPs are used as catalysts,
paint pigments, additives to ceramics, in electronic materials fabrication, ferrofluid technology,
controlled drug delivery, etc. [20, 27].
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MNPs are able to remove most divalent and some trivalent metal ions (forming stable
precipitates) from water (including AMD) at easy application and recovery by magnetic
filtration. In addition, most of them do not change their magnetic properties when used as
adsorbents and thus they can be reused [20]. MNPs are synthesized by different methods, such
as thermal decomposition, milling, chemical precipitation, sonochemical synthesis. Chemical
precipitation is the most widely used approach because the produced MNPs are with controlled
size and morphology. Co-precipitation of Fe3+ and Fe2+ (from aqueous solutions, at a ratio of
2:1) is usually applied to prepare the MNPs.

It is carried out under anaerobic alkaline (pH 9–12) conditions [27]. The cost of iron precursor
salts used is the main component contributing to the price of nanoparticles. For this reason, as
a source of Fe ions, mining wastes from iron ore mining and processing are of interest for the
production of MNPs. In addition, in recent years an increasing attention is paid to the synthesis
of iron-based materials, especially aimed to be used in energy storage applications.

2.1.1. Materials based on iron oxides. Wu et al [28] synthesized magnetic Fe3O4 nano-powder
by applying ultrasonic chemical co-precipitation in presence or absence of a surfactant sodium
dodecyl sulfate (C12H25OSO3Na). They used high purity Fe that was separated from iron ore
tailings by acidic leaching (with 37.5 wt. % hydrochloric acid – HCl). Further, hydrogen peroxide
(H2O2) was added to the filtrate (i.e. to the pregnant leach solution – PLS) in order to ensure
that all iron exists as Fe3+. The solution was heated to 60◦C and concentrated ammonia solution
(NH4OH) was added to achieve pH 3.2. Thus iron was separated from tailings and precipitated
as Fe(OH)3. The precipitate formed was washed and re-dissolved in HCl. Measured amount of
FeSO4·7H2O was added in order to ensure Fe3+ and Fe2+ molar ratio of 1.5:1. Then sodium
hydroxide (NaOH) solution was added under ultrasonic agitation to form black precipitate of
Fe3O4 by the reaction

Fe2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O.

The produced MNPs (with an average diameter of 15 nm) possessed high crystallinity
and super-paramagnetism (74.86 emu g−1 saturation magnetization). Fe3O4 NPs coated with
C12H25OSO3Na were with uniform size and exhibited better dispersion, compared to uncoated.

Giri and co-authors synthesized MNPs using ferric iron ions obtained by treatment of tailing
of iron ore industries [29]. The material containing ≈39.01% Fe was digested in HCl solution
to produce FeCl3 solution. Concentrated NH4OH solution was added to produce Fe(OH)3 that
was washed, dried and dissolved in 50% HCl solution together with FeCl2·4H2O at Fe3+ : Fe2+
molar ratio of 2:1. Then NaOH solution was added to reach pH 11, under continuous stirring,
nitrogen (N2) atmosphere and 70◦C. Further, temperature was risen to 90◦C, sodium dodecyl
sulphonate was added to stabilize the formed MNPs. After cooling to ambient temperature,
the produced MNPs were magnetically separated, washed with acetone and distilled water and
sonicated. The dispersed MNPs (from 8.3 to 23.0 nm) were used in adsorption studies. They
were found effective in removing anionic (Congo red) and cationic (methylene blue) dyes from
their aqueous solutions with adsorption capacities of 70.4 and 172.4 mg g−1 for methylene blue
and Congo red, correspondingly.

Kumar et al prepared MNPs using as a Fe source the waste from the iron ore processing
plant [30]. The waste material contained 26.8% Fe2O3, 72.4% SiO2 and 0.7% Al2O3. Metallic
iron was added at the ratio of Fe to Fe2O3 content of tailings = 1:4 and the mixture was
subjected to ball milling followed by leaching with HCl solution. Thus, chloride solution was
produced that contained iron (III) and iron (II) at ratio of 2:1 M. Urea was added to the
solution and its hydrolysis at 95◦C released ammonia (NH3) that alkalized the medium and black
MNPs were formed in the suspension. After the suspension was cooled to room temperature,
the NPs were removed by magnetic separation, washed and dried in a vacuum desiccator (at
room temperature). The produced MNPs were coated with silver (Ag) nanoparticles by wet



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012063

IOP Publishing
doi:10.1088/1755-1315/1254/1/012063

5

impregnation with aqueous silver acetate followed by washing and drying. The antibacterial
activity of the prepared Ag–Fe3O4 nano-composite was studied against Escherichia coli. Silver
coated MNPs possessed antibacterial activity. Silver NPs anchored to the Fe3O4 can be easily
separated from the water by a suitable magnet in order to be reused. Thus, waste can be
converted into useful resource and the produced product can be applied in water treatment.

Suh et al started from a low-grade iron ore and prepared MNPs (with a purity of 99.8%) and
a Mg-rich solution that were used as a nano-adsorbent and a coagulant for water treatment,
correspondingly [31]. Aqueous HCl solution was used to leach the ore. After solid/liquid
separation, 30% H2O2 was added to convert all iron available in the solution to Fe3+ ions.
Impurities that passed to the PLS were removed by solvent extraction with tri-n-butyl phosphate
as an extractant. Therefore, the amounts of Mg and Si that are able to inhibit the formation
of MNPs, were reduced from 15.5 wt.% and 10.3 wt.% to less than 1.4 mg L−1 and 28.1 mg
L−1, respectively. As a result, the Fe content increased from 68.6 wt. % to 99.8 wt. %. This
high-purity Fe3+ solution was used to synthesize 5-15 nm MNPs. The high-purity Fe3+ solution
was mixed with ferrous solution (obtained by reducing one-third of the high-purity Fe3+ solution
with sodium borohydride – NaBH4 aqueous solution) in the ratio of 2:1 and the obtained mixture
was added to NaOH solution. The following reactions took place at 40◦C to produce MNPs:

Fe2+ + 2OH− → Fe(OH)2,

Fe3+ + 3OH− → Fe(OH)3,

Fe(OH)3 → α− FeOOH+H2O,

Fe(OH)2 + 2α− FeOOH → Fe3O4 + 2H2O.

The synthesized NPs were washed with distilled water and separated by using a magnet.
Thus, MNPs adsorbent can be produced in large quantities at low cost and at the same time
the cost of iron-ore-wastewater treatment could be decreased.

Ren and co-authors [32] used ferrous sulphate heptahydrate (FeSO4·7H2O, 92.45%) that is
an industrial by-product from titanium dioxide production by sulphuric acid (H2SO4) method
and pyrite (FeS2, 75.62%) that is a by-product of mineral processing plants. Ferrous sulphate
was reduced with pyrite under N2 protection to produce porous MNPs (with particle size of
25–50 nm).

Iron ore tailings (containing 43.47% Fe, 7.99% Si, 9.07% Ca, 3.8% Mg, and 2.4% Al) were ball
milled and leached in mixture of 5 M H2SO4 and 2 M NaCl at 85◦C [33]. The use of H2SO4/NaCl
hybrid lixiviant resulted in decreased Ca2+ ions impurity in PLS because of precipitation of
gypsum. Then Fe3+ ions in the produced PLS were reduced by adding sodium thiosulfate
pentahydrate (Na2S2O3·5H2O), under N2 atmosphere, in such stoichiometric amount to obtain
and maintain the Fe3+/Fe2+ = 2. Further NH4OH was added to reach pH=9.5, under N2

atmosphere at room temperature. Greenish black precipitate was formed that was heated at
85◦C and then the magnetic precipitate was gathered with a magnet, washed with distilled water
and ethanol, and dried at 44◦C. The XRD and ICP-OES analyses showed that the produced
magnetite nanoparticles (with an average diameter of 19±3 nm) were pure (impurities < 3%).
The VSM analysis showed that the powder behaved as ferromagnetic at room temperature with
a saturation magnetization of 63.27 emu g−1. The proposed reduction-precipitation method is
suitable and economic for producing MNPs when low amount of iron ions present in the tailings
(< 25%).

Microorganisms have also been studied for their ability to produce iron oxide NPs from
mining waste. The bacterium Rhodococcuserythropolis ATCC 4277 was used in stirred tank
reactor to extract residual iron from rhomboclase (found in coal tailings) and to transform it
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into magnetic nanoparticles [34]. The prepared NPs were composed of β-Fe2O3 and α-Fe2O3.
The proposed process is environment-friendly and sustainable.

2.1.2. Other iron-based materials. Two organic-inorganic hybrid materials with magnetic
properties were synthesized, using as precursors the iron ions obtained from Fe ore mining
tailings [35]. The first precursor material consisted mainly of ferric sulphate. It was from iron
mine tailings of a company. The second precursor resulted from the acid extraction of iron
mine sludge gathered from the Doce River watercourse near the Fundão dam in Mariana, after
its rupture in 2015. The hybrid materials were produced in the following way: CoCl2·6H2O
and waste iron salts were dissolved in natural organic material (NOM)-rich water. Then the
solution was alkalized to pH 9 with 1 M NaOH solution, the precipitate formed was washed
and dried. SEM and TEM images pointed at the formation of nanostructures, while XRD
analyses disclosed formation of the cobalt ferrite phase (CoFe2O4). The hybrids obtained (NOM-
CoFe2O4) exhibited conversion rate of 99% of nitrophenol in short times (1-2 min). They also
showed high performance in the adsorption of PAHs, achieving removals in the range of 75–80%.

Other study has presented synthesis of manganese ferrite (MnFe2O4) from a low-grade mining
waste bearing both iron and manganese [36]. Initially the material was heated at 700◦C and
then leached in H2SO4 medium. Further, the leachate was purified and its composition adjusted
to reach the Fe : Mn molar ratio of 2:1. The MnFe2O4 synthesis was achieved through co-
precipitation from the solution at temperature of 90◦C. The obtained nano-sized particles (45
nm) possessed a saturation magnetization of 51.03 emu g−1 and are candidates for energy storage
devices.

Yao et al synthesized interconnected α-Fe2O3 nanoparticles using tin ore tailings as Fe
source [37]. The ore tailings (containing 20.9% Fe) were leached in 1.5 mol L−1 H2SO4 at 70◦C,
the liquid-solid ratio of 4:1 (mL:g) for 90 min. Further, sodium carbonate (Na2CO3), NaOH, and
NH4OH solutions were added to the equal volumes of the PLS to precipitate iron hydroxide.
The precipitate was washed and calcinated at 800 oC to obtain α-Fe2O3 nanoparticles. The
α-Fe2O3 nanostructures synthesized by using NaCO3 as precipitating reagent showed the best
lithium storage performance with a reversible discharge capacity of 1146 mAh g−1 at 0.5 A g−1

after 300 cycles and stable discharge capacity of 377 mAh g−1 at a high current density of 4 A
g−1. The obtained results point at the possibility to use the ore tailings to produce high-value
products.

Natural pyrite NPs were prepared by grinding pyrite taken from real mine waste to micro
particles (< 50 µm), washing them with 0.5 M HNO3 and additional grinding in ceramic mortar
followed by ball milling in a planetary ball mill.

Thus produced NPs were rinsed with a mixture of ethanol and deionized water (50/50) and
dried at 105◦C [38]. The obtained NPs were studied for their ability to function as a catalyst for
the activation of peroxymonosulfate (PMS) and peroxydisulfate (PDS) to oxidize tetracycline
(TTC). A degradation of 98.3% and mineralization up to 46% of TTC were achieved using the
produced pyrite catalyst. In addition, biochemical and histopathological assays pointed that
nephrotoxicity and hepatotoxicity effect of TTC were decreased by 90% and 85% respectively.
The pyrite NPs catalyst was used in four consecutive cycles with no significant decrease in
process efficiency (<3% decrease in TTC removal). Furthermore, it was found that the pyrite
presence in the water had not any significant toxic effects. The generalized route used for the
preparation of MNP from mining waste is presented in figure 1.

2.2. Nanoparticles based on other metals
Mining waste material contains other valuable elements besides iron and have to be considered
for their utilization in the NPs preparation. However, until our days no many efforts appeared
in this direction.
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Figure 1. Generalized route for preparation of magnetic nanoparticles from mining waste.

Wong-Pinto et al utilized a real effluent produced by the leaching of sulfide ore tailings as
a copper source to synthesize copper nanoparticles (CuNPs) using the non-pathogenic bacteria
Pseudomonasstutzeri DSM 5190 as a bio-reducing agent [21]. In order to extract the Cu from
the chalcopyrite-bearing tailings, they were treated with H2SO4 solution (120 g L−1) in presence
of sodium nitrate (1 g L−1) that acted as an oxidizing reagent able to enhance Cu dissolution. A
copper recovery of 50% was achieved in 8 h. Further, the PLS was purified by solvent extraction
(using Acorga PT5050 diluted with Escaid 110) and then Cu was stripped with H2SO4 solution
(120 g L−1). The obtained solution was used as a precursor for CuNPs synthesis after raising
its pH to 4 by addition of NaOH solution. Then, pellets of cultured Pseudomonasstutzeri
DSM 5190 were added to the Cu-bearing solution. Some of the produced CuNPs (1–2 nm) were
attached to the pellets of the biomass, other were left in the solution which after drying produced
Na2SO4 – CuNPs mixture. The obtained products are intermediate. Different techniques have
been proposed to separate CuNPs from the biomass (such as washing-vacuum filtration, density
gradient centrifugation, sonication), which are relatively cheap and clean methods.

Recently a study appeared on the synthesis of selenium NPs (SeNPs) using mining waste that
contained 6.11% Se, 4.97% Sb, 4.69% Pb, 4.12% Ag, 3.61% Cu and 70.01% barium sulphate
(BaSO4) [39]. In order to prepare pure solution for SeNPs synthesis the following stages were
taken: (a) gravity separation to remove BaSO4, (b) Leaching of the obtained concentrate by
3M nitric acid (HNO3), (c) Chloride solution addition to precipitate Ag and Pb as insoluble
salts, and (d) removal of other impurities such as tellurium, strontium and arsenic by different
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reagents addition, followed by solid/liquid separation. The purified solution was utilized as a
precursor for the green synthesis of SeNPs using different fruit extracts with the orange extract
being found to be the most efficient reducing and stabilizing reagent leading to the formation of
stable SeNPs with particle size between 70 and 80 nm.

3. Nanoparticles from acid mine drainage
Recently various efforts have been done to handle AMD with the aim not only to decrease
the content of hazardous elements that present in it but also to produce valuable minerals and
metals by the AMD treatment. In this line, efforts to produce NPs have their place. Studies
on the synthesis of iron based materials are prevailing but also other metals and minerals are
aimed at.

3.1. Iron based materials
Efforts to use AMD to synthesize MNPs started also 15-17 years ago. One of the pioneering
works was that of Wei and Viadero [27]. They recovered ferric iron from AMD pumped out
from abandoned underground coal mines. Hydrogen peroxide was added to the raw AMD to
oxidize the eventually available Fe2+ to Fe3+. Then the AMD pH value was raised from the
natural 2.6 to 3.5–4.0 by addition of 4 M NaOH solution. At this iron was precipitated as ferric
hydroxide/oxyhydroxide. At pH 3.5 other metals remained in the solution. The precipitate was
separated from AMD by centrifugation. The ferric precipitate was resolubilized and used as a
ferric iron source. Reagent-grade FeSO4·7H2O was the ferrous iron source. Solution containing
Fe3+ : Fe2+ = 2 : 1 was prepared under a N2(g) atmosphere to prevent oxidation and mixed for
a certain time to remove the dissolved oxygen. Further, pH was risen to 9.5 by addition of 6.4
M NH4OH solution. NPs were allowed to grow for 30 min, under N2 atmosphere. The black
precipitate (magnetite NPs with size of 10-15 nm) was separated from solution with the aid of
an external magnetic field and washed. The prepared MNPs were of the same quality as the
MNPs prepared using chemicals (pure iron salts) under the similar conditions.

Cheng et al studied microbial fuel cells that can be used to treat AMD and generate
electricity [40]. The dissolved oxygen reacts with Fe2+ in AMD and iron oxide precipitates
are produced that at frying are transformed to goethite (α-FeOOH) NPs with size in the range
from 120 to 700 nm. The size of the produced NPs could be controlled by changing the conditions
in the fuel cell – initial Fe2+ concentration (50–1000 mg L−1), pH (4–7.5) and the cell current
density (0.04–0.12 mA cm−2).

Kefeni et al initially optimized the conditions for synthesis of MNPs from analytical grade
chemicals at low pH and temperature and then applied the optimized conditions to treat real
AMD with the aim to produce valuable commercial NPs [20]. They have proved that it is
possible to synthesize Fe3O4 and CoFe2O4 from their corresponding binary salts. However, the
direct application of the same conditions to both simulated and real AMD did not result in
the MNPs formation. The reason was the presence of many other cations that can hinder that
process. Beside iron oxides, Mn3O4, MnO2 and ZnO were formed from real AMD. It is found
that in order to produce MNPs from AMD higher pH and heat are needed in comparison with
the model binary solutions. The study showed that NH4OH(aq) was better alkalizing reagent
than NaOH solution. It is proved that if the AMD is treated with MNPs the formation of ferrites
is accelerated which resulted in an increased magnetic moment of ferrite sludge produced.

A study was conducted with the aim to recover Fe2+ and Fe3+ from Fe2+ rich acidic mine
water that resulted from coal mining and washing processes, and to use the recovered Fe2+ and
Fe3+ sludge as precursor for magnetite synthesis [11]. Only real AMD and soda ash were used.
A sequential and fractional precipitation procedure was used to recover different Fe-species. In
order to precipitate Fe3+ the pH value of the AMD was raised by Na2CO3 addition to pH≥4.5
and to obtain Fe2+ the pH was increased to pH≥8.3. Afterwards, the two recovered and collected
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sludges were used to synthesize magnetite. The reaction can be described as it follows:

Fe2+(aq) + 2Fe3+(aq) + 8OH−
(aq) → Fe3O4 + 4H2O.

The formed magnetite (with a purity of 28%) was separated by centrifuging. The optimum
conditions for the recovery of MNPs were mol ratio of Fe3+ / Fe2+=2:1, pH≥10 and temperature
ranging from 25 to 100◦C.

Moreira et al prepared acicular goethite nanoparticles from AMD and studied their ability
to adsorb arsenate, phosphate and humic acids [41]. The AMD was collected from a coal mine.
It was treated using the following steps (the procedure is similar to that used at industrial
scale to treat AMD): a) pre-neutralization by lime (Ca(OH)2) addition to pH 2.7 to precipitate
selectively aluminium hydroxides and CaSO4, b) addition of NaOH to pH 3.2 to precipitate
acicular goethite nanoparticles (AGNs). The AGNs were washed, filtered, dried at 90oC for 5 h
and stored. The obtained AGNs were similar in composition to the product derived at industrial
scale at treatment of that AMD. The size of the AGNs was 23 nm, the material specific surface
area was 102 m2 g−1. The AGNs adsorbed humic acid (37.30 mg C g−1), arsenate (19.91 mg
As(V) g−1) and (12.98 mg PO3−

4 g−1).
Further, a study has been carried out with the aim to explore the use of AMD as a source

of Fe3+ ions as a precursor for synthesis of iron NPs and use of the produced NPs to remove
pollutants from the same AMD [14]. A coal mine AMD (containing 4219.14 mg L−1 iron and
21,317.79 mg L−1 sulphate as the predominant anion) was used as feedstock. Initially the ferrous
ion that present in the mine water was converted to ferric ion by addition of hydrogen peroxide
solution:

2Fe2+ +H2O2(aq) + 2H+
(aq) → 2Fe3+ + 2H2O(l).

In order to remove dissolved oxygen from the thus treated AMD, nitrogen gas was bubbled.
Iron(III) ions that present in the mine water were reduced at room temperature using 0.5 M
NaBH4 solution to produce the iron nanoparticles.

4Fe3+ + 3BH−
4 + 9H2O → 4FeO + 3H2BO

−
3 + 12H+ + 6H2.

The synthesized black particles were separated from the mixture by using a strong external
magnet, washed and dried. Their size was 31.8 nm and BET surface area was 88±3.16
m2g−1. For comparison iron NPs were synthesized under the similar conditions from pure
chemicals as precursors. Their size and BET surface area were 28.05 nm and 91±3.08 mm2g−1

correspondingly. The morphology of NPs prepared by starting from the different precursors was
the same. The NPs synthesized by using AMD have been applied to remove toxic elements
that present in the raw AMD. An average removal efficiency of 75% has been achieved due to
combination of the different properties of the produced NPs, namely chemical stability, high
redox potential and specific surface area as well as the presence of easily accessible adsorption
sites. The main reactions leading to the pollutants removal have been identified as adsorption,
co-precipitation and reduction.

Another study has used plant extracts to recover iron NPs from AMD [42]. Real wastewater
from an industrial iron-ore processing company was used. Extracts of different plants were
added to the wastewater at ratio of 1:1 v/v (determined as optimal in preliminary experiments)
and temperature and contact time were varied. The precipitates formed were dried and
annealed. Their analyses disclosed presence of maghemite-C (Fe2O3) and magnetite (FeFe2O4)
nanoparticles. Best results at room temperature have been obtained when Eucalyptus globulus
extract was used. In addition, the quality of treated mine water was improved and thus it was
made reusable for other purposes.

Real AMD from a coal mine was used to synthesize goethite, hematite, and magnetite
NPs [43]. Recovery of Fe3+ sludge and recovery of Fe2+ sludge was achieved by selective
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precipitation. The pH of the AMD was increased from 2 to 4.5 by addition of 10% Na2CO3

solution to obtain Fe3+ rich precipitates / sludge. The filtrate from the sludge / water separation
was used for ferrous (Fe2+) sludge production by raising the pH from 4.5 to ≥ 8.5 via addition
of 10% NaOH solution. For goethite synthesis the Fe3+ rich slurry was heated at 80◦C and then
dried at room temperature for 24 h. For hematite synthesis the Fe3+ rich slurry was heated
at 700◦C and then cooled to room temperature. Magnetite nanoparticles were synthesized by
mixing the preliminary obtained Fe3+ and Fe2+ sludge at 2:1 M ratio and adding NaOH solution
to reach pH > 9 under oxygen-free environment achieved by N2 gas bubbling into the reactor.
High purity (>99%, =100% for goethite) has been observed for the recovered Fe-species, which
indicates that they are suitable for industrial applications.

A recent study has applied hydrazine as reductant in order to produce iron nanoparticles using
iron-rich AMD solution as a ferric iron source [44]. In order to prepare NPs 0.9 M hydrazine
solution was added to AMD sample (4492.1 mg L−1 iron, pH=2.14) from a coal mine under
stirring at a temperature of 70◦C. A brownish yellow precipitate was formed that was identified
by the XRD analysis as goethite. The SEM images of the iron nanoparticles revealed spherical
morphology. The HRTEM analysis showed nanoparticles with size 8.66±0.58 nm and the XRF
analysis results revealed that the samples were very rich in iron. It is concluded that Fe-rich
AMD is a very good substitute material for commercial reagent grade salts for synthesizing iron
NPs.

Another recent study proposed preparation of stabilized iron NPs from AMD applying rooibos
tea extract as reagent used to reduce Fe2+/Fe3+ to zero-valent Fe [45]. Ambient temperature
(∼25◦C), a rooibos tea extract dosage of 5 g L−1, a pH of 6, and 6 h of reaction time are found
as optimal conditions. The average particle size was 36 nm, as determined by TEM analysis and
the NPs were stabilized by tea polyphenols that partially coated the surface of the nano-iron.
When the synthesized iron NPs were used as a Fenton like catalyst for the degradation of textile
dye (orange II sodium salt), 94% removal efficiency was achieved in only 30 min.

3.2. Copper based materials
Schaffie and Hosseini proposed a biosynthesis of semiconductor copper sulfide nanoparticles from
mine wastewaters with the aid of Fusarium oxysporum fungus [18]. Study was conducted with
wastewater collected from a copper mine. The wastewater contained 56.75 mg L−1 Cu and
its pH was 5.2. The bio-reduction of Cu ions occurred at 30◦C for 96 h. The analysis of the
separated and washed nanoparticles revealed that they possessed a covelite composition and the
particle size was in the range of 10–40 nm. For comparative purpose NPs were synthesized also
using 10−3 M CuSO4 under the same conditions as when AMD was used. Analyses pointed
that the properties of the NPs produced from AMD were the same as the properties of the NPs
synthesized from the pure CuSO4 solution.

Crane and Sapsford produced Cu nanoparticles from AMD using nanoscale zerovalent iron
(nZVI) as a selective reducing reagent [16]. The AMD used was collected from abandoned open
pit Cu-Pb-Zn mine. Its pH was 2.67 and the copper concentration – 45.41 mg L−1. The used
nZVI was prepared from FeSO4·7H2O by addition of 4 M NaOH solution. Two types of batch
experiments were carried out – with unbuffered (pH 2.67 at t = 0) and pH buffered (pH < 3.1)
AMD that was contacted with nZVI (with concentrations in the range of 0.1 – 2.0 g L−1). It is
found that addition of nZVI at concentrations ≥ 1 g L−1 to the unbuffered AMD lead to rapid
and nearly total removal of Cu, Al and Cd from the water solution (> 99.9% removal within 1
h) through cementation (for Cu), precipitation and sorption to iron corrosion products (for Al
and Cd). Other metals that present in the AMD were not immobilized. When buffered AMD
was used Cu was selectively precipitated at addition of nZVI. The maximum removal of Cd and
Al were only < 1.5% and < 0.5% correspondingly. Spherical nanoparticles (with diameter of
20–100 nm) were formed, containing up to 68 wt.% Cu, as revealed by HRTEM-EDS analysis.
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The study showed that highly selective formation of Cu bearing nanoparticles from real AMD
can be achieved by tuning the synthesis conditions.

3.3. Sulphides based materials
Below are presented some examples of metal sulphides NPs synthesis at contacting the AMD
with sulphide ions produced by microorganisms.

Vitor et al studied the possibility to treat AMD at simultaneous bio-synthesis of zinc sulphide
(ZnS) nanoparticles and ZnS / TiO2 nanocomposites by using a combined process, developed
by the members of this research group [19]. It consists of two consecutive steps – water
neutralization in a calcite tailing column, and treatment of the neutralized water in an anaerobic
sulphate reducing bioreactor. That process was planned to use locally available wastes and/or
natural cheap materials, with the aim to develop as simple as possible, working at normal
pressure and ambient temperature environmentally friendly and economically viable treatment
of an AMD. The AMD used was collected from the region of an abandoned copper mine.
The neutralizing column was filled with a mixture of small pieces of calcite tailing (from a
marble stone cutting and polishing industry) and coarse sand, in a 1:2 (w/w) ratio. For the
second stage the Upflow anaerobic packed-bed reactor was filled in with coarse sand. It was
inoculated with sulphate reducing bacteria (SRB). The effluent from the bioreactor contained
biologically generated sulphide. The biosynthesis of ZnS was realized by allowing the effluent
from the biotreatment process to flow into a reaction vessel, containing a zinc sulphate solution.
Composites were prepared by adding commercial titanium oxide (TiO2) powder to the zinc
solution. Over 90% of the zinc initially available in the AMD was removed as ZnS nanoparticles
(with an average size in the range of 29 – 39 nm) or ZnS/TiO2. Water going out of the system
complied with legal irrigation requirements. The results obtained confirmed the possibility of
coupling the synthesis of ZnS nanoparticles and nanocomposites with the AMD bioremediation.

Kumar and Pakshirajan studied the ability of biomass with SRB from an anaerobic rotating
biological contactor to remove metals – (Cu(II), Cd(II), Ni(II), Fe(II), Pb(II), Mn(II) and Zn(II))
from simulated AMD while simultaneously rendering them in metal- sulphide nanoparticles [15].
The main mechanism of metal sulphide formation was the binding of metals to sulphide produced
outside bacterial cell surface as a result of sulphate reduction by the bacteria. Heavy metals
recovery by sulphide precipitation was over 70% for Cu and Pb. The recovery was a little bit
lower for the other metals. Studies on the particle size distribution of the different NPs revealed
that the size of NiS and ZnS nanoparticles was 15–17 nm, the size of CdS and CuS nanoparticles
was 12–14 nm, the MnS NPs were 9–11 nm, while the size of FeS and PbS NPs was in the range
8–10 nm.

4. Conclusions and outlook
Studies carried out in recent 10-20 years have proved that:

(i) Mine tailings can be successfully used as iron source for producing different nanoparticles:
magnetite, interconnected α-Fe2O3, ferrites and their composites, as well as copper and
selenium nanoparticles – all with properties and prospective applications similar to the
properties and applications of nanoparticles and composites fabricated from clean chemicals.

(ii) AMD can be utilized as an iron source for synthesizing magnetic, zerovalent iron, goethite
and hematite nanoparticles, along with being a resource for copper and sulfide (copper,
zinc, lead) nanoparticles and their nanocomposites. Besides NPs synthesis, remediation of
the AMD is the other achieved positive result. The obtained materials showed ability to
remove different pollutants from contaminated water.

The positive feature of the studies carried out is that most of them have used real waste
material and AMD.
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The following drawbacks could be pointed out: (i) The experiments are conducted at small
laboratory scale, (ii) Most often solutions of strong acids are used as leaching reagents for mining
waste, and strong alkaline solution (NaOH) is used as pH raising reagent in treating both the
AMD and the PLS; (iii) Stabilization of the produced non-magnetic nanoparticles in different
composites or on various carries (for example, clay, zeolite) is practically not studied, while it
could contribute to easier separation and multiple use of those nanocomposites.

In short – production of nanoparticles and nanocomposites from mining waste and AMD
seems promising environmentally friendly and feasible approach to minimize the negative impact
of these waste streams and utilize them. However, there is still long way till their real
implementation.
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Abstract. It is not possible to determine the type of coal in terms of reducibility from
thermal decomposition without access to air for volatile maters to dry ash-free mass, which
provides establishing the ratio between oxygen content and other essential components of organic
mass. The hazards of coal mine operations depend to a large extent on the ratio of the main
components, both in organic matter and in mineral impurities. Methods for determining the
yield of volatile maters make it impossible to assess the effect of the main components of organic
matter and mineral impurities on the hazard characteristics of coal seams. The volatile maters
index reflects only the sum of the thermal decomposition gases: hydrogen, methane, carbon
monoxide and carbon dioxide without considering the ratio between them. The determination
of the hazard properties of a seam in relation to metamorphic transformations factor should
include a case-by-case examination of the relationship between the major components of fuel
both the organic and mineral, including the moisture content, for each coal seams.

1. Introduction
All current Ukrainian regulations on safe mining [1–8] do not use indicators that directly
characterize changes in the elemental composition of coals due to metamorphic processes. For
this reason, the influence of coal elemental composition on hazard expression remains largely
unknown [9, 10]. Changes in the elemental composition of organic (combustion) mass during
geological processes are established for most coal seams in Donetsk and Lviv-Volyn basins when
determining the consumer properties of coal [11, 12]. The organic (combustible) mass, which
characterizes consumer qualities, undergoes preliminary preparation, which consists in enriching
coal and removing external moisture from it.

All types of solid fuels contain, in addition to the organic (combustion) mass, a mixture of
mineral substances. When the fuel is burned, its organic mass is removed as CO2 and H2O, and
the mineral components undergo a series of transformations to form ash. Ash is an inorganic
residue from the complete combustion of coal [13]. The purpose of enrichment is to reduce the
yield of ash. Coal is typically enriched with more than 10 % ash.

External moisture is a part of the total moisture of the fuel that is removed when it is dried to
an air-dry state. The “total moisture” term is determined as the total external moisture content
and the total moisture content of the air-dry fuel. The term is used to describe the humidity of
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coal as a whole (humidity content of coal). When drying coal in the air, free moisture from the
outer surface of the pieces and capillary moisture from open cracks and pores (external moisture)
shall be removed. Capillary moisture of closed pores, adsorption and hydrate moisture remain
in the dry coal. When drying crushed coal at 105°C, the capillary moisture and adsorption
moisture is removed from the pores opened by grinding [13]. In order to properly evaluate the
results of the coal analysis in order to establish its consumption characteristics, it is necessary to
know the humidity of the sample in which the indicators are measured. To this end, the concept
of “analytical sample moisture” has been introduced, i.e. a moisture content in a sample of less
than 212 µm (0.2 mm).

From the analysis reviewed, it is clear that the indicators in the handbooks [11, 12] are not
directly relevant to the hazard characteristics of coal seams in underground mining, given the
methods used to define them. They characterize only one part of the dry ash-free organic
(combustible) component of coal. The proportion of mineral impurities, taking into accounts
the ash yield, may exceed 40% [11, 12] in some cases, which can certainly affect the hazards of
coal seams.

2. Research procedure
The elemental composition of the organic (combustible) mass is determined without considering
the moisture content on which the physico-mechanical and physico-chemical properties of coal
mine miners largely depend. One of the main elements that can influence the hazard behaviour
of miners is oxygen. It is present in both organic and mineral mass of fuels and is largely
responsible for coal restorability.

The methodology is based on the fact that the consumer qualities of solid fuels are determined
on the basis of analytical samples brought to an air-dry state (analytical state). The results,
which are expressed in other fuel conditions are calculative. Recalculation is made on the basis
of ash content, humidity and mineral mass [13].

In the present case, the formulae for conversion are(%):

• from a dry, ash-free state:

Or = Oc ·
100− (W r

t +Ar)

100
,Hr = Hc ·

100− (W r
t +Ar)

100
; (1)

• organic mass:

Or = Oc ·
100− (W r

t +MM r)

100
,Hr = Hc ·

100− (W r
t +MM r)

100
(2)

where Oc,Hc – oxygen and hydrogen content in the combusted mass, %; Or,Hr – oxygen
and hydrogen content for the operating condition of the fuel, %; W r

t – total moisture for
the operating condition of the fuel, %; Ar – ash content of the sample, %; MM r – mineral
mass for the working condition, %.

The total moisture for the working condition of the fuel for each coal seam is given in the
references [11, 12]. There is also information on the ash content of the seam (Ar

s) and enriched
(Ar

e) samples.
The calculation of oxygen content to the operating state of the fuel Or according to equation

(2) is difficult due to the lack of a reliable method for determining mineral impurities in coals [6].
For all coal seams listed in the guide [11], using data on the ash content of enriched (Ar

e) and
seam (Ar

s) samples and the total moisture content (W r
t ), the oxygen content was calculated

according to equation (1) for enriched (Oc
e) and seam (Oc

s) samples respectively. Similar
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calculations have been made for coal seams in the guide [12], but only for the sum of oxygen
and nitrogen for enriched (

∑
Oc

e, N
c
e ) and formation (

∑
Oc

s, N
c
s ) samples respectively.

The influence of coal enrichment and analytical sampling on changes in oxygen content on
the operating state of the fuel was determined by comparing the graphs for enriched (figure 1)
and formation (figure 2) samples, respectively.

The enrichment process contributes to the removal of some mineral impurities, which improves
the quality of coal consumption properties. The ideal hypothetical enrichment option is to
remove almost all (100 %) mineral impurities. The bisectrics (2) of the coordinate grid (figure 1)
correspond (Or

e = Oc) to this case. The mutual location of the bisectress (2) and the average line
(1), as well as the regression coefficient (0.93) and the free term (0.04) of equation (1) indicate
that the mineral impurities residue after enrichment causes a relative decrease of oxygen content
on average from 3 to 7.0 %. This relative decrease increases with the oxygen content of the
combustible mass. At absolute value Or

e = 1.0 %, the average relative oxygen value drops by
3 % and at Or

e = 15.0 % – by 6.7 %. With an absolute oxygen content of [11] in the combusted
mass of 0.3 to 14.6 % in most cases, the maximum absolute reduction for individual coal seams
is in limits beetwin 0.02÷0.98 %. These figures are derived from the position of the bisectress
(2), the average line (1) and the standard deviations of the individual data (σ = 0.27%) from
the average line under the “three sigma” rule (figure 1). This accuracy in the determination of
oxygen content is quite satisfactory when the organic (combusted) mass element composition is
determined to a dry, ash-free state in order to clarify the consumer properties of coals.

An entirely different error is obtained when the oxygen content is recalculated to conditions
close to the mining (working r) conditions under which the hazard properties of coal seams
occur. For this case, the trendline (1) is also characterized by a high correlation coefficient
(0.98), but it is much further away from the bisectress (2) of the coordinate grid (figure 2). This
follows from the values of the regression coefficient of equation 1 (0.81) and the absence of a free
term.

The influence of the natural content of mineral impurities and total moisture on the relative

Figure 1. Oxygen Recalculation Results in combusted mass for working conditions of the fuel
for enriched Or

e samples of coal: 1 – the average trend lines; 2 – the bisectors of coordinate
grids; 3 – a straight line defining the possible limit of maximum deviations of individual values
from the trendlines (1) according to the “three sigma” rule; r, σ – correlation coefficients and
standard deviations, respectively; × – experimental data [11] on the combustible mass of oxygen
(Oc) converted to working condition according to [13].
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Figure 2. Oxygen Recalculation Results in combusted mass for working conditions of the fuel
for seam Or

s samples of coal: 1 – the average trend lines; 2 – the bisectors of coordinate grids; 3 –
a straight line defining the possible limit of maximum deviations of individual values from the
trendlines (1) according to the “three sigma” rule; r, σ – correlation coefficients and standard
deviations, respectively; × – experimental data [11] on the combustible mass of oxygen (Oc)
converted to working condition according to [13].

average decrease in oxygen content when converted to the working condition of coal is estimated
on average to be 19.0 %. For the considered sample of coal seams (734), the absolute oxygen
content of the combusted mass was in the range of 0.3 ÷ 14.6 %. The reduction in its content,
when measured by the working condition, taking into account the actual discharge of ash and
total moisture in the coals of each mine, is in absolute terms within the range of 0.00÷10.66 %.
This follows from the resulting dependency (1) and related graphs (figure 2).

The ideal hypothetical enrichment option is to remove almost all (100 %) mineral impurities.
The bisectrics (2) of the coordinate grid (figure 3) correspond (Hr

e = Hc) to this case. The
mutual location of the bisectress (2) and the average line (1), as well as the regression coefficient
(0.85) and the free term (0.09) of equation (1) indicate that the mineral impurities residue after
enrichment causes a relative decrease of hydrogen content on average from 6 to 13.5 %. This
relative decrease increases with the hydrogen content of the combustible mass.

At absolute value Hr
e = 1.0 %, the average relative hydrogen value drops by 6 % and at

Hr
e = 6.0 % – by 13.5 %. With an absolute hydrogen content of in the combusted mass of

1.2 to 5.9 % in most cases, the maximum absolute reduction for individual coal seams is in
limits beetwin 0.51 ÷ 1.71 %. These figures are derived from the position of the bisectress (2),
the average line (1) and the standard deviations of the individual data (σ = 0.15 %) from the
average line under the “three sigma” rule (figure 3). This accuracy in the determination of
hydrogen content is quite satisfactory when the organic (combusted) mass element composition
is determined to a dry, ash-free state in order to clarify the consumer properties of coals. An
entirely different error is obtained when the hydrogen content is recalculated to conditions close
to the mining (working r) conditions under which the hazard properties of coal seams occur.
For this case, the trendline (1) is also characterized by a high correlation coefficient (0.95), but
it is much further away from the bisectress (2) of the coordinate grid (figure 4). This follows
from the values of the regression coefficient of equation 1 (0.68) and its free term (0.15).

The influence of the natural content of mineral impurities and total moisture on the relative
average decrease in hydrogen content when converted to the working condition of coal is
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Figure 3. Hydrogen Recalculation Results in combusted mass for working conditions of the fuel
for seam Hr

e samples of coal: 1 – the average trend lines; 2 – the bisectors of coordinate grids; 3 –
a straight line defining the possible limit of maximum deviations of individual values from the
trendlines (1) according to the “three sigma” rule; r, σ – correlation coefficients and standard
deviations, respectively; × – experimental data [11] on the combustible mass of hydrogen (Hc)
converted to working condition according to [13].

Figure 4. Hydrogen Recalculation Results in combusted mass for working conditions of the fuel
for seam Hr

s samples of coal: 1 – the average trend lines; 2 – the bisectors of coordinate grids; 3 –
a straight line defining the possible limit of maximum deviations of individual values from the
trendlines (1) according to the “three sigma” rule; r, σ – correlation coefficients and standard
deviations, respectively; × – experimental data [11] on the combustible mass of hydrogen (Hc)
converted to working condition according to [13].

estimated from 17.0 to 29.5 %. For the considered sample of coal seams (557), the absolute
hydrogen content of the combusted mass was in the range of 1.2÷5.9 %. The reduction in its
content, when measured by the working condition, taking into account the actual discharge
of ash and total moisture in the coals of each seam, is in absolute terms within the range of
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1.25÷2.85 %. This follows from the resulting dependency (1) and related graphs (figure 4).

3. Discussion
A comparison of the graphs (figure 1, figure 3) and (figure 2, figure 4) shows that pre-enrichment
and consideration of the elemental composition for dry ash-free coal samples predetermines
a practical functional dependency from oxygen and hydrogen content. The removal of some
random quantity of mineral impurities and completely external moisture has largely systematized
the ratio between the oxygen and hydrogen content of the combustible mass and its reconsidered
values by the working condition. However, the reference state of the samples taken for calculation
does not correspond to the natural state of coal in the work area, as the actual mineral impurities
and moisture content are not taken into account. For this reason, despite the almost functional
dependancy (1) and the low standard deviations (figure 1 and figure 3), there is no reason to
use the recalculated results for this case to predict the hazards of coal seams.

The presence of natural mineral impurities and total moisture in the seam’s samples
significantly influences the results of recalculation to working condition (figure 2 and figure 4).
Primarily, this caused large deviations of individual values from the trend line (1), which makes
it impossible to use the average oxygen and hydrogen values, recalculated by the working state
of coal, to determine the hazards of a particular coal seam.

The total moisture content is one of the main indicators of the degree of coals’ metamorphism,
but it is generally not used in regulations to predict the hazards of miners [14]. The dependence
of mineral impurities on the degree of metamorphic transformation is not generally established,
but their presence in seam samples of coals of individual coal seams to be folowing a pattern [13].
This indicates that it is possible to individually characterise a coal seam by oxygen and hydrogen
content, calculated by the working condition, taking into account the values of total moisture
and total ash. The oxygen content of the organic (combustible) mass at a dry, ash-free state is an
auxiliary indicator of one side of its metamorphic transformations. The carbon content in organic
(combustible) mass is one of the main indicators of metamorphic transformation [14] because
it functionally controls the sum of the other main components (oxygen, hydrogen, nitrogen,
sulphur). The dependence of individual organic matter components on carbon is less clear. This
applies in particular to the oxygen content of the organic (combustible) mass. This dependence
is purely non-linear and is characterised by a high deterministic coefficient (R2=0.87). The
co-dependence of oxygen content with carbon, which is calculated as working-level ash output
and total moisture content in enriched samples, is substantially lower.

For this case r = −0.64 and doubled the standard deviation of the individual values from the
trend line (σ = 2.21). No specific relationship of oxygen content to carbon can be established
in case of recovery from seam samples. It is characterized by a practical lack of correlation
(r = −0.34) and a large standard deviation of the individual values (σ = 2.39). The reduction
of mineral impurities (Ar < 10.0 %) after coal enrichment and their joint consideration with seam
moisture has led to a significant reduction in the correlation between considered components
when converted to working condition. The weakening of this dependence is caused by the partial
enrichment of coals (the presence of a random residue of mineral impurities) and total moisture’s
presence, which are individually different for each mine. Consideration of the ratio between the
components after they have been brought to working condition on the basis of the actual ash
content and total humidity has led to an unpredictable redistribution of the influence of factors
on oxygen content [15]. The natural accidental presence of mineral impurities and the different
values of total moisture in the seam’s samples have eliminated the monopolistic metamorphic
ratio of oxygen in the organic, dry, ash-free mass to carbon. This resulted in a redistribution of
the influence of factors on the components of Or and Cr. Consideration of seam’s samples with
mineral inpurities and total moisture content has increased the number of influencing factors.
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4. Conclusions
The formation and manifestation of dangerous properties of coal seams, judging by the
requirements of current regulatory documents, are determined by the degree of metamorphic
transformations of fossil coal. The use of indicators of mass (V daf) and volume (V d

V af) output
of volatile substances, which are set for dry ashless combustible (organic) mass, excludes the
possibility of analyzing the influence of moisture and mineral impurities on the manifestation of
dangerous properties of coal seams. The use of these indicators for the prediction of dangerous
properties of coal seams, instead of indicators for the working condition (r), can lead to errors
in their determination by 50 and 45 %, respectively. The conducted research made it possible
to reveal the important role of mineral impurities in the formation of dangerous properties of
coal seams. This is caused both by the significant possible content of mineral impurities in fossil
coal, and by the simultaneous presence of the main components that determine the dangerous
properties of coal seams (carbon, hydrogen, sulfur, oxygen and moisture), both in the organic
and mineral parts of fossil coal. The influence of the natural content of mineral impurities and
total moisture on the relative average decrease in oxygen content when converted to the state
of coal is estimated at 19.0 % on average.
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Abstract. In mining iron ore, over 60% of underground mines at Kryvyi Rih iron ore basin
apply a system with the bulk caving of ore and overlying rocks. However, when the deposit
dip is 45-60 degrees, application of this mining system leads to losses of about 30-40% of the
footwall ore. Available methods of the loss reduction result in an increase in production costs
or a decrease in the iron content in the mined ore mass. After analyzing the mechanism of
forming the figure of drawing, it is proposed to change its parameters without significant costs
due to the use of an inclined plane and an overcompacted ore layer. The presented study enables
stating that with an increase in the inclined plane angle from 45 to 75 degrees the draw crater
radius increases from 2 to 7.5 m, and a decrease in the factor of first loosening of ore leads to an
increase in the radius of the crater to 10 m. Thus, for the first time it is proved that a decrease
in the first loosening factor leads to the increased semi-minor axis of the ellipsoid of drawing
and the width of the active drawing area, which will reduce losses of caved ore when drawing
it from the stoping block in the footwall area. It is established that in order to minimize losses
and dilution of ore when using level mining systems, the drawpoint should be located in the
block sill at a distance ensuring formation of the 20 to 25 m high ellipsoid of drawing. In case
of an overcompacted 22 m thick ore layer, it is possible to significantly reduce ore losses from 14
to 10% and ore dilution from 16 to 9%, thereby enhancing ore mass extraction indices without
additional costs.

1. Introduction
Kryvyi Rih iron ore deposit is a narrow strip of metamorphic rocks and it is an integral part of
Kryvyi Rih-Kremenchuk deposit extending from south to north. The length of the ore deposits
along the strike varies from 0.8 to 2.5 km due to different mining and geological conditions at
different enterprises, [1–4].

Kryvyi Rih deposit consists of four suites: schist-amphibolite (K0); lower arkose-phyllite
(K1); middle iron ore (K2); upper schist (K3) ones [1, 4–7]. The main productive thickness is
(K2) which embraces seven pairs of interchanging ore and schist layers [8–10].

The underground mines are working out the fourth, fifth and sixth ferruginous levels with
rich iron ores (the average iron content is 60-63%) represented by various forms: stratal, layer-
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shaped, lenticular, pillar-like and nested, and in some cases their combinations within the mining
block [11–15].

The geological cross-section of the deposit along the shaft of the KRYVORIZKA underground
mine of the joint-stock company KRYVBASZALIZRUDKOM is given (figure 1).

Figure 1. Geological cross-section of Kryvyi Rih iron ore basin along the shaft of the mine
KRYVORIZKA, the JSC KRYVBASZALIZRUDKOM.

As is seen from figure 1, mining operations are carried out below level -1350 m. The analysis
of mining enterprises shows that physical and mechanical properties, the shape of occurrence,
the dip angle and stability change depending on the mining depth. In mining blocks there occur
inclusions of waste rocks with the horizontal thickness of 0.5-12.0 m [16–20].

Rocks of the hanging wall and footwall are represented by strong, stable martite hornfels
with ultimate compression strength of 100-130 MPa and goethite-hematite-martite hornfels with
ultimate compression strength of 70-90 MPa. Physical properties of rocks are given in table 1.

As is seen from table 1, physical and mechanical properties of the rocks are wide in range.
According to the geological data [1, 21, 22], the rich ores are of hematite composition and differ
only in the number and proportion of mineral varieties [23–26].

Strength of iron ores declines with depth, and this deteriorates mining conditions. Thus,
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Table 1. Stratigraphic index and ultimate strength of rocks, Kryvyi Rih iron ore basin.

Iron Ultimate
Rocks content compression

in ore, % strength, MPa

Poor ores
Carbonate-magnetite, PR1Sx1f 28-32 170-190
Amphibole-chlorite-magnetite, PR1Sx2f 28-34 150-170
Quartzite goethite-martite, PR1Sx3f 28-36 100-180
Martitic quartzite, silicate magnetite, PR1Sx4f 34-38 100-150
Quartzite hematite-martite, carbonate-magnetite, PR1Sx7f 28-34 100-130

Rich ores
Martite, hematite-martite, hematite, PR1Sx5−6f 58-63 70-90

Schistous rocks
Quartz-chlorite-biotite, PR1Sx1s - 130-150
Quartz-sericite-chlorite, PR1Sx2s - 90-110
Quartz-mica, silicate, PR1Sx3−5s - 70-120
Colored quartzite with martite crystals, PR1Sx6s - 90-130
Chlorite-amphibole-hematite,
carbonate-magnetite-chlorite, PR1Sx7s - 120-160

every 500 m of the depth increase reduces the gradient of the compression strength of rocks by
0.6–0.7, and for the central part it makes 0.9–1.0 [27–30].

When mining iron ore, over 60% of underground mines of Kryvyi Rih iron ore basin apply a
system with the bulk caving of ore and overlying rocks [31–34].

These mining systems have the following disadvantages [35–38]: ore losses on the footwall (up
to 30-50% of the total ore losses); ore dilution (by 3-5% more than standard); reduced content
of the useful component in the mined ore mass.

When the deposit dip is 45-60 degrees, application of these mining systems results in about
30-40% of ore lost on the footwall [39–43]. Increased losses of ore during mining lead to an
increase in the specific volume of mining and capital works, pre-term mining of levels [21].

In this regard, the scientific and technical task of studying and enhancing the technology of
mining ore deposits by the underground method for Kryvyi Rih iron ore basin in the “triangle”
of the footwall (in the “dead” area) when working out ore deposits with a dip of 45-60 degrees
to minimize ore losses is topical.

2. Purpose
One of the solutions for this scientific and technical problem involves developing a method to
reduce ore losses in the footwall “triangle” without increasing the cost of caved ore drawing.

The present work aims to study and enhance the technology of mining ore deposits by
enhancing the mode of drawing, which will reduce ore losses on the footwall in underground
mining at Kryvyi Rih iron ore basin.

To achieve this goal it is necessary to solve the following tasks:

(i) Analyzing iron ore mining practices and ways to reduce ore losses in the footwall influence
area.

(ii) Conducting studies to reduce ore losses in the “dead” area of the ore deposit.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012065

IOP Publishing
doi:10.1088/1755-1315/1254/1/012065

4

The idea behind the work is to use regularities of ore movement under an inclined plane when
working out ore deposits with a 45-60 degrees dip by bulk caving systems.

3. Analysis of researches and publications
Caved ore drawing from blocks when using systems with the bulk caving of ore is one of the most
important production processes. Depending on the accepted method of ore drawing, ore losses
and dilution are calculated, and the main parameters of the mining system are determined. This
is due to the fact that 30-45% of the caved ore reserves is drawn from a block under overlying
rocks, while losses in the block make 14-16%, and ore dilution is 12-20% [44–48].

A significant number of publications are devoted to the issue of reducing losses and dilution of
caved ore from the stoping block [49–53]. Scientists of Kryvyi Rih National University (Ukraine)
have made a significant contribution concerning ore drawing under caved rocks [54–61]. The
panel enclosed by vertical walls of the ore massif from four sides is more favorable in terms of
drawing from blocks as such conditions increase extraction indicators.

According to studies, the following factors significantly impact extraction indices [31,62,63]:

• intensification of ore drawing under caved rocks;
• the distance between the axes of drawpoints;
• structural elements of the mining system.

It is proved that the optimal distance between the axes of drawpoints is 4-6 m when drawing
ore using scraper winches or vibration equipment, and 8-12 m – when using self-propelled loading
machines or underground excavators. This enables significant reduction of ore losses and dilution
but increases costs for driving and maintaining workings.

The authors of [1, 6, 31, 54] argue that the distance between drawpoints is inversely
proportional to the height of the sublevel and proportional to losses in ore drawing. Therefore,
depending on the height of the sublevel, the ore deposit thickness and the dip angle, it is
necessary to use the appropriate drawing mode: even, sequential, advance and others, thus
allowing reduction of ore losses on: the stoping block sill; the footwall of the ore deposit.

However, when working out a block, a significant amount of broken ore remains in the footwall
influence area, especially when using the bulk caving system in unstable rocks. When drawing
ore under caved rocks, about 25-35% of the reserves remains in the footwall influence area, and
when working out deposits in unstable rocks of the hanging wall, ore losses reach 50% [64–67].

Practices of mining ore deposits with a dip of over 75 degrees applying systems with the bulk
caving of ore and country rocks show that ore losses in the footwall influence area are minimal
and do not exceed 5-7%. However, the number of such deposits in Kryvyi Rih iron ore basin is
less than 15-17% [68–70].

To reduce ore losses on the footwall when mining deposits with a dip of less than 60 degrees.
the following technological solutions are applied (figure 2) [31,32,54,64,71]:

• working out the “triangle” of the footwall as the first stage (figure 2(a));
• extracting the “triangle” of the footwall as the second stage (figure 2(b));
• cutting waste rocks in the footwall (figure 2(c));
• creating an additional receiving level with the complete working out of the ore massif and

a single compensation room (figure 2(d)).

When working out the “triangle” of the footwall as the first stage (figure 2(a)), a scraper drift
is driven 10-20 m above the main receiving level in the footwall of the deposit. An additional
working of the receiving level can be driven in both ore and rocks of the footwall with drawpoints
on one side.

Disadvantages include:
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(a) (b) (c) (d)

Figure 2. Methods of mining ore reserves in the footwall influence area: 1 – the ore massif; 2 –
overlying rocks; 3 – the working of the additional receiving level; 4 – the delivery working of the
main receiving level; 5 – the compensation room; 6 – losses of ore in the footwall influence area;
7 – cutting footwall rocks.

• significant costs for creation and maintenance of an additional receiving level;
• the specific volume of subsidiary development increased by 1.0-1.2 m/kt of reserves;
• significant dilution of ore with waste rocks as the height of the drawn ore layer increases.
The idea behind the method of mining the “triangle” of the footwall as the second stage

(figure 2(b)) involves extraction of the main reserves of the panel with the help of delivery
workings of the main receiving level, and the reserves of the footwall are broken and drawn
afterwards. It should be noted that mining the “triangle” of the footwall in this way is carried
out in difficult mining conditions, and in some cases it is hardly possible at all.

Disadvantages of this method of mining the footwall “triangle” include:
• increased unsafety of stoping; significant ore losses (up to 30-50%);
• a significant amount of subsidiary development (10-15 m/kt);
• low efficiency;
• high labor intensity and material costs.
Extracting ore from the “triangle” of the footwall with cutting footwall waste rocks (selective

mining) (figure 2(c)) involves creating a compensation room at the footwall on which the ore
massif is broken. Due to movement of the massif, the broken ore is shifted from the footwall
to the center at the level of undercutting. Thus, the broken ore enters the drawing area and
is located on the footwall. The ore is drawn from the first row of drawpoints located in the
footwall. After extracting the ore mass from the first row of drawpoints, drawing continues from
the second row, and so on.

Advantages of this method consists in the following: on the footwall, the minimum amount
of ore remains (up to 10%); driving additional workings in the footwall allows an increase in
the size of the compensation room; a simplified scheme of preparatory-development operations
is applied; a small part of the “triangle” at the top of the panel remains unmined; location of
workings on the same level enhances occupational safety.

Disadvantages include the following: additional costs for creating a compensation room; a
significant amount of additional work on driving workings in the footwall rocks; increased costs
for maintaining additional workings; increased volume of mined waste rocks due to creation of
the compensation room in the footwall.

To reduce ore losses on the footwall of the panels, the method of driving additional draw
workings in footwall rocks is used (figure 2(d)). This scheme has found wide application
in complete mining of the ore massif within the stoping block. The main requirements for
application of this scheme of mining the “triangle” of the footwall are [54, 64]: relatively stable
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rocks of the hanging wall; medium thickness of ore deposits; the distance between the rows
of drawpoints of additional receiving levels is determined such that ellipsoids of drawing touch
waste rocks.

According to [54,55], depending on the horizontal thickness of the ore deposit and the height
of the caved layer, ore losses are formed in different ways (figure 3).

(a) (b)

Figure 3. Ore losses in the footwall influence: a) formation of a “triangle” of the footwall at an
ore drawing angle of 75-81 degrees; b) formation of a “triangle” of the footwall parallel to the
hanging wall; 1 – the ore massif; 2 – losses of ore in the footwall influence area; 3 – overlying
rocks.

It is proved that when ore is being drawn, the figure of drawing is formed to the maximum
height equal to the vertical thickness of the deposit. After reaching the contact with the inclined
surface, the axis of the ellipsoid of drawing deviates and runs parallel to the footwall, forming a
draw crater with the radius Rr.

4. Methods
A significant contribution to development of the theory of ore drawing has been made by
Agoshkov et al [31], Malakhov et al [54], Korzh [64]. According to the results of their research,
it is established that when caved ore is drawn from the mining block, the following figures are
formed: ellipsoid of drawing, ellipsoid of loosening and draw crater (figure 4) [31,54,72,73].

At the first stage, before the ellipsoid of drawing reaches the inclined surface, the figure of
drawing is formed according to previous studies [1, 18,54].

According to [31,32,54], the small and large semi-minor and semi-major axes of the ellipsoid of
drawing are determined by empirical expressions (1) and (2) for fine and coarse ores respectively,
m:

b = 0.007× hel + 0.5× d, a = 0.512× hel, (1)
b = 0.1515× hel + 0.5× d, a = 0.51× hel, (2)

where b is the semi-minor axis of the ellipsoid of drawing, m; hel is the height of the caved ore
layer (height of the ellipsoid of drawing), m; d is the diameter of the drawpoint, m; a is the
semi-major axis of the ellipsoid of drawing, m.

The volume of the ellipsoid of drawing for ores with homogeneous loose properties is
determined by the empirical formula, m3

q =

(
hel
k1

+ k2 × d

)3

, (3)
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(a) (b)

Figure 4. Formation of figures of drawing and loosening in drawing caved ore.

where k1 is the tangent of the straight line inclination angle; k2 is the empirical coefficient.
The volume of the ellipsoid of loosening Ql is about fifteen times larger than that of the

ellipsoid of drawing for loose non-compacted materials [21,74,75]. Therefore, the volume of the
ellipsoid of loosening can be determined by the expression, m3

Ql = µ0 × hel × b2, (4)

where µ0 is the volume factor, assumed to be equal to 2.11.
Knowing the ratio of the volume of the ellipsoid of loosening to that of drawing, the latter

can be determined according to the expression, m3

q =
Ql

n
, (5)

where Ql is the volume of the ellipsoid of loosening, m3; n is the ratio of the volume of the
ellipsoid of loosening Ql to the volume of the ellipsoid of drawing q.

The ratio of the volume of the ellipsoid of loosening Ql to that of the ellipsoid of drawing q
that are formed during caved ore drawing depends on loose properties of the ore and is described
by the dependency [33,62,71]

n =
1

1−
kl

εdyn × εkl × kl.is

, (6)

where n is the angular caved ore drawing factor; kl is the first loosening factor, unit fr.; εdyn is the
dynamic component of subsequent loosening; εkl is the component of the subsequent loosening;
kl.is is the subsequent loosening factor.

For magnetite ore, the indicators kl and εdyn, are 1.0204 and 1.05 respectively [21, 33], the
calculation results are given in table 2.

As is seen from table 2, when the caved ore first loosening factor decreases from 1.5 to 1.25,
the ratio of the volume of the loosening figure to the volume of the drawing figure changes from
15.0 to 2.84.
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Table 2. Volume to volume ratio for loosening and drawing figures.

First loosening Subsequent loosening factor, εkl
factor, k1 1.50 1.55 1.60 1.65 1.70 1.75 1.80

1.50 15.00 10.33 8.00 6.60 5.67 5.00 4.50
1.45 10.23 7.88 6.49 5.56 4.90 4.41 4.03
1.40 7.76 6.37 5.45 4.81 4.32 3.95 3.65
1.35 6.25 5.35 4.71 4.23 3.86 3.57 3.33
1.30 5.23 4.60 4.14 3.78 3.49 3.26 3.07
1.25 4.50 4.04 3.69 3.41 3.19 3.00 2.84

In compacted ore, there is an intensive extinction of an increase in the volume of figures of
loosening and ore drawing. Consequently, extinction of the increase in the volume of loosening
figures is more intensive than that of the figure of drawing, as a result of which the ratio of their
volumes decreases [76–79].

According to Korzh [33], the semi-minor axis of the ellipsoid of drawing is determined by the
expression, m

b = r +m0 ×
(
kexl × hel

h0

)n

, (7)

where r is the radius of the ore drawing flow, m; m0 is the factor of increase in the semi-minor
axis of the ellipsoid of drawing, m; kext is the factor of intensity extinction for the semi-minor
axis increase; h0 is the minimum height of the ellipsoid of drawing, m.

When drawing caved ore under overlying rocks [5, 21, 54], particle flow velocities throughout
the entire period remain phase shifted by the constant value ϕ.

The trajectory of particles (the boundary of the ellipsoid of loosening) is determined by the
expression [32]

y1 =
√
ϕ× (x1 + k)× (1− ε2), (8)

where ϕ is the distance between points A0 and A1, m; y, x are coordinates of a point relative
to the horizontal and vertical axes of the ellipsoid of loosening, m; k is the distance to which a
piece of ore moves vertically, m; ε is eccentricity of the ellipsoid of loosening.

The second stage of ore drawing from a single drawpoint is characterized by the fact that
with further caved ore drawing, parameters of the ellipsoid of drawing remain unchanged, and
subsequent formation of the ellipsoid of drawing occurs parallel to the hanging wall, thus forming
the draw crater.

It is proved that the normal ellipsoid of loosening is formed until the cutoff height h =
m× tanα [31].

The draw crater radius Rr, which is equal to the vertical thickness of the ore body, is
determined by the formula

Rr =
√
(Hl − h)× h× (1− ε2), (9)

where Hl is the height of the ellipsoid of loosening, m; h is the height of the caved ore layer, m.
In [4, 33, 62, 64] it is argued that the curve forming the draw crater within the range Hl –

H moves parallel to the footwall. Thus, ore losses in the “triangle” of the deposit footwall are
calculated by the expression, unit fractions

P = 1− Rr

M
− 0.5×M × tanα

H
×
(
1− 2×Rr

M
+

R2
r

M2

)
, (10)
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where M is the horizontal thickness of the ore deposit, m; α is the dip angle of the ore deposit,
degrees; H is the height of the caved ore, m.

5. Results
Laboratory studies enable establishing that the figure of drawing changes depending on the
surface inclination angle. The results of studying changes in ore drawing angles depending on
the surface inclination, distances between the drawpoint and the inclined surface and the width
of the caved layer in the lower and upper parts of the “triangle” of the footwall are given in
table 3.

Table 3. The angle of the caved ore movement under the inclined plane.

Distance between Ore drawing angle, degrees, depending on
Ore deposit a drawpoint and on the caved layer width in the lower part of
dip, degrees the inclined the mining block of the footwall “triangle”

surface, m 4 6 8 10

10 57.2 66.0 72.4 76.4
45 15 52.5 58.0 63.6 70.0

20 50.5 54.1 58.0 62.3

10 63.5 73.5 75.0 78.0
50 15 59.0 64.7 71.5 77.4

20 56.5 60.5 65.3 70.0

10 70.5 75.7 77.0 78.3
55 15 65.4 72.0 75.5 78.0

20 62.5 67.0 72.5 77.3

10 77.2 77.5 78.0 78.5
60 15 71.0 75.2 77.9 78.1

20 68.1 73.2 76.6 77.6

Based on the results of the calculations performed, dependencies of the angle of the caved
ore flow under the inclined plane on the angle of the ore deposit dip and the distance between
a drawpoint and the inclined surface can be built (figure 5).

The graphs in figure 5 enable the conclusion that an increase in the ore deposit dip angle
results in an increased angle of ore drawing under the inclined plane. Thus, an increase in the
deposit dip from 45 to 60 degrees leads to increases of the angle of drawing from 57.2 to 77.2 at
the distance of 10 m between a drawpoit and the inclined surface. When the distance between
a drawpoint and the inclined surface increases from 10 to 20 m at the ore deposit dip of 60
degrees, the angle of ore drawing decreases from 77.2 to 68.1 degrees.

The dependency of the change in the angle of ore drawing under the inclined plane on the
distance between a drawpoint and the inclined surface and the caved layer width in the lower
part of the mining block of the “triangle” of the footwall shown in figure 6.

Figure 6 enables the conclusion that an increase in the distance between a drawpoint and the
inclined surface from 10 to 20 m results in a decrease of the angle of caved ore drawing from 76.4
to 50.5 degrees. The graph shows that changing the caved layer in the lower part of the mining
block of the “triangle” of the footwall and the distance between a drawpoint and the inclined
surface approximate the angle of ore drawing to that of the deposit dip.
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Figure 5. Dependency of the ore drawing angle on the ore deposit dip and the distance between
a drawpoint and the inclined surface when the caved layer width at the lower part of the mining
block is 4 m: 1, 2, 3 – the distance between a drawpoint and the inclined surface, 10, 15 and 20
m respectively.

Figure 6. Dependency of the angle of ore drawing on the distance between a drawpoint and
the inclined surface at the ore deposit dip of 45 degrees and the width of the caved layer in the
lower part of the mining block of the “triangle” of the footwall: 1, 2, 3 and 4 – the width of the
caved layer, 4, 6, 8 and 10 m respectively.

Let us consider how the angle of inclination of the enclosing plane and the angle of caved ore
drawing impact the draw crater radius. The calculation scheme is given in figure 7.

Considering the right triangle ABC and knowing the width of the ore layer under breaking,
the angle of inclination of the enclosing plane, the radius of the draw crater Rr (triangle BCD)
is determined by the formula

Rr = hel × tan γ = d× tanβr.r × tan(90− βr.r), (11)
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Figure 7. Scheme for determining the radius of the draw crater depending on the angle of the
inclined plane.

where γ is the angle of internal friction, degrees; βr.r is the angle of inclination of the enclosing
plane, degrees; d is the width of the base of the ore layer under breaking, m.

Thus, according to the known values from the theory of drawing caved ore under the country
rocks, the radius of the draw crater is determined. The results of the calculations are given in
table 4.

Table 4. Change in the radius of the drawing crater depending on the angle of the enclosing
plane inclination.

Angle of the enclosing Radius of the drawing crater depending on
plane inclination, the first loosening factor, m
degrees 1.1 1.2 1.3 1.4 1.5

45 4.4 4.1 3.3 2.5 2.0
50 4.8 4.5 3.7 2.9 2.4
55 5.3 5.0 4.2 3.4 2.9
60 6.0 5.6 4.8 4.0 3.5
65 7.0 6.5 5.6 4.9 4.4
70 8.2 7.7 6.8 6.1 5.5
75 10.0 9.7 8.9 8.2 7.5

According to the obtained values, the dependency of the drawing crater radius on the angle
of the enclosing plane inclination can be built (figure 8).

As is seen in figure 8, an increase in the angle of plane inclination leads to the increase of the
draw crater radius from 2.0 to 7.5 m at the first loosening factor of 1.5. A decrease in the first
loosening factor from 1.5 to 1.1 results in the increase of the draw crater radius from 2.0-7.5 m
to 4.4-10.0 m.

Thus, by changing the angle of plane inclination and increasing the width of the active
drawing area, it is possible to reduce ore losses on the footwall.

Ore reserves remaining outside the active drawing area are determined by the expression, t

Ql = (3× b+ 0.5× hel × (cothα− cothβr.r))×H × L× γo. (12)

The volume of diluting rocks, when drawing caved ore, is determined by the formula, m3

Vr =
π × hl × b2

3
×
(
2− 3× (ld − hl × kl)

b
+

3× (ld − hl × kl)

b

)
, (13)



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012065

IOP Publishing
doi:10.1088/1755-1315/1254/1/012065

12

Figure 8. Dependencies of the change in the radius of the draw crater on the angle of the plane
inclinatione.

where ld is the distance between the drawpoint and the inclined plane, m.
Caved ore losses during its drawing under the overcompacted layer are determined by the

expression, %

V =

kr ×Qr +

(
L×M −

π ×N

12
×

(
d2cr + dcr × d+ d2

))
×

dcr − d

2
× γr.o × tanβr.r

Q
, (14)

where kr is the ratio of ore extraction from the overcompacted layer, unit fr.; Qr is the ore
reserve in the overcompacted layer, t; N is the number of drawpoints; γr.o is the volumetric
weight of loosened ore, t/m3; dcr is the diameter of the draw crater, m.

Depending on physical and mechanical properties of the caved ore, ridges remaining on the
block sill depend on the angle of ore drawing. At Kryvyi Rih iron ore basin, the angle of ore
drawing does not exceed 68 degrees.

Analytical calculations of losses and dilution of ore during deposit mining using an
overcompacted layer for the ore deposit dip of 60 degrees and an angle of the inclined plane
of 70 degrees are given in table 5.

Based on the results of the analytical calculations performed, dependencies of changes in
losses and dilution of ore during its drawing under the overcompacted layer are built figure 9.

As is seen in figure 9, an increase in the thickness of the overcompacted layer of ore decreases
ore losses from 15 to 8%, and dilution increases from 6 to 16%. This is due to the fact that a
decrease in the thickness of the overcompacted layer decreases the semi-minor axis of the ellipsoid
of drawing, and the radius of the drawing flow under the inclined plane decreases accordingly.
To minimize ore losses and dilution, it is advisable to locate the drawpoint in the block sill at a
distance that provides formation of the 20 to 25 m high ellipsoid of drawing.

Thus, when applying the sublevel forced caving system using an overcompacted ore layer,
it is possible to significantly reduce ore losses and dilution to enhance extraction of ore mass
without additional costs. With the 22 m thick overcompacted layer, ore losses and dilution can
be reduced from the actual 14 and 16% to 10 and 9% respectively.
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Table 5. Ore losses and dilution during deposit mining using the overcompacted layer under
the inclined plane.

Thickness of the overcompacted layer, m Ore clogging, tons Ore losses, tons

5 2088 5987
10 1605 4427
15 1337 3067
20 966 1256
25 854 1103
30 635 966

Figure 9. Dependencies of changes in losses and dilution of ore during its drawing under the
over-compacted layer and the inclined plane located at the angle of 70 degrees and with the ore
deposit dip of 60 degrees.

6. Conclusions
The results of the analysis of methods for determining parameters of figures of caved ore drawing
from stoping blocks enable the conclusion that there is no single methodology. Each of the
methods has its own conditions of application. However, parameters of the figure of drawing
are significantly impacted by the degree of crushing, the material mobility ratio, the shape and
condition of the surface, the compaction factor, the mode of drawing.

The results of the studies performed enable proving that the width of the active drawing
area is impacted by not only rock pressure, but also the ore deposit dip angle and the enclosing
surface represented by the hanging wall or created by gradual ore breaking. Thus, losses of ore
on the footwall can be reduced by changing the angle of inclination of the plane and increasing
the width of the active drawing area.

It is established for the first time that an increase in the thickness of the overcompacted ore
layer leads to increases in the semi-minor axis of the ellipsoid of drawing and the width of the
active area, which results in decreased losses and dilution of ore during its drawing from the
stoping block. It is established that in order to minimize ore losses and dilution when using level
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mining systems, the drawpoint should be located in the block sill at a distance that provides
formation of the 20 to 25 m high ellipsoid of drawing.

Using an overcompacted ore layer can significantly reduce ore losses and dilution and enhance
extraction of ore mass without additional costs. Thus, the 22 m thick overcompacted layer
enables ore losses and dilution reduction from the actual 14 and 16% to 10 and 9% respectively.
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Identification of resistance torque on the roller cone

bit in the drill rod rotation drive

V S Khilov

Dnipro University of Technology, 19 Dmytra Yavornytskoho Ave., Dnipro, 49005, Ukraine

E-mail: khiloff@gmai.coml

Abstract. There is a problem of increasing the durability of the roller cone bit of the
drilling rigs used in the quarries of Ukraine. One of the effective ways to solve it is to apply
the control method of maintaining a constant flow of mechanical power in the bottom hole
zone. The implementation of such a control method leads to the necessity of controlling and
limiting the resistance torque on the roller cone bit. To solve the problem of determining the
resistance torque, we used methods of parameter identification: the Luenberger observation
device with adaptation to external influences; estimation of the resistance torque using an
extended observation object; the theory of regulators adapting to perturbations. It has been
established that the most rational method of identifying the resistance torque on a roller cone
bit is an astatic monitoring device, which allows to implement a method of controlling the
rotation of the drill rod by a drive mechanism that maintains a constant flow of mechanical
energy through the roller cone bit and increases the durability of the roller cone bit.

1. Introduction
The operation of the drilling rig is characterized by the transformation of the flow of
electromagnetic energy coming from the power supply system into a flow of mechanical energy,
which is released in the form of non-productive losses and turned into useful work, going to the
destruction of rock and transportation of drilling fines onto the wellhead [1]. Energy flows are
formed and directed through the following channels: axial force – power of linear movement
of the drilling rod; rotation frequency – rock destruction power; compressed air pressure and
flow rate – drilling fines evacuation (cuttings) power. Each channel has an individual type of
energy converter; these are: adjustable electro-hydro-mechanical drive of drill bit supplying;
adjustable electromechanical drive of roller cone bit rotation; nonadjustable electromechanical
drive of compressor to remove drilling fines from the surface of the hole bottom.

Figure 1 shows a diagram of the formation and transformation of the electromagnetic energy
flow of the power supply system into the mechanical energy flow on a roller cone.

There is a problem of improving the working capacity of a roller cone bit, since it wears
most of all, since its cutting structure and supports work in an abrasive environment. During
operation, the bit absorbs high static and dynamic loads, and is also subjected to intensive
destruction from material fatigue and abrasive wear. The flow of rotational energy is directed
not only to the destruction of the rock, but also to the destruction of the bit itself.

In order to increase the performance of a roller cone bit by maintaining the power flow in the
bottom hole zone, the method of drilling process control [2] with control of the drives for the
feeding and rotating mechanisms has been developed, where hard mechanical characteristics
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Figure 1. Diagram of the formation, transformation and control of the flow of mechanical
energy on the cone bit by the rotation drive of the drilling rig rod. Designate: 1 – power supply
network; 2 – rectifier; 3 – inverter; 4 – asynchronous motor; 5 – reducer; 6 – cone bit; 7 –
coordinate converter of the ABC axes to the d-q system; 8 – identifier of the resistance torque
on the cone bit.

are formed on the roller cone bit when penetrating soft formations and soft mechanical
characteristics – in stronger formations.

When drilling rocks with intermittent physical and mechanical properties, the control
method provides automatic selection of mechanical characteristics depending on the strength
characteristics of the rock.

Implementation of the developed method of drilling process control leads to the necessity of
measuring, controlling and limiting on permissible levels of resistance torque on the roller cone
bit.

2. Related work
The need to modernize the park of drilling rigs for blasting wells used in quarries in Ukraine is
an actual task, since they have exhausted their physical reserves, being in operation for 1.5 – 2
normative time limits.

Machine-building and electro-technical plants of Ukraine have modern technologies, on the
basis of which they are capable of serial production of new generation drilling rigs on their own.
Since 2003 the Novokramatorsk Machine-Building Plant has been working on the development
of a new generation drill rig SBShS-250H with AC drive systems.

The essential question when developing the control system of the drilling rig rotation drive is
the choice of its control method. There are known methods of control, realizing the support at a
constant level of one of the parameters: bit rotation frequency, resistance torque on the bit [3],
linear speed of bit movement, axial pressure on the bit, consumed power of rotation drive.

There are kinematic and energy criteria of the working capacity of a roller cone bit. The
kinematic criterion monitors bit speed or linear penetration rate per bit, which is an indirect
evidence of bit cutting structure wear.

Energy criterion of the working capacity of a roller cone bit is proposed in [2]. In this case,
it is necessary to control the resistance torque on the bit and its rotation frequency. The time
integral of their product is the energy released by the bit armament on the bottom hole. By
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stabilizing the energy release rate at a constant level, it is possible to get the maximum bit
durability, since the cutting structure material is under a constant load. This can be achieved
by keeping the power of destruction of the rock at a constant level with varying strength of
the drilled rocks. The power delivered will depend on the resistance torque on the bit and
the rotational speed of the bit. If the rotational speed is easy to measure, then measuring the
resistance torque on the bit is in principle impossible due to the aggressive environment in the
bottom hole area. Measuring power by voltage and current of the drive system will lead to
errors due to their nonlinear dependence and dynamic torque presents.

Based on the energy criterion of bit durability, we choose the most rational way of controlling
the rotation drive of the roller cone drill bit, which controls the power released in the bottom
hole zone of the roller cone bit. With this approach, it is necessary to determine the resistance
torque on the bit, using one of the methods of identifying the external influences based on the
state observer [4, 5].

3. Results
The system of differential equations describing the dynamics of an induction motor in the d-q
coordinate system, tied to the vector of the main flux linkage, has the form [5]:

dψr
dt

= −Rr
Lr
ψr + krRrId;

dId
dt

=
Rs + k2rRr

L′s
Id +

krRr
L′sLr

ψr + ωψrId +
1

L′s
Ud;

dIq
dt

= −Rs + krRr
L′s

Id − ωψrId −
kr
L′s
pnψrω +

1

L′s
Ud;

dω

dt
=
kmψrIq −Mc

J
,

where ψr, Lr, Rr – the rotor flux linkage, inductance and active resistance; Id, Iq – transverse and
longitudinal components of the motor stator current; Rs, L

′
s – stator resistance and inductance;

ω, ωψr, pn – angular frequency of rotation of the rotor, flux linkage of the rotor and the number
of pole pairs of the stator winding; Ud, Uq – transverse and longitudinal components of the
stator voltage; Mm – mutual induction between the stator and the rotor (inductance of the
magnetization circuit); denoted: kr = Mm/Lr, ks = Mm/Ls, L

′
s = σLs, σ = 1 − ksKr, km =

3pnkr/2; σ – leakage coefficient; J is the dynamic moment inertia of the drive mechanical link.
The coordinate system is oriented in the direction of the vector of the main flux linkage,

which makes it possible to separately control the flux linkage of the rotor and the transverse
component of the stator current. This makes it possible to synthesize a system with normalized
dynamic parameters, which controls the flux coupling and the longitudinal stator current on one
channel, and the rotor speed and the transverse component of the stator current on the other
channel (vector control system for induction squirrel-cage motor).

Equations describing dynamic processes in the control channel by the active (torque-forming)
component of induction motor stator current [6]{

dIq
dt = −Rs+krRr

L′
s

Id − ωψrId − kr
L′
s
pnψrω + 1

L′
s
Ud;

dω
dt =

kmψrIq−Mc

J .
(1)

The coordinate system is oriented in the direction of the vector of the main flux linkage,
which makes it possible to separately control the flux linkage of the rotor and the transverse
component of the stator current. This makes it possible to synthesize a system with normalized
dynamic parameters, which controls the flux coupling and the longitudinal stator current on one
channel, and the rotor speed and the transverse component of the stator current on the other
channel (vector control system for induction squirrel-cage motor).
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Equations describing dynamic processes in the control channel by the active (torque-forming)
component of induction motor stator current [6]{

dIq
dt = −Rs+krRr

L′
s

Id − ωψrId − kr
L′
s
pnψrω + 1

L′
s
Ud;

dω
dt =

kmψrIq−Mc

J .
(2)

There are four disturbing signals in the control object: rotor flux linkage – ψr; resistance
torque – Mc; cross-coupling – ωψrId; electromotive force of rotation frequency – krψrpnω/L

′
s.

We believe that the rotor flux linkage is maintained at a constant level through the control
channel of the reactive (flux-forming) current of the motor stator. Compensation of the cross-
coupling and the electromotive force of the rotation frequency is carried out by introducing
additional links, zeroing out the perturbing actions from the indicated influences. Compensation
of the cross-coupling is achieved by decoupling of the control channels. The direct compensation
uses signals proportional to the product of the instantaneous frequency rotation of the rotor
flux linkage vector ωψr and the reactive component of the stator current, as well as the product
of the rotor frequency rotation and the current value of the rotor flux linkage. Therefore, these
perturbations on the control object are not taken into account when identifying the torque of
resistance [7, 8].

After these simplifications one can forming the state vector

X =

(
x1
x

)
=

(
Id
ω

)
and denoting km = 3pnkr/2 it is convenient to represent the object under consideration by a
system of linear differential equations written in matrix form:{ .

X= AX +Bu+W ;

Y = CX,
(3)

where the matrix coefficients are defined

A =

(
− (Rs + krRr)/L

′
s −krpnψr/L′s

kmψr/J 0

)
, B =

(
1/L′s

0

)
,W =

(
0

Mc/J

)
, C = (1 0).

Let us study the problem of determining the resistance torque on the bit Mc, using various
methods of identifying the external influences that cannot be directly measured. The methods
under consideration apply the so-called observer, i.e., its mathematical model working in parallel
with the object. The main attention is paid to the stability of the system, which is ensured by
a proper choice of its natural frequencies (modes) on the complex plane.

The extended object method assumes [9] that the change in the external action is subject
to some differential equations, which together with the equations of the main object define the
extended system. In this case perturbing influences become state variables of the extended
object.

In our case, taking into account that the rate of transient processes in the object exceeds the
rate of change Mc, we obtain Mc ≈ const.

The original system of equations presented in vector-matrix form
.
X= AX +Bu+W ;

Y = CX;
.
W= 0,
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transform to a form convenient for further analysis:{ .
X∗= A∗X∗ +B∗u+W ;

Y ∗ = C∗X∗,
(4)

where the notation for matrix coefficients is accepted

A∗ =

− (Rs + krRr)/L
′
s −krpnψr/L′s 0

kmψr/J 0 −1/J
0 0 0

 ,

B∗ =

1/L′s
0
0

 , X∗ =

x1x2
x3

 =

Is2ω
Mc

 , C∗ = (1 0 0).

We construct the observing device in the form of a mathematical model, which is described
by the equation

∧.
X= A∗X +B∗u+W + L(Y − C∗

∧
X), (5)

where L – some unknown matrix of size n× 1; n is system order.
The last term in (4), taking into account the difference between the outputs of the object

and the model, corrects the observer so that the condition is fulfilled
∧
X (t) −X∗(t) → 0 when

t→∞. Such an observer is called an asymptotic identifier.

If we denote X̃ =
∧
X −X∗, then from (3) and (4) we obtain equations for the estimation error:

.̃
X= A∗X̃ + L(Y − C∗X̃) or

.̃
X= (A∗X̃ − LC∗)X̃.

In accordance with the scientific statements put forward in [10,11], which establish the relation
between the total observability and the characteristic polynomial of a matrix A∗ − LC∗ with
an arbitrary desired set of roots, we check for the system (3) the observability condition, which
consists in that the rank of the observation matrix

Qn = (CT
...A∗TCT

... (A∗T )2CT
... . . .

... (A∗T )n−1CT )

must match the order of the system n.
For the system under study, we obtain:

Qn = (CT
...A∗TCT

... (A∗T )2CT ) =

 1 −(Rs + krRr)/L
′
s ((Rs + krRr)/L

′
s)

2 − krkmpnψ2
r/JL

′
s

0 −krpnψr/L′s krpnψr(Rs + krRr)/(L
′
s)

2

0 0 krpnψr/L
′
sJ

 .

The matrix rank Qn is 3, that is, it coincides with the order of the system. In this case, the
condition of complete observability is satisfied.

The characteristic polynomial for the matrix A∗ −LC∗, (where det[λI −A∗ +LC∗], where I
is the identity matrix) is determined by the expression:

det

 λ+ (Rs + krRr)/L
′
s + l1 krpnψr/L

′
s 0

−kmψr/J + l2 λ 1/J
l3 0 λ

 =
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= λ3 + (
Rs + krRr

L′s
+ l1)λ

2 +
krpnψr
L′s

(
kmψr
J
− l2)λ+

krpnψr
JL′s

l3 (6)

We select the elements of the matrix L = (l1 l2 l3)
T in such a way that the polynomial turns

into the Newton binomial

(λ+ β)3 = λ3 + 3λβ2 + 3λ2β + β3; (β > 0).

Whence, by equating the coefficients at the same degrees of the polynomial, we obtain
(Rs + krRr)/L

′
s + l1 = 3β;

(krpnψr/L
′
s)(kmψr/J − l2) = 3β2;

krpnψrl3/JL
′
s = β3.

(7)

To solve system (6), it is necessary to choose the value determines the position of the matrix

eigenvalues A∗ −LC∗ on the complex plane and, consequently, the rate of convergence
∧
X (t) to

X∗(t).
Usually, values β are used in 2...3 times greater than the maximum of the numbers |Reλ0|,

where λ0 is the eigenvalues of the object’s matrix. Let’s find them by solving the equation

det |Reλ0I −A| = 0∣∣∣∣λ0 + (Rs + krRr)/L
′
s krpnψr/L

′
s

−kmψr/J λ0

∣∣∣∣ = λ20 + λ0(Rs + krRr)/L
′
s + kmkrpnψ

2
r/JL

′
s = 0

λ0(1, 2) = −(Rs + krRr)/2L
′
s ±

√
(Rs + krRr)/2L′s)

2 − kmkrpnψ2
r/JL

′
s.

We choose β = γ(Rs + krRr)/2L
′
s, where the value γ within 2. . . 3 is accepted.

Then, in accordance with the obtained equations of system (6), we find the values of the
correction coefficients:

l1 = 3γ
2
Rs+krRr

L′
s
− Rs+krRr

L′
s

= Rs+krRr
L′
s

(3γ2 − 1);

l2 = kmψr

j − 3
4γ

2 (Rs+krRr)2

krpnψrL′
s

;

l3 = 1
8γ

3 J(Rs+krRr)3

krpnψr(L′
s)

2 .

(8)

Consequently, the structural diagram and the values of the correction coefficients are generally
defined for the observing device (4).

It is known that the method of transition to an extended object requires complete
observability of this object [5]. An astatic observing device [11] is free from this restriction [12],
the construction of which we will consider for the problem to be solved when the vector of
disturbing influences contains one nonzero element.

For system (2) in this case it is possible to construct an observing device described by
equations:

.̃
X= AX̃ +Bu+ L(Y − CX̃) +K

∫ t

0
(Y − CX̃)dt, (9)

where L = (l1 l2)
T and K = (0 k)T are matrices with yet unknown coefficients.

From (8) and the structure of the matrix, we see that the integral term is added only to
the equation of system (8) that corresponds to the equation of system (2) containing a nonzero
perturbation.
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The equation for the estimation error X̃(t) =
∧
X (t)−X(t) takes the form:

.̃
X= (A− LC)X̃ − kC

∫ t

0
X̃(t)dt−W. (10)

It follows from the last relation that the condition
∧
X (t)→ X(t) or X̃ → 0 when t→∞ (and

actually for the damping time of the natural component of the transient) is satisfied if

−kC
∫ t

0
(
∧
X (t)−X(t))dt = W.

Thus, the observer (8) allows us to identify the perturbation W . The choice of matrices L
and K makes it possible to control the rate of this process.

When applied to the object under consideration (2), the described technique leads to
the following result. Let us differentiate equation (9), assuming that the perturbation the
perturbation does not change over the transition time:

.̃
X= (A− LC)X̃ − kCX.. (11)

Let’s write the system (10) in the expanded form:
.̃.
x1= (a11 − l1)

.̃
x1 +a12x2;

.̃.
x2= (a21 − l2)

.̃
x1 −kx̃1,

(12)

where aij is matrix A element.
Using the method of excluding the unknowns, we transform the system (11) into a third-order

differential equation:

.̃..
x1 −(a11 − l1)

.̃.
x1 −a12(a21 − l2)

.̃
x1 −a12kx̃1 = 0,

whose characteristic polynomial has the form (taking into account values of a11, a12, a21)

λ3 + (
Rs + krRr

L′s
− l1)λ2 +

krpnψr
L′s

(
kmψr
j
− l1)λ+

krpnψr
L′s

k = 0. (13)

λ3 + (
Rs + krRr

L′s
− l1)λ2 +

krpnψr
L′s

(
kmψr
j
− l1)λ+

krpnψr
L′s

k = 0. (14)

The polynomial (12) coincides completely with the characteristic polynomial (5). This allows
one, if a binomial arrangement of the roots (α+β)3 is desired, to write down, using the solution
obtained earlier (7): 

l1 = Rs+krRr
L′
s

(3γ2 − 1);

l2 = kmψr

j − 3
4γ

2 (Rs+krRr)2

krpnψrL′
s

;

l3 = 1
8γ

3 J(Rs+krRr)3

krpnψr(L′
s)

2 .

where γ has the same meaning as in (7).
Equations (8) written element by element in expanded form:{∧.

x1= a11
∧
x1 +a12

∧
x2 +l1(x1−

∧
x1) + 1

L′
s
uq;

∧.
x2= a21

∧
x1 +l2(x1−

∧
x1) + k

∫ t
0 (x1−

∧
x1)dt,
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Figure 2. Structural diagram of the observing device.

explicitly define the block diagram of the observing device shown in figure 2.
Analysis of the efficiency of the method for identifying the resistance torque on a roller bit

was carried out on the basis of simulation in the environment of the mathematical extension
package Simulink of the MATLAB system, where realized mathematical model of the drilling
rod rotation electromechanical system.

The mathematical model takes into account the change of instantaneous values of output
voltage of semiconductor converter with pulse-width modulation, full system of equations of
asynchronous motor of the drilling rod. Discreteness of digital control system is 2 µs, voltage
inverter frequency is 2000 Hz.

Parameters of setting of the observer are calculated according to the initial data of the
electrical equipment of the drilling rod SBShS250N head rotation drive. The drilling rig is
equipped with AT-04 transistor drive with squirrel cage induction motor AMRU280M4BU2,
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Table 1. Initial parameters of the identification object.

Rs + krRr L′s kr km pn ψr J M

ohm mH p.u. p.u. p.u. wb kg m2 kg m

0.152 2.73 0.977 0.842 2.0 1.502 1.2 580

Figure 3. Graphs of the resistance torque (a, b) and the determination error (c, d) during their
identification on a roller bit, given in p.u.

1480 rpm, 90 kW. Technical data are given in the table 1.
Calculated plots of resistance torque identification on the roller cone bit using the astatic

observer and the binomial root distribution (β = 55.6; figure 3(a)) and the Butterworth
distribution ((β = 83.4; figure 3(b)), are shown in figure 3.

Figure 3 shows the calculated graphs of the error in finding the resistance torque by an
astatic observer with a binomial distribution of roots (β = 55.6; figure 3(c)) and the Butterworth
distribution (β = 83.4; figure 3(d)), In all graphs, the torque amplitudes are shown in relative
units (p.u.). Torques are reduced to the rated motor torque M = 580 kg m.

4. Conclusions
1. The disturbing influence from the load in the system of electric drive can be effectively

restored by the observer, to which the signals of the supply voltage and current of motor.
Beside it is necessary to introduce three corrective links: two of which have proportional
and one has integral dynamic characteristics. At the output of the observer, a signal that is
proportional to the ratio of the resistance torque on the working body of the drive system
to the moment of inertia is explicitly allocated.
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2. Identification of the resistance torque on the roller cone bit allows to realize the way of
controlling the drive of the drill rod rotation when the mechanical energy constant flow
on the roller cone bit is maintained by forming “hard” mechanical characteristics in the
drive of the rotation when drilling in soft and broken formations and “soft” mechanical
characteristics when drilling in hard undisturbed formations that will increase the life of
the bit.
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Abstract. Mining and geometrical prediction of iron ore deposit quality indices to solve
problems of long-term and current planning intended to provide the most efficient performance
of mining enterprises in terms of ore blending quality and increase rationalization of deposit
development is an important aspect of geometrization. Investigations carried out to develop
a mining-geometrical method for predicting indices of iron ore deposit quality are topical
nowadays. The present study aims to enhance the methodology for geometrization of iron
ore deposit quality indices for developing a mining-geometrical method of their prediction
to provide rational mining. The research methodology consists in mining and geometrical
modeling of quality indices and properties of the deposit, thus enabling determination of a
certain relationship between components of a mineral, and, thereby, identification of the nature
of these components’ location in the mineral. The latter is essential in design, construction
and operation of a mineral deposit. The obtained results allow predicting quality indices of
the deposit, assessing mineral reserves and consequently planning and optimizing performance
of mining enterprises. The developed methods enable increased efficiency of mining iron ore
deposits of Kryvbas.

1. Introduction
Ukraine ranks third in the world as to calculated iron ore reserves which make over 62 Bn t.
Most of these reserves (over 32 Bn t) are concentrated in Kryvyi Rih iron ore basin [1–5] and
mined by open pit and underground methods. Distribution of iron ore reserves by enterprises
of the Kryvyi Rih Basin is given in table 1. According to the US Geological Survey, during
the past 15 years, Ukraine ranks sixth in terms of the amount of the ore mass mined (70-86 M
t/y) [6–10].

To maintain a high level of annual ore production, mining enterprises are continuously
enhancing technological processes.

Thus, in open pit mining, special attention is paid to drilling and blasting (enhancement
of explosives and initiation methods) and technological operations (application of imported
equipment during loading and transportation of the broken ore mass).

Underground mining systems are constantly being enhanced as well. To ensure appropriate
quality of the extracted ore mass, enterprises widely apply open stoping systems. Imported
self-propelled delivery equipment used in mining at considerable depths (over 1250 m) helps
provide annual productivity of 2-3 M t [11–14].
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Table 1. Distribution of iron ore reserves by enterprises of the Kryvyi Rih Basin

Mining enterprise Reserves, Bn.t

JSC KRYVBASZALIZRUDKOM 6.120
JSC ArcelorMittal Kryvyi Rih 4.655
PJSC Northern mining and processing plant 3.480
PJSC Central Mining and Processing Plant 3.365
PJSC Southern mining and processing plant 2.650
PJSC Sukha Balka 1.950
PJSC Ingulets mining and processing plant 0.830
Together 23.05

The name of the ore deposit area:
Tarapakovskoe deposit 1.350
Inter-mine site No 1 1.075
Inter-mine site No 2 1.450
Inter-mine site No 3 2.300
Inter-mine site No 4 1.475
Inter-mine site No 5 1.500
Together 9.15

Total 32.2

It should be noted that in working out Kryvyi Rih iron ore deposit, mining enterprises fail to
increase annual ore production due to the fact that when designing or enhancing the technology,
they use the data of mining and geometrical assessment of the deposit obtained in the previous
century.

Planning mining production processes and performance of a mining enterprise is an important
task even at the stage of deposit opening [15–19]. It can be ensured by application of mining and
geometrical methods. At this, an important role is played by mining, geological and geometrical
parameters and the nature of the deposit position which can be determined by methods of
subsoil geometry [20–23].

A very important task that can be solved by geometrization methods is to determine stability
of a rock massif under the stress-strain state. This enables determining measures to maintain
rock massif stability [24–27].

A significant task of subsoil geometrization consists in increasing efficiency of drilling and
blasting as an important factor for mining enterprise performance [28–32]. This task, in turn,
is associated with that of monitoring the state of the rock massif [33–37] and closely related to
methods of mining processes control [38–42].

Another important task involves selective mining based on assessment of geological,
geochemical and geomechanical fields [43–47]. Methods of geometrization provide assessment
and rational processing of man-made mineral formations [48–52].

Planning operation of a mining enterprise on the basis of mining and geometrical methods
results in high economic indicators [53–57] ensured by rationalizing and optimizing mining
operations.

Mining and geometrical assessment of the deposit is the most expedient when based on
methods of analyzing geological data, among which geostatistical methods are the most effective
[58–62]. This problem is closely related to the task of assessing and predicting the quality of
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reserves applying self-organization methods [63–65].

2. Purpose
The purpose of the study is geometrization of the iron ore deposit. A particularly important
aspect of geometrization of iron ore mineral deposits involves mining and geometrical prediction
of their quality indices to solve problems of long-term and current planning intended to provide
the most efficient performance of mining enterprises in terms of ore blending and increase
rationalization of deposit development.

The most promising methods for assessing indicators of the deposit include geometrization
ones based on the use of a set of self-organizing methods and geostatistical methods of assessment
[66,67] which are developed and enhanced in the present work.

3. Methods
Processing the initial geological data requires a lot of sampling; the content of samples influences
the quality in a certain block or area of the deposit. The problem of sampling is associated with
application of various methods for determining weighted averages. The following two aspects of
the problem are of great importance: the search procedure and a criterion for its completion.
This criterion can be based on the value of the distance from the sample to the block or to the
point where the composition is to be determined. In the most complex programs for calculating
weighted averages, the search for points in an area is carried out on a plane or in a cone to ensure
relative representativeness of all directions. This enables avoiding the effect of accumulation of
samples in certain directions and their absence in others.

This step is, however, superfluous in case of kriging, since with accumulation of points,
introduction of sample covariances allows considering automatically the influence of components
of the cluster eliminating its excessive influence. Kriging helps to distribute weights among the
nearest samples, if a constant density of sampling is not provided.

The grid density does not really influence the number of samples to be considered. Any kriging
method does not indicate the number of samples required when assessing the ore composition in
this block. From a theoretical standpoint, all available samples should be used. Nevertheless, it
is clear that far-removed samples are of little interest. Therefore, it is obvious that the number
of samples should not be too large. For example, considering sixteen points instead of twelve
increases the calculation time by a factor of about 3, and sixteen samples instead of eight – by
a factor of 8.

A sample removed from the block in a given direction for more than an influence interval (if
any) is assumed to have a zero weight and should not be used. As an example, let us assess the
exploration grid of Skelevatske deposit of ferruginous quartzites mined by the PivdGZK open
pit. The deposit has for a long time been sampled in two ways. Detailed exploration is carried
out by sampling the sludge of boreholes located irregularly with an interval of 50 to 200 meters.
Operational exploration is carried out in the exploded mass by the point method. In case of
homogeneous ores, pieces from an area of about a 50 m long (in the direction parallel to the
bench slope) with a width determined by the size of the block to be exploded are selected in
one sample. In case of heterogeneous ores, each type of quartzites is sampled separately. The
sample weight is about 30 kg.

The data for assessment were selected along axis 77 along the strike towards the main direction
of mining operations advance. The best method of assessment for actual conditions of Kryvbas
iron ore deposits can be chosen by comparison. First, dependency of the natural component of
variability on the sampling interval is assessed (figure 1-6), and then autocorrelation coefficients
are determined at different sampling intervals (figure 7-12).

According to figures 1-6, at Skelevatske deposit, the minimum critical interval of geological
exploration for both magnetite and total iron is 600 m. This enables the conclusion that



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012067

IOP Publishing
doi:10.1088/1755-1315/1254/1/012067

4

Figure 1. Dependency of the magnetite iron content variability on the sampling interval, hor.
–165÷–180 m.

Figure 2. Dependency of the magnetite iron content variability on the sampling interval, hor.
-180÷-195 m.

Figure 3. Dependency of the magnetite iron content variability on the sampling interval, hor.
-195÷-210 m.

parameters of the exploration grid meet the requirements to them.
As is seen from figure 7-12, the autocorrelation coefficient provides ambiguous results. This

is due to the fact that this coefficient inherently estimates, to this or that degree, deviation
from the sample average value. Thus, in order to qualitatively assess a deposit with a nonlinear
nature of index variability, the volume and interval of the sample should be selected with great
accuracy and the initial data should be smoothed over as well, this being very time consuming
and not always possible. In this very case, the graphs are sine curves with a growing amplitude.
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Figure 4. Dependency of the total iron content variability on the sampling interval, hor. -
165÷-180 m.

Figure 5. Dependency of the total iron content variability on the sampling interval, hor. -
180÷-195 m.

Figure 6. Dependency of the total iron content variability on the sampling interval, hor. -
195÷-210 m.

Deviations of the indices of nearby points from the average also change in the close to sinusoidal
manner, so the deposit can be said to actually have a sinusoidal component when obtaining the
indices, and the autocorrelation coefficient is not quite relevant for assessing the exploration grid
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Figure 7. Dependency of the autocorrelation coefficient for the magnetite iron content on the
sampling interval, hor. -165÷-180 m.

Figure 8. Dependency of the autocorrelation coefficient for the magnetite iron content on the
sampling interval, hor. -180÷-195 m.

Figure 9. Dependency of the autocorrelation coefficient for the magnetite iron content on the
sampling interval, hor. -195÷-210 m.

of Kryvbas iron ore deposits.
Determining the size of blocks under assessment can be set as a detailed assessment task,
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Figure 10. Dependency of the autocorrelation coefficient for the total iron content on the
sampling interval, hor. -165÷-180 m.

Figure 11. Dependency of the autocorrelation coefficient for the total iron content on the
sampling interval, hor. -180÷-195 m.

Figure 12. Dependency of the autocorrelation coefficient for the total iron content on the
sampling interval, hor. -195÷-210 m.

distinguishing blocks of the smallest possible sizes. But this trend leads to an inexpedient cost
of work and unreliable results. It turns out that small closely located blocks are characterized
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by very similar estimates. It should be kept in mind that as the block sizes decrease, estimation
errors increase. Thus, a halving in linear dimensions of blocks leads to an 8-fold increase in the
number of blocks to be assessed and, probably, the number of systems of linear equations to be
solved. Accordingly, it can be assumed that the minimum block size should be at least a quarter
of the average interval of the drilling grid. For example, blocks should have a side of 50 meters
with a drilling grid pitch of 200 meters or a side of 200 meters at a pitch of 800 meters.

The most important geological and technological indices of ores of Skelevatske deposit of
ferruginous quartzites include the content of magnetic iron which is associated with the total
iron content. The nature of magnetic iron content in the exploded mass can be predicted based
on the borehole sample data. At that, it is advisable to take the content of total and magnetic
iron according to borehole sample data as arguments of prediction. Argument values in the
inter-hole space can be determined through interpolation. It is advisable to use kriging as an
interpolation method.

4. Results and discussion
The experiment was carried out at the PivdGZK open pit within axes 80-108 along and 89-109
across the strike at horizons -165÷-180 m, -180÷-195 m and -195÷-210 m. The area is located
in the north-eastern part of the deposit, the area of oxidized ores makes its southern boundary.
Structurally, the area is the eastern wing of the deposit synclinal. In the east, it is bounded by
Tarapakiv fault, and its western border coincides with the deposit boundary.

The area is characterized by a sustained occurrence of rocks, weak development of folded
deformations. Rocks dip to the north-north-east according to the general deposit sinking.

In the southern part of the area, i.e. on the boundary between the fourth ferruginous
quartzites horizon and the fourth schistous horizon, there emerge a number of open folds the
size and position of which are clearly seen on the map of the deposit as alternative outbreaks of
schists (anticlinal) and quartzites (synclinal).

The initial geological data was obtained from horizon mining plans at a scale of 1:1000.
Operational exploration was carried out to sample the exploded mass. At that, sampling areas
were of irregular shape and different sizes. The dimensions of the areas ranged from 20 to
50 meters across. The content of total and magnetic iron by detailed exploration boreholes
data and horizontal and vertical coordinates of the centers of the sampling areas were taken as
arguments for prediction using the multidimensional heuristic prediction algorithm (MHPA). An
irregular sampling grid was used for drilling detailed exploration boreholes. Distances between
the boreholes ranged from 50 to 200 meters. With the help of kriging, isolines of the content
of magnetic iron in the inter-hole space were built. In the center of each sampling area of the
exploded mass, the value of magnetic iron was determined based on the available electronic
model of isolines. All the acquired values were summarized in spreadsheets, which made the
basis for building a predictive function according to the MHPA method. At that, at each stage of
its building, credibility of the results obtained was proportional to the inverse distance between
the center of the area of sampling the exploded mass and the nearest borehole of detailed
exploration, as the greater this distance is, the greater the interpolation error becomes. Thus,
the results of building a more accurate function had a greater priority in assessing the quality
of the built predictive function.

The basic set of initial data enabled determining dependencies of the magnetic iron content in
the exploded mass on that of magnetic iron determined by boreholes of detailed exploration and
on the horizontal and vertical coordinates of the points. Three equations of predictive functions
obtained by the MHPA method are presented in figures 13-15.

The found dependencies demonstrate that there is a dependency of the magnetic iron content
in the exploded mass on that of the sampling data of detailed exploration boreholes, as of all the
arguments involved in the MHPA procedure, significant numerical coefficients were determined
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Figure 13. Relationship between the magnetic iron content according to the exploded rock
mass sampling data and that of detailed exploration borehole data at hor. -165÷-180 m.

Figure 14. Relationship between the magnetic iron content according to the exploded rock
mass sampling data and that of detailed exploration borehole data at hor. -180÷-195 m.

Figure 15. Relationship between the magnetic iron content according to the exploded rock
mass sampling data and that of detailed exploration borehole data at hor. -195÷-210 m.
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only for this value. During calculations, several types of ores with different properties were
identified in the area under consideration and that resulted in determining different functional
dependencies.

Areas with properties corresponding to these dependencies on a simulated set of data were
obtained and grouped according to the MHPA procedure. At that, the iron content data
obtained from detailed exploration boreholes were interpolated for 50 by 50 m square grid
nodes.

Interpolation was performed using kriging. Predictive values of the content of magnetic iron
associated with the content of magnetic iron in the exploded mass were determined in the square-
grid nodes applying the MHPA procedure. Via kriging, these values were interpolated, which
became the basis for long-term planning. Based on the interpolation, there were built plans of
isolines of the predicted magnetite iron content which are presented in figures 16-18. Predicted
data for current planning was received by adjusting the obtained electronic model according to
operational exploration data at points spatial position of which was determined on the basis of
production needs and was irregular.

Figure 16. Plan of isolines of the predicted magnetic iron content at hor. -165÷-180 m.
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Figure 17. Plan of isolines of the predicted magnetic iron content at hor. -180÷-195 m.

Figure 18. Plan of isolines of the predicted magnetic iron content at hor. -195÷-210 m.

• Nataliia Shvaher meticulously processed the raw data obtained during the study and
conducted a thorough evaluation of the research results. Her significant contributions are
concentrated in the Methods and Results and discussion sections.
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Each author’s specific role and expertise greatly enriched the research across various stages,
ultimately leading to the comprehensive findings and conclusions presented in this article.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012067

IOP Publishing
doi:10.1088/1755-1315/1254/1/012067

12

6. Conclusions
As a result of the study, an effective geometrization technique has been developed that meets the
requirements of mining production. It enables assessment of mineral reserves and significantly
increases efficiency of planning mining operations. The use of geostatistical methods makes it
possible to assess and process the initial geological data. The developed self-organizing prediction
algorithm is flexible in application, efficient, and can be used in various mining and geological
conditions for geometrization of the deposit in order to provide planning and assessment of
various mining technologies.

The relative error of the predicted value of the magnetic iron content in the exploded mass
according to the developed method for long-term planning does not exceed 6.8%.

The positive results of prediction at the area under consideration are the basis for using the
developed methods in other areas of the PivdGZK open pit.

Proceeding from the results, methods of geometrization of mineral deposits based on self-
organization and geostatistical assessment are a very promising direction for further research.
The considered methods require further development and enhancement in order to increase their
efficiency and application at deposits of Kryvbas as well as other regions that produce both ore
and non-metallic minerals.
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Abstract. The paper describes topical issues of a prospective method for coalmine methane
utilization for obtaining an additional valuable energy resource for the regional development
of coal-mining areas. It is noted that the development of the extraction of methane resources
is very urgent and is of great economic importance for ensuring the energy independence of
Ukraine. The experience and technologies of using methane and coalmine gas by global coal-
mining companies are analyzed. Modern prospects and opportunities for using coal gas are
studied. There is a need to transform the coalmine methane removal system and directions for
maximizing the use of its resources in a wide range of concentrations in the composition of gas-
air mixtures based on the development of innovative technologies to improve the efficiency and
cost-effectiveness of functioning coal-mining enterprises. Attention is focused on the advantages
of using gas hydrate technologies for obtaining additional energy resource under conditions of
changing coalmine methane concentrations. The specifics of the process of mixed gas hydrate
formation from gas mixtures of various geneses have been studied. It has been revealed that it is
the coalmine gas-methane composition that determines and forms the basic condition for hydrate
formation. The thermobaric conditions for the hydrate formation process at different methane
concentrations in gas mixtures of degassing systems have been experimentally determined. The
results obtained are the basis for further research on efficiency of creating gas hydrates from
coalmine methane and determining its minimum permissible concentration in the gas mixture
of degassing systems according to the technological and economic criteria of hydrate formation.

1. Introduction
Rational use of natural resources is the main prerequisite for ensuring sustainable social and
economic development [1, 2]. In this regard, state regulation of resource consumption as a tool
for environmental management is of great importance in most countries of the world, which is
evidenced by a number of international agreements adopted within the framework of the United
Nations. For Ukraine, such a tool can be not only the transformation of the coal industry, but
also the reduction of operational losses of energy resources of coal-mining and coal-processing
enterprises by involving in the economic turnover of associated resources of gas-coal deposits.
As for today, coal, oil and natural gas continue to be the main fuel and energy resources [3–7].

In recent years, the energy market has undergone significant changes, which are primarily
caused by the ever-increasing needs of society for energy, due to economic and technological
development. Leading countries are beginning to fight for the right to develop energy resource
deposits on neutral Arctic and Antarctic territories. More stringent environmental regulations
are becoming an impetus for the transition to cleaner fuel types [8,9]. There is a need to search
for new alternative energy sources and develop technologies for their mining and use, as well as
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to improve the efficiency of existing technologies in the energy sector [10–12]. Thus, ensuring
energy security is becoming an increasingly complex and multifaceted task.

According to existing predictions and reports, energy consumption is growing every year.
Thus, in 2021, the global demand for electricity increased by almost 50% [13]. Analyzing the
World Energy Outlook report for 2022, the situation has almost remained unchanged, demand
continues to rise, but at a somewhat slower pace, given today’s high prices for energy carriers
and market instability due to Russia’s aggression on the territory of Ukraine [14]. Having faced
with market uncertainty and high prices, consumers are withdrawing some of their gas purchases,
and industry is reducing production. Despite a strong post-pandemic economic recovery in 2021,
the average annual GDP growth rate for the rest of the decade assumed by the Stated Policies
Scenario in 2020 has been slightly revised. As a result, energy demand is growing at a slower
pace and the fuels used to meet this demand growth are different from previous projections
(figure 1) [14].

Figure 1. Predicted global consumption of fuel and energy resources [14].

As it can be seen, in the context of the diversification of hydrocarbon sources and the
war unleashed by Russia in Ukraine, an unstable situation has developed on the global fuel
and energy market. Of particular importance is the issue of determining the energy security
prospects of many countries, including Ukraine, by increasing the volumes of domestic gas
production or searching for renewable and alternative fuel types [15,16]. Despite the significant
potential of the major types of renewable energy sources, their practical use today is only a
small part in the fuel-energy balance (figure 1). Nevertheless, the interest in the development
of production technologies for new types of energy raw materials is increasing significantly.
Currently, alternative types of gas fuel include methane from coal deposits and coalmine
methane [17]; gas obtained from the processing of solid fuel (hard and brown coal, oil shale,
peat) [18, 19]; producer gas, other gaseous fuel derived from biological raw materials [20].
Special attention should be paid to the development and implementation of gas production
technologies by underground coal gasification [21, 22]. However, according to many scientists,
the most promising source of hydrocarbon fuels are gas hydrate deposits found in many countries
of the world [23–29].

On an industrial scale, methane is not produced from gas hydrate deposits in the world today.
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However, a number of leading countries, such as Japan, the USA, Canada, India, China, Norway,
South Korea, Australia, Turkey, Bulgaria and Ukraine, are implementing large-scale research
programs and are actively engaged in studying the issue of gas hydrates, both artificial and
natural, as well as in the development of hydrate formation and dissociation technologies [30–36].
Assessment of the economic efficiency of gas hydrate projects requires certain clarifications.
This uncertainty is aggravated by the ongoing search for both optimal technologies for the
development of gas hydrate deposits, as well as obtaining gas hydrates for their use when
transporting hydrocarbon raw materials.

Obviously, natural gas remains the most commercially prepared energy carrier [37]. Therefore,
consideration of issues related to the development of hydrocarbons [38–40] and the industrial
utilization of natural reserves of methane – the most demanded fuel in Ukraine – is extremely
relevant and is of great economic importance for ensuring the energy independence of our
country [41,42].

2. Prospects and opportunities of using coal gas
Given the interest in non-conventional energy sources, more and more attention has recently
been paid to coal seam gas, which can be extracted by implementing innovative coal-mining
technologies. The successful experience of gas companies in the United States has even led to
the announcement of the creation of a gas subsector dedicated to the methane production from
coal seams [43–45]. By combining the interests of the gas and coal industries, it is possible to
ensure and significantly improve the technical, economic, ecological and social conditions of the
population in industrial regions.

Over the past 15-20 years, this area has received significant attention and intensive
development in the United States, where the average volume of gas production from coal seams
is 55 billion m3 annually, in Canada – more than 9 billion m3, in Australia – 5.5 billion m3, in
China – 1.2 billion m3, Russia – 6 million m3 [46–48].

Natural gas from coal seams is 90% or more methane. Methane is the purest hydrocarbon
energy source with almost no harmful impurities, such as nitrogen or sulphur compounds.
Currently, commercial production of methane from coal seams is carried out only in the United
States. Over 9 thousand wells are in operation, of which more than 40% are located in the San
Juan Basin. About 10% of wells in this basin provide 75% of its production and 60% of the total
annual coalmine methane production in the United States [49,50].

Also, in recent years, technologies for using ventilation gas removed from the mine along with
the ventilation air flow have gained significant development. The first major project of this kind
in the world is the Australian West Cliff Ventilation Air Methane Project (WestVAMP), which
converts a part of the ventilation jet into heat and electricity using the VOCSIDIZER™ energy
system from the Megtec Company (Sweden) [51]. This technology involves the use of ventilation
gas with an extremely low methane concentration of 0.3-1.2%, but requires further improvement
due to low economic efficiency. The Natural Resources Company (Canada) developments use
reverse-flow reactors (Catalytic Flow Reversal Reactor, CFRR), which are also designed to
generate heat by utilizing an off-standard gas mixture with 0.5-1.0% methane content [52].

When mining coal deposits, outgoing gas-air flows occur, which are formed in the process
of diluting the released gas with atmospheric air and methane-air mixture sucked from the
mined-out area and drilled wells in the coal-rock mass (figure 2) [53]. Under the conditions of
high methane-bearing capacity of coal deposits, degassing is the main way of ensuring the coal-
mining safety. Therefore (regardless of other possibilities of using the methane-air mixture), the
main condition remains the extraction of gas from the coal-rock mass and the mined-out area,
its localization and removal to the surface or to the outgoing jet.

In Ukraine, coal mines emit most of the methane (up to 90%) into the atmosphere in the
form of a low-concentration gas-air mixture from mine ventilation units. In 2016, about 517
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Figure 2. Scheme of formation of the outgoing gas-air flows [53].

million m3 of methane gas was released during coal mining by 50 mines [54], which is equivalent
to the production of 3.3 billion kWh or 3.0 billion m3 of burned natural gas and exceeds the
electricity consumption of all coal-mining enterprises in Ukraine. In global practice, mixtures
with a methane concentration above 25-50% are most efficiently utilized. Therefore, it can
be concluded that the energy potential of coalmine gas-methane during mining operations is
extracted from the bowels, and its potential is not fully utilized for the needs of industry and
the population.

Thus, in the conditions of the most powerful coal-mining enterprise in Ukraine, PJSC Mine
Administration “Pokrovske”, a universal combined degassing method is used – underground
method, which extracts about 60% of coal methane, and degassing from the surface, extracting
40% of methane. The underground degassing system is represented by a network of degassing
pipelines in mine workings, through which, using two vacuum-pump stations on the surface,
coalmine methane is extracted through drilled wells from the mined-out area and the coal mass
of the extraction sites. The methane concentration in the gas-air mixture during underground
degassing varies widely, ranging from 15 to 70%. Surface degassing involves drilling degassing
wells every 300 m in extraction panels ahead of the stoping faces in highly stressed longwall
faces. The methane concentration in the gas-air mixture with this method is extremely high,
since the mass is not de-stressed and ranges between 90-98%. For gas utilization, a cogeneration
plant with a capacity of 18 MW has been implemented at the enterprise, but only up to 40% of
methane is utilized, because its flow rate and concentrations are variable, making it difficult to
utilize it.

In most other coal mines in Ukraine, coal methane is currently extracted to the surface
as part of ventilation jets and underground degassing systems. In this case, the methane-air
mixture coming to the surface is usually substandard and is released into the atmosphere or
burned. Only if the methane content in the gas-air mixture exceeds 25%, it becomes possible
to use cogeneration plants. Thus, at the Stepova mine (PJSC “DTEK Pavlohradvuhillia”) for
a year, about 6 million kW of electricity has been generated from 1.3 million m3 of extracted
coalmine methane using a cogeneration plant [55].

In this regard, the problem of the large scale of coalmine gas utilization is becoming
increasingly important, the great difficulties of which are associated with the variability of its
flow rates and the different methane content in the extracted mixtures, as well as the limitated
possibility of using cogeneration plants to generate electrical or thermal energy [56,57].

Therefore, today it is required to transform the coalmine methane removal system and the
directions for maximizing the use of its resources in a wide range of concentrations in the
composition of gas-air mixtures (15-98%) based on the development of innovative technologies
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to improve the efficiency and cost-effectiveness of functioning coal-mining enterprises.

3. Advantages of using gas hydrate technologies for obtaining additional energy
resource
As a result of significant variations in methane concentration in the gas mixtures of degassing
wells, its widespread use is becoming more difficult. Therefore, it becomes necessary to create
a method for producing methane in the final chain of mining gas-coal deposits, for which the
component composition of the outgoing gas would not be a stringent condition. This method,
according to the authors, is the conversion of gas into a solid gas-hydrate state, since gas-hydrate
technology makes it possible to convert various gases into hydrates, including their mixtures. In
this case, only the equilibrium conditions of the hydrate formation process will change [58, 59].
It is easier and safer to store and transport methane in the state of gas hydrates to industrial
and energy companies for its further use as an energy carrier, which is another advantage of gas
hydrate technologies [60,61].

Hydrates are formed and stably exist in a wide range of thermobaric parameters. But each
individual gas is characterized by certain variants of pressures and temperatures of the hydrate
phase stability existence. The main factors determining the conditions for hydrate formation
and storage of gas hydrates, first of all, should be considered the composition of gases, their
moisture saturation, phase state, composition and state of water, its mineralization, external
pressure and temperature [62]. The gas composition determines the basic condition for hydrate
formation – the higher the molecular weight of an individual gas or mixture of gases, the lower
the pressure required for hydrate formation at the same temperature. Natural gases, consisting of
a combination of individual components, form mixed gas hydrates. In this case, during hydrate
formation, crystals are simultaneously formed, which are characteristic of both methane and
other hydrocarbon and associated gases in the mixture. That is, for the conditions of gas-air
mixtures of degassing systems in coal mines, it is possible to apply the concept of mixed gas
hydrates.

The following characteristic stages are distinguished during hydrate formation:
1) formation of gas hydrate crystallization centers;
2) sorption growth of crystalline hydrates around crystallization centers;
3) mass crystallization or simultaneous increase of a large number of formed crystallization

centers.
Further in the research, the possibility of creating methane gas hydrates from degassing

gas mixtures of a coal mine with a wide variation of methane concentrations is experimentally
studied.

4. Research methods
The conversion of methane-air mixtures of degassing systems into the gas-hydrate state, when
mining gas-coal deposits, would solve a number of difficulties related to their utilization
and subsequent use. However, the specificity of the component composition of gas mixtures
necessitate the development of optimal parameters for the hydrate formation process. The
process of nucleation and formation of gas hydrates from gas mixtures of various geneses is more
complex than from individual gases, which manifests itself in the changing value of equilibrium
parameters for hydrate formation and its rate.

In order to determine the patterns of the hydrate formation process and the influence of
various technological and regime parameters on it, a bench unit has been developed, consisting
of an ILKA KTK-3000 Climatic-Thermal Chamber and a number of other measuring equipment.
The Climatic-Thermal Chamber allows conducting research in different temperature conditions
and with different humidity. Structurally, the Climatic-Thermal Chamber has four main parts:
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the working volume, in which the NPO-5 hydrate formation reactor is directly located, the
automatic control panel, the refrigeration unit and the steam generator. The NPO-5 unit is
equipped with a reducer, which makes it possible to regulate the pressure of the gas mixture
from 0 to 10 MPa and maintain it constant throughout the entire duration of the experiment [63].

A transparent polymer pipe with a wall thickness of 2.5 mm is used for conducting
experimental research and visual observation of the hydrate formation and hydrate accumulation
processes. To record the pressure and velocity of the water and gas flowing out of the high-
pressure nozzles, the unit is equipped with a measuring system consisting of a direct-acting
indicating pressure gauge, a thermometer, an anemometer and a PC-based measuring station.
To conduct experimental research on the process of hydrate formation from gas mixtures, jet-
forming nozzles of an original design are used.

5. Research results
For reasons of clarity of the experiment and the comparison of the obtained further results, the
process of hydrate formation from pure methane is studied as a standard at the first stage, the
actual volume fraction of which is 99.7%. The hydrate formation curve and process parameters
are given in figure 3.

Figure 3. Parameters of the methane hydrate formation process.

The resulting pattern of methane gas hydrate formation (Fig. 3) has a polynomial character
with the value of approximation reliability R2 = 0.99 and is described by the equation
y = 0.02x2 + 0.27x + 2.62. The pressure range varies from 3 to 7.5 MPa. This has experimentally
proven the fact that at pressures below 3 MPa, the hydrate formation process using pure methane
is difficult and requires a sufficiently long time to start crystallization with the formation of
crystalline hydrate nuclei (according to existing data, up to several days). Accordingly, it is
inexpedient to conduct research under such pressures. The increase in temperature parameters
occurs naturally with increasing pressure and reaches its maximum value at +10°C.

In order to study the influence of thermobaric parameters on the conditions for the formation
of gas hydrates, depending on methane concentration in gas mixtures of degassing systems,
samples have been taken directly from the Western Donbas coal-mining enterprises. Their
compositions are given in table 1.

The thermobaric parameters of the hydrate formation process from gas mixtures of degassing
systems have been obtained experimentally (figure 4). Methane concentrations in the selected
mixtures range from 47 to 95%, reflecting their real wide variation with degassing methods in
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Table 1. Compositions of gas mixtures obtained from degassing systems.

No. Methane Ethane Propane Butane Carbon dioxide Nitrogen

Mixture 1 0.95 0.02 0.025 – 0.005 –
Mixture 2 0.86 0.06 0.04 0.01 – 0.03
Mixture 3 0.75 0.06 0.04 – 0.01 0.14
Mixture 4 0.54 0.15 – – 0.21 0.10
Mixture 5 0.47 0.08 0.07 – 0.33 0.05

Figure 4. Parameters of hydrate formation of gas mixtures in degassing systems in the Western
Donbas mines.

coal mine conditions. The resulting dependences of pressure on temperature change according to
a polynomial law with an approximation value of R2 = 0.97 for each separately selected mixture.

At the same time, the highest pressures of hydrate formation are for a mixture with a methane
concentration of 95%, and the lowest, respectively, for a mixture with 47% methane in the gas
mixture (figure 4).

The patterns of the gas hydrate formation process from mixtures of various genesis, depending
on pressure and temperature, are described by the following equations:

– at CH4 = 47% – y = 0.06x2 – 0.06x + 1.37;
– at CH4 = 54% – y = 0.06x2 – 0.07x + 1.70;
– at CH4 = 75% – y = 0.06x2 – 0.06x + 2.25;
– at CH4 = 86% – y = 0.06x2 – 0.02x + 2.53;
– at CH4 = 95% – y = 0.06x2 – 0.04x + 2.92.

Also, the formation parameters of mixed gas hydrates are influenced by the presence of carbon
dioxide in the mixture, in addition to hydrocarbon gases. It has been found in the previous
research that the pressure required to form carbon dioxide hydrates is by 20-30% lower than for
methane hydrates, depending on the conditions of hydrate formation. This fact is also observed
during the formation of mixed gas hydrates, although the CO2 share in the mixtures is quite
low.
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In the future, for the production of gas hydrates from coalmine methane, it is proposed
to build a hydrate formation complex near the facilities of degassing systems in the surface
mine complex, followed by their transportation by mobile refrigerators to consumers (industry,
population, etc.) and settlements located near the coal mine.

To evaluate the economic efficiency of the proposed technological solutions in the future, it
is planned to use the methods of economic and mathematical modeling, taking into account the
capital investments in equipment, the cost of the final product, the determination of operating
costs, the reduction of charges for atmospheric pollution, the level of consumption by the
population or industrial enterprises of gas obtained by the gas hydrate method.

6. Conclusions
The energy market has undergone significant changes in recent years, which are caused by the
growing needs of society for energy resources. In the context of diversification of hydrocarbon
sources, the issue of ensuring the energy security of many countries of the world and Europe
is of great importance. This encourages the search for new alternative energy sources and the
development of innovative technologies, in particular, gas hydrate technologies.

The prospects and possibilities of using coal gas in the implementation of innovative
technologies for mining gas-coal deposits have been studied. The experience and technologies
of using methane and coalmine gas by global coal-mining companies have been analyzed. The
experience of many American enterprises and companies has even made it possible to declare
the formation of a gas subsector dedicated to the methane production from coal seams. The
experience of Australia and Canada on the use of ventilation gas carried out of the mine together
with the ventilation air flow has been studied.

The experience of using degassing systems at Ukraine’s largest coal enterprise PJSC Mine
Administration “Pokrovske”, which uses both underground degassing and surface degassing
methods, has been analyzed. For gas utilization, a cogeneration plant has been implemented at
the enterprise, but only up to 40% of methane is utilized, because its flow rate and concentrations
are variable, making it difficult to utilize it. Thus, in most other coal mines in Ukraine today,
the methane-air mixture coming to the surface is usually substandard and is released into
the atmosphere or burned. Therefore, it becomes necessary to create a method for producing
methane in the final chain of mining gas-coal deposits, for which the component composition of
the outgoing gas would not be a stringent condition. This method is the implementation of gas
hydrate technologies for obtaining the final product.

The main factors influencing the conditions for the hydrate formation process and storage of
gas hydrates, as well as their thermobaric parameters have been determined, which should be
further taken into account when developing a technological scheme for the utilization of methane
mixtures. The specifics of the process of mixed gas hydrate formation from gas mixtures of
various geneses have been studied. It has been revealed that it is gas composition that determines
the basic condition for hydrate formation.

A number of experimental researches on the process of obtaining gas hydrates from methane-
air mixtures of various geneses have been conducted. In addition, the peculiarities of hydrate
formation, which are typical for the formation of mixed gas hydrates, have been determined. For
reasons of clarity of the experiment, the process of hydrate formation from pure methane has
been studied as a standard, the actual volume fraction of which is 99.7%. The hydrate formation
pressure varies in the range of 3.0-7.5 MPa, since at pressures lower than 3.0 MPa, the process
of crystal hydrate nuclei formation takes a long time.

The thermobaric conditions have been determined for the hydrate formation process at
various methane concentrations in gas mixtures of degassing systems (47-95%), indicating their
wide variation depending on the method of degassing in different coal mines. The dependence
of the methane concentration on the hydrate formation pressure has been revealed: the higher
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the CH4 concentration in the mixture, the higher the gas hydrate formation pressure should be.
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Abstract. The aim of the research is the analysis and modeling of the process of sedimentation
of the solid phase of the pulp in the technological units of processing plants to assess the density
of particles of crushed ore. The paper analyzes domestic and foreign experience; methods of
mathematical modeling were used, as well as methods of mathematical statistics and probability
theory for processing the results of experiments. Scientific novelty consists in developing and
substantiating a method for estimating the density of crushed ore particles in the process of
their sedimentation directly in the process units of beneficiation plants. Practical value consists
in developing a methodology for determining the characteristics of the enriched raw materials,
which make it possible to form the degree of grinding necessary for the full disclosure of mineral
formations. It was proposed to use the density of ore particles as an indicator of changes in the
quality characteristics of the ore received for beneficiation, which is determined on the basis of
measurements of the attenuation of volumetric ultrasonic waves and Lamb waves propagating in
the pulp and the wall of the technological sump that is in contact with it. These measurements
must be synchronized with the results of measurements of the pulp level in the sump during
its working operation. The proposed method makes it possible to dynamically correct the
parameters of the model of a closed ore grinding cycle, depending on the quality characteristics
of the feedstock, and thereby form the conditions for the full disclosure of inclusions of the useful
component in the product entering the magnetic separation or flotation.

1. Introduction
In the world practice of extraction and processing of minerals, geological reserves of ore with a
high content of a valuable component are constantly declining [1,2]. In this regard, mining and
metallurgical enterprises are faced with the problem of rational use of ore with a high content of
useful minerals and the development of technologies that allow efficient processing of low-grade
ores [3]. Many efforts are being made to rationally use poor ores to extend the life of developed
deposits and achieve acceptable financial results, such as optimizing the cut-off grade of a useful
component [4, 5], mining production schedule optimization [6, 7], improvement of technologies
for enrichment of extracted raw materials [8, 9].

In mineral processing, grinding is used to reduce the particle size of the ore in order to
expose the valuable mineral component and recover it in subsequent processing operations such
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as flotation or magnetic separation [10]. The specific particle size of the crushed ore is the most
important production indicator, which is a prerequisite for ensuring the quality of the resulting
concentrate. The difficulty of achieving this condition is due to the fact that the process of
grinding ore depends on a large number of operating parameters. In addition, the composition
of iron ore is unstable and its quality deteriorates with a decrease in geological reserves [1].

Because of these difficulties, much attention has been paid to research into the grinding
process [11]. With the development of new intelligent modeling and control methods, many of
them have been successfully implemented in the field of mineral processing. Recently, advanced
methods based on predictive control with a model have been widely discussed [12,13], supervisory
control with intelligent decision support system [14,15] and others to optimize the technological
operations of ore beneficiation.

However, the grinding process is difficult to describe using mathematical models, since the
real technological complex that implements it is a multiple input multiple output (MIMO)
system with large inertia, nonlinearities, strong feedbacks, uncertainty, and the presence of a
large number of perturbing factors [16]. Moreover, due to the lack of high-quality information
support, which makes it possible to obtain real-time data on the main variables of the grinding
process, its optimal control cannot be realized even on the basis of the most advanced models [17].

Under these conditions, the combination of the advantages of various methods of analysis and
modeling makes it possible to more accurately and comprehensively simulate the real operating
conditions of technological units [18,19].

As the importance of process information grows [20, 21], there is a growing need to develop
methods that can automate the processing and interpretation of the received data.

In work [22] the importance of data quality assessment for the development of semi-rigorous
and empirical models of the primary grinding scheme at the concentrator is emphasized.

The key task of information support for the effective management of ore grinding-classification
processes is the operational measurement of its granulometric composition and determination
of the degree of grinding required, depending on the physical-mechanical and chemical-
mineralogical properties of the enriched raw material. A promising direction in the development
of methods to solve this problem is the use of non-contact non-destructive testing tools based
on ultrasonic, magnetometric and nuclear-physical measurements [23].

There are different mineralogical varieties of ore that enters the beneficiation process.
These varieties differ in several characteristics of inclusions of a useful component (fineness of
inclusions), which requires various degrees of grinding for its complete disclosure. As a marker
of the changed qualitative composition of the crushed ore, it is proposed to use the density of
particles of the solid phase of the pulp in the process of its deposition directly in the technological
units of concentrating plants. This parameter is determined based on the results of measuring
the attenuation of bulk ultrasonic waves and Lamb waves propagating in the iron ore pulp and
metal platinum that is in contact with it, as well as the level of the pulp in the process tank in
which it is located.

2. Results
In many technological units of the processing plant, during their operation, particles of crushed
ore are deposited in the pulp, i.e. in certain volumes, sedimentation and thickening of the
solid phase of the pulp occurs. When performing operations such as desliming, thickening
and clarification, these processes are part of the technology used, while in intermediate process
tanks, sumps, they are a factor that introduces a disturbing effect, the effect of which on the
technological process, in this regard, should be taken into account.

On figure 1 it is shown a typical technological scheme of the process of grinding ore during its
enrichment, which is widely used in processing plants [22]. Initial ore and water are supplied to
the mill, which operates in a closed cycle with hydrocyclones. Their flow is monitored by WT, FT
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sensors and controlled by closed local automatic control systems (ACS) based on proportional-
integral-derivative (PID) controllers. The ore crushed in the mill is pumped through the Mill
Discharge Sump to the Cyclone Clusters. Hydrocyclone sands are returned to the mill, and
the overflow through the Rougher Feed Tank is fed further to flotation or magnetic separation.
The diagram provides for the control of the mill rotation speed and the control loops for the
additional water flow to the process sump and the performance of the pump supplying the pulp
to the hydrocyclones. The control strategy and its technical implementation by the grinding
cycle can differ significantly at different concentrators,

Figure 1. Technological scheme of the closed cycle of ore grinding [22].

As shown above, the task of the ore grinding cycle is the complete disclosure of inclusions
of a useful mineral in the original ore for its subsequent extraction in concentrators. It follows
from the above diagram that the characteristics of the product entering the hydrocyclones have
a decisive influence on the conditions for its classification by size and specific gravity (density)
of ore particles, and, consequently, on the results of extracting the useful component in the
enrichment apparatus. Thus, the conditions and characteristics of the process of sedimentation
of the solid phase of the pulp in the Mill Discharge Sump (taking into account the characteristics
and conditions of the formation of input and output products, as well as additional water
consumption) directly affect the quality indicators of the entire ore grinding cycle.

In accordance with the main position of the kinematic theory of sedimentation [24, 25]
the relative velocity vr of particles of the solid phase and liquid depends only on their local
concentration. In this case, the flux density function is determined by the expression:

h(u) = u(1− u)vr(u), (1)

where u is the dimensionless volume fraction of solid particles.
For calculations of the designs of sedimentation tanks (thickeners) of continuous action, the

transport term q(t)u is used, where q(t) is the controlled flow rate of the mixture [26, 27]. This
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leads to the equation of continuous suspension settling:

∂u

∂t
+

∂ (q(t)u+ h(u))

∂x
= 0, (2)

where t is time and x is depth.
The function h(u) depends on the material properties of the studied suspension [25, 28].

However, in order to use (2) to simulate continuous deposition, it is necessary to explicitly
model the feed and discharge mechanisms and provide the boundary conditions [29].

On figure 2 it is shown the main notation and variables used in the mathematical model of
the sump in the technological chain of the closed grinding cycle [22,30,31].

Figure 2. Balance of ore flows and granulometric composition of processed ore in the
technological sump.

Q(t) denotes the flows at the corresponding points of the technological process, W is the
content of the solid phase of the pulp, M(t) is the mass of material in the technological units at
time t. In addition, when modeling the grinding cycle, the following designations were adopted:
P (x, t) is the cumulative yield of solid particles whose size is less than x; X̄i =

[
∂P (x,t)

∂x

]
i
∆x –

fraction of the crushed material, the particle size of which belongs to the size interval i. Consider
the movement of crushed material through the technological sump. We will assume:

W5 =
MT5

M5
=

Q4

Q4
= W4. (3)

Material mass balance equations in the technological sump [22,30]:

M̄5 = QB2(t) +Q1(t)−Q4(t); (4)

M̄T5 = QB1(t)−Q4(t); (5)

M̄B5 = QB1(t) +QB2(t)−QB4(t); (6)

M5 = MT5 +MB5 ; (7)

Q4 = Q4 +Q4 . (8)

Equation for the balance of mass and fineness of the crushed material for the technological
sump:

∂ [P5(x, t)M5(t)]

∂t
= P1(x, t)Q1(t)− P4(x, t), (9)
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or in discrete form:
X̄5 =

[
−QT1

MT5
I
]
X5 +

QT1
MT5

X1

X4 = X5.
(10)

In this expression, X1, X5 and X4 characterize the dynamics of the granulometric composition
of the loaded, internal and output products of the technological sump [30].

System (10) can be written in the following form:

X̄5 = A5X5 −A5X1

X4 = X5.
(11)

where A5 = −QT1
MT5

I.
In steady state:

X̄5 = M̄5 = 0; (12)

X5 = X1. (13)

Taking into account the fact that the output flow of the sump Q4 is determined by the
performance of the hydrocyclone feed pump, we can write:

M̄T5 = QT1 −Q4
MT5

MT5 +MB5

; (14)

M̄B5 = QB2 +QB1 −Q4
MB2

MB5 +MT5

. (15)

In the table 1 it is shown the density and grindability for 7 types of ores, which are mined and
processed from one of the deposits of the Krivoy Rog iron ore basin. In this case, the following
designations of ore types are accepted [32]: 1 – magnetite hornfelses; 2 – silicate-carbonate-
magnetite hornfelses; 3 – red-banded magnetite; 4 – semi-oxidized and oxidized hornfelses; 5 –
silicate schists, barren hornfelses, and quartz; 6 – magnetite-silicate-carbonate (poor) hornfelses;
7 – hematite-magnetite hornfelses.

Table 1. The results of the analysis of ores of various types.

Ore
type

Quartz,
%

Magnetite,
%

Martit,
%

Hematite,
%

Siderite,
%

Density,
kg/m3

Grindability,
K

1 63.7 30.9 0 1.4 3.8 3431 1.06
2 68.4 21.7 0 0.4 9.1 3248 1.25
3 64.5 30.2 0 1.5 3.8 3414 1.48
4 65.4 24.4 3.3 3.7 3.2 3412 1.76
5 74.6 4.5 0 0.7 20.2 2989 1.29
6 75.2 6.8 0 0.8 17.2 3009 1.64
7 60.8 31.4 0 5.4 2.5 3530 1.18

The density of a particular type of ore with known values of the mass fraction of minerals is
calculated by the formula [32]:

ρ =
ρρβ

ρα+ ρ (β − α)
, (16)

where ρm, ρn – mineral and rock density; βm, α – mass fraction of the component in the mineral
and ore; Vm, Vp – the volume of the mineral and rock in the ore.
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Variations in the qualitative properties of enriched raw materials lead to changes in the results
of grinding, opening of mineral formations and precipitation conditions (function h(u)) in the
expression 2 particles of crushed ore in the technological sump.

The basic level of modern automatic process control systems (APCS) for grinding are local
automatic control systems (ACS) of individual process variables (figure 1). At the same
time, the models of regulated objects are approximated by an aperiodic link of the first order
with sufficient accuracy for practical problems. Variations of the mineralogical varieties and
characteristics of the ore received for enrichment lead to ambiguous results of the operation of
the mill, technological sump and hydrocyclones, as well as their models, as objects of automatic
control [32]. On figure 3 it is shown the results of the influence of this ambiguity based on the
analysis of expressions (10), (14), (15).

Figure 3. The family of frequency characteristics of the object of treatment with variation of
parameters in the model.

To maintain the degree of grinding of the initial ore necessary for the full disclosure of
the useful component, when h(u) changes, the amount of additional water supplied to the
technological sump is corrected.

It is proposed to estimate the changes in h(u) based on the results of determining the density
of particles of the solid phase of the pulp during its working settling in technological sumps of
the grinding cycle.

Consider the process of movement of the pulp in the technological sump (figure 4).
The Bernoulli equation for the flow of a viscous liquid (pulp) has the form:

ρgZ1 + P1 + α1ρ
V 2
1

2
= ρgZ2 + P2 + α2ρ

V 2
2

2
+ ρg

∑
hn, (17)



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012069

IOP Publishing
doi:10.1088/1755-1315/1254/1/012069

7

Figure 4. Scheme of measurements and movement of the pulp in the technological sump.

where ρ – pulp density.
Let the conditions:

P1 = P2, V1 = 0. (18)

In this case, expression 17 will take the form:

ρg(Z1 − Z2) = α2ρ
V 2
2

2
+ (

∑
hn)gρ; (19)

∑
hn = ξ.

V 2
2

2g
+ ξc

V 2
2

2g
, (20)

where ξTP = ξTP (W,ρT , η); ηc = const; η – controlled size class of crushed material in the pulp
flow; H = Z1 − Z2; W – volume fraction of the solid phase of the pulp; ρT is the density of
particles of the solid phase of the pulp.

Then:
H = (α2 + ξc + ξ.)

V 2
2

2g
. (21)

Let us denote by Q the volume of incoming pulp per unit time. From the condition of equality
of the volumes of incoming and outgoing pulp for the velocity V2, the relation:

V2 =
Q

√
α2Sc2

. (22)

Taking into account (21), we have:

H = (α2 + ξC + ξTP )
Q2

α2S2
c2

= (1 +
ξc
α2

)
Q2

S2
c2

+ ξTP (W,ρT , η)
Q2

α2S2
c2

. (23)

Let the distance from the top edge of the sump to the pulp surface be determined by the
signal S3, which is a linear function of H, i.e.:

S3 = A+BH, (24)

where A and B are constants.
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Then, taking into account expression 23, S3 can be represented as:

S3 = A′ + ξTP (W,ρT , η)B
′, (25)

where A′ = A+ (1 + ξC
α2

) Q2

S2
c2

; B′ = B Q2

α2S2
c2

.
Thus, the signal S3 is a function of three variables W ,ρT ,η.
In accordance with the scheme shown in figure 4 according to the method described in the

works [33], two more signals can be formed: S2 – based on measurements of the attenuation of
Lamb waves propagating in the wall of the technological sump in contact with the pulp and S1

– based on measurements of the amplitude of high-frequency volumetric ultrasonic waves that
have traveled a fixed distance in the pulp. Thus, the following system of functional dependencies
can be formed:

S3 = A′ + ξtr(W,ρT , η)B′

S2 = W (ρT − ρV )C
S1 = Wf (η).

(26)

Let’s pretend that ξTP – friction loss coefficient, directly proportional to pulp viscosity, i.e.:

ξTP = λ
l

d
= [(1−W )ηB +Wφ(ρT , η)]D = D +WD [φ(ρT , η)− ηB] , (27)

where D is a constant value; ηB is the viscosity of water.
In this case:

S3 = (A′ +DB′) +W (DB′)[φ(ρT , η)− ηB]. (28)

If W = 0, then the pure water signal is equal to:

So
3 = A′ +DB′; (29)

S̃3 = S3 − So
3 = W [φ(ρT , η)− ηB]A2, (30)

where A2 = DB′.
Let’s find the signal ratio S̃3 and S2 as well as S1 and S2:

S32 =
S̃3
S2

= [φ(ρT ,η)−ηB ]A2

(ρT−ρB)c = [φ(ρT ,η)−ηB ]
(ρT−ρB) A3

S23 =
S1
S2

= f(η)
(ρT−ρB)

1
C .

(31)

The resulting expressions relate the content of the control size class of the crushed material
with the density of the solid phase of the pulp. Thus, measuring the value, in accordance with
the methodology described in the works [33], and the magnitude of the signal. S3, you can
determine the value t.

In connection with the fundamental importance for solving the problem of controlling the
parameters of the fineness of the processed raw materials [34], supplied for enrichment, on the
basis of the results obtained, the procedure for correcting the flow rate of additional water
supplied to the process sump and the effect of this control action on the content of class -74
µm in the hydrocyclone discharge was modeled. On figure 5 it is shown the results of modeling
the mass balance and dynamics of the granulometric composition of the processed ore in a
closed grinding cycle. The root-mean-square discrepancy between the model and experiment
was 0.92%.
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Figure 5. The results of modeling the mass balance and dynamics of the granulometric
composition of the processed ore in a closed grinding cycle: a – input signal (consumption
of additional water in the technological sump, c.u.); b – object output (class content -74 µm in
the hydrocyclone drain, %); c is the output of the model (the content of the -74 µm class in the
hydrocyclone drain, %); d – error signal, %.
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3. Conclusions and further research
Under the conditions of the changing quality of the initial ore and the state of the technological
equipment, in order to ensure the optimal operation of the subsequent technological stage -
magnetic separation or flotation, the mathematical model of a closed grinding cycle, including a
mill, a sump and a hydrocyclone, must contain a circuit that corrects its parameters depending
on current physical-mechanical and chemical-mineralogical characteristics of processed raw
materials.

It is proposed to use the density of its particles as an indicator of changes in the quality
characteristics of the ore received for beneficiation, which is determined on the basis of
measurements of the attenuation of volumetric ultrasonic waves and Lamb waves propagating in
the pulp and the wall of the technological sump that is in contact with it. These measurements
must be synchronized with the results of measurements of the pulp level in the sump during its
working operation.

The proposed method makes it possible to dynamically correct the parameters of the model of
a closed ore grinding cycle, depending on the quality characteristics of the feedstock, and thereby
form the conditions for the full disclosure of inclusions of the useful component in the product
entering the magnetic separation or flotation. The root-mean-square discrepancy between the
model and experiment was 0.92%.

The direction of further research should be the approbation of the proposed approach in
relation to spiral classifiers and concentrators.

Acknowledgments
Funded by the Alexander von Humboldt Foundation.

ORCID iDs
V Morkun https://orcid.org/0000-0003-1506-9759
N Morkun https://orcid.org/0000-0002-1261-1170
V Tron https://orcid.org/0000-0002-6149-5794
O Serdiuk https://orcid.org/0000-0003-1244-7689
Y Bobrov https://orcid.org/0000-0002-9275-3768
A Haponenko https://orcid.org/0000-0003-1128-5163

References
[1] Sotoudeh F, Nehring M, Kizil M, Knights P and Mousavi A 2020 Resources Policy 68 101809 ISSN 0301-4207

URL https://doi.org/10.1016/j.resourpol.2020.101809
[2] Tishchenko S, Eremenko G, Kukharenko O, Pikilnyak A and Gaponenko I 2015 Metallurgical and Mining

Industry 7(8) 564–567 URL https://www.metaljournal.com.ua/assets/Journal/english-edition/
MMI_2015_8/090Tishchenko.pdf

[3] Chen L, Gu Q, Wang R, Feng Z and Zhang C 2022 Sustainability 14(17) 10766 ISSN 2071-1050 URL
https://doi.org/10.3390/su141710766

[4] Lu X, Krstić M, Chai T and Fu J 2021 IEEE Transactions on Control Systems Technology 29(3) 961–971
URL https://doi.org/10.1109/TCST.2020.2982353

[5] Tron V, Haponenko A, Haponenko I and Paranyuk D 2020 E3S Web of Conferences 201 01025 URL
https://doi.org/10.1051/e3sconf/202020101025

[6] Prasojo T S, Yulianto A, Hindarto A, Parinussa B and Arifien A 2013 Procedia Earth and Planetary Science 6
24–29 ISSN 1878-5220 International Conference on Earth Science and Technology Proceedings September
2012 URL https://doi.org/10.1016/j.proeps.2013.01.003

[7] Golik V, Morkun V, Morkun N and Gaponenko I 2018 Mining of Mineral Deposits 12(3) 63–70 URL
https://doi.org/10.15407/mining12.03.063

[8] Van Tonder E, Deglon D A and Napier-Munn T J 2010 Minerals Engineering 23 621–626 ISSN 0892-6875
URL https://doi.org/10.1016/j.mineng.2010.02.008

[9] Bicak O 2019 Minerals Engineering 142 105927 ISSN 0892-6875 URL https://doi.org/10.1016/j.mineng.
2019.105927

https://orcid.org/0000-0003-1506-9759
https://orcid.org/0000-0002-1261-1170
https://orcid.org/0000-0002-6149-5794
https://orcid.org/0000-0003-1244-7689
https://orcid.org/0000-0002-9275-3768
https://orcid.org/0000-0003-1128-5163
https://doi.org/10.1016/j.resourpol.2020.101809
https://www.metaljournal.com.ua/assets/Journal/english-edition/MMI_2015_8/090Tishchenko.pdf
https://www.metaljournal.com.ua/assets/Journal/english-edition/MMI_2015_8/090Tishchenko.pdf
https://doi.org/10.3390/su141710766
https://doi.org/10.1109/TCST.2020.2982353
https://doi.org/10.1051/e3sconf/202020101025
https://doi.org/10.1016/j.proeps.2013.01.003
https://doi.org/10.15407/mining12.03.063
https://doi.org/10.1016/j.mineng.2010.02.008
https://doi.org/10.1016/j.mineng.2019.105927
https://doi.org/10.1016/j.mineng.2019.105927


ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012069

IOP Publishing
doi:10.1088/1755-1315/1254/1/012069

11

[10] Porkuian O, Morkun V, Morkun N and Serdyuk O 3919 Acta Mechanica et Automatica 13(4) 262–270 URL
https://doi.org/10.2478/ama-2019-0036

[11] Lv Z, Liu Y, Zhao J and Wang W 2015 Applied Soft Computing 27 533–542 ISSN 1568-4946 URL
https://doi.org/10.1016/j.asoc.2014.09.035

[12] Ramasamy M, Narayanan S S and Rao C D P 2005 Journal of Process Control 15(3) 273–283 ISSN 0959-1524
URL https://doi.org/10.1016/j.jprocont.2004.06.006

[13] Kotov I, Suvorov O and Serdiuk O 2019 Eastern-European Journal of Enterprise Technologies 2(4 (98))
38–47 URL https://doi.org/10.15587/1729-4061.2019.155410

[14] Morkun V and Kotov I 2021 E3S Web of Conferences 280 05002 URL https://doi.org/10.1051/e3sconf/
202128005002

[15] Zhou P, Chai T and Sun J 2013 IEEE Transactions on Control Systems Technology 21(1) 162–175 URL
https://doi.org/10.1109/TCST.2012.2182996

[16] Zhao D and Chai T 2013 Journal of Control Theory and Applications 11(3) 454–462 ISSN 1993-0623 URL
https://doi.org/10.1007/s11768-013-1210-3

[17] Chai T, Ding J, Yu G and Wang H 2014 IEEE Transactions on Automation Science and Engineering 11(4)
965–982 URL https://doi.org/10.1109/TASE.2014.2308576

[18] Cleary P W 2015 Minerals Engineering 73 85–99 ISSN 0892-6875 Special issue: Comminution URL
https://doi.org/10.1016/j.mineng.2014.09.005

[19] Liu B, Hao D, Gao X and Zhang D 2021 Applied Sciences 11(13) 5835 ISSN 2076-3417 URL https:
//doi.org/10.3390/app11135835

[20] Ge Z, Song Z, Ding S X and Huang B 2017 IEEE Access 5 20590–20616 URL https://doi.org/10.1109/
ACCESS.2017.2756872

[21] McCoy J T and Auret L 2019 Minerals Engineering 132 95–109 ISSN 0892-6875 URL https://doi.org/
10.1016/j.mineng.2018.12.004

[22] Brooks K, le Roux D, Shardt Y A W and Steyn C 2021 Minerals 11(9) 954 ISSN 2075-163X URL
https://doi.org/10.3390/min11090954

[23] Porkuyan O V 2007 Bulletin of the East Ukrainian National University 4(110) 171–176
[24] Kynch G J 1952 Trans. Faraday Soc. 48 166–176 URL https://doi.org/10.1039/TF9524800166
[25] Bürger R and Wendland W L 2001 Journal of Engineering Mathematics 41(2) 101–116 ISSN 1573-2703 URL

https://doi.org/10.1023/A:1011934726111
[26] Hassett N J 1958 The Industrial Chemist and Chemical Manufacturer 34 116–120
[27] Talmage W P and Fitch E B 1955 Industrial & Engineering Chemistry 47(1) 38–41 URL https://doi.org/

10.1021/ie50541a022
[28] Bustos M C, Concha F, Bürger R and Tory E M 1999 Sedimentation and Thickening: Phenomenological

Foundation and Mathematical Theory (Mathematical Modelling: Theory and Applications vol 8)
(Netherlands: Kluwer Academic Publishers) URL https://doi.org/10.1007/978-94-015-9327-4

[29] Bürger R, Concha F, Karlsen K and Narváez A 2006 Mathematical and Computer Modelling 44(3) 255–275
ISSN 0895-7177 URL https://doi.org/10.1016/j.mcm.2005.11.008

[30] Ragot J, Roesch M, Degoul P and Berube Y 1976 IFAC Proceedings Volumes 9(5) 129–142 ISSN 1474-6670
2nd IFAC Symposium on Automation in Mining, Mineral and Metal Processing, Johannesburg, S Africa,
13-17 September URL https://doi.org/10.1016/S1474-6670(17)67199-4

[31] Grinman I G and Blyakh G I 1967 Control and regulation of the granulometric composition of grinding
products (Alma-Ata: Nauka)

[32] Koryakov-Savoysky B A, Gulenko T I and Lopatin V I 1971 Automation of mining and metallurgical
production 7 13–20

[33] Porkuyan O V 2004 Development of ore deposits 87 70–75
[34] Mladetskyi I K and Kolesnyk M V 2007 Naukovi pratsi DonNTU 15(131) 104–108

https://doi.org/10.2478/ama-2019-0036
https://doi.org/10.1016/j.asoc.2014.09.035
https://doi.org/10.1016/j.jprocont.2004.06.006
https://doi.org/10.15587/1729-4061.2019.155410
https://doi.org/10.1051/e3sconf/202128005002
https://doi.org/10.1051/e3sconf/202128005002
https://doi.org/10.1109/TCST.2012.2182996
https://doi.org/10.1007/s11768-013-1210-3
https://doi.org/10.1109/TASE.2014.2308576
https://doi.org/10.1016/j.mineng.2014.09.005
https://doi.org/10.3390/app11135835
https://doi.org/10.3390/app11135835
https://doi.org/10.1109/ACCESS.2017.2756872
https://doi.org/10.1109/ACCESS.2017.2756872
https://doi.org/10.1016/j.mineng.2018.12.004
https://doi.org/10.1016/j.mineng.2018.12.004
https://doi.org/10.3390/min11090954
https://doi.org/10.1039/TF9524800166
https://doi.org/10.1023/A:1011934726111
https://doi.org/10.1021/ie50541a022
https://doi.org/10.1021/ie50541a022
https://doi.org/10.1007/978-94-015-9327-4
https://doi.org/10.1016/j.mcm.2005.11.008
https://doi.org/10.1016/S1474-6670(17)67199-4


IOP Conference Series: Earth and Environmental Science

PAPER • OPEN ACCESS

Scientific and technical problems of transition from open pit to combined
technologies for raw materials mining
To cite this article: M Stupnik et al 2023 IOP Conf. Ser.: Earth Environ. Sci. 1254 012070

 

View the article online for updates and enhancements.

This content was downloaded by semerikov from IP address 193.151.14.31 on 30/10/2023 at 13:36

https://doi.org/10.1088/1755-1315/1254/1/012070
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstR0_bg0fHfoBX_c-pkGVBBOpGcOKrm68xl013cERhKWkO868try2ihbaZ2Q_oM7vAJ0Q1vdKW7ceMiqzluCt_Mbki-czkzyMfKtaimyzHb6d6mh7rnkq4E0BuIU-aXlx2xl_RQpI1xNuFNgx1Ti5gQutmBmgwNLMr1H5zaBUNOc7qICZFBqAi2xSRxmpcPjgKZ_SWSJQsOVexWjoBX-y9AjbAMhHjwQ0pdXwkzb65jQ6lb3NhVzc1R4jszM_SMVlKsSy2yC2LgsjFZ8InpSepa1_G9-3ZJHf16uBHcWTnEoVpzMcde&sai=AMfl-YQBD2CD6Y139QP3oslhE-aW-WVzY-Nw1Abb6l8j0bAJ0pYTcyr98M5vxXWN3pPWczrHpAB2W_e9rR-nVzI&sig=Cg0ArKJSzN94rO9y5skG&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/245/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DJournals%26utm_campaign%3D245Abstract%26utm_id%3D245


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012070

IOP Publishing
doi:10.1088/1755-1315/1254/1/012070

1

Scientific and technical problems of transition from
open pit to combined technologies for raw
materials mining

M Stupnik, V Kalinichenko, O Kalinichenko, O Shepel and
M Hryshchenko
Kryvyi Rih National University, 11 Vitalii Matusevych Str., Kryvyi Rih, 50027, Ukraine

E-mail: stupnik@knu.edu.ua, kalinichenko@knu.edu.ua,
elena.kalinichenko.vs@knu.edu.ua, shepel@knu.edu.ua,
michael.grischenko@knu.edu.ua

Abstract. In Kryvyi Rih iron ore basin, long-term and intensive mining of deposits applying
open pit methods have resulted in significant areas disturbed by open pits, dumps and tailings
storage facilities. Hundreds of thousands of hectares of fertile arable land are already unsuitable
for agriculture and sometimes for living. Thousands of tonnes of dust from dumps and tailing
ponds deteriorate the surrounding nature every year and pollute the atmosphere in mining
basins. Industrial ore breaking in open pits using bulk blasting causes emissions of a significant
amount of harmful dust and carcinogenic substances. The environmental situation in open
pit mining areas is often close to critical. In addition, bulk blasting forms a seismic wave,
which in some cases destruct civil buildings and industrial facilities. The article proposes ways
of gradual transition from mining mineral deposits by open pit methods to environmentally
friendly technologies of open pit-underground and underground mining. It is established that
such transition is a forced and at the same time choiceless way of developing mining areas, in
particular Kryvyi Rih iron ore basin. The paper notes that the main problems of this transition
include geomechanical stabilization of the rock massif during construction of underground mines
in areas of possible impacts of open pit fields. The paper develops the fundamental study of
the problems of controlling the stress-strain state of the massif during transition from the open
pit to combined technology of deposit mining. Technologies of combined mining that involve
formation of a transition belt with backfilling the worked-out space with compound mixtures
are studied as well. It is proved that development of theoretical foundations for controlling
the stress-strain state of the massif during transition from the open-pit to combined technology
of deposit mining, study and design of technological solutions that contribute to transition to
open pit-underground and underground mining, is an urgent scientific, technical and practical
problem of great importance.

1. Introduction
In terms of explored iron ore reserves Ukraine ranks first-second among the most powerful
mining countries. The main reserves of iron ores are located on the Ukrainian crystalline shield
in Kryvyi Rih iron ore basin. This basin along with Kremenchuk and Bilozersk iron ore districts
forms the region of Greater Kryvyi Rih, or Kryvyi Rih iron ore basin – Kryvbas.

Iron ores are represented mainly by three geological and industrial types: rich magnetite-
hematite-martite ores, ferruginous quartzites and oolite brown iron ores [1].
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Rich ores are used without processing.
Magnetite and cumingtonite-magnetite quartzites, brown iron ores of Kryvbas and brown iron

ores of Kerch basin are processed by simple methods – washing and magnetic separation [2].
Oxidized quartzites and brown iron ores are difficult to process and require roasting-magnetic

or gravitational-flotation processing methods [2].
The thickness of magnetite and oxidized ferruginous quartzites is up to 100–200 m,

occasionally up to 500 m, the content of iron oxides in ore is from -15 to 46%, phosphorus –
from -0.03 to 0.16%, sulfur – from -0.02 to 0.24% [3].

Of the total volume of iron ore raw materials (IORM) mined in Ukraine, Kryvbas accounts
for about 80%, at that the share of the open pit mining method is about 70–80% [4].

Ferruginous quartzites are mined mainly by open pit and partly underground methods.
The dynamics of iron ore production by mining enterprises of Ukraine over the past ten years

is shown in figure 1.

Figure 1. Dynamics of iron ore raw material production by mining enterprises of Ukraine in
2011–2021.

In the base year of 2013, mining enterprises of Ukraine produced 84110.4 kt of iron ore and
concentrate. which is by 4.8% more than in 2012, including: non-sintered iron ore – 14242.2
kt (+6.0%); iron ore concentrate 69868.2 kt (+4.6%), of which 30431.5 kt (at the level of the
previous year) of marketable concentrate; iron ore sinter of the PJSC “PivdGZK” – 2413.8 kt
(+19.3%); iron ore pellets – 23965.3 kt (+9.1%); fluxing metallurgical limestone – 15437.5 kt
(-7.1%), including 2109.5 kt (-19.7%) of the dolomitic one [1].

According to the U.S. Geological Survey, Mineral Commodity Summaries, January 2022,
Ukraine mined 78.8 and 81.0 Mt of in 2020 – 2021 respectively [5].

In Kryvyi Rih basin, lean iron ores or magnetite quartzites are mined by open pit methods
by the PrJSC “Inhulets GZK”, the PrJSC “PivdGZK”, the Mine Administration for open pit
ore mining of the PJSC “ArcelorMittal Kryvyi Rih”, the PrJSC “Central GZK” and the PrJSC
PivnGZK”.

The open pit method of mining causes alienation of much more land. In Kryvyi Rih basin,
which accounts for up to 85% of marketable IORM production in Ukraine, mining has disturbed
thousands of hectares of fertile arable land.
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According to the State Enterprise “State Institute for Design of mining enterprises
“Kryvbasproekt”, in Kryvyi Rih basin land expenditure per unit of marketable products is
13 times larger when applying open pit mining methods than in underground mining. Air
pollution by dust and gas emissions is also much greater as compared to underground works.

During open pit mining, the damage caused to the environment per 1 t of marketable products
is 3.5 times greater than in underground mining, and considering the quality of marketable
products it is 3 times larger [6].

The above-mentioned conditions of iron ore deposits operation and their impact on the
environment deterioration when applying the open pit mining method are summarized (table 1).

Table 1. Conditions of iron ore deposits operation and the impact of production processes on
the environment in open pit mining.

Deposit operation Production Implications
conditions processes for the environment

Depth of ore deposits Opening operations The Earth’s surface disturbance, soil quality
(up to 450 m) while stoping deterioration, storage of significant overburden

volumes in dumps, change in the hydrological
conditions of the area

High strength of Application of Large volumes of dust and gas emissions into
overburden and ores drilling and blasting the atmospheric air, seismic impact
Qualitative Necessity of Storage of processing wastes, creation of
characteristics of ores processing ore raw tailings storage facilities, harmful emissions
(22–38% Fe) materials mined into the air, use and pollution of significant

amounts of water resources

Every 1 kt of rock mass mined by GZKs produces just about 200 t of iron ore products. At
that, 40 m² of land is alienated and 50 m² of land is flooded, 110 m3 of highly mineralized waters
is consumed, 2.5 t of fine dust and 1.8 t of poisonous gases are emitted into the atmosphere.

As compared to the open pit methods, underground mining of deposits demonstrates the
following significant environmental advantages:

• reduction of area losses caused by formation of open pits and waste dumps;
• possible separate extraction of rich iron ores of different varieties;
• use of overburden rocks as raw materials for by-product production;
• lower losses of ore raw materials in the subsoil;
• possible creation of nature reserve areas, recreational areas after completion of the deposit

operation.

Thus, one of the main ways to reduce the negative impact of open pit mining on the
environment of the basin consists in gradual transition from the open pit mining of mineral
deposits to environmentally friendly technologies of open pit-underground and underground
mining. Such a transition is found to be a forced and at the same time choiceless way of
developing mining areas, in particular Kryvyi Rih iron ore basin. The main problems of such
transition will include those of geomechanical stabilization of the rock massif during construction
of underground mines in areas of possible impact of open pit fields.
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2. Purpose
The paper develops the fundamental study of the problems of controlling the stress-strain state
(SSS) of the massif during transition from the open pit to combined technology of deposit mining.
Technologies of combined mining that involve formation of a transition belt with backfilling the
worked-out space with compound mixtures are studied as well.

So, the paper aims to develop theoretical foundations for controlling the stress-strain state of
the massif during transition from the open-pit to combined technology of deposit mining, study
and design technological solutions that contribute to transition to open pit-underground and
underground mining.

3. Analysis of researches and publications
Deterioration of mining conditions (increased depth of mining, reduced thickness of ore deposits)
with a simultaneous increase in energy consumption leads to reduction in parameters of working
sites, an increase in angles of the working wall and conservation of a significant part of the open
pit [1]. Deconservation of the open pit reserves after completion of every stage of mining results
in a sharp increase in the volume of stripping, and given limited investments and a long period
of their return, technical and economic indicators deteriorate significantly. The environmental
problems of the open pit method of mining add to the already difficult condition of modern
mining and processing plants (GZKs).

One of the directions of solving this theoretical and technical problem is the wider applicationt
of combined mining with the integrated use of open pit-underground and underground methods
of deposit mining.

Combined open pit-underground mining allows for maintaining the production capacity of
mining enterprises for a long time. Along with that, introduction of scientific recommendations
and technological solutions for combined mining of reserves has enabled a number of foreign
companies that traditionally applied the open pit method to involve areas of deposits considered
unpromising into intensive operation [7].

The sequence of application of open pit and underground mining methods is determined
considering the required productivity of the enterprise and specifics of the deposit [8].

Depending on the location of underground mine and open pit fields within the deposit, three
characteristic schemes can be distinguished [7]:

• with a combination of work in one vertical plane (underground mining operations (UMO)
are carried out under the open pit);

• with a combination of works in the horizontal plane (UMO are carried out in the pit wall);
• with a partial combination in both the vertical and horizontal planes.

The Kidd Creek Mine in Ontario (Canada) is an example of a systematic transition from
open pit to underground mining, [9].

Construction of the underground mine started when the depth of the open pit was actually
150 m (the design depth is 250 m), i.e. 7-10 years before completion of open pit mining operations
(OPMO).

The Australian copper-gold deposit Osborne located in Queensland has been mined by
underground methods in the pit wall since 1996. The pit was decommissioned the same year.
The underground work site is opened out through an inclined adit with a portal at hor. 80 m
of the depleted pit, and vertical shafts [10].

The Australian Northparkes deposit operated by a group of mines that conduct UMO not
after completion of OPMO but simultaneously with them is of particular interest. The company
produces high-quality copper-gold concentrate [11].

Considerable experience in the simultaneous conduct of open pit and underground operations
has been accumulated at the largest copper-gold deposit Grasberg which was explored in 1988.
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Grasberg is the largest gold mine and the third largest copper open pit, as well as the world’s
highest located open pit. It is located in the province of Central Papua, Indonesia [12].

The mine consists of an open pit and an underground mine. The pit provides high production
at low cost. The underground mine operates the under-pit ore massif and several individual
deposits near the pit.

Mines “Vihanti”, “Hammaslahti”, “Pyhäsalmi”, “Luikonlahti” and “Kotalahti” (Finland) are
mining a number of deposits of polymetallic ores by open pit, underground and combined open
pit-underground methods. Pyhäsalmi Mine Oy is the deepest non-ferrous metal mine in Europe
(1444 m deep).

The Pyhäsalmi mine operates a copper polymetallic deposit with the 3-4% copper content in
the ore and also extracts lead, zinc, sulfur and rare earth elements. The upper part of the deposit
is worked out by a pit to the depth of 120 m, the lower part – by the underground method,
using room systems with backfilling, as well as a system of horizontal layers with consolidating
backfill [11].

The Virtasalmi copper mine operates a polymetallic ore deposit and is being worked out by
open pit and underground methods. To the depth of 175 m, the deposit was worked out by both
open pit and underground methods with taking the rock mass from the underground part to
the daylight surface along the ramp. With transition to underground mining, ventilation raises
were created from the non-operating wall of the pit to air underground mining operations [13].

“Sherrit Gordon” (Canada) has transited from the open pit method to the underground one.
The Ruttan mine operates the copper ore deposit by the open pit to the depth of 120-160 m.
The orebody thickness is 36 m, its length is 820 m, the dip is 70 degrees. The explored reserves
for UMO are 27 Mt of ore with the copper content of 1.74%. The development system is room
mining with subsequent backfilling of the worked-out space with processing tailings [14].

The copper-cobalt deposit Kamoto in Katanga is also mined by the open pit-underground
method. The steeply dipping part of the deposit directly under the pit is worked out by a room
system with backfilling, and the flat part is worked out by a room-and-pillar method [15].

To the depth of 170 m the deposit was mined during 15 years, then 10 years later they
started underground mining operations. The period of simultaneous OPMO and UMO made 8
years [16].

The Tishinske polymetallic deposit (Kazakhstan) is represented by two steeply dipping
orebodies “Osnovne” and “Paralelne” with a dip of 80-85 degrees and the thickness of 10-
70 m [17].

Initially, the deposit was supposed to be worked out in combination, by an open pit to the
depth of 380 m and an underground mine with a 60 m high safety ore pillar left in the bottom
of the pit, which is equal to the height of a level. At the underground mine, room systems are
applied with the backfilling of the worked-out space and the use of self-propelled equipment.

The Gaiske copper-pyrite deposit is represented by a series of orebodies with the thickness
of 35-40 m and over. It is mined by the combined open pit and underground method in one
vertical plane [18].

Finsch deposit is another good example of combined mining. It was developed by the open
pit method until the 1990s [19]. Since 1991, mining has been carried out by the underground
method under the shell of the depleted open pit.

The Kiruna Mine is the world’s largest and most modern mine with open pit-underground
iron ore mining (figure 2). The mine is located in Kiruna, Sweden, and owned by the Swedish
mining company Luossavaara-Kiirunavaara AB. In 2018, the mine produced 26.9 Mt of iron ore.

Until the 1960s, the mine applied the open pit ore mining method. Now iron ores are mined
by the underground method [20].

Based on the analysis performed, it is established that the choice of combined mining
technology is to a great extent impacted by the stress-strain state of the rock massif.
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Figure 2. Kiruna mine of Luossavaara-Kiirunavaara AB.

Mathematical methods enable assessing current conditions and obtaining predicted data for
enhancement and development of new mining methods, improvement of the flowsheet, selection
of optimal parameters for stoping.

4. Methods
An important element of transition from technologies of open pit mining of magnetite quartzites
to those of open pit-underground and underground mining is the control of rock landslides in
areas of pit fields undermined by underground workings. Such areas may be potential sources
of man-made disasters.
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The stress-strain state of the massif is known to significantly depend on both natural and
artificial conditions of the mining environment.

Among natural properties, geological heterogeneities, in particular the availability of
structural, tectonic and other disturbances, are of special significance.

Among artificial disturbances of the rock massif, those occuring during the preparatory-
development and especially stoping operations have the greatest impact [21]. In combined open
pit-underground mining, the nature of the massif SSS change is impacted by both underground
and open pit mining operations. Therefore, information about such disturbances is extremely
necessary both at the design stage and in the process of deposit mining [22].

Consequently, a comprehensive assessment of values of current stresses in the massif,
prediction of their nature and causes of their change during combined open pit-underground and
underground stoping are necessary. This information will enable assessing current conditions
and obtaining initial data for improvement of the applied and development of new combined
flowsheets of open pit-underground mining, selecting optimal parameters for stoping operations
and determining their rational sequence [23].

Consider application of mathematical methods on the example of the impact of the
Pershotravnevyi open pit of the PrJSC “PivnGZK” on geomechanical properties of the rock
massif at the bottom and in walls of the open pit.

Consider the geomechanical conditions for transition to underground operations during
mining the reserves of the Pershotravneve deposit by the open pit-underground method.
Minerals are mined by the Hk deep open pit with the angle of the walls φk. Underground
mining operations are supposed to be carried out under the pit at the depth h from the daylight
surface.

Assess the deposit area adjacent to the open pit on the basis of solving the plane problem
of the theory of elasticity. The components of the stress fields are determined in stages. First,
determine the amount of load removed from the pit bottom. It is a uniformly distributed load
with an intensity γpHk.

The values of the stress components can be written as
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π((x21 + z21 − a2k) + 4a2kz
2
1)
, (1)

σZ1 =
γpHk

π

(
arctg

ak − x1
z1

+ arctg
ak + x1

z1

)
−

2aγpHkz1(x
2
1 − z21 − a2k)

π((x21 + z21 − a2k) + 4a2kz
2
1)
, (2)

τX1Z1 =
4akγpHkx1z

2
1

π((x21 + z21 − a2k) + 4a2kz
2
1

, (3)

where ak is half the width of the pit bottom; γp is the volumetric weight of ore in the massif;
x1, z1 are the coordinates along the corresponding axes.

Analysis of the results obtained shows that the value of the horizontal component grows with
an increase in the pit bottom depth and width. The value of the vertical component increases
only with an increase in the width of the pit bottom, and the change in the pit depth does not
impact the value of this parameter.

The values of the lateral earth pressure coefficient λf are also maximum in the area that is
directly adjacent to the contour of the open pit and decreases as the depth and width of the pit
bottom increase [24].

In this paper, SolidWorks 2015 software is used to determine the SSS of a rock massif related
to the determination of the stress field [25].

Table 2 presents initial physical and mechanical properties of rocks and the backfill material
for calculating stresses and strains applying SolidWorks 2015.
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Table 2. Physical and mechanical properties of rocks and backfill material.

Parameters Magnetite quartzites, waste rock Backfill

Young’s modulus, MPa 15000–60000 500
Volumetric weight, kg/m3 3400 2000
Tensile strength, MPa 6–18 0,5–1,0
Compression strength, MPa 60–180 5–10
Poisson’s ratio 0.25 0.15

To calculate the stress-strain state of the combined massif, options of the classical scheme
of open pit-underground mining of magnetite quartzites are accepted for the average statistical
conditions of transition from open pit to underground mining.

The current average depth of open pits at the level of 350 m is accepted as the final pit depth
(or the boundary of transition from open pit to underground mining).

The second stage of the deposit opening during transition from the open pit to underground
mining method is carried out by a vertical shaft located outside the open pit in the footwall of
the deposit.

The scheme of this kind is expedient for opening at the deposit depths of over 800 – 1000 m,
which is characteristic of all Kryvbas deposits. In addition, Kryvbas mining enterprises have
accumulated a huge experience of applying this particular scheme for underground opening of
deposits.

With less than 800 m depths of deposits, or in case of no funds for construction of mine shafts
and absence of prospects for long-term mining by the open pit-underground or underground
method, other opening schemes are applied.

Creation of ramps or spiral ramps from technological platforms in the open pit is the main
scheme. It is expedient if self-propelled drilling, loading, and transport equipment is used. But
in case of low costs of magnetite quartzites, such a scheme may not always be economically
viable.

A grid of finite elements of the initial design model is given in figure 3. The model is adequate
in size to the site where the technology under study is applied and is used to calculate stresses
during open pit-underground mining.

Below are given the results of calculating stress fields in the rock massif when stoping under
the open pit bottom, as well as when backfilling stopes with consolidating backfill mixtures.

Isolines of the main stress field around the rooms with an open stoping space and rooms
backfilled with a consolidating mixture and collapsed waste rocks are presented in figure 4.

To visually determine the stresses, all isolines have a certain stress value in Pa and correspond
to a certain color scale.

All the options proposed by the authors have the following general characteristics.
The vertical shaft of the mine is located in the footwall of the deposit. The height of the

underground level is 90 m.
The main crosscuts, drifts of the foot- and hanging walls are driven from the shaft to the

orebody at levels –440 m and –530 m.
The level-room system is used for stoping.
Three fundamental schemes of work development are investigated.
The idea behind the first flowsheet of transition from the open pit to underground method

of mining an ore deposit is illustrated in figure 4.
After the complete drawing of the broken ore, the stoping space of the worked-out room is

filled with waste rocks resulted from driving underground and open workings.
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Figure 3. Grid of finite elements of the initial design model adequate in size to the site where
the technology under study is applied to mine magnetite quartzites.

The calculated isolines of the main stresses σ1 of the rock massif when applying open pit-
underground mining of the magnetite quartzites deposit with ore breaking and drawing and
subsequent backfilling the stoping space of the worked-out room with waste rocks are presented
in figure 4.

As is seen in figure 4, the general picture of the distribution of the field of stresses is classic:
the greatest absolute magnitude of stress occurs near the angles of the formed stope from the
side of the ore massif. Small concentration of stresses is observed in the corners on the bottom
of the room.

Significant maximum stresses σ1 in the corners of the room appear due to the action
of compressive stresses. The stresses σ1 decrease depthward into the ore massif, and their
distribution becomes more uniform.

Concentration of maximum stresses σ1 is observed in the upper and lower corners of the
rooms that are not backfilled, and only in the lower part of the backfilled ones.

In some cases, lateral exsposures of the unfilled stope may be distinguished by the fact that
tensile stresses σ3 appear in the central part of the lateral generatrix. In this case stresses σ1

are reduced from the boundary of the room depthward into the ore massif.

5. Results
Today, development of deposits of ferruginous quartzites of Kryvbas by underground mining has
equaled the cost of open pit operations. At the same time, the cost of open pit operations will
steadily increase, but in underground mining it will remain rather stable.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012070

IOP Publishing
doi:10.1088/1755-1315/1254/1/012070

10

Figure 4. Results of calculation of the main stresses σ1 when applying open-underground
mining of the magnetite quartzites deposit with ore breaking and drawing and subsequent
backfilling the stoping space of the worked-out room with waste rocks: 1 – the contour of
the open pit; 2 – waste rock backfill of the upper worked-out room; 3 – broken ore of the lower
underground level; 4 – the orebody.

In order to improve the technologies of transition from open pit to underground mining
of magnetite quartzites, on the example of Kryvyi Rih iron ore basin, three fundamental
technological schemes are proposed.

The idea behind the first flowsheet of transition from the open pit to underground method
of mining an ore deposit is illustrated in figure 5.

In addition, the proposed solution to store waste rocks in the worked-out space of underground
mines has a significant environmental effect, improving the environment of the mining basin.

In the future, in order to develop the environmental safety of the region, it is proposed to
store all available waste rock, including overburden at possible parallel ore mining by the open
pit method, in the worked-out space of underground mines.

Further underground extraction of magnetite quartzites will be carried out by systems of
level caving of ore under overlying waste rocks.

This technology is the cheapest due to no consolidating backfill used that is provided for in
the following flowsheets.

The idea behind the second flowsheet of the transition from the open pit to underground
method of mining an ore deposit consists in backfilling the stoping space of the room with
consolidating backfill after the complete drawing of broken ore. After the consolidating backfill
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Figure 5. The proposed technology of open pit-underground mining of the deposit of magnetite
quartzites with backfilling the worked-out room with waste rocks: 1 – the contour of the open
pit, 2 – the vertical shaft, 3 – workings of level – 440m, 4 – workings of level -530 m, 5 – waste
rock backfill of the upper worked-out room, 6 – broken ore of the lower underground level, 7 –
the orebody.

gains its standard strength, an internal dump of waste rocks can be created on the bottom of
the open pit.

Further underground extraction of magnetite quartzites will be carried out by level-room
mining under protection of an artificial pillar made of consolidating backfill.

To reduce costs for consolidating backfill in case of its necessary application in the initial
version of the combined open pit-underground mining of magnetite quartzites, the third flowsheet
with a partial artificial pillar made of consolidating backfill is proposed.

The idea behind the third flowsheet consists in backfilling the bottom of the worked-out
room with extra strong consolidating backfill after the complete drawing of broken ore. After
the consolidating backfill gains its standard strength, it can be overlaid with waste rocks as an
inert backfill.

Formation of an artificial pillar of consolidating backfill on the bottom of the stope requires
a much smaller amount of the backfill material. At the transitional stage, this volume can be
obtained by using a mobile backfilling complex. Consequently, no need for construction of a
stationary backfilling complex significantly reduces the cost of the proposed technology, the cost
of magnetite quartzites production by the proposed option of the technology of combined open
pit-underground mining.

6. Conclusions
It is determined that nowadays development of deposits of ferruginous quartzites of Kryvbas by
underground mining has equaled the cost of open pit operations. At the same time, the cost
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of open pit operations will steadily increase, but in underground mining it will remain rather
stable.

The nature of distribution of the maximum stresses σ1 in the massif is determined.
Mathematical modeling is performed and the results of calculating the main stresses σ1 are
presented in the proposed variantions of the open pit-underground mining of the magnetite
quartzites deposit.

It is proved that transition to open pit-underground, and over time to underground mining
will reduce environmental tensions in the region.

Highly efficient technologies of transition from open pit extraction of magnetite quartzites
to open pit-underground and underground mining of iron ore raw materials within the mining
basins of Ukraine are developed and improved.
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Abstract. The research is aimed to the analysis and modeling of the process of propagation
of ultrasonic waves in iron ore samples to assess its mineralogical varieties. The paper
analyzes domestic and foreign experience in modeling of ultrasonic waves propagation; methods
of mathematical and computer modeling were used, as well as methods of mathematical
statistics and probability theory for analysis of the results. Scientific novelty consists in
developing and substantiating a method for recognizing the mineralogical and technological
varieties of iron ore of a developed deposit based on spectrograms of a backscattered ultrasonic
probing signal. Practical valueconsists in developing a methodology for non-contact non-
destructive mineralogical analysis of iron ore to improve the efficiency and quality of its further
processing and preparation for metallurgical processing. results. As measurable characteristic
estimates of textural and structural features of iron ore varieties the results of spectral analysis
of the reversed radiant ultrasonic signal were used.To implement the measurement results
classification procedure, Adaptive Neuro-Fuzzy Inference System is used. At the vector of
parameters of membership functions of terms of input variables and the vector of coefficients
of linear functions in the conclusions of the rules was formed based on the characteristics
of the processed ore and the spectrograms of the backscattered ultrasonic signal. The
average accuracy of recognition of magnetite, chlorite-carbonate-magnetite, hematite-magnetite,
magnetite-cummngtonite-chlorite-siderite mineral varieties of iron ore of the studied deposit was
93%.

1. Introduction
Information about the mineralogical varieties of iron ore can be effectively used to improve the
quality of its preparation for metallurgical processing [1]. The technologies of mineralogical
analysis that exist and are used in practice take a lot of time and require significant labor costs
for preparatory operations. Ultrasonic measurement is a widely used tool for the detection,
localization and characterization of materials with important applications in many fields [2].
However, the solution of these problems is associated with great difficulties in relation to
inhomogeneous media in which the ultrasonic wave is scattered by the microstructure of the
material [3]. The data obtained in this case directly from the results of raw measurements is
difficult to analyze, since they depend on many interrelated characteristics of the medium under
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study. In fact, the maximum information that can be experimentally obtained from each area
of the material under study consists of the parameters of the transmitted and reflected probing
signals. Thus, the actual problem is to substantiate the necessary and sufficient set of estimated
characteristics of the process of propagation of ultrasound in randomly inhomogeneous media,
as well as the development of effective methods for their processing for operational non-contact
non-destructive mineralogical analysis of iron ore.

2. Literature review
Measurement methods based on the evaluation of the characteristics of backscattered ultrasonic
waves in the medium under study are widely used [4, 5]. In work [6] a new formulation is
presented to derive the absolute backscatter coefficient from pulse echo measurements. The
diffraction correction function for measuring the backscattering coefficient and the acoustic
coupling function for the echo-pulse system are determined. The elements of these functions are
presented for a flat disk transducer and a transducer with spherical focusing. Approximations
of these functions are also given. For a flat disk transducer, the final formulation looks like a
modification of the well-known Siegelmann-Reid formulation [7]. For a focused transducer, the
final correction is a weak function of frequency when the scattering volume is close to the focal
region.

Velichko et al [8] proposed to use a set of measurement results to achieve a complete
spatiotemporal separation of the data of the transmitter-receiver structure corresponding to
different local areas of ultrasonic signal scattering. It is expected that access to local scattering
data can provide valuable benefits for many applications. This method makes it possible to use
the angular distribution of the scattering amplitude and phase of each local scattering region to
detect small inclusions in various highly scattering materials.

To recognize the characteristics of the interaction of elastic vibrations with the medium
in which they propagate, many methods have been proposed, for example, cepstral frequency
coefficients (MFCC) are widely used, which describe the shape of the spectrum of an acoustic
signal [9–11]. The problem is that individual elements of the acoustic interaction signal are
noise-like with a wide flat spectrum and may include strong signatures in the time domain. At
present, only a few features in the time domain are known to characterize such diverse audio
signals. In work [12] an empirical feature analysis is presented to characterize acoustic signals
and it is proposed to use a tracking matching (MP) algorithm to obtain effective time-frequency
responses. The MP-based method uses a dictionary for feature selection, resulting in a flexible,
intuitive, and physically interpretable set of features. The MP-based function is used as an
addition to the MFCC functions in order to provide a higher accuracy of recognition of the
characteristics of the analyzed environment.

Traditional acoustic event recognition methods based on informative input characteristics or
with internal sequencing methods tend to perform poorly in the presence of interfering acoustic
noise. Since noise distortion may be unavoidable in practical situations, it is important to
develop more robust analysis models and classifiers [13, 14]. Recent advances in this field use
powerful machine learning techniques with multivariate input features such as spectrograms
or auditory images. They increase reliability largely due to the discriminatory capabilities
of internal classifiers. In work [15] new features derived from spectrogram characteristics
are proposed, combined with the powerful classification capabilities of a convolutional neural
network (CNN). The proposed method demonstrates high performance under noise conditions
compared to current approaches to standard acoustic event analysis and recognition problems.

A number of works propose methods for classifying the parameters of acoustic signals based
on the support vector machine (SVM) [16–18]. Tran and Li [19] uses a parametric approach
to the characterization of acoustic signals based on subband time envelope distribution (STE)
and kernel techniques to determine the subband probabilistic distance (SPD) within SVM. It is
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shown that the generalized gamma model is well suited for characterizing acoustic events, and
the determination of the probabilistic distance provides a closed-form solution for calculating
the magnitude of the discrepancy, which significantly reduces computational costs. The results
show that the proposed classification method is superior to traditional SVM classifiers with
Mel-frequency cepstral coefficients (MFCC).

A promising biological method for classifying acoustic events, which combines spike
coding with a spike neural network (SNN) [20]. Peak encoding extracts key points that
represent the local maximum components of the acoustic spectrogram and are encoded based
on their local time-frequency information. Thus, both position information and spectral
characteristics are extracted. The proposed method simultaneously increases the sparseness of
the acoustic event spectrogram, producing a noise-tolerant representation, and also maximizes
the distinguishability of the spike encoding input data in terms of their temporal information [21].

An important element of the analysis of the results of acoustic interaction is the method of
its qualitative description. Mesaros et al [3] presents and discusses various metrics proposed for
evaluating acoustic event detection systems used in real situations. An overview of the most
common metrics in the field and how they are adapted and interpreted in the polyphonic case
is presented. Each metric is defined based on segments and events, and the consequences of
averaging based on instances and classes are analyzed using a case study.

Acoustic events can occur both as a result of the purposeful formation of a probing signal,
and as a side effect [22–24]. In work [25] a concept is presented that uses acoustic signals
to classify instrument-tissue interactions during diathermy. This is done by training a CNN
classification pipeline based on a logarithmic spectrogram of acoustic signals recorded directly
from the operation area. The presented model achieved an accuracy of up to 89.90% on the
data set obtained in the experimental setup.

Another use caseacoustic events, as a side effect, is a system toterrain classification
implemented as a component of an autonomous mobile robotic system operating in unknown
real conditions [26]. Recently, several proprioceptive terrain classification techniques have been
developed to improve reliability or act as a fallback to traditional approaches [27,28]. However,
they lack quality adaptation due to various factors including lack of accuracy, reliability, and
slow execution times. Valada and Burgard [26] uses the sounds of vehicle interaction with the
ground as a proprioceptive modality and proposes a recurrent model based on deep short-term
memory that captures both the spatial and temporal dynamics of such an operation. The model
has a new convolutional neural network architecture that allows for deep spatial features, and is
supplemented with long-term memory to account for complex temporal dynamics. In addition, a
training scheme is proposed that takes into account noise effects, which allows you to synthesize
generalized models necessary for reliable operation in real conditions.

The tasks of analyzing the characteristics of rocks have much in common with the evaluation
of suspension parameters. Heterogeneous mixtures of solids in liquids play an important role in
various industries. Online methods for analyzing the concentration and size of solid particles
in given suspensions are of great interest in chemistry, mining and processing industries, for
example, for monitoring and controlling mineral processing processes [29]. In work [30] a method
for determining the concentration and size of particles using a parametric approach is proposed.
This is achieved by selecting an analytical model for the spectra of the received echo signals
and determining their quantitative parameters. It is shown that the values of amplitude, center
frequency and bandwidth, which are obtained from the fitted model, have great potential for
evaluating the characteristics of the suspension.

Thus, the development of methods for measuring characteristics, modeling, classification and
recognition of randomly inhomogeneous media is an urgent scientific and technical problem.
However, the complexity of solving this problem does not allow creating a universal theoretical
and software-technical base for practical application in various industries. A promising approach
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in the implementation of the mineralogical analysis of iron ore is the use of the parameters of
the backscattered ultrasonic signal propagating in the studied samples, and modern methods of
their interpretation and analysis.

3. Problem statement
The article presents the results of the development, justification and approbation of the method
for recognizing the main mineralogical and technological varieties of iron ore of the developed
deposit based on the spectrograms of the backscattered ultrasonic probing signal using the
ANFIS neuro-fuzzy classifier.

4. Materials and results
In work [31] the characteristic of the mineral composition, as well as the size of mineral formations
in the iron ore of magnetite deposits of the Kryvyi Rih basin is given. In the varieties of iron
ore, the grains and aggregates that form them are distributed unevenly both in quantity and
size. However, they differ with its physico-mechanical and chemical-mineralogical properties.
Magnetite is one of the most common minerals in the Kryvyi Rih basin.

It is included in iron ores and ferruginous rocks as an important ore-forming mineral. Tables
1 and 2 show the characteristics of the mineral composition, as well as the size of individuals and
aggregates of mineral varieties of hornfelses and jaspilites of the Skelevatsky magnetite deposit
(Kryvyi Rih, Ukraine) [31]. The characteristics are given in relation to the main iron-bearing
mineral – magnetite and the main accompanying – quartz.

In mineral varieties, individual types of magnetite aggregates are unevenly distributed
(table 2) and have different configurations (figure 1).

When ultrasonic waves propagate in a randomly inhomogeneous medium, with the
characteristics given in table 1, their attenuation occurs due to the absorption and scattering of
elastic vibrations on the mineral formations of iron ore. Fluctuations in the number and size of
mineral inclusions in a controlled volume V of the medium under study affect the parameters
of the ultrasonic signal measured by the detector D.

Table 1. Characteristics of the mineral composition, as well as the size of individuals and
aggregates in iron ore.

Hornfels and Jaspilites
Magnetite Quartz

Size, mm Content,
%

Grain
size, mm

Content,
%grain unit

Magnetite 0.15 0.35 90 0.04 8.5
Chlorite-carbonate-magnetite 0.18 0.45 85 0.05 8
Hematite-magnetite 0.15 0.6 87 0.03 5.5
Magnetite-cummingtonite-chlorite-siderite 0.15 0.2 76 0.08 four

Table 2. Distribution of types of magnetite aggregates in iron ore [31].

Hornfels and Jaspilites
Unit type

polyhedral branched tape solid and
interspersed

Magnetite 50 40 5 5
Chlorite-carbonate-magnetite 50 35 15 0
Hematite-magnetite 80 10 5 5
Magnetite-cummingtonite-chlorite-siderite 60 20 10 10
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Figure 1. Distribution and configuration of magnetite aggregate types in various varieties of
iron ore.

Let us determine the concentration of mineral inclusions of magnetite in the studied sample
of iron ore through their number in volume V :

n1 = N1/V. (1)

Since the number of inclusions fluctuates, then N1 is a random number with Poisson
distribution:

PN1(k) =
< N1>

ke−

k!

<N1>

, k = 0, 1, 2, ... (2)
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where < N1 > is the average value of the number N1 in the volume V , which can be determined
through the average value of the concentration ~n1:

< N1 > = n̄1V. (3)

Then the integral intensity of ultrasonic waves with wavelength λ, passing the distance Z in
the medium, will be determined by the expression:

I◦λ(Z) = Iλ exp

(
− 1

V

N1∑
i=1

σp(λ,Ri)Z

)
, (4)

where Iλ is the intensity of the ultrasonic signal emitted into the medium under study; σp(λ,R) is
the attenuation cross section of ultrasonic vibrations with a wavelength λ on a mineral inclusion
of size Ri.

The detector reading D will be proportional to the value I◦λ(Z), averaged over fluctuations
in the number and size of inclusions, i.e. in proportion to the value:

< I◦λ(Z) >= Iλ < exp

{
− 1

V

N1∑
i=1

σp(λ,Ri)Z

}
>, (5)

Denote by ξ random variable:

ξ = exp

{
− 1

V

N1∑
i=1

σp(λ,Ri)Z

}
. (6)

To find the average value of the ξ apply the formula for the total mathematical expectation:

Mξ =
∞∑
k=0

M

(
ξ

k

)
PN1(k). (7)

In this expression M
(

ξ
k

)
stands for conditional expectation. It is easy to show that:

M

(
ξ

k

)
=

[
M exp

{
− 1

V
σp(λ,R)Z

}]k
, (8)

where:

M exp

{
− 1

V
σp(λ,R)Z

}
=

∞∫
0

exp

{
−Z

V
σp(λ,R)Z

}
f(R)dR = η1. (9)

Here f(R) is a distribution function of mineral inclusions by size.
Substituting expressions (2) and (9) into (7), we obtain

Mξ =
∞∑
k=0

·ηk1
(n1V )k

k!
e−n̄1V = e−n̄v exp {n̄1V η1} = e−n̄1V (1−η1). (10)

In the same way, the influence of fluctuations in the concentration and size distribution of
other mineral formations on the intensity of the ultrasonic signal propagating in the rock can
be determined.
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Figure 2. Types of ultrasound scattering in an inhomogeneous medium.

In the expression (4) attenuation cross section of ultrasonic vibrations with wavelength λ is
the sum of two terms:

σp(λ,R) = σc(λ,R) + σs(λ,R), (11)

where σc(λ,R) is the absorption cross section; σs(λ,R) is the scattering cross section.
Let us consider in more detail the scattering of ultrasonic waves on mineral inclusions in iron

ore. On figure 2 it is shown the types of ultrasound scattering depending on the ratio of its
wavelength and the size of the scattering structure [32].

Specular scattering (figure 2, a) occurs when an object is much larger than the ultrasound
wavelength. The ultrasonic wave can be reflected or refracted through the boundary between
the object and its environment. Diffuse scattering (figure 2, b) occurs when the structure is
much smaller than the ultrasound wavelength. Diffraction scattering (figure 2, c) occurs when
the wavelength and size of the object are comparable. In this case, the incident wave scatters
equally in all directions.

We will assume that the electrical transducer of ultrasonic waves combines the functions
of transmission (generation) and reception of ultrasonic waves. In the transmission mode, the
transducer surface is driven into oscillation by electrical excitation, and at the same time, a
falling pressure field Pin(r;w) is formed at the point r of the medium under study [6]:

Pin (rw) = P0(w)DT (r;w)), (12)

where P0(w) is the pressure amplitude on the transducer surface; DT (r;w) is the transducer
directivity diagram; w = 2πf is the angular frequency of the acoustic wave.

Using the electrical equivalent [6], can be written:〈
|Vs (r ∈ V ;w) |2

〉
= |Vin(w)•XT (w) •XR(w)|2 • θ(w) • l•Ds(r ∈ V ;w), (13)

where Vs (r ∈ V ;w) is the received voltage signal from the scattering volume; Vin(w) – electrical
signal that excites the transducer; XT (w) = P0(w)/Vin(w) – coefficient of electromechanical
connection of the transducer in the transmission mode; XR(w) = Vs(r;w)/Ps (r;w) – coefficient
of electromechanical coupling of the transducer in the receive mode.

Since Ds(r ∈ V ;w) can be obtained both analytically and numerically, the backscatter
coefficient θ(w) can be calculated if the system response function |Vin(w)•XT (w) • XR(w)|2
is defined. In work [7] the response function of the system is measured by placing a reference
plate with an ideal reflective surface at the location of the sample volume. There are techniques
based on placing the reference plate at half this distance, as well as in the near field for a flat
transducer and in the geometric focal plane for a focused transducer [4].
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Assuming that the received signal is integrated over the surface of the receiver, and UR(rR;w)
U(w)

is the relative sensitivity of the receiving element with coordinates rR, we can write:

Dref (2zref ;w) =
exp (−2ikzref )

SR

∫
SR

UR (rR;w)

U(w)
DT (2zref ;w) dS(rR). (14)

This expression defines the acoustic coupling function from the transducer surface (SR –
active transducer area) to the reference plane and back to the transducer surface [33].

Using the same electromechanical coupling coefficients, the output voltage of the converter
due to the reflected wave:

Vref (zref ;w) = Vin(w)XT (w)XR(w) exp(i2kzref )Dref (2zref ;w). (15)

Taking into account (13) and (15), it is possible to determine the backscattering coefficient
of ultrasonic waves:

θ(w) =

〈
|Vs(r ∈ V ;w)|2

〉
|Vref (2zref ;w)|2

•
|Dref (2zref ;w)|2

l •Ds (r ∈ V ;w)
. (16)

As follows from the above expressions, the parameters of the process of scattering of
ultrasound on the structural inhomogeneities of the medium characterize its structural and
textural properties. This allows them to be used to recognize the main mineralogical and
technological varieties of iron ore in relation to certain of its deposits [34].

The scheme of functioning of the system for recognition of mineralogical and technological
varieties of iron ore is shown in figure 3. The functioning algorithm includes the processing of
ultrasonic signals and annotations, as well as training the recognition system [3]. Acoustic
characteristics are extracted from the measurement results, and at the training stage, a
correspondence is found between them and the characteristics of the iron ore samples indicated
in the annotations. The testing chain includes processing test signals as for training, testing the
system, and, if necessary, post-processing the output of the system to obtain a representation
similar to annotations.

In practice, there are three main methods for analyzing acoustic signals in the clock and
frequency domains. The watch area has parameters that are taken from the statistics of
the output. In the frequency domain, Four’s transformations are performed for frequency
spectroscopy and cepstral analysis [35]. Let’s look at the possibility of victorious results in the

Figure 3. Scheme of functioning of the system for recognition of mineralogical and technological
varieties of iron ore.
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spectral analysis of the turning pink ultrasonic signal for the task of recognizing the mineralogy
and technological diversity of the flood.

Spectrograms are two-dimensional visualizations of spectral sequences with time on the
abscissa and frequency on the ordinate. The color intensity of each pixel is related to the
amplitude of the corresponding frequency. When ultrasonic waves propagate in a rock, due to
their multiple reflection and scattering on mineral formations, a spectral characteristic of the
medium in which they propagate is formed. Thus, the spectrogram of a backscattered probing
signal is a spatial (in a certain area) amplitude-frequency characteristic of the medium under
study or its acoustic structural-textural image.

To obtain spectrograms in accordance with the methodology used in the works [25, 26], a
short-time Fourier transform (STFT) was performed for each window segment of the recorded
probing signal:

X (i, j) =

Nf−1∑
p=0

x[n]w[n− j] exp

(
−p

2πk

Nf
n

)
, p = 0, . . . , Nf − 1, (17)

where x[n] is the signal consisting of Nf samples, w[n− j] is the window function in frame n− j,
p are iteration variables, 2πk is the frequency.

In this expression, X(i; j) is the matrix representation of the spectrogram of the received
signal with f(k) = kf s/Nf ; x[n] is the recorded raw received signal with sample length Nf and
sampling rate fs. The sliding window step size was set to 512 samples, resulting in a window
overlap of 50%.

To compensate for the Gibbs effect during STFT by smoothing out discontinuities at the
beginning and end of the received signal, the Hamming window function was used:

w[n] = 0.54− 0.46 cos

(
2π

n

M − 1

)
, n = 0, . . . , M − 1. (18)

Then the power spectrum log is calculated:

Slog(i, j) = 20 log10(|X(i, j)|). (19)

In order to reduce the effect of disturbing noise effects, the spectrograms are normalized by
dividing by the maximum amplitude.

S(i; j) = Slog(i, j)/maxSlog(i, j). (20)

Then the average spectrum over the entire data set is calculated and subtracted from the
normalized spectrogram.

On figure 4 it is shown spectrograms of various mineral varieties of iron ore: the x-axis
represents time, (ms); y-axis – frequency scale, (Hz); pixel intensity – amplitude, (dB).

As shown in work [36], due to the peculiarities of acoustic interaction, spectrograms provide
qualitative characteristics of the classification of research objects.

To implement this procedure, ANFIS (Adaptive Neuro-Fuzzy Inference System) is used –
the editor of the Matlab package.In the task of recognizing the main varieties of iron ore of
the developed deposit, the vector of parameters of the membership functions of the terms of
the input variables and the vector of coefficients of linear functions in the conclusions of the
rules are formedbased on the characteristics of the processed ore and the spectrograms of the
backscattered ultrasonic signal. ANFIS – the editor automatically synthesizes a neuro-fuzzy
network from experimental data, which can be considered as one of the varieties of fuzzy inference
of the typeTakagi-Sugeno.
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Figure 4. Spectrograms of various mineral varieties of iron ore.

In the process of approbation of the used recognition method, we evaluatedadding the number
of epochs of learning, types and number of functions of occurrence of input fuzzy terms in the
ANFIS-model for the accuracy of classification.

To study the influence of the number of training epochs of the ANFIS model, the following
constant parameters were adopted: the number of input functions of the membership of fuzzy
terms – 3; type of input membership functions – bell-shaped (‘gbellmf’); the type of output
membership functions is linear (‘linear’) – the only possible option for fuzzy Sugeno-type
derivation. Classification accuracy and time spent on model training were calculated. The
results of this experiment are shown on figure 5.

With the number of epochs 20 spent 6.9512 s for training. During training for 50 epochs –
11.7630 s were spent. At the same time, the accuracy increases from 0.9410 to 0.9524. A
conclusion was made regarding the expediency of further researching the model by training it
for 20 epochs.

In the process of researching the influence of the types of membership functions of the input
fuzzy terms of the ANFIS model, the following constant parameters were adopted: the number
of learning epochs – 20; the number of input functions belonging to fuzzy terms is 3; type of
output membership functions – linear (‘linear’). The type of input membership functions that
were investigated is given in table 3.

Table 3. Type of studied input membership functions.
“gbellmf” Generalized bell-shaped membership function
“gaussmf” Gaussian membership function
“gauss2mf” Gaussian combination membership function
“trimf” triangular membership
“trapmf” Trapezoidal membership

The results of the study of the influence of the types of membership functions of the input
fuzzy terms of the ANFIS model on the classification accuracy and the time spent on training
the model are shown in figure 6.

Among the tested membership functions, the best results were shown by the bell-shaped
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Figure 5. The influence of the number of epochs of ANFIS model training on classification
accuracy and time spent on training.

function – accuracy 0.94. At the same time, it also shows one of the best results – 7.13 in terms
of duration of study. Therefore, the choice is made in favor of the bell-shaped (Bell-shaped)
function of the membership of the terms of the input variables.

In the process of studying the influence of the number of membership functions of the input
fuzzy terms of the ANFIS model on the classification accuracy and the time spent on training,
the following constant parameters were adopted: the number of training epochs – 20; type of
input membership functions – bell-shaped (‘gbellmf’); type of output membership functions –
linear (‘linear’). Variable parameters: the number of fuzzy terms of the input membership
functions (2, 3, 4, 5).

The results of calculations of the influence of the number of membership functions of the
input fuzzy terms of the ANFIS model on the classification accuracy and the time spent on
training are given in the table 4. The option with four membership functions is selected.

Table 4. The influence of the number of membership functions of the input fuzzy terms of the
ANFIS model on the classification accuracy and the time spent on training.

Number of functions Accuracy Time, s
2 0.777143 1.013732
3 0.940952 6.795064
4 0.966190 47.14676
5 0.968095 291.4074
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Figure 6. The influence of the types of membership functions of the input fuzzy terms of the
ANFIS model on the accuracy of classification and the time spent on training.

Therefore, a model trained for 20 epochs out of 4 was further investigated bell-shaped
membership functions of the input fuzzy terms of the ANFIS model.

The average accuracy of recognition of magnetite, chlorite-carbonate-magnetite, hematite-
magnetite, magnetite-kummngtonite-chlorite-siderite mineral varieties of iron ore, the
characteristics of which are given in tables 1 and 2 was 93%.

5. Conclusions and further research
As measurable characteristic estimates of textural and structural features of iron ore varietiesthe
results of spectral analysis of the reversed radiant ultrasonic signal were used.

To implement the measurement results classification procedure, ANFIS (Adaptive Neuro-
Fuzzy Inference System) is used – the editor of the Matlab package. At the vector of parameters
of membership functions of terms of input variables and the vector of coefficients of linear
functions in the conclusions of the rules was formedbased on the characteristics of the processed
ore and the spectrograms of the backscattered ultrasonic signal.

The average accuracy of recognition of magnetite, chlorite-carbonate-magnetite, hematite-
magnetite, magnetite-cummngtonite-chlorite-siderite mineral varieties of iron ore of the studied
deposit was 93%.

Due to the variety of physical-mechanical and chemical-mineralogical characteristics of rocks,
the proposed method for recognizing the mineral varieties of iron ore requires tuning the ANFIS
model on samples of a particular deposit. To increase the possibility of its more universal use,
it is necessary to increase the number of characteristic parameters used to build the model. It
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is also advisable to consider more advanced methods for building and training the used model,
for example, convolutional neural networks (CNN), transfer learning, etc.
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Abstract. The development of a sufficiently reliable forecast of the values of trough
parameters on the earth’s surface and the displacement of undermined rocks using mathematical
modeling methods is an urgent problem for mining. Not only the protection of objects on the
earth’s surface depends on its successful solution, but also the choice of the location of mine
workings and rational ways to protect them from the influence of rock pressure, the forecast of
gas release from undermined sources, the occurrence of gas-dynamic phenomena, the rationale
for rational ventilation schemes for excavation areas, the calculation of the bearing capacity
supports and many other engineering tasks. The study is based on the use of experimental data
obtained during the operation of a separate extraction area, respectively, at the first stage when
the working face is removed from the split furnace and at the second stage above the working
face when it is sufficiently removed from the open working. This makes it possible to obtain
all the necessary experimental data for constructing a general scheme for the development of
clearing operations and the formation of a trough for the displacement of the earth’s surface in
two stages. On the basis of the studies carried out, it was found that the maximum subsidence
of the earth’s surface above the cut working with a sufficient distance from the production face
is equal to the subsidence above the production face at the stage of attenuation of the processes
of displacement of undermined rocks and the earth’s surface. This gives grounds to make an
assumption about the closeness of the displacement parameters of the stationary and dynamic
semitroughs.

1. Problem statement
Conducting cleaning operations in coal mines, even at depths of more than 1000 m, has an impact
on changes in the state of the earth’s surface. Initially, the study of the processes of formation of
shear troughs on the earth’s surface was aimed at solving one problem -of protecting buildings,
structures and other objects from destruction and the harmful effects of mine workings [1–4].
Based on the results of these studies, a regulatory document [5] was developed, which regulated
the rules for protecting structures and natural objects from the harmful effects of underground
mine workings. Currently, in the coal mines of Ukraine, the requirements of the current rules [6]
are mandatory for use, which determine only the conditions for underworking earth’s surface.
The calculation of displacements and deformations of the earth’s surface and rock mass is a
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complex problem that has not yet received its fundamental solution. For this reason, empirical
calculation methods and separate analytical dependencies are used in practice. In recent years,
taking into account the possibilities of computer technology, mathematical modeling of the
processes of shifting underworked rocks and the earth’s surface. This direction of scientific
research is the most promising and relevant, since its implementation does not require long and
laborious observations both on the earth’s surface and in mine workings.

In addition, such an approach to solving the issue under consideration makes it possible
to significantly expand the range of engineering tasks to be solved, related not only to the
protection of objects on the earth’s surface, but also to the safety of mining operations and
the manifestation of rock pressure on the lining of workings. The development of a sufficiently
reliable forecast of the values of trough parameters on the earth’s surface and the displacement
of undermined rocks using mathematical modeling methods is an urgent problem for mining.
Not only the protection of objects on the earth’s surface depends on its successful solution, but
also the choice of the location of mine workings and rational ways to protect them from the
influence of rock pressure, the forecast of gas release from undermined sources, the occurrence
of gas-dynamic phenomena, the rationale for rational ventilation schemes for excavation areas,
the calculation of the bearing capacity supports and many other engineering tasks.

In the general case, the formation of a shear trough on the earth’s surface consists of two
stages [5, 6]. The first is related to the start of operation of the excavation area and the
development of stope work when separating the stope from the open cut. At this stage, the
process of shifting the undermined rocks of the earth’s surface is achieved and a stationary
half-trough is formed above the open cut. The second characterizes the shift of the undermined
rocks and the earth’s surface above the moving stope. The relationship between the stages of the
formation of a shear trough on the earth’s surface and the development of stopping operations
in the excavation area is characterized [7] by a graph (figure 1).

Normative documents [5, 6] do not consider the logical transition from the first stage of the
formation of the trough of the earth’s surface displacement to the second. In addition, there
are ambiguous recommendations for determining individual parameters. It is envisaged that
the stage of attenuation of the process of shifting the earth’s surface ends when the stope is
removed from the projection considered point at a distance that exceeds the depth of work (H )
by 1.2÷1.4 times. There is also no exact definition of the location of the point of the beginning
of the displacement of the earth’s surface.

By a similar principle, mathematical models have been constructed that separately describe
the processes of displacement of the earth’s surface at different stages of the development of
clearing operations. At the initial stage of operation of the excavation area, the maximum
subsidence of the earth’s surface (ηm) is considered when the stope is removed from the open
cut [8]. In parallel with this, mathematical models [9–11] make it possible to predict the
subsidence of points on the earth’s surface above the stope in time, when its advance no longer
has a significant effect on the maximum subsidence of the earth’s surface.

Preliminary analysis [12,13] based on the processing of experimental data [4,8,14–18] showed
that in some mining and geological conditions, with little changing values of the thickness of the
developed seam (m), the depth of mining operations (H ) and strength properties undermined
rocks, maximum subsidence of points on the earth’s surface ηm (Figure 1, curve 8) is close to
functional dependence on the distance (Lp) of the stope from the cut working:

ηm = ap − bp · exp(cp · Lp) (1)
where ap, bp, cp are empirical coefficients typical for some mining-geological and mining-technical
conditions. In addition to the least squares method, to determine the coefficients ap, bp, cp of
equation 1, the following equations were proposed [12,13]:

ap = 374 + 7.4 · 104 · m
H
, r = 0.78 (2)
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Figure 1. Scheme of the formation of a trough of the earth’s surface displacement (a) and its
correspondence to the parameters of stopes and the displacement of rocks (b). 1 – the developed
layer; 2 – split production; 3 – the position of the treatment face relatively to the split furnace
at which the movement of the earth surface begins (ηm = 0); 4 – i-e position of the treatment
face after a complete study of the earth’s surface (formation of a flat bottom of the mold); 5 –
the earth’s surface; 6 – dynamic half – mold over the treatment face; 7 – flat bottom of the
mold movement; 8 – the trajectory of the maximum points of the earth surface subsidence; 9 –
stationary half- mold from the side of the split furnace; β0, γ0 – boundary angles, respectively,
from the fall and rise of the formation; ψ1, ψ2 – angles of complete displacements, respectively,
from the fall and rise of the formation; – the angle of full displacements, corresponding to the
beginning of the displacement of the earth’s surface when removing the face from the split
production at a distance; LH , θ0, θk – the angles of maximum subsidence, respectively, when
the processes of displacement of the earth’s surface rocks (ηm = 0) and the formation of a flat
bottom (ηm = η0) ; H – the average depth of conducting cleaning works; α- the angle of the
fall of the formation; η, ηm – respectively, subsidence and maximum subsidence of the earth’s
surface; η0 – the depth of the flat bottom of the mold ; A0, A – points of the beginning of the
movement of the earth’s surface, respectively, is a distance from the split furnace with leaning
face and in front of it; B, C, D, F – the characteristic point displacement under the influence of
clearing face movement; −→ – is a direction of clearing face movement.

bp = 717− 41 · vox, r = 0.96 (3)

cp =
1

−0.5 ·H + 14.6
, R = 0.90 (4)

where vox – speed of advancement of the stope, m/month; r and R – respectively, the correlation
coefficient and the correlation ratio.

For an analytical description of the dynamics of subsidence of the earth’s surface under
the influence of a moving stope, it was previously proposed to use logistic [7], exponential [9],
or hyperbolic tangent [10] dependences. Comparative analysis of these dependences showed
approximately the same, almost functional, convergence with experimental data.

Above the stope, the subsidence of the earth’s surface (ηox) in the case of applying the logistic
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curve, corresponds to the equation:

cp =
aox

1 + box · exp(cox · Lox)
(5)

where Lox – is the distance from the projection of a point on the earth’s surface to the production
face, m.

The coefficients ap, bp, cp of equation (5) are also determined in two ways – by the least
squares method and using the results of the correlation analysis between the displacement
trough parameters and the mining-geological and mining-technical operating conditions of the
extraction areas:

ap =
1

−2.64 · 10−4 ·m+ 1.54 · 10−3
, R = 0.88 (6)

bp =
1

−0.14 · vox
H

+ 19
, R = 0.88 (7)

cp = 0.205 + 0.0148 · ln( 1

m · Ll ·H
), R = 0.99 (8)

where Ll is the lava length.
In addition to equation (5), dependencies were proposed [7] to determine the coordinates

of the characteristic points of the earth’s surface displacement (figure 1) using the coefficients
ap, bp, cp. The coordinates of point A (the beginning of the earth’s surface displacement) in front
of the stope, respectively, along the abscissa and ordinate axes:

x =
4.595− ln b

−c
, y = 0 (9)

Similarly, for other characteristic points:
Point O (origin)

x = 0, y =
ηk

1 + b
(10)

Point B (the beginning of the active stage of the earth’s surface displacement)

x =
ln(3.73/b)

−c
, y = 0.21 · ηk (11)

Point C (maximum settling rate and curve inflection)

x =
ln b

c
, y = 0.5 · ηk (12)

Point D (completion of the active stage and the beginning of the attenuation of the
displacement processes)

x =
ln 0.268/b

−c
, y = 0.79 · ηk (13)

Point F (beginning of the residual influence of the side job)

x =
3.892 −− ln b

c
, y =

0.97

0.99
· ηk (14)

In the scheme under consideration (figure 1), the decay stage is limited by the point F.
Her settling η0 is approximately 0.97÷0.99 of the final value η at the end of rock compaction
processes [9].
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Approximate values of the duration of the active stage of the earth’s surface displacement
are given in the regulatory documents [5, 6] depending on the depth of the mining operation
(H ) and the speed of advance of the mining faces. According to mathematical models [9–11],
the characteristic features of the processes of displacement of rocks and the earth’s surface are
also considered in time. This approach does not allow, in the general case, to link the process of
displacement of the earth’s surface with the development of clearing operations in the excavation
area. For this reason, in the general scheme (figure 1), instead of time along the abscissa, we
considered the distance Lox from the projection of the stope lines onto the earth’s surface to
the observation points. Using the method [9] with the use of derivatives, the coordinates of the
characteristic points were determined from the extrema of the obtained dependences (equations
9 – 14). The coefficients (ap, bp, cp and aox, box, cox) of equations 1 and 5 are determined by the
most reliable least squares method. For a separate excavation area, when using these coefficients,
dependencies 1 and 5 are inherently are functional.

The initial data for calculating the coefficients according to equations 2, 3, 4 and 6, 7, 8
are calculated using the known values of m,H, vox and m,H, vox, L respectively. This greatly
simplifies the necessary calculations of the parameters of the displacement of the earth’s surface
troughs, but these dependencies are not functional.

If we prove the closeness of the results obtained by the least squares method, and using
empirical equations established on the basis of correlation analysis, then with high reliability it
is possible to predict the processes of displacement of undermined rocks and the parameters of
the trough displacement of the earth’s surface. In this case, there is no need to simultaneously
conduct long-term and labor-intensive observations, both on the earth’s surface and in mine
workings.

2. Purpose, idea and research methodology
2.1. The goal of the research
Given the state of the issue under consideration, the purpose of this work is:

• on the basis of theoretical assumptions and experimental data, to establish a logical
relationship between the parameters of the shear half-trough above the cut working and
above the stope at its sufficient distance from the cut furnace;

Table 1. The results of determining the coefficients of equation 1 by the least squares method
(akp, bkp, ckp)and based on their correlation dependences (2, 3, 4) on mining-geological and mining
engineering factors (aap, bap, cap).
Mine, reservoir,
lava, literary
source

Operating conditions of excavation sitesThe coefficients
of equation (1)
calculated by
the least squares
method

Calculation
coefficients
according to
equations
(2, 3, 4)

Post process-
ing direction

m, mH, mL, m v,
m/mon akp bkp ckp aap bap cap

‘Stepnaya’, C6,
No. 604, [18]

By rebellion 0.91 106 150 57 8531550 -0.026 910*1620 -0.026

‘Anniversary’, C ‘
6,

No. 530, [9]
Along strike 1.00 150 206 20 9271520 -0.014 867 1330 -0.017

*note – accepted, aap = m, according to the empirical equation (2) aap = 1009mm, which is
greater than the value of m = 910mm
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• to consider the convergence of the results between the parameters of the trough of the earth’s
surface displacement, determined respectively on the basis of the least squares method and
the method based on correlation dependencies on mining-geological and mining-technical
conditions for mining operations.

2.2. The idea
The idea of the work is to determine the dependencies obtained on the basis of experimental
data for a separate excavation area and processed by the least squares method, and compare
them with the dependencies established by the general results of the correlation analysis for
different mining, geological and mining conditions.

Table 2. The results of determining the coefficients of equation 5 by the least squares method
(akox, ckox, ckox) and on the basis of correlation dependences (6, 7, 8) on mining-geological and
mining-technical factors.

Mine, reservoir,
lava, literary
source

The coefficients of equation
(5) calculated by the least
squares method

Coefficients calculated ac-
cording to equations 6, 7, 8

akox b
k
ox ckox akox b

a
ox caox

‘Stepnaya’, C6, No. 604, [18] 832 5.8 0.064 7648.7 0.063
‘Anniversary’, C ‘

6, No. 530, [9]91512.5 0.050 7835.3 0.052

Table 3. Estimated values of the coordinates (ηox, Lox) of the characteristic points of the
curve of subsidence of the earth’s surface above the stope when processing the 604th lava of the
formation C6 Stepnaya mine.
Characteris-
tic points of
the curve

Coordinates of characteristic
points according to equations 9-14

Subsidence of
the earth’s sur-
face according
to equation (5)
for different
methods of de-
termining empir-
ical coefficients
aox, box, cox

Average distances from points
to the projection of the produc-
tion face along the abscissa axis
[19], Lox,m

Determination
of empirical co-
efficients by the
method of least
squares

Empirical co-
efficients are
determined by
a method based
on correlation
analysis

L1k
ox,m η1kox,mm La

ox,m ηaox,mm ηkox,mm ηaox,mm Empirical Equations r Lox,m
A -44 0 -39 0 8 5 LA = −0.264H -0.96 -28
O 0 122 0 79 122 79 - - 0
B 7 175 13 161 177 159 LB = 0.107H 0.92 11
C 27 416 34 385 410 380 LC = 0.290H 0.98 31
D 48 657 55 608 656 605 LD = 0.466H 0.99 49
F 88 815 96 754 815 754 LF = 0.862H 0.99 91
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2.3. Methodology
The methodology is based on the use of experimental data obtained during the operation of a
separate extraction area, respectively, at the first stage when the stope is removed from the split
furnace and at the second stage above the stope with its sufficient distance from the open cut.
This makes it possible to obtain all the necessary experimental data for constructing a general
scheme (figure 1) for the development of stope work (removal of the stope from the split furnace)
and the formation of a trough of earth surface displacement in two stages. The necessary amount
of experimental observations to achieve the goals was carried out at the Stepnaya mine when
the seam was mined with longwall No. 604 [17] and at the Yubileynaya mine when the seam
was mined with longwall No. 530 [8].

Figure 2. Dependence of the change in the parameters of the displacement trough on the
earth’s surface with distance from the stope of Chapter No. 604 (Stepnaya mine) on the open
working (a) and above the stope (b): 1, 2 – curves of the trajectory of the maximum subsidence
of points when the working face is removed from the split furnace, calculated respectively by
the least squares method and according to the results of the correlation analysis; 3, 4 – curves
of subsidence of points on the earth’s surface above the stope, respectively, calculated by the
least squares method and according to the results of correlation analysis (they coincide on the
graph); η – subsidence of the earth’s surface; H – depth of cleaning operations; A, B, C, D,
F – the position of the characteristic points calculated according to equations (9-14) using the
coefficients a, b, c;A′

, B
′
, C

′
, D

′
, F

′ – positions of characteristic points calculated according to
equation (9-14) using coefficients aa, ba, ca;A

′′
, B

′′
, C

′′
, D

′′
, F

′′ – the position of the abscissas of
the characteristic points of subsidence of the earth’s surface according to their dependence on
the depth of the clearing operations [19]; 5, 6 – respectively, the earth’s surface and the reservoir
being developed; 7 – surface of the coal massif of the open cut; 8 – conditional position of the
stope in relation to the reference points R25, K30, R35, R40 and R45 as it moves [17]. ψ1, ψ2 –
angles of total displacements [6]; β0, γ0 – boundary angles [6]; + – direction of advance of the
stope; •,× – experimental data, respectively, of the maximum subsidence of points on the earth’s
surface above the cut working and subsidence above the stope [17].



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012072

IOP Publishing
doi:10.1088/1755-1315/1254/1/012072

8

According to the general design scheme, the influence of stopes on the earth’s surface (figure
1) was calculated in two ways using the equation of curves for the maximum subsidence of points
on the earth’s surface. In the first case, the coefficients of equation (1) are determined from the
experimental data [17] and [8] by the least squares method (akp, bkp, ckp). In the second, using the
operating conditions of the excavation sites (m,H, vox), according to equations (2, 3, 4), the
empirical coefficients (aap, bap, cap) equations 1, respectively) were calculated.

3. The research results
When determining the empirical coefficient calculated according to equation (2), it is necessary
to take into account the value of the reservoir thickness m. The relation ≤ m must always hold
between them aap. If according to the calculations received aap > m, then its value is taken equal
to the thickness of the developed reservoir.

Figure 3. Dependence of the change in the parameters of the trough of the earth’s surface
displacement as the stope of longwall No. 530 (Yubileynaya mine) is removed from the cut
working (a) and above the stope (b): 1, 2 – curves of the trajectory of the maximum subsidence
of points when the stope is removed from the split furnace, calculated respectively by the
least squares method and according to the results of the correlation analysis; 3, 4 – curves
of subsidence of points of the earth’s surface above the stope, respectively, calculated by the
least squares method and according to the results of the correlation analysis; 5, 6 – respectively,
the earth’s surface and the reservoir being developed; 7 – surface of the coal massif of the open
cut; 8 – conditional position of the stope as it moves relative to points on the earth’s surface [8];
η – subsidence of the earth’s surface; H – depth of cleaning operations; A, B, C, D, F – the
position of the characteristic points calculated according to equations (9-14) using the coefficients
ak, bk, ck;A

′
, B

′
, C

′
, D

′
, F

′ – positions of characteristic points calculated according to equations
(9-14) using the coefficients ak, bk, ck;A

′′
, B

′′
, C

′′
, D

′′
, F

′′ – the position of the abscissas of the
characteristic points of subsidence of the earth’s surface according to their dependence on the
depth of the clearing operations [19]; ψ – angle of full movements [6]; δa – boundary angle;
−→ – direction of advance of the stope; •,× – experimental data, respectively, the maximum
subsidence of points on the earth’s surface above the cut working and subsidence above the
stope [8].
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It was also established that when the stope advance rate is less than 50 m/month, the value of
the empirical coefficient bap is approximately equal to 1330. Similarly, according to equations (2,
3, 4), the empirical coefficients aap, bap, cap were calculated for the operating conditions of longwall
No. 530 C ‘

6 of the Yubileynaya mine seam (table 1).
The coefficients of equation (5) were also determined in two ways – by the least squares

method and using dependencies (6, 7, 8) obtained from the results of correlation analysis
(table 2).

Having determined the empirical coefficients in two ways (akox, ckox, ckox and aaox, c
a
ox, c

a
ox)we

calculated, using equations (9-14), the coordinates of the characteristic points of subsidence of
the earth’s surface above the stopes of the considered longwalls (table 3 and table 4). In addition
to these data indicated in the tables, there are also the average values of the characteristic points
abscissas. They are calculated depending on the depth of the mining operations according to
the method [19], which combines the exponential, hyperbolic tangent and logistic equations
recommended respectively [7,9–11], to describe the curve of subsidence of points on the earth’s
surface above the moving stope.

On the basis of experimental data [17] and empirical coefficients, graphs of possible changes
in the trajectories of maximum subsidence of points were plotted when the longwall of longwall
No. 604 of the Stepnaya mine was removed from the open cut and subsidence of points on the
earth’s surface above the stope (figure 2).

To assess the convergence of the results, we analyzed the relationship between the coordinates
of the characteristic points of subsidence of the earth’s surface above the production faces,

Table 4. Estimated values of the coordinates (ηox, Lox) of the characteristic points of the
earth surface subsidence curve above the stope when processing the 530th lava of the seam C ‘

6,
Yubileynaya mine.
Characteris-
tic points of
the curve

Coordinates of characteristic
points according to equations
9-14

Subsidence of
the earth’s sur-
face according
to equation
(5) for differ-
ent methods
of determin-
ing empirical
coefficients
aox, box, cox

Average distances from points
to the projection of the produc-
tion face along the abscissa axis
[19], Lox,m

Determination
of empirical
coefficients by
the method of
least squares

Empirical co-
efficients are
determined by
a method based
on correlation
analysis

L1k
ox,m η1kox,mm La

ox,m ηaox,mm ηkox,mmηaox,mmEmpirical Equations r Lox,m
A -41 0 -56 0 9 8 LA = −0.264H -0.96 -40
O 0 68 0 124 68 124 - - 0
B 24 192 7 164 192 167 LB = 0.107H 0.92 16
C 51 458 32 392 463 391 LC = 0.290H 0.98 44
D 77 723 57 619 723 615 LD = 0.466H 0.99 70
F 128 897 107 767 896 767 LF = 0.862H 0.99 129
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determined in different ways (table 3 and table 4).
The most reliable are the results obtained on the basis of experimental data and their

processing by the least squares method.
These results include the coordinates of the characteristic points of subsidence of the earth’s

surface above the stope when they are calculated according to equations 9-14 using the empirical
coefficients of equation 5 calculated by the least squares method (L1k

ox, η
1k
ox). For this case,

the determination of the coordinates of the characteristic points (A, B, C, D, F) used the
original equation 5 and its derivatives. For this reason, a practical coincidence of the results of
determination with (table 3 and table 4) was obtained. Values close to them were also obtained
using the results of correlation analysis (figure 4a), as evidenced by the close location of the
bisector of the coordinate grid (1) and the averaging line (2).

Similar results were obtained when determining the values of the coordinates of characteristic
points along the abscissa axis (figure 4b). The values L1k

ox are near the bisector of the coordinate
grid (1), as is the averaging straight line (2).

Close to the coordinates along the abscissa axis (L1k
ox) are and their average values (Lox)

calculated [19] depending on the depth of treatment (table 3 and table 4).

4. Conclusions
The conducted research allowed to draw the following conclusions:

• the maximum subsidence of the earth’s surface from the side of the split furnace at a

(a) (b)

Figure 4. (a) – along the ordinate axis (subsidence of the earth’s surface at the corresponding
points); (b) – along the abscissa axis (distance from the projection of production faces to the
considered points); 1 – bisectors of coordinate grids; L1k

ox, η
1k
ox – coordinates established according

to equations (9-14), for which the empirical coordinates are calculated by the least squares
method according to equation 5; L1a

ox, η
1a
ox – coordinates set according to equations (9-14), for

which empirical coefficients are calculated using correlation analysis and equation 6-8; Lox –
certain distances from the characteristic points to the projection of the stope [19]; ηkox, ηaox –
subsidence of the earth’s surface according to equation 5 and empirical coefficients calculated
respectively by the least squares method and on the principles of correlation analysis; ×,4 –
calculated values respectively for the conditions of mines ‘Stepnaya’ and ‘Yubileynaya’; ×,4 –
calculated values, L1a

o x – respectively, for the conditions of the Stepnaya and Yubileinaya
mines; x, y- calculated values, ηoxo x, ηkox, ηaox respectively, for the conditions of the Stepnaya
and Yubileinaya mines; • – averaged values for the location of characteristic points depending
on the depth of work (table 3 and table 4).
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sufficient distance from the cutter furnace coincides with the subsidence above the stope at
the stage of attenuation of the processes of displacement of undermined rocks, which gives
reason to consider the displacement parameters of the stationary and dynamic semitrough
close to each other;

• dependencies established by the methodology using the results of correlation analysis are
close in their accuracy to the results obtained by the least squares method, which greatly
simplifies engineering calculations and obtaining initial data for their production;

• the averaged abscissas of the characteristic points of subsidence of the earth’s surface above
the stope are determined quite accurately from empirical dependencies and data on the
depth of the stope.

ORCID iDs
A Oleinichenko http://orcid.org/0000-0002-6294-5670
E Filatieva https://orcid.org/0000-0002-1041-0535
M Filatiev http://orcid.org/0000-0001-5608-6737
Y Rudniev https://orcid.org/0000-0002-4236-8407

References
[1] Averin S G 1954 Movement of rocks in underground mining (Moscow: Ugletekhizdat)
[2] Averin S G 1954 Mining works under structures and reservoirs (Moscow: Ugletekhizdat)
[3] Akimov A G, Zemisev V N and Katsnelson N N 1985 Movement of rocks during underground mining of coal

and shale deposits (Moscow: Nedra)
[4] Iofis M A and Shmelev A I 1985 Engineering geomechanics in underground mining (Moscow: Nedra)
[5] Ministry of the Coal Industry of the USSR 1981 Rules for the protection of structures and natural objects

from the harmful effects of underground mining at coal deposits (Moscow: Nedra)
[6] Minpalivenergo 2003 GSTU 101.00159226.001-2003 Pravyla pidrobky budivel’, sporud i pryrodnyh ob‘jektiv

pry vydobuvanni vugillja pidzemnym sposobom (NPAON 10.0-1.01-03)
[7] Filatiev M and Filatieva E 2018 E3S Web of Conferences 60 00040
[8] Nazarenko V A and Yoshchenko N V 2011 Patterns of development of maximum subsidence and slopes of

the surface in the displacement trough (Dnepropetrovsk: NGU)
[9] Gavrilenko Y N 2011 Ugol Ukrainy 6 45–49

[10] Kulibaba S B and Rozhko M D 2011 UkrNDMI NASU 9 173–179
[11] Kulibaba S B, Rozhko M D and Khokhlov B V 2010 UkrNDMI NASU 7 40–54
[12] Antoshchenko N I and Chepurnaya L A 2014 MakNII 32 98–106
[13] Antoshchenko N I and Chepurnaya L A 2014 Naukovyi Visnik NHU (4) 5–12 URL http://nvngu.in.ua/

index.php/en/component/jdownloads/viewdownload/48/823
[14] Averin G A, Kiryazev P N and Dotsenko O G 2010 Coal of Ukraine 10 34–35
[15] Borzykh E P and Gorovoy E P 1999 Coal of Ukraine 9 26–30
[16] Babenko E V 2009 Problems girsky vice, DonNTU 17 67–93
[17] Larchenko V G 1998 Bulletin of MANEB 4 39–41
[18] Nazarenko V O and Pilipenko P P 2012 Bulletin of ZhDTU 1 126–129
[19] Filatiev M V 2017 Science Bulletin of NSU 1 33–37

http://orcid.org/0000-0002-6294-5670
https://orcid.org/0000-0002-1041-0535
http://orcid.org/0000-0001-5608-6737
https://orcid.org/0000-0002-4236-8407
http://nvngu.in.ua/index.php/en/component/jdownloads/viewdownload/48/823
http://nvngu.in.ua/index.php/en/component/jdownloads/viewdownload/48/823


IOP Conference Series: Earth and Environmental Science

PAPER • OPEN ACCESS

Determination of the bearing capacity of biaxially bended beams based
on the design strength of reinforced concrete
To cite this article: O V Harkava and A M Pavlikov 2023 IOP Conf. Ser.: Earth Environ. Sci. 1254 012073

 

View the article online for updates and enhancements.

This content was downloaded by semerikov from IP address 193.151.14.31 on 30/10/2023 at 13:36

https://doi.org/10.1088/1755-1315/1254/1/012073
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstikfmhWFne2l3fa-B8XrIOtZBdoqRmxJpz5vF6K_RKRpZmMQx3g09736KodaM2zC_Dzpbg4AzibSLM83tpheY0vp-yXVm7bufH7mJdf7i408M5fxS10TMYJ3RTrv1TsswUxjVyMfVJrlYq1pSlJDEsKyOiYGOPx_8uA0t7m_1ewSk8mOpx94WA-w0I1foZwCS8Jj8WRZ-4P_GjYt3gO1oz3MSLI59LsIup-m6MhCpSrxjPAqJS_jU6jquGy0ygkUDU5XQMzgaUcRO_seGvaqV7BGdKFoEgut4Pzsno-Y0gFqh8NbcI&sai=AMfl-YRZy55NM_3p5k4I_ZrCAAGKneB7K77F1gaVaDr5Kk5-rPVlN3TvrGmSZ8jrYAMc9dFrtsRuM8DCf8pfdIg&sig=Cg0ArKJSzMCB3-EGs82i&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/245/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DJournals%26utm_campaign%3D245Abstract%26utm_id%3D245


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012073

IOP Publishing
doi:10.1088/1755-1315/1254/1/012073

1

Determination of the bearing capacity of biaxially
bended beams based on the design strength of
reinforced concrete

O V Harkava and A M Pavlikov
National University “Yuri Kondratyuk Poltava Polytechnic”, 24 Pershotravnevyi Ave.,
Poltava, 36011, Ukraine

E-mail: olga-boiko@ukr.net, am.pavlikov@gmail.com

Abstract. Based on the design assumptions according to Eurocode 2, the concept of
determining the value of the design strength of reinforced concrete has been developed for
calculating the bearing capacity of reinforced concrete members subjected to biaxial bending.
The theorem on the parallelism of the planes of internal and external forces action is applied. The
considered design cases are for the most expected forms of the compressed concrete areas, which
are characteristic for biaxial bending of beam members. The value of the coefficient of influence
of biaxial bending on the characteristics of the member of rectangular section with triangular and
trapezoidal forms of the compressed concrete area is obtained. A methodology for calculating the
bearing capacity of biaxially bended members based on the application of the design strength
of reinforced concrete is brought to the engineering level of application. An example of a
calculation is presented, which demonstrates the convenience and effectiveness of the developed
method. The proposed method of calculating the bearing capacity of beam member under
biaxial bending is approved by comparing the results of calculations with experimental data for
12 samples of biaxially bended beams.

1. Introduction
Complex deformation of reinforced concrete members is widespread in the practice of operation
of many building structures. Wherein, it may be caused by both force and random factors of
a constructive, technological or operational nature. As a rule, the main attention of scientists
is devoted to the study of reinforced concrete members subjected to axial load and biaxial
bending. Proposals were developed for the construction of universal diagrams for determination
the bearing capacity of columns under biaxial bending [1–5], while not always acceptable
simplifications were used.

Meanwhile, many bending members that are operated in the absence of axial force are
subjected to complex deformation. Biaxial bending is exposed by individual members, for
example, reinforced concrete girders, crane beams, horizontal elements of frameworks, elements
of shells, bridges, staircases and underground structures, crossbars of transport galleries and
overpasses, foundation and framing beams, wall panels, etc. and entire spatial systems of
buildings and structures.

The application of numerical methods for calculating the bearing capacity of biaxially bended
members is considered in works [6–15] for cross-sections of arbitrary shape with different
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arrangement of reinforcement. The diagrams for strength estimation were presented in the
form of moment-curvature curves, ultimate strength interaction curves, and three-dimensional
fracture surfaces [16].

The results of studies of the strength of biaxially bended reinforced concrete members are
given in publications [17, 18]. The developed strength calculation algorithms and their results
are compared with experimental data.

The concept of the design strength of reinforced concrete and its application are given in
the work [19] for calculating the bearing capacity of members subjected to plane bending. The
essence of the considered approach is that reinforced concrete is considered as a composite that
has a certain strength characteristic – the design strength of reinforced concrete. At the same
time, the strength problems for reinforced concrete members are solved on the basis of the
classical theory of resistance of materials. The implemented characteristic is an integral value
that takes into account the strength characteristics of concrete and reinforcement, the amount
of reinforcement in the section and its location.

It is obvious that it can be used for any type of deformation of a reinforced concrete member,
in particular for biaxial bending. The problem of this implementation is complicated by an
additional unknown parameter, namely the angle of inclination of the neutral axis, as well
as the presence of different forms of the compressed concrete area in the cross-section of the
member. To date, no practical proposals have been developed regarding the application of the
theory of design reinforced concrete strength for biaxially bended members in this aspect.

2. Results
Obtaining the design strength of reinforced concrete in biaxial bending is considered for members
of rectangular section with single reinforcement. At the same time, the assumptions for design
according to Eurocode 2 [20] are used. In particular, a rectangular stress distribution in the
concrete of the compressed area is accepted, the stress-strain diagram of the reinforcing steel
with a physical yield point is assumed to be bilinear with a horizontal section of unlimited
length. The deformation criterion is used as a failure criterion.

In general, it is proposed to solve strength problems using the design strength of reinforced
concrete on the basis of the dependence

MEd ≤ MRd = fzMWγ, (1)

where fzM is the design strength of a reinforced concrete member of rectangular section with
single reinforcement in plane bending; W = bd2/6 – moment of resistance of a rectangular
section; γ is a reducing coefficient for the design strength of a reinforced concrete at biaxial
bending.

On the basis of the work [19], the design strength of reinforced concrete for a rectangular
section, taking into account the accepted assumptions, is obtained in the form

fzM = 6fydρl

(
1−

fydρl
2fcd

)
, (2)

where ρl is the longitudinal reinforcement ratio.
Using dependence (2), it is possible to tabulate the design strength of reinforced concrete for

different classes of concrete and reinforcement at different of reinforcement ratios. For example,
table 1 shows the value of fzM for reinforcement of A500C class. It should be noted that the
values in table 1 are determined under the condition that at the moment of failure, the stresses
in the tensile reinforcement reach the yield point.

To determine the coefficient γ, which takes into account the decreasing of the design strength
of reinforced concrete of biaxially bended members, it is first considered the case of biaxial
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Table 1. Design values of reinforced concrete strength for bending members of rectangular
section with single A500C reinforcement (fyd = 435 MPa).

ρl, % C16/20 C20/25 C25/30 C30/35 C32/40 C35/45 C40/50 C45/55 C50/60

0.05 1.29 1.30 1.30 1.30 1.30 1.30 1.30 1.30 1.30
0.50 11.82 12.07 12.22 12.32 12.40 12.48 12.53 12.58 12.62
1.00 21.16 22.19 22.76 23.19 23.52 23.83 24.04 24.21 24.38
1.25 24.91 26.51 27.41 28.08 28.59 29.08 29.40 29.67 29.94
1.75 30.56 33.69 35.45 36.76 37.77 38.72 39.35 39.88 40.41
2.00 – 36.54 38.84 40.56 41.88 43.12 43.94 44.63 45.32
2.50 – – 44.38 47.06 49.12 51.06 52.35 53.42 54.50
3.00 – – – 52.10 55.08 57.86 59.72 61.27 62.82

bending of a reinforced concrete beam, in which the compressed concrete area has the form of
a trapezoid. According to the accepted prerequisites, the design scheme of the section has the
form presented in figure 1.

Figure 1. Design diagram of the cross-section of a biaxially bended member with a trapezoidal
form of a compressed concrete area.

Taking into account the assumptions outlined above and figure 1, the design equations of
equilibrium in the plane of the vertical coordinate axis Y are written in the form:∑

Z = Ns −Nc = 0; (3)∑
MC = MRd,Y −MEd,Y = 0, (4)
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where
MRd,Y = Ns (dh − yc) , (5)

Ns, Nc – resultant forces, in the reinforcement and in the compressed concrete area, respectively;
dh is the distance from the most compressed concrete fiber of the section to the point of
application of the resultant Ns; yc is the coordinate of application of the resultant Nc;
MRd,Y ,MEd,Y – values of bending moments from the action of internal and external forces,
respectively, in the plane of the coordinate axis Y at the moment of exhaustion of the strength
of the reinforced concrete member in the normal section.

To obtain the necessary design formulas, the expressions of the resultant Nc, as well as the
distance yc from the most compressed concrete fiber to the point of application of Nc, were
first realized. The desired expressions for the trapezoidal form of the compressed concrete area
(figure 1) are obtained in the following form:

Nc =
fcdb

cos θ

(
λX − b sin θ

2

)
, (6)

yc =
3λ2X2 − 3λXb sin θ + b2sin2θ

3 cos θ (2λX − b sin θ)
, (7)

where θ is the angle of inclination of the neutral axis; X is the neutral axis depth.
Since the problem is solved for the case when the stresses in the reinforcement of the tensile

area reach the values σs = fyd, then the resultant force in the tensile reinforcement is determined
by the dependence

Ns = fydAs. (8)

After substituting (6) – (7) in (3) and (5) for the trapezoidal form of the compressed area,
the formulas for determining the neutral axis depth X and the ultimate value of the moment
MRd,Y in the plane of the coordinate axis Y are obtained:

X =
fydAs cos θ

fcdλb
+

b sin θ

2λ
, (9)

MRd,Y = fydAs

(
dh −

3λ2X2 − 3λXb sin θ + b2sin2θ

3 cos θ (2λX − b sin θ)

)
. (10)

Substituting the value of X from equation (9) into equation (10) and making the substitution
ρl = As/(bdh), it is obtained

MRd,Y = fydρlbdh

(
dh −

fydρldh
2fcd

+
fcdb

2tan2θ

24fydρldh

)
. (11)

By equating the right-hand side of inequality (1) and equation (9) taking into account (2),
it is possible to obtain the coefficient of reduction of the design strength of reinforced concrete
at biaxial bending for a rectangular cross-section with a trapezoidal form of the compressed
concrete area

γ = 1−
f2
cd tan

2 θ

12fydρl (2fcd − fydρl)

(
b2

d2h

)
. (12)

To obtain the dependence θ = f(β), which can be used to calculate the angle θ of inclination
of the neutral axis, the condition of parallelism of the planes of the internal MRd,β and external
MEd,β bending moments action is applied. Those planes are inclined at an angle β to the vertical
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Y axis of symmetry of the section. According to this condition in the XOY coordinate system
(figure 1) the ratio is valid

tanβ =
db − xc
dh − yc

, (13)

where db, dh are the effective heights, respectively, in the direction of the X and Y axes of
the cross-section of the biaxially bended member; xc, yc are the coordinates of the point of
application of the resultant in the compressed concrete area in XOY coordinate system. The
coordinate yc is determined by dependence (7), and the coordinate xc is determined by the
following dependence

xc =
b (3λX − 2b sin θ)

3 (2λX − b sin θ)
. (14)

After substituting (9) into (7) and (14), it is obtained that the formulas for calculating the
coordinates of the application of resultant force in the compressed area take the form

xc =
b

2
− fcdb

3 tan θ

12fydAs
, (15)

yc =
fydAs

2fcdb
+

fcdb
3 tan2 θ

24fydAs
. (16)

Substituting (15) and (16) into the original formula (13) makes it possible to obtain an
equation whose solution with respect to tan θ will be a formula that allows calculating the angle
θ depending on the angle β of inclination of the external load plane

tan θ = − cotβ +

√
cot2 β −

24tfydAs cotβ

fcdb3
, (17)

where t = db − dh tanβ +
fydAs tanβ

2fcdb
− b

2 .
Having singled out the ratio b/dh as one that can be specified, and performing the substitution

ρl, the formula for determining the angle θ is written in the form

tan θ = − cotβ +

√
cot2 β −

24fydρl cotβ

fcd

((
k − 1

2

)
b

dh
− tanβ

(
1−

fydρl
2fcd

))(
dh
b

)2

, (18)

where k = db/b.
Thus, using dependencies (12) and (18), it is possible to tabulate the coefficient of decreasing

of the strength of reinforced concrete at biaxial bending when the angle β of the external load
plane inclination to the vertical axis of symmetry of the section is changed for a certain value
of the b/dh ratio.

In a similar way, the dependencies for the triangular form of the compressed concrete area
are found. In this case the design scheme is shown in figure 2.

The general equilibrium equations for the considered design diagram (figure 2) will have the
form (3) – (4).

The sought expressions of the resultant Nc in (3), as well as the coordinates yc of its
application in (4) for the triangular form of the compressed concrete area (figure 2) take the
following form:

Nc =
fcdλ

2X2

sin 2θ
, (19)

yc =
λX

3 cos θ
. (20)
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Figure 2. Design diagram of the cross-section of a biaxially bended member with a triangular
form of a compressed concrete area.

Since the problem is solved for the case when the stresses in the reinforcing steel of the tensile
area reach the values σs = fyd, the resultant force in the tensile reinforcement is determined by
dependence (8).

After substituting (19) – (20) in (3) and (5) for the triangular form of the compressed area,
the formulas for determining the neutral axis depth X and the ultimate value of the moment
MRd,Y in the plane of the coordinate axis Y are obtained:

X =

√
fydAs sin 2θ

fcdλ2
, (21)

MRd,Y = fydAs

(
dh −

λX

3 cos θ

)
. (22)

By substituting the value of X from equation (21) into equation (22) and performing the
substitution ρl, it is obtained

MRd,Y = fydρlbdh

(
dh −

1

3

√
2fydρlbdh tan θ

fcd

)
. (23)
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By equating the right-hand side of inequality (1) and equation (23) taking into account (2), an
expression for calculating the coefficient γ is obtained, which takes into account the influence of
biaxial bending on the values of the member characteristics in (1) for a rectangular cross-section
with a triangular form of a compressed concrete area

γ =
2fcd

2fcd − fydρl
−
√

8fcdfydρl tan θ

9(2fcd − fydρl)
2

b

dh
. (24)

To obtain the dependence θ = f(β), condition (13) is applied, in which the coordinate yc is
determined by dependence (20), and the coordinate xc is determined by the following dependence

xc =
λX

3 sin θ
. (25)

After substituting (21) into (20) and (25), it is obtained that the formulas for calculating the
coordinates of the application of resultant force Nc in the compressed area take the form:

xc =
1

3

√
2fydAs

fcd tan θ
, (26)

yc =
1

3

√
2fydAs

fcd
tan θ. (27)

Substituting (26) and (27) into the original formula (13) makes it possible to find an equation
whose solution with respect to tan θ will be a formula that allows calculating the angle θ
depending on the angle β of inclination of the external load plane

tanθ =

fcd

(√
c2 + 8

fydAs

fcd
tanβ − c

)
8fydAstan2β

2

, (28)

where c = 3db − 3dh tanβ.
Having singled out the ratio b/dh as one that can be specified, the formula for determining

the angle θ is written in the form

tanθ =
dh
b

fcdl
2

8fydρltan2β

(√
1 +

8fydρl
fcdl2

b

dh
tanβ − 1

)2

, (29)

where l = 3kb/dh3 tanβ; k = db/b.
Full calculation of biaxially bended members according to the described method is possible

only if the form of the compressed concrete area is known. For its definition, a prerequisite is
adopted, on the transformation of the trapezoidal form of the compressed area into a triangular
one on the border of the limiting state of its existence. The considered state is characterized
by one case of the position of the neutral axis, namely, when the neutral axis crosses the less
compressed edge. This position of the neutral axis, as can be seen from the comparison of the
design diagrams shown in figure 1 and figure 2, is the boundary between these schemes.

According to the design diagram (figure 2), at the limit position of the neutral axis, the
equation (3) using (19) and (8) will have the form

fcdX
2λ2

sin 2θ
= fydAs. (30)
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From the analysis of equation (30), it is obvious that the condition for delimiting the forms
of the compressed area will be inequality

fcdX
2λ2

sin 2θ
≥ fydAs. (31)

If condition (31) is fulfilled, the compressed concrete area has the form of a triangle, if it is
not fulfilled, the compressed area has the form of a trapezoid. To use this condition in practice,
it is necessary to know all the parameters included in inequality (31). When solving the bearing
capacity check problem, two parameters X and θ are unknown.

To determine the unknowns, the condition of the parallelism of the planes of action of internal
and external forces is applied, which, based on the design diagram, is written in the form (13).

Substituting (25) and (20) into (13) under the condition that for the limiting case of the
position of the neutral axis λX = b sin θ it is obtained

λX

cos θ
= 3dh − (3db − b) cotβ. (32)

After substituting (32) into inequality (31) and performing mathematical transformations,
the condition for delimiting the forms of the compressed area is reduced to a simple form

cotβ ≤
3fcd − 2fydρl
fcd (3k − 1)

dh
b
. (33)

Therefore, if inequality (33) is fulfilled, the form of the compressed area of concrete is
triangular, if it is not fulfilled, it is trapezoidal.

Using the obtained dependencies (12), (18), (24), (29) and (33), it is possible to determine
the coefficient γ of taking into account the influence of biaxial bending on the values of the
member characteristics in (1) for a rectangular section depending on the angle of inclination of
the external load plane. At the same time, the geometric characteristics of the cross-section in
the form of ratios b/dh and k = db/b (figures 1, 2) and the longitudinal reinforcement ratio ρl of
the cross-section are also taken into account. The values of the coefficient γ for reinforcement
of class A500C are given in table 2 for the case of the tensile reinforcement reaching the yield
point at the time of member failure.

Using the developed method, the bearing capacity of the biaxially bended beams studied
in [18] was determined. The calculation results and experimental data are shown in table 3.

To illustrate the developed calculation method, the following example is considered.
Given: a reinforced concrete beam of a rectangular profile with cross-sectional dimensions

b = 200 mm, h = 450 mm, the beam is made of concrete class C25/30 (fcd = 17 MPa); in the
beam, tensile reinforcement (4Ø16) with a cross-sectional area of As = 804 mm2 of class A500C
(fyd = 435 MPa) is located symmetrically relative to the vertical axis at a distance of its centre
of gravity from the lower face of the cross-section a = 50 mm, the angle between the vertical
axis of symmetry of the cross-section and the plane of action of the external load β = 5◦. It is
necessary to determine the maximum value of the bending moment that the beam may perceive.

Calculation: Determination of the geometric characteristics of the section
dh = h− a = 450− 50 = 400 mm; db = b/2 = 200/2 = 100 mm,
b/dh = 200/400 = 0.5; db/b = 100/200 = 0.5.
Determination of the longitudinal reinforcement ratio
ρl = As/(bdh)× 100% = 804/(200× 400)× 100% = 1%.
The design strength of reinforced concrete is determined from table 1 fzM = 22.76 MPa.
According to table 2, the coefficient γ = 0.962.
Modulus of the section is W = bd2h/6 = 200× 4002/6 = 5333333 mm3.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012073

IOP Publishing
doi:10.1088/1755-1315/1254/1/012073

9

Table 2. The coefficient γ of taking into account the influence of biaxial bending on the design
strength of reinforced concrete for members of a rectangular section with single reinforcement
of class A500C (fyd=435 MPa, ρl= 1, b/dh= 0.5, k= 0.5).

β◦ C16/20 C20/25 C25/30 C30/35 C32/40 C35/45 C40/50 C45/55 C50/60

0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1 0.998 0.998 0.998 0.999 0.999 0.999 0.999 0.999 0.999
2 0.991 0.993 0.994 0.994 0.995 0.995 0.996 0.996 0.996
3 0.981 0.984 0.986 0.987 0.989 0.990 0.991 0.991 0.992
4 0.966 0.972 0.975 0.978 0.980 0.982 0.983 0.985 0.986
5 – 0.957 0.962 0.966 0.969 0.972 0.975 0.976 0.978
6 – 0.940 0.947 0.952 0.957 0.961 0.964 0.967 0.969
7 – 0.922 0.930 0.937 0.942 0.948 0.952 0.955 0.959
8 – 0.901 0.911 0.919 0.926 0.933 0.938 0.942 0.946
9 – – 0.890 0.899 0.907 0.915 0.921 0.926 0.931
10 – – 0.867 0.878 0.886 0.895 0.902 0.907 0.913
11 – – 0.843 0.854 0.863 0.873 0.880 0.886 0.892
12 – – 0.816 0.828 0.838 0.848 0.855 0.861 0.868
13 – – – 0.800 0.810 0.820 0.828 0.835 0.842
14 – – – 0.772 0.782 0.792 0.799 0.806 0.813

Table 3. Results of comparison of experimental and theoretical values of the destructive bending
moment of biaxially bended beams (b/dh = 0.8; k = 0.62).

Beam code σym, As, ρl, fcm, β◦ fzM , γ MY , Mβ,t, Mβ,e, ∆,
MPa mm2 % MPa MPa kNm kNm kNm %

BR-1-1 379 544 1.7 25 0.00 33.69 0.975 35.03 35.03 34.65 -1.1
BR-1-2 379 544 1.7 25 6.40 33.69 1.000 35.93 35.71 39.60 9.8
BR-1-3 379 544 1.7 25 10.00 33.69 0.991 35.61 35.07 39.15 10.4
BR-1-4 379 544 1.7 25 13.36 33.69 0.969 34.82 33.88 38.25 11.4
BR-1-5 379 544 1.7 22 20.00 33.01 0.892 31.40 29.50 30.15 2.1
BR-3-1 542 292 0.91 22 0.00 26.32 0.979 27.48 27.48 27.90 1.5
BR-3-2 542 292 0.91 22 13.36 26.32 0.971 27.27 26.54 30.15 12.0
BR-3-3 542 292 0.91 22 20.00 26.32 0.905 25.40 23.87 27.45 13.1
BR-4-1 581 462 1.44 21 0.00 40.28 0.958 41.15 41.15 41.40 0.6
BR-4-2 581 462 1.44 21 6.40 40.28 1.000 42.96 42.69 42.30 -0.9
BR-4-3 581 462 1.44 21 10.00 40.28 0.991 42.56 41.91 44.10 5.0
BR-4-4 581 462 1.44 21 13.36 40.28 0.964 41.40 40.28 43.65 7.7

Using formula (1), the bending moment that might be perceived by the beam in the vertical
plane is calculated MRd,Y = fzMWγ = 22.76 × 5333333 × 0.962 = 116.77 × 106 Nmm =
=116.77kNm.

The moment in the external load plane action passing at an angle β to the vertical axis of
symmetry of the section is MRd,β = MRd,Y cosβ = 116.77× cos 5◦ = 116.33 kNm.
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3. Conclusions
The concept of determining the value of the design strength of reinforced concrete for calculating
the bearing capacity of reinforced concrete members subjected to biaxial bending has been
developed. The value of the coefficient of influence of biaxial bending on the characteristics of the
member of rectangular section with triangular and trapezoidal forms of the compressed concrete
area is obtained. The methodology is brought to the engineering level of application. The
proposed method of calculating the bearing capacity of beam members under biaxial bending
ensures a satisfactory convergence of the calculation and experimental data.
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Abstract. Phytofiltration is the most sustainable way to achieve a better quality of inlet
air in buildings in a polluted environment. But they don’t take into account the biorhythms
of plants and pollute the inlet air with CO2 during breathing only time. We collected and
analysed data about the biorhythms of plants. As a result, a new bi-directional phytofilter
was offered for cleaning and oxygenation of the inlet ventilation air, and also to protect the
environment by cleaning the exhaust air from different pollutants. The device has spaces with
shifted illumination rhythms and a valve system. A controller directs the inlet air to the space(s),
where plants release CO2. The outlet air runs through other spaces. Literature data show
that in the less favourable case, the CO2 and oxygen emissions are balanced per day without
overall CO2 gain to the environment. When plants are growing, they sequestrate CO2 to catch
greenhouse gas emissions. Either natural light, artificial light, or a combination of the two can
be used. While the second option simply demands one plant metabolism type, the first option
needs a combination of CAM metabolism and other plants

1. Introduction
The fundamental issue with contemporary dense construction and high levels of traffic is their
detrimental impact on the environment, which lowers the quality of the outdoor air. Outdoor
air in industrial areas or near congested roadways is too filthy to be used for ventilation. The
air is passed to an air handling unit, which can remove dust, and change temperature and
humidity, but can’t effectively eliminate the gas pollutants. Thus, dirty inlet air pollutes the
indoor one. The last one is additionally polluted by indoor sources such as furniture, water
supply, equipment, finishing materials, etc. And finally, the more polluted indoor air is released
into the environment through exhaust ventilation and makes the environment dirtier. To solve
the problem, we can use a biotechnological approach – green structures that connect living plants
and building structures [1–7]. The most perspective solution for inlet/internal ait treatment is
fytofilters with living plants. Modern phytofiltration systems in rooms or ventilation systems
run independently on the biorhythms of plants. At the time when plants don’t release oxygen,
they cause secondary CO2 pollution.
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2. The current state of phytoremediation of indoor air
2.1. Mechanisms of removal of air pollutants by plants
Indoor air pollution can be remedied using methods such as chemical cleaning, assimilation
by ventilation, insulation, and plant decontamination (phytoremediation). Plants are
autotrophic organisms that perform intensive gas exchange to carry out cellular vital activities,
thanks to which air pollutants can be absorbed or accumulated inside [8–10]. The term
“Phytoremediation” means bioremediation of polluted air, soil and water with the help of
plants [11].

Plants reduce the mobility, toxicity, and volume of pollutants through a variety of
mechanisms, such as accumulation, volatilization, and degradation. These biological
processes ultimately require light energy (solar, high-efficient LED phytolamps), and therefore
phytoremediation is a cheaper method than engineering ones. Phytoremediation is considered
an alternative or additional air purification technology [11].

More than 35 years ago, the US National Aeronautics and Space Administration (NASA)
faced health problems related to poor indoor air in fully enclosed systems in outer space. More
than 300 volatile organic compounds (VOCs) were found in the environment of the spacecraft,
which were cause the deterioration of the astronauts’ health. To solve this problem, NASA
researched the use of plants to remove pollutants and maintain a safe breathing environment.
The first studies on the purifying properties of plants were conducted within the framework
of NASA’s Clean Air project in cooperation with the Association of Landscape Contractors of
America (ALCA) [12].

The results of these studies have shown that some common indoor plants in combination with
activated carbon as a substrate contribute to the natural purification of the air from several of
toxic substances for humans, such as benzene, formaldehyde and trichloroethylene, helping to
neutralize the sick building syndrome. The first list of air-purifying plants was formed by NASA
and published in 1989 [12–14], which was aimed at research on air purification in the closed
conditions of space stations. The plants included in the first list, in addition to the absorption
of carbon dioxide and the release of oxygen, also eliminated a significant amount of benzene,
formaldehyde and trichloroethylene.

The second and third lists were formed later by Wolverton in the book [15] and article [16].
These works provide information about plants that remove more specific chemicals from the air.
NASA researchers suggest that effective air purification can be achieved with at least one plant
per 100 square feet (approximately 9.29 square meters) of a home or office space. At the initial
stage of research, only plants grown hydroponically (that is, without soil) were considered, in
later studies it was shown that microorganisms in a soil mixture in a pot can remove benzene from
the air. Certain types of plants also contribute to the removal of benzene. Given the surface area
required, using leaves alone was impractical, so the NASA team investigated the possibility of
toxin removal by microorganisms in the rhizosphere. In addition, research conducted at NASA’s
National Space Technology Laboratories has shown that phytoremediation is effective in treating
residential wastewater and in removing compounds containing radioactive components from both
soil and wastewater [16,17].

In 1985, fundamental research that revealed the ability of indoor plants and their root
microorganisms to clean indoor air from chemical pollutants received further development.
However, the removal time of pollutants can be long [18].

There are different forms of plant pollution removal. One of them is absorption of pollutants
by roots from soil and water. Root uptake is related to contaminant concentration and
properties, plant species/composition, time of exposure, and other system variables. When
organic pollutants (such as trichloroethylene) are present in the shoots, they can be transported
to the roots by the phloem. The transformation or degradation of the pollutant by plant tissues
is another important issue in phytoremediation [19] gaseous pollutants and particles such as dust
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and bioaerosols are adsorbed on the leaf surface, gaseous pollutants are absorbed by stomata
and accumulate in various internal structures, photosynthesis can remove CO2 and produce O2.
Leaf transpiration and evaporation from the environment for rooting (soil, precipitation, sludge,
sewage) [20] increase the moisture content.

2.2. Removal of volatile organic compounds (VOCs) from indoor air by plants
Volatile organic compounds (VOCs)are an important class of indoor air pollutants because they
cause a wide range of harmful effects on human health, even at low concentrations. Despite this,
currently available techniques for removing VOCs from indoor air are often ineffective, especially
when it comes to gaseous compounds [21].

The idea of the removal of volatile organic compounds from indoor air by plants was also
presented by Wolverton et al [12] in 1989, as discussed above. These studies confirmed that
potted plants can remove significant or large amounts of gaseous VOCs in sealed chambers,
reducing VOCs from 10 % to 90 % in 24 h [22].

Wolverton et al studied 12 plants for removing VOCs and demonstrated the possibility of
improving indoor air quality by removing traces of organic pollutants from the air in energy-
efficient buildings. They showed that contact of the root area with air has a higher efficiency in
removing organic pollutants [12,23].

The work [24] describes the following possible ways of removal of volatile organic compounds
by plants:

• removal of the above-ground zone of plants;
• removal of VOCs by microorganisms in the soil;
• removal through the root system;
• removal by the plant environment (substrate).
Highlighting the method of VOC removal by microorganisms in the soil is worthwhile, which

is a subspecies of phytoremediation and phytodegradation, which describes the breakdown
of complex organic pollutants into simple compounds or the metabolism of pollutants in the
phyllosphere and rhizosphere [11].

Transformation in the rhizosphere, also called rhizodegradation (or considered phytostimula-
tion), is carried out by soil organisms such as bacteria, fungi or enzymes released from plants or
microorganisms. Pollutants are degraded in the rhizosphere as well as inside plants by specific
plant enzymes such as nitroreductases, dehalogenases, and laccases [25]. Compounds secreted
from plants, such as sugars, amino acids or enzymes, can stimulate the growth of bacteria in the
soil and vice versa – stimulate microbial and fungal degradation by releasing enzymes into the
rhizosphere. That is why rhizodegradation is also called phytoremediation or bioremediation
with the help of plants [11].

During photosynthesis, plants absorb VOCs through stomata and cuticle wax, subsequently
converting them into amino acids through the Calvin cycle [26]. In the intercellular spaces of
plants, absorbed pollutants are stored or react with the inner surface of leaves and the water
film, then decompose or are released to the outside [26].

Other common gaseous air pollutants such as SO2, CO2, NOx and O3 also accumulate in
plant cells and tissues, mainly through stomata, wax and cuticle. Photosynthesis is the basic
plant mechanism in which plants absorb CO2 and convert it into oxygen. Stomata located on the
epidermis of leaves and stems of plants are the primary zone where the process of gas exchange
takes place [27].

Considering the potential of plants to remove VOCs, there is some research on benzene
removal. In [28], it was shown that the main agents for removing benzene, as one of the
model VOCs, are microorganisms of the rhizosphere of potting mix. These studies were
the first demonstration of microbial degradation of soil VOCs from the gaseous phase. The
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results demonstrate the ability of the microcosm created in the pots to contribute to indoor air
purification and lay the foundation for the development of the plant and substrate system as an
additional biofiltration system.

Sriprapat and Thiravetyan [29] provided experimental data for eight types of plants, including
Sansevieria trifasciata, Euphorbia milii, Epipremnum aureum, Syngonium podophyllum, Hedera
helix, Chlorophytum comosum, Dracaena sanderiana and Clitoria ternatea used to remove
benzene from air and water. These houseplants are well known for their high tolerance to
toxic pollutants. Within 96 hours, C. comosum was found to have the greatest potential among
other plants to remove benzene from indoor air. The addition of bacteria showed a lower rate
of benzene removal than in the absence of bacteria. Also, the efficiency of benzene removal by
Chlorophytum comosum under conditions of light and darkness was considered in the work [23].

Some studies revealed that bacteria, which are concentrated on the surfaces of plant leaves,
contribute to the biodegradation of VOCs [30]. Wetzel and Doucette [31] state that wax coating
of cuticles on leaves can provide a simple, cost-effective way to sample indoor air for VOCs and
help improve indoor air quality.

Correct selection of plant species plays an important role in removing VOCs from indoor air.
Thus, in work [32], about 120 species of indoor plants were analysed by various researchers for
the degree of VOC removal, which made it possible to draw the following conclusions:

• tropical indoor plants such as Dracaena Janet Craig and Spathiphyllum have low VOC
removal activity [33];

• the best plants with high VOC removal: Hemigraphis Alternata, Hosta Purpleheart, Hedera
helix, Asparagus fern, Senecio Macroglossus ‘Variegatus’, and Crassula portulacea.

There is an interesting study that evaluated the potential of a Spathiphyllum wallisii to
remove cigarette-derived VOCs and all particle size fractions [34], achieving a single-pass removal
efficiency of 43.26 % for the total VOCs and 34.37 % for the total number of suspended particles.
A botanical biofilter with a selected type of vegetation allowed the reduction of the concentration
of many of harmful chemicals in tobacco smoke, including nicotine, limonene and toluene.

Usually, among volatile organic compounds, the main research of the scientific community is
focused on formaldehyde. And phytoremediation is still the simplest and most environmentally
safe technology for removing formaldehyde from indoor air [35]. Being toxic to humans and
other living organisms due to, for example, DNA damage, formaldehyde is also an indispensable
substance in plant metabolism [36]. According to the mass balance of water-air plant systems,
the main mechanism of formaldehyde loss is the decomposition of formaldehyde in plant tissue
caused by enzyme and redox reactions [37]. The redox mechanism shows that the rate of
formaldehyde removal can be accelerated by increasing reactive oxygen species caused by ambient
pressure [38].

Historically, the above-mentioned NASA studies on the purification of plants from
formaldehyde in a closed environment used methods of formaldehyde absorption by plants in
hanging pots, which also contributed to the study of formaldehyde absorption by leaf stomata
[39] These methods have evolved into a modern automatic system for monitoring formaldehyde
uptake by plants, which shows how fumigation increases hydroponic plants that are the most
efficient for formaldehyde uptake [40]. Other factors affecting formaldehyde removal are the type
of plants and the environment for their cultivation [28].

In [41], a number of experiments are given that demonstrate the absorption of formaldehyde
by 376 different types of plants. Only five species (∼1.3%) absorb more than 10 mg/m2 of
formaldehyde, while 90% of plants absorb less than 5 mg/m2 of formaldehyde, with the majority
of plant species belonging to the genus Tillandsia having a level of 97%, so can be recommended
for indoor use.
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The work [42] showed that Epipremnum aureum is one of the most effective plant species
for formaldehyde absorption due to its high stomata and leaf area. In addition, in [43], an
experiment was conducted on the removal of formaldehyde by such plant species as Epipremnum
aureum and Rohdea japonica in a hermetic chamber. The results showed that the stems can also
effectively remove formaldehyde. The results also showed that when plant leaves were exposed
to formaldehyde, CO2 concentration increased with decreasing formaldehyde concentration, and
the change in CO2 concentration could be used as an indicator of the degree of formaldehyde
decontamination by plants.

In general, the ability of succulent plants and plants with lanceolate, hard, leathery leaves to
absorb formaldehyde is relatively low [44].

Similarly, 50 terrestrial and 15 hydroponic plant species exhibiting high formaldehyde uptake
capacity were also found to be related to light intensity, photosynthesis, and biomass [45].
Substrates for potted plants with high porosity, such as diatomite, peat, bark, sawdust, perlite,
and bacterial residues, have a strong capacity to absorb formaldehyde [46]. In addition, it
has been confirmed [47] that leaf age is very important for formaldehyde absorption efficiency,
since young leaves have low stomatal conductance, while mature leaves have higher stomatal
conductance for formaldehyde absorption.

Formaldehyde gas accumulates in the leaves of plants and transported to the roots from the
rhizosphere zone. This transport mainly depends on the absorption time and formaldehyde
content in the leaves. Microorganisms on the surface of the leaves also absorb formaldehyde,
further enhancing this process.

Indoors with continuous release of formaldehyde, early-stage uptake is mainly by roots and
soil, while plant leaves play a smaller role in the early stage and a greater role in the later
stages [48].

Plants are known to be associated with symbiotic microbes such as fungi and bacteria that
mitigate abiotic and biotic stresses in them and enhance their growth. Plant-microbe interactions
also play an important role during phytoremediation by degrading, detoxifying, or sequestering
pollutants [49].

Therefore, the composition of soil rhizosphere microorganisms also plays an important role
in the absorption and metabolism of gaseous formaldehyde by plants [50]. In systems without
rhizosphere microorganisms, formaldehyde is not removed, while in systems with a rhizosphere
microbiome (10–45 mg/dm3), all formaldehyde is removed [51].

Understanding the influence of rhizosphere microflora on formaldehyde metabolism is
important to increase the efficiency of uptake and removal by houseplants [52].

The use of microorganisms can improve the remediation capacity of potted plants. The
addition of cultivated microorganisms to the rhizosphere of such plant species as Aloe vera
and Tradescantia zebrine improved the efficiency of formaldehyde removal [53]. In addition, a
hydroponic system was developed that consisted of plants of the species Ophiopogon japonicus,
phenol-degrading bacteria such as Staphylococcus epidermis and Pseudomonas spp. and air
compressor. This system showed a high capacity for phenol decomposition of about 1000 g/dm3

daily [53].
The authors [54] showed that the rate of formaldehyde removal is not only related to the size

of plants in pots but also closely related to air dynamics. They used the parameter of equivalent
clean air supply rate, which is commonly used to quantify air cleaning capacity, and showed
that the investigated parameter is only 5.1 m3/h per m2 room for static air, and 233 m3/h per
m2 room when the air was transported through potted plants.

On the other hand, work [55] shows that, according to the ASHRAE standard 62.1-2016, the
minimum ventilation rate in the working zones of office premises is 0.3 dm3/s for every m2 of
space (1.08 m3/h for every square meter of space) [56]; similarly to the NEN-EN 15251-2007
standard, the minimum ventilation rate for new or reconstructed buildings is 0.35 dm3/s for
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each m2 of the room area (1.26 m3/h for each square meter of area) [57].
In the standard [56], it was established that the rate of supply of clean air for formaldehyde

removal by potted plants is 0.03 m3/h, therefore, to meet the standards without an additional
ventilation system, it is necessary to have 42 plants for every square meter of the room area.

In addition, the authors established [55] that the rate of supply of clean air for CO2 depletion
by plants in pots is 0.01 m3/h (Reace lily) and 0.02 m3/h (Nephrolepis exaltata). Therefore,
it is necessary to have >100 plants for every square meter of room area to meet the standards
without an additional ventilation system.

Despite the large number of works devoted to the study of the removal of VOCs from indoor
air by plants [58, 59], there is still a need for additional research on the modification of plant
physiology by, for example, rhizosphere modification to increase phytoremediation of indoor
gaseous formaldehyde.

There is an inaccuracy related to volatile organic compounds. There is a subclass of it called
volatile phytoorganic compounds, which contain healthy substances – phytoncides, odorants
etc. But gas analysers often display total volatile organic compounds (TVOC) without division.
When the authors perform experiments with plants, D91 gas analyser alerts the deadly content
of TVOC, but the experimenters feel very good and stay healthy. Thus, we should be very
careful interpreting the measuring results in greened rooms. When measuring the absorption of
total volatile organic compounds by plants, the result will be always strictly underestimated or
inverted. Thus, we can perform experiments only on individual compounds and only after testing
the measuring sensors for the influence of volatile phytoorganic compounds. For example, we
can bring the sensors to plants in a clean room and check the insignificance of rising the readings.

Phytoremediation was evaluated in [64] as a solution for trimethylamine (TMA) removal.
Trimethylamine (TMA, N(CH3)3) is a volatile tertiary amine, which is a decomposition
product of nitrogen-containing organic substances of animal and plant origin. It is a
colourless gas that has a fishy odour at low concentrations and an ammonia-like odour at
higher concentrations. Eight species of pot plants were used in the research: Opuntia,
Dracaena sanderiana, Dieffenbachia camilla, Tradescantia spathacea, Peperomia magnoliifolia,
Chlorophytum comosum, Cereus hexagonus (L.) Mill., and Scindapsus aureus, which were
selected as candidates for TMA removal under light and dark conditions.

According to the research results, the authors divided the selected plants into two groups:
plants with high TMA removal efficiency under light conditions and plants with high removal
efficiency under light and dark conditions. The results showed that S. aureus had the highest
TMA removal efficiency under light conditions after 72 hours (> 95 %). However, it had very
low efficiency under dark conditions, suggesting that S. aureus should be housed in areas with
24-hour light sources. On the other hand, cactus species (C. hexagonus (L.) Mill. and Opuntia)
remove TMA highly efficiently in both light and dark conditions after 72 hours (> 90 %)
and therefore may be more suitable for real-world use. In addition, the ANOVA (analysis of
variance) results confirm with 95 % confidence that plant type (chosen from 8 types) and lighting
conditions (e.g., LED lighting, fluorescent lighting, or dark conditions) have a significant effect
on TMA removal after 24 h.

2.3. Reducing the level of CO2 in a room
Regarding the reduction of carbon dioxide (CO2) levels and the expected level of air quality, the
results showed a positive effect of indoor green spaces in reducing CO2 levels [60]. In addition,
the authors also found that the concentration of CO2 changes depending on human activity
inside the living space.

Thus, work [61] shows that in non-industrial premises, such as offices, schools and houses,
the main source of CO2 is human metabolism. In addition, it is justified that CO2 is no longer
considered a pollutant, but an indicator of the presence of pollutants associated with the presence
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of people indoors.
It has been proven [62] that indoor plants improve the indoor atmosphere, relieve anxiety and

reduce CO2 concentration. In addition, there are a number of studies that confirm the removal
of other types of indoor air pollutants by potted plants. For example, in [63] the mechanisms
of nitrogen oxide removal by dry deposition by potted plants were considered. The principle of
absorption of pollutants by leaves and the factors affecting the removal of nitrogen oxides are
substantiated, providing a theoretical basis for the selection of urban green vegetation.

2.4. Microorganisms
The work [1] shows the results of research based on the microbiota factor. The impact of
plants on air quality was determined by monitoring the microbiological state of the air in
several office premises in order to select promising plant species for creating health-improving
interiors. Observational data demonstrate the bactericidal effect of the investigated phytoncide
plants. It has been experimentally established that the microbial count in rooms with plants
is significantly lower than in a reference room without plants. In the room with plants, the
number of microorganisms was 1.5 ... 5 times less, depending on the period of observation. In
addition, work [1] offers an assortment of plants, namely: Ficus benjamina, Ficus benjamina
Wiandi, Zamioculcas Zamiifolia, Dracaena marginata, Dracaena fragrans, Yucca elephantipes,
Schefflera digitata, Aspidistra elatior, Crassula ovata, Spathiphyllum wallisii.

2.5. Technology of active “green” structures for indoor air purification
Active “green” structures are one of the newest varieties of phytoremediation systems, which
include ventilation, heating and cooling of the house using evaporative cooling – by the same
principle as the cooling effect of outdoor green structures [3]. It operates on full recirculation,
taking and returning the air to the room (figure 1).

Figure 1. Active phytowall [65]: 1 – box; 2 – planting media; 3 – plants; 4 – fan; 5 – air
movement; 6 – water tray; 7 – pump; 8 – pipe for watering.

The system of “green” walls, which cleans the air inside, also acts as a temperature and
humidity control.

The authors [65] studied the system over 300 days. Satisfactory efficiency was found to remove
formaldehyde and toluene (90 % and more than 33 %, respectively, during the first four days).
In addition, this ACBB system successfully reduced the indoor air temperature by 0.5 °C in the
real environment, while the temperature reduction was 1 °C in the laboratory. The increase in
relative humidity for realistic and laboratory conditions was 17.7 and 9-13 %, respectively. In
addition, a 20 % reduction in outside air supply was achieved with the ACBB system, saving
the energy required by the building, given that the toluene and formaldehyde concentrations
determined the standard ventilation rate for this case. Also, the analysis of the studied data
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confirmed the reduction of particulate matter (PM) concentrations to a level that the current
indoor HVAC system could not achieve under normal conditions.

The same authors [65] also conducted many studies in laboratory conditions. The efficiency
of the system in removing PM was evaluated exclusively in a static chamber, where a general
observation recorded that the efficiency of PM removal increased with an increase in the airflow
rate. Experiments were conducted with five different air flow rates to evaluate the efficiency
of the ACBB system for filtering total suspended particles, PM 2.5 and PM 10. Based on the
collected data and further analysis, this study estimates that for four workers in an office space,
1 m2 of the system can sufficiently provide the necessary ventilation.

Therefore, since indoor air quality in buildings contributes to human health problems on
a large scale, implementing sustainable solutions to maintain indoor air quality has become
a particular challenge for the scientific community. Active botanical biofiltration systems are
effective in removing pollutants along with the potential to increase humidity and cool the air. It
is also well-studied that these systems do not promote the spread of fungi if they are maintained
in a well-controlled state [66]. Moreover, the aesthetic value of the systems is an additional
advantage for positive mental effects.

Since there is currently no software or computational methods capable of recognizing plants
as indoor “air cleaners”, the impact of phytoremediation on the operation of HVAC systems and
the energy sector is still poorly researched.

In the work [67], Azolla filiculoides was integrated into building walls for bioremediation of
indoor air and a new protocol for assessing the effectiveness of a “green” wall using the “Indoor
Air Quality” and “Ventilation Rate” techniques was proposed, which are recognized as practical
engineering methods for determining the efficiency of air exchange using mechanical equipment.
Azolla filiculoides has been observed to help absorb indoor CO2, while under the Indoor Air
Quality methodology, this results in a reduction in the building’s ventilation rate and, as a result,
a reduction in the building’s overall energy consumption. In addition, the cooling effect of a
green wall with Azolla filiculoides as a natural shading component was evaluated by applying
its latent heat capacity to the thermal convection/conductivity of the facade, compared to
aluminium louvres of the same size and spacing to computationally assess the thermal benefits
of plants for improvement of cavity/inner space overheating.

So, based on the work [55], it is possible to define advantages regarding the effectiveness of
the use of vegetation in rooms, which are based on scientific research over the past 30 years, of
which the main ones are:

• Biophilic design and vegetation have a positive effect on people who spend a long time
indoors, which is manifested in an increase in the general psychological satisfaction and
mood of people.

• Evaporation of plants has been found to help lower ambient temperature, so this property
of plants can be used to cool air and control humidity.

• It has been shown that green plants can be used to reduce the sound level – as a passive
acoustic insulation system.

• The effect of vegetation on improving indoor air quality was analysed. However, there is still
a lack of reliable and relevant data to understand the true pollutant removal mechanisms
and factors in these systems (plant species, microorganism species, gas composition, light
source, number of plants).

• It has been shown that in an active vegetation system (”green” systems in combination with
mechanical fans) the rate of air purification can be significantly higher than in a passive
vegetation system (potted plants).

Nevertheless, no attention is paid to the time, when plants don’t release oxygen. The daily
biorythms of plants weren’t analysed, which can principally change the conclusions. Thus, we
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need to focus on this challenge to avoid troubles in the corresponding daytime.

3. Materials and methods
The literature review shows the most naturally promising approach for air quality control –
plants [1,2,11,68,69]. They continuously humidify the air, remove volatile chemicals, dust, and
other impurities, and release valuable volatile phytoorganic substances such as odorants and
phytoncides. The last ones are the immunity substances that kill viruses and bacteria.

During active oxygen release time, plants emit oxygen while absorbing CO2 [70,71]. At other
times, plants breathe only and pollute the surrounding air by CO2. Except for [72] Crassulacean
acid metabolism (CAM), which releases oxygen at night, most plants produce oxygen during
the day.

To check the overall effect, we can analyse the outcomes of the Aglaonema roebelinii testing
conducted by Intell House [73]. To control illumination, the researchers use two packets – light-
tight and transparent. The measurements were performed using NetAtmo Weather Station.
In the first packet, the CO2 content increases from 796 to 2311 ppm within 40 minutes. The
concentration in the transparent packet under the sun decreases from 1060 to 315 ppm. The
concentration starts to rise at 16:06, reaches 1572 ppm at 6:54 and decreases to 263 ppm in the
morning. The researchers concluded of no overall oxygenation during the day. The experimental
method is very simple and didn’t take into account many factors such as the dependency of
photosynthesis on CO2 content. But we can conclude that in the less favourable case, the
CO2 and oxygen emissions are balanced per day without overall CO2 gain to the environment.
It’s good for us because phytofiltration will never cause greenhouse gas emissions. The second
important conclusion is that we should develop a new phytofilter that operates accordingly to
the plant’s biorhythms to avoid temporary pollution of the inlet/indoor air. To continuously
reduce indoor and outdoor air pollution and oxygenate the inlet/indoor air, active oxygen release
should be carried out in the inlet air and breathing only in the exhaust.

4. Results and discussion
We suggest a design for an inlet-exhaust ventilation phytofilter module (figure 2). The phytofilter
contains a valve system 4, which controls the airflow through spaces with plants 3 and the
corresponding illumination 5. Ducts 1 should be connected to inlet and outlet ventilation ducts
or an air handling unit. Controller 6 switches illumination 5 by rotation to keep artificial
biorhythms of the plants inside. Some spaces 3 can be equipped with glazing to utilize natural
light. The valves are opened-closed together with the illumination to pass inlet air through
space(s) 3 with oxygen release and outlet one – through other spaces 3. For 24/7 operation with
most plants, the phytofilter should contain at least three cameras. But for working time up to
16 h/day two cameras will be enough.

The main problem is the energy consumption of phytolamps. It’s impossible to split oxyden
and carbon from CO2 without energy consumption because in the opposite case, we will obtain
perpetum mobile by burning the carbon. Thus we should find opportunities to use free accessible
energy for illumination or utilise the heat from the lamp. There are some ways:

• utilizing natural illumination only through transparent walls demands the combination
of CAM and other plants, but this raises biomass requirements due to CAM’s reduced
efficiency as a result of its overnight energy discharge and daily energy charge, so the
exergy destruction will occur twice;

• the use of natural illumination for spaces with daily oxygen release;
• the phytofilter should be installed after an air-handling unit with the heater, cooler, and

re-heater (figure 2), thus the heat from illumination will reduce the requirement for energy
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Figure 2. Phytofilter: 1 – duct; 2 – planting tray with irrigation and drainage; 3 – space with
plants to pass inlet or outlet air depending on the current gas exchange; 4 – motored valve;
5 – illumination (we recommend growing LED phytolamps); 6 – controller of illumination and
valves

Figure 3. Installation of phytofilter: 1-9 – inlet-exhaust air handling unit; 1 – thermal-insulated
valve; 2 – filter; 3 – heat recovery unit (in this scheme – rotor regenerator); 4 – heater; 5 – cooler
with condensate diversion; 6 –re-heater; 7 – fan; 8 – sound attenuator; 9 – empty section; 10 –
double 3D adapter; 11 – phytofilter; 12 – valve

for air heating in the heating period and re-heating in the cooling period, which almost
eliminates additional energy consumption.

We require tiny plants with highly efficient photosynthesis and cleaning for a compact
design. The suggested selection is Chlorophytum comosum, Aglaonema Modestum, A.
pictum, A. plumosus, A. silver Bay, Aloe aristata, A.parvula, Asparagus plumosus, Kalanchoe
blossfeldiana, Pelargonium tomentosum, Philodendron scandens, Sansevieria trifasciata
“Hahnii”, Spathiphillum wallisii.

If some of the suggested plants grow larger than necessary, trimming can readily fix their
crown size. It’s possible to use the secondary materials for substratum, for example, broken
bricks or wood after shelling from the russian federation. The main condition is to avoid
secondary pollution. For example, particle boards are not suitable.
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5. Conclusions
Phytoremediation is a perspective technology for increasing outdoor and indoor air quality. It
allows for decreasing VOCs and microbes. But known indoor phytoremediation systems don’t
take into account plant biorhythms, which causes secondary CO2 air pollution. We propose
a new ventilation phytofilter, which can organise airflows to achieve two goals simultaneously:
cleaning and oxygenating inlet air 24/7 and cleaning exhaust air to make a building more
environment-friendly, which is very important for densely-built districts.

The continuation of the research is creating and testing experimental models of the phytofilter.
Now we are researching gas exchange in plants using a gas-exchange camera in the Laboratory
of Heat-Mass Exchange in Green Structures. The results will allow calculation the required
biomass. The most throttling factor is the war of the russian federation against Ukraine, which
significantly reduce sponsorship possibilities.
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Abstract. This study focuses on the development of a multi-stage analysis of building
object models (BOM) on a construction site for modeling an “evolutionary” digital twin,
by integrating building information modeling (BIM) technology and an artificial intelligence
system. The concepts of photo modeling of the construction site using a group of moving
cameras were outlined, as well as the possibility of integrating IoT technologies. The dynamic
transition of real building structures into intermediate BIM representations of digital twins
was investigated, with the prospect of enabling augmented reality technology. An artificial
intelligence system combining Convolutional Neural Network (CNN) and Feed Forward Neural
Network (FFNN) architectures has been developed as a comprehensive mechanism for the
detection, categorization, and evaluation of BIM projects at all stages of their life cycle. The
paper addresses the scaling prospects for the development of point cloud and mesh models, as
well as the use of big data technology while optimizing the representation of the “evolutionary”
BIM project of the digital twin of the construction site. The effectiveness of site conformance
detection during the step-by-step construction of a BIM model, which shows consistency and
provides a quantitative assessment of the processes occurring on the site, has been determined.
The results of this research can be used to improve BIM modeling methods and concepts,
in particular towards a multi-stage “evolutionary” representation of the digital twin of the
construction site.

1. Introduction
Nowadays, BIM technologies have attained an extraordinary level of integration with many
new technologies, such as artificial intelligence, the Internet of Things (IoT), Big Data, and
Augmented Reality (AR), which has significantly increased the quality and speed of the entire
set of operations and processes related to construction project modeling, implementation, and
support. The generation of digital twins of the BOM and the construction site, in general, was
an essential branch of the direction.

The purpose of this research is to provide scientific support for the concepts of multi-stage
modelling of building site objects utilizing artificial intelligence based on BIM technology. The
author’s team created a concept that defines the BOM creation process in the BIM system
as being separated into an arbitrary number of pieces on a suitable timetable. Such changes
enable the formation of a model with distinct evolutionary development and growth dynamics.
The implementation of a Structure from Motion (SfM) system, which will allow the creation
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of digital models from photographs from the construction site and displays a three-dimensional
depiction of the state of the BOM in real-time, is critical to the collection of training and learning
data. This technology will enable neural networks to categorize not only one representation of a
BOM picture, but three reciprocal representations at the same time, namely point clouds, mesh
models, and the BOM itself. These will enable the YOLOv5 and FFNN artificial intelligence
models to identify faults more precisely during the execution of the BOM on the construction
site.

Deng et al conducted a rigorous theoretical investigation of the development of BIM
technologies across time. According to the paper [1], BIM technologies have evolved in five
stages, as shown below:

Level 1. Static 3D BIM visualization tool;

Level 2. BIM model analyses and simulations;

Level 3. BIM and IoT method integration;

Level 4. BIM and artificial intelligence methods integration;

Level 5. Make a digital twin.

It is vital to highlight that in order to accomplish the fifth level, all preceding levels must be
implemented in a single BIM project.

In scientific publications [2–4] the authors consider SfM systems when resolving problems
by building three-dimensional models from a point cloud using photometry or videometry.
Scientists list a wide variety of uses for SfM systems, such as simulating worker evacuation from
a construction site to visualize the site’s actual condition, reducing variance between planned
and actual conditions, and creating an “as-built” model of an object based on an image of it
for reconstruction. Also defined is the ability to interact with images taken by SfM in real-time
and by BIM standards. Geometric information is extracted using three-dimensional grid models
utilizing tools such as Meshroom (AliceVision 2020), Agisoft Photoscan, or COLMAP.

In the studies [5–7] scientists take intelligent technologies, including SfM, into consideration
and find that when scaling projects, they frequently lead to Big Data, which in turn
necessitates the use of advanced management, diagnostics, and forecasting from the executors
and visualization of this data, in particular, using modern capabilities of The idea of big data
analysis is also given a lot of attention since it makes it possible to address several issues linked
to the productivity and digitization of different spheres of human activity. As a result, machine
learning, intelligent data analysis techniques, and a variety of statistics have all been included
in big data analytics.

In papers [8, 9], researchers examine BIM building employing IoT analysis. In addition, the
authors determine the considerable importance of high-tech cloud solutions in connecting to the
IoT. Given the expansion of BIM technology, it is expedient and important to use IoT, which is
defined as a combination of physical and virtual components such as sensors, mechanisms, cloud
services, communications, and protocols, to create digital twins of BOM and construction sites.
This serves as the foundation for IoT systems.

Sezen et al [10] conduct an experimental study where they investigate precision, recall and
mean average precision (mAP) are used as evaluation metrics among YOLOv3, YOLOv4,
YOLOv5, and Faster R-CNN algorithms. Thus, based on the results of model training and
direct tests, it was concluded that model YOLOv5 is the fastest and most productive when
compared to YOLOv4 and others.

Dolhopolov et al [11] provided a practical example of how to employ multi-label classification
with FFNN to address issues with a sizable number of input and output classes and the potential
to scale into Big Data problems. The design of FFNN is impacted by the duties assigned to the
performers, according to the findings of scientific research. To illustrate the parameter space,
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for instance, training on several parameters is necessary when doing a regression on multiple
parameters.

The goal of this research is to provide an analytical foundation for an information system that
will allow the concept of multi-stage modeling of building site objects using artificial intelligence
based on BIM technology to be confirmed. Achieving this goal may result in the development of
a quality standard for working with homogeneous BOMs, which will be decided by the intricate
interaction of IoT, Big Data, BIM, YOLOv5, SfM, and FFNN.

2. Materials and method
Considering a complete examination of the scientific works of scientists of various profiles
and proving the concept of multi-stage modeling of construction site objects using artificial
intelligence based on BIM technology. Figure 1 shows the developed model of an information
system that allows you to study a construction object or construction site in real-time and
highlight aspects that allow you to model the representation of a construction object in a three-
dimensional projection using SfM and IoT cameras. As a result, point clouds, mesh models,
and BOMs with varied levels of detail are modeled. In the architecture of YOLOv5, each
model of a building object is described as a class, allowing artificial intelligence to identify
many photographs based on the stages of execution of the object on the construction site. The
categorization data is then sent to the FFNN, which is compared to the standardized data
that the project customer expects. As a result, the system’s last procedure is to give the user
information about the compliance of a certain building object with the standards, which can
be determined manually or based on the pre-formed Dataset BOM. The unique feature of this
information system’s operation is the ability to determine whether the derived models of the
architectural item reflect its general trends.

Figure 1. Multi-stage modeling of building site items in an information system model.

The process of obtaining information, known as photo modeling or videometry, is carried out
via IoT devices, which can be used in two ways. Figure 2 shows static photo modeling, which
is distinguished by the fact that cameras are installed just once and are utilized throughout the
whole observation process, and dynamic photo modeling, which may not require the installation
of as many cameras and is in motion at specific time intervals.

The advantages of the first method are complete autonomy and reliability of the data
collection procedure. However, in the case of a big-scale construction project, a large amount of
equipment may be necessary, which is why, in some circumstances, dynamic photo modeling is
preferable, especially if building operations are slow.

Thus, within the framework of the study, we have the opportunity to extract information from
panoramic photos or photo sequences and model on their basis Point Clouds, Mesh models, and
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Figure 2. Possibilities for implementing photo modeling of the modeled building object.

Figure 3. The BOM building process employs photo modeling and SfM.

BOMs of varying degrees of detail based on the project requirements using photo modeling and
SfM, which is based on the Agisoft Photoscan software. Geometric forms are replicated with
varying degrees of detail during photo modeling (approximately one point for every 5 cm of real
size). The higher the image quality, the more detail is captured and the more natural it appears.
In practice, however, different sets of input photos are frequently required. Figure 3 shows the
BOM construction process utilizing photo modeling and SfM.

Within the scope of the project, 600 visualizations of BOM construction fragments were
performed at various time intervals and construction objects, forming the study’s learning and
training Dataset. Figure 4 shows one of the BOM construction fragments on a real-world example
of a building object with serial №5.

A dataset of 600 complete images of the building object was created as part of the study’s
framework (i.e., 2400 images representing the building object, Point Clouds, BOM, and Mesh
Model). The artificial intelligence system recognizes diverse construction sites and their
resulting models before determining their resemblance and compliance with the defined standard.
Following the development of the models, they were manually tagged for additional training.
Given the YOLOv5 model’s excellent performance as the fastest and most successful model
in the YOLO family, it was chosen for the categorization of building items and their derived
models. Experiment results showed that 100 iterations of training took no more than 8 minutes
of real-time.

The evaluation metrics chosen were Average Precision – the average accuracy for a given
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Figure 4. BOM construction using photo modeling and SfM for sample №5.

class, and Mean Average Precision (mAP) – the average accuracy for all classes.
The value of the average precision of the Point Clouds model is determined by equation:

APPC =

∑n
i=1 xi
n

=
x1 + x2 + · · · + xn

n
(1)

where APPC is Average Precision for Point Clouds model; xi is Average Precision for each
iteration of the building object according to the Point Clouds model.

The value of the average precision of the Mesh model is determined by equation:

APMM =

∑n
i=1 yi
n

=
y1 + y2 + · · · + yn

n
(2)
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where APMM is Average Precision for Mesh model; yi is Average Precision for each iteration of
the building object according to the Mesh model.

The value of the average precision of the BOM is determined by equation:

APBOM =

∑n
i=1 ωi

n
=

ω1 + ω2 + · · · + ωn

n
(3)

where APBOM is Average Precision for BOM; ωi is Average Precision for each iteration of the
building object according to the BOM.

The value of the average precision of the class is determined by equation:

AP =
APPC + APMM + APBOM

3
(4)

where AP is general Average Precision of the class; APPC is Average Precision for Point Clouds
model; APMM is Average Precision for Mesh model; APBOM is Average Precision for BOM.

The value of the mean average precision (mAP) is determined by equation:

mAP =

∑k
j=1APi

k
(5)

where APi is Average Precision of i class; mAP is mean Average Precision; k is number of
defined classes to recognize.

Figure 5 shows the visualization of mathematical processes depicted in (1), (2), (3), (4), and
(5) during YOLOv5 work on creating object classification.

The following libraries and software were used in the study: Python 3.8, Numpy, Keras,
Tensorflow, Pytorch, json, pandas, CUDA 11.1, and OpenCV 3.2.0.

The YOLOv5 model is trained in the ratio of 80% of training images, and 20% of test images.
Images were separated according to the stages of development of simple building things. Table 1
shows the training parameters for the YOLOv5 model.

Comparison according to the FFNN model should be performed when certain standards are
defined. The artificial limits that the standard must take into account are shown in table 2.

Table 1. The training parameters to model YOLOv5.

Parameter Value

Epochs 500
Image size 416
Batch size 16
Training time 42 min

Table 2. Limitation to the instance of class №5 relative to the FFNN model.

APBO APPC APMM APBOM

Value 0.9 0.9 0.9 0.9
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Figure 5. Visualization of mathematical processes about the derivatives of the building object
during their classification.

3. Results
Metrics were computed for all classes defined in the Dataset. The maximum Average Precision
for the general classification was found for specimen №5 and was 0.88. In general, the YOLOv5
model produced correct classification results for the stated classes and had no discrepancies.
However, because some building objects were more difficult to distinguish, the mAP of the
YOLOv5 model is 0.73. Figure 6 shows an example of the findings of Instance №5. BO5, BOPC5,
BOM5, and BOMM5 are building object, building object (Point Cloud model), building object
model (BOM), and building object (Mesh model) in this example, respectively.

Table 3 shows the generalized YOLOv5 classification results by building objects. The
indicators range from 0 to 1 and are pre-normalized.

Table 4 shows how the FFNN model works regarding the standards given by the customer
based on the building objects. The indicators range from 0 to 1 and are pre-normalized. As
a result, the acquired values demonstrate the conformity of classified architectural objects and
their derivative models to the required requirements.

4. Conclusion
Thus, the concept of multi-stage modeling of building site objects utilizing artificial intelligence
based on BIM technology was proved to be feasible. The classification by time intervals
was handled by the information system. The YOLOv5 model displayed an incredibly quick
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Figure 6. BOM construction is based on photo modeling and SfM classification results based
on building objects. The indicators are pro-normalized and range from 0 to 1.

learning process (92 minutes for 500 iterations) as well as a relatively serious mAP of 0.73.
Simultaneously, the YOLOv5 model performed classification by the building object’s class as
well as by its derivative models Point Cloud, Mensh model, and BOM, where it also displayed
the related findings. The possibility of establishing quality standards with the help of the
FFNN model, which was performed for general indicators by class, was also evaluated, but it
can be realized for each stage of the building object’s development individually. As a result, the
comparison of models and standards based on example No5 revealed a high degree of conformity,
ranging from 0.92 to 1.00. The information system model was accurate. Simultaneously, two
choices for setting up the building site for photo modeling, static and dynamic, were provided.

The research has implications for the implementation of novel Augmented Reality technologies
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Table 3. YOLOv5 model classification results.

Name of the class APBO APPC APMM APBOM AP mAP

BO1 0.79 0.73 0.72 0.79 0.76
BO5 0.93 0.83 0.85 0.91 0.88
BO10 0.69 0.61 0.59 0.69 0.65
BO15 0.86 0.77 0.69 0.81 0.78 0.73
BO25 0.91 0.8 0.77 0.77 0.81
BO40 0.81 0.68 0.6 0.79 0.72
BO60 0.69 0.59 0.59 0.6 0.62

Table 4. FFNN model classification results.

RAPBO RAPPC RAPMM RAPBOM RAP

Value 1.0 0.92 0.94 1.0 0.98

for better display of BOMs created at various stages. In addition, the project can be incorporated
into cloud storage for working with Big Data and increasing project implementation productivity.
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Abstract. The groundwater is less susceptible to anthropogenic influence and the water
quality of these sources is more stable. At the same time, the groundwater often has an
increasing iron concentration. Despite the sufficient availability of proven methods for iron
removal from water, it becomes necessary to search for more resource and energy saving
technologies which is due to the constant rise in the cost of resources for the construction
and operation of water treatment plants. The aeration methods for the iron removal from
groundwater are often used, as cheaper ones. The polystyrene foam filters with upflow filtration
are of particular interest, as the most reliable in operation among the developed types of filters
with floating medium. A further reduction the cost of water is possible by using granules of
foam polystyrene obtained by a production method, which ensures an increased grain size in
comparison with the traditional method of their obtaining. The positive experience in such
filters implementation allowed to recommend the placement of iron removal equipment in the
existing water towers.

1. Introduction
The availability of sufficient water amount of adequate quality is one of the main factors of
safe living conditions and sustainable development of the state [1, 2]. However, human activity
negatively affects the environment, including water resources, which leads to their significant
pollution and exhaustion [3–5].

Thus, according to prediction, a half of the world’s population will experience water shortages
in the near future [6]. The preference is given to groundwater (artesian, springs) underflow when
choosing a source of water supply [7, 8].

Groundwater is the main source of drinking water in many countries [9–11]. As a rule, a
significant proportion of protected groundwater sources have elevated concentrations of iron,
less often hydrogen sulphide, ammonium, manganese, hardness salts, mineralization and other
contaminants [12,13].

Iron content is associated with regional, climatic, landscape and hydrological features. It is
known that an increased concentration of iron in water gives it a brownish colour, an unpleasant
metallic taste, and causes overgrowth of water supply networks and fixtures [14,15].

Iron in natural waters can be in the form of ferrous and ferric ions [16,17], colloids of inorganic
and organic origin, which has a significant impact on the choice of method of iron removal.
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According to [6] methods of iron removal from water are divided into reagentless, reagent, ion-
exchange, membrane and biochemical. At the same time in [18] it is proposed to divide them
into four groups: traditional strategies, biological strategies, strategies based on membrane
technology and strategies based on nanotechnology.

The preference is given to reagentless (aeration) methods for the iron removal from water
because they are relatively simple to operate and easily automated [14, 19]. The most widely
used aeration methods include contact iron removal, in which water is fed directly into the
granular medium after aeration [6]. In this case the medium grains can have a larger size than
in deep aeration. In addition to quartz sand, the other natural and artificial materials are used
as a filter granular medium. The type of filtration medium, parameters of its grains and layer
height have a significant impact on the efficiency of water treatment, size of filtration units and
their productivity. The polystyrene foam is one of the economically suitable medium [6,20].

The work is devoted to the development of resource and energy-saving schemes of contact
iron removal from groundwater at polystyrene foam filters with upflow filtration.

2. Materials and methods
Foam polystyrene filters with upflow filtration have been investigated for a long time in the
laboratory of the department of water supply, drainage and drilling at the National University
of Water and Environmental Engineering [6, 20].

The plant for studying the iron removal from water consisted of a filtering column, a filtration
rate regulator, a piezometer shield and a unit for dosing the iron solution. The filtering column
was made of a transparent pipe 150 mm in diameter and 2000 mm in height. A cone was fixed
below to it with a branch pipe for connection of aerated water and a washout pipe. A tank
of 500 mm in diameter was connected above. It was possible to visually observe the processes
occurring in the sublattice space thanks to such construction of the plant. Four branch pipes
for the piezometers connection and five samplers were arrange along the height of the filtration
column d. The amount of water sampled by the samplers did not exceed 5% of the flow rate
passing through the filtration column. The head losses in the filtration column was monitored
with the help of the piezometer shield.

The construction features of filters, water treatment efficiency, hydraulic laws of processes
in the medium for different operating conditions were studied. The impact of granulometric
composition of the medium, layer height, filtration rate, initial water quality parameters (iron
concentration, pH, alkalinity, etc.) on these processes was studied. Special attention was paid to
investigation of the medium regeneration by different methods. Extensive pilot and industrial
production studies were conducted in the water supply systems of a number of settlements of
the north-western regions of Ukraine at the introduced plants for iron removal from water with
foam polystyrene filters of productivity from 2 to 900 m3/day.

The polystyrene foam medium can be obtained in the production conditions (plants of
producing the polystyrene pellets) and directly at the place of use. As a rule, the polystyrene is
foamed by steam in the first case and by water in the second case. The medium amount in the
first case is larger and its density and cost is lower. It is advisable to use gravity polystyrene
foam filters with increased granule size at the iron removal from water for medium and large
consumers (figure 1). The use of industrially manufactured polystyrene foam pellets allows
reducing the cost of medium purchase by 4.5 times.

3. Results and discussion
Foam polystyrene filters with upflow filtration can be used in the reagent schemes of
water clarification and decolorization, in the schemes of iron removal from water, for water
pretreatment.
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Figure 1. Iron removal from water at the gravity polystyrene foam filters with upward filtration:
1 – the groundwater supply pipeline; 2 – the aerator; 3 – the air separator; 4 – the filter body; 5 –
the polystyrene foam medium of industrial production; 6 – the bottom drainage and distribution
system; 7 – the holding grid; 8 – the above-filter volume of water; 9 – the pipeline for filtrate
removal; 10 – the washout pipeline.

It is recommended to use aeration followed by filtration aimed at removing water treatment
from iron ions. It is known that a catalytic film of iron oxides should form on the surface of
the medium in order to obtain the necessary effect of iron removal from water, which is not
washed off after the filters washout. The catalytic film of iron oxides on the surface of the
medium intensifies the adsorption of ferrous iron and its oxidation. Thus, there is no direct
contact of the treated water with the surface of the floating medium (polystyrene foam). The
ordinary foam polystyrene filters are used at low concentrations of iron ions in the source water
and at significant concentrations of iron ions with a growing layer of suspended sediment and
foam polystyrene medium. The construction of such filters provides for a sediment layer in the
sub-filter space, where the main iron extraction takes place and the final one is directly in the
foam polystyrene medium. The sediment layer increases over time, increasing the efficiency of
water treatment in it. A part of the sediment is discharged with the washout water. The use of
expanded polystyrene filters with a growing sediment layer with each washout of the medium
makes it possible to significantly reduce the building area of the wastewater treatment plant.
At the same time, the total height of the filtration room will be slightly higher.

We propose the concentration of iron in water after passing the growing layer of suspended
sediment [Fel] (mg/L) to determine by the equation

[Fel] = [Fe0] exp

(
−K1H1

V

)
, (1)

where [Fe0] (mg/L) is the concentration of iron in source water; V (m/h) is the filtration rate;
H1 (m) is the height of the suspended sediment layer; K1 (1/h) is the coefficient, taking into
account the physicochemical parameters of water and contact medium.

The value of the coefficient K1 was obtained experimentally and is 0.7-2.5 1/h. The studies
were conduct at a water temperature of 5-15 ◦C for the purpose of determining H1, the
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concentration of iron in the source water 15-30 mg/L and the rate of upflow of 2.5-4.0 m/h.
The following empirical dependence H1 (cm) was obtained based on these studies

H1 = H0 + 0.0004V 4[Fe0]
1.8t, (2)

where H0 (cm) is the initial height of sediment layer; t (h) is the duration of water treatment
in the growing layer of suspended sediment.

To check the adequacy of the last equation in figure 2 the dependences of the growth of the
suspended layer of deposit obtained experimentally were built with points and by straight lines
were based on equation (2). It can be seen from figure 2, that the growth rate of the sediment
layer calculated by the equation (2) agrees well enough with the data obtained in the process of
research, the error does not exceed 15%.

Figure 2. Growth of the suspended sediment over time: 1 – V = 2.5 m/h, [Fe0] = 20 mg/L;
2 – V = 3.0 m/h, [Fe0] = 15 mg/L; 3 – V = 3.5 m/h, [Fe0] = 25 mg/L; 4 – V = 4.0 m/h,
[Fe0] = 20 mg/L; 5 – V = 4.0 m/h, [Fe0] = 30 mg/L.

The peculiarity of the foam polystyrene filters operation with the growing sediment layer is
a gradual reduction of iron concentration in the water entering the polystyrene foam medium.
We propose the concentration of iron in the filtrate [Fef ] (mg/L) to determine by the equation

[Fef ] = [Fel] exp

(
−K2L

V

)
, (3)

where L (m) is the thickness of filtration medium layer; K2 (1/h) is a coefficient considering the
impact of catalytic properties of the filtration medium to the efficiency of impurities detention
from water.

Coefficient value K2 is obtained experimentally and is 15-20 1/h.
The concentration of iron in the filtrate during the iron removal from water at polystyrene

foam filters with the growing layer of suspended sediment is determined by substituting equations
(1) and (2) into equation (3).

The increased sub-filter space is the feature of the foam polystyrene filter with a growing
layer of deposit. The height of the sub-filter space Hu (m) to ensure the required initial height
of the growing layer of suspended sediment after washout, is

Hu = 0.06itb + h0, (4)
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where 0.06 is the transfer coefficient; i (L/(s·m2)) is the washout intensity; tb (min) is the
washout time; h0 (m) is the initial height of the suspended sediment layer which depends on the
quality of initial water and the upflow rate.

The height of sub-filter space increases with increasing duration and the washout intensity.
The washout intensity and duration of polystyrene foam depends on its height and granulometric
composition. At the same time, a longer duration and intensity of washout is necessary with an
increase in the height and diameter of the grains of the medium. Therefore, it is necessary to
accept fine-grained medium to reduce the height of the sub-filter space.

Table 1 shows the results of four gravity filters with polystyrene foam medium obtained in
production conditions. The total capacity of the filters was up to 1000 m3/day. The filtration was
conducted by upflow through the polystyrene foam medium with the equivalent grain diameter
of 2.8 mm. The filtration rate was accepted as 7 m/h and the medium layer height was 1.0 m
based on the results of laboratory tests. The washout of polystyrene medium was carried out
by treated water from the combined above-filter space of filters by opening the gate valve on
the washout pipeline. Filters are taken for washout alternately once a day with a calculated
washout intensity of 18 L/(s·m2) and a duration of 3 min.

Table 1. Results of the iron removal from water.

Time from the beginning of Concentration of iron in the filtrate, mg/L
the filters operation, months Source water 1 filter 2 filter 3 filter 4 filter

2 1.07 <0.05 <0.05 <0.05 <0.05
3 0.83 <0.05 <0.05 <0.05 <0.05
4 2.88 0.07 0.10 0.10 0.10
5 0.97 0.05 0.06 0.05 0.06
6 1.37 <0.05 <0.05 0.10 <0.05

The semi-annual studies showed satisfactory quality of the filtrate by the concentration of
total iron, which did not exceed 0.1 mg/L.

The results of long-term laboratory and industrial studies on the implemented water
treatment plants with gravity polystyrene foam filters showed their efficiency, reliability and
ease of service [6, 20]. This experience allowed us to recommend the placement of the iron
removal equipment in the existing steel water towers and the tower of water iron removal plants
for small consumers (rural water supply systems) (figure 3). It allows to avoid the construction
of filtering plants and clean water reservoirs, the construction of network pumps and filters
body, which significantly reduces building costs in comparison with the previous scheme. We
have proposed and implemented a combined medium consisting of small granules of polystyrene
foamed with water and large granules foamed with steam to ensure the required efficiency of
the iron removal from water and to reduce the cost of the medium. Tower iron removal plants
operate in the discrete mode depending on the volume of the tower tank and the mode of water
consumption.

Granular filters, including polystyrene foam filters, need periodic regeneration of the medium
layer (washout). Reducing the volume of washout reduces the harm to the environment, reduces
the size of plants for the water treatment, energy costs for its pumping and the cost of water.
The water from the above-filter space is used for the polystyrene foam filters washout. Therefore,
the reduction of washout volume will also reduce the total height of the filter. We have tested
the impulse washout of polystyrene foam medium, which allows to save 15-40% of washout water
in comparison with the continuous water washout.
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Figure 3. Reconstruction of metal water tower using the polystyrene foam filter: a) the general
view of the tower-column; b) the holding grid, pipelines: the inlet water supply (left), the aerated
water (centre), the filtrate intake (right); c) the air separator (left) and the inlet water supply
pipeline (right).

4. Conclusions
Foam polystyrene filters can be used in schemes for iron removal from water. At a low
concentration of iron ions the polystyrene foam filter is used in the source water without a
contact mass at the bottom of the filter, and at a significant concentration of iron ions is used
with a growing layer of deposit and the polystyrene foam medium. The implementation of
contact water iron removal schemes with foam polystyrene filters with upflow filtration allows to
reduce building and operation costs during reconstruction of existing and building new water iron
removal plants. In addition, the use of tower water iron removal plants in existing rural water
supply systems significantly reduces the assembling time. Ease of maintenance of polystyrene
filters with upflow filtration makes them competitive in the absence of highly qualified service
personnel. It is reasonable to apply mathematical modelling as one of the directions of
future studies for substantiation of rational constructive and technological parameters of foam
polystyrene filters operation and service life of the medium.
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Traditional settlements historic experience of
“non-detached” preservation (cases of Shirakawa
village Ogimachi in Japan and Kryvorivnia village
in Ukraine)

G V Shevtsova
Kyiv National University of Construction and Architecture, Department of Architecture
Fundamentals and Architectural Design, 31 Povitroflotskyi Ave., Kyiv, 03037, Ukraine

E-mail: shevtsova.gv@knuba.edu.ua

Abstract. The article concerns of the comparative study of traditional settlements historic
experience of “non-detached” preservation. “Non-detached” there is understood like a way
to preserve the whole settlement on its original place, with its local traditions, community
system, crafts and customs, and in the harmony with natural environment. The cases of
the study are mountain Shirakawa village Ogimachi in Japan and Kryvorivnia village in
Ukraine. The both settlements are generally showing very similar historical background of
geographically isolated life in the harmony with high mountain nature that leads to the shaping
of original local architecture style, cultural traditions and community features. Similarly, the
initiative of revitalization in the both cases emitting from local communities. Nevertheless,
the history of preservation and revitalization efforts of the two cases is quite different. While
in Shirakawa village Ogimachi local community took revitalization efforts starting from the
middle of 20th century, Kryvorivnia village was engaged in the process starting from the
middle of 19th century just with some interruption due to the soviet times. Currently the both
settlements achieved good results in their revitalization and local traditions preservation activity
also keeping harmony with environment. Shirakawa village Ogimachi is mostly orientated on
inner community life that is almost not intersected with flourishing local tourism. Contrary,
Kryvorivnia allows tourists to participate freely in local community life, rituals and festivals.
Thus each of the two cases examined finally found its original way of historical settlement culture
sustainable preservation and revitalization.

1. Introduction
The preservation of traditional settlements in “non-detached” way is an interesting and quite
rare experience that could be observed mainly in the territories geographically isolated that
lead to the phenomenon of specific local “time delay”. It some cases such traditional settlements
deny the common way of transferring their old buildings to the “open air rural museums” instead
choosing the way of “non-detached” settlement preserving as a core of local architecture, culture
and traditional way of living. The current circumstances of world globalization any case have
to be took in the consideration there leaving the village community to make a choice between
their identity dissolving in the case of fully opening to the world or cultural stagnation in
the case of fully closing from it. The original strategies of creative sustainable development
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and revitalization can help the situation allowing the local communities to find a “middle
way” of balancing between these two crisis points. It is due to emphasize that the common
receipt for such activities is not exist. Every traditional settlement is looking for its unique
way to achieve the balance between the traditional and modern life, cultural stagnation and
globalization dissolving often designating the settlement as UNESCO Cultural Heritage [1, 2].

Here is analyzed and compared the unique revitalization experience of Shirakawa village
Ogimachi in Gifu prefecture, Japan (UNESCO World Heritage) and Kryvorivnia Carpathian
village in Ivano-Frankivsk district, Ukraine. The research was fulfilled basing of personal author
field research of the both cases. The research of Shirakawa village Ogimachi case was supported
by Grant of Hakuho Foundation Japanese Research Fellowship program 13th (2018-2019). The
main methods of the research were “in situ” observation, fixation and interviews.

2. Shirakawa village Ogimachi case
Shirakawa village Ogimachi is one of a group of very interesting deep mountain traditional
settlements historically formed on the border of Gifu and Toyama Prefectures. Shirakawa-go is
located in a narrow valley of Shogawa river (figure 1).

Figure 1. The picturesque landscapes of Shirakawa village Ogimachi.

Up to the beginning of 20th century this geographically isolated area was really difficult
to access. Due to this, here was formed a cluster of settlements with original architectural
Gassho-style rural houses and specific social culture [3, 4].

2.1. Historical overview of Shirakawa Ogimachi settlement
Local recordings suppose that the settlement existed here at least from 11th century At the
beginning of 21th century the population of Shirakawa village Ogimachi consisted for about 600
people. There for about 60 Gassho-style farmhouses mostly built from early 19th century till
early 20th century [4], two Buddhist temples and a Shinto shrine.

The large Gassho-style rural houses of the region are unique in Japan. The name “Gassho”
is coming from the image of their high triangle thatched-roofs that are similar with two hands
jointed for a pray. The houses are usually face to the north and sous to minimize wind force
according to the predominant wind direction of the region (figure 2).

The construction of the houses is extremely strong and spacious allowing to bear local
winds and high weight of the snow as well as sheltering big local families [5, 6]. Layout and
compositional structure of the houses is perfectly adapted to the local craftsmanship and the
way of life. Namely, due to the luck of agriculture grounds the main jobs of the villagers
historically was silkworm farming as well as Japanese paper (washi) and nitre for gunpowder
manufacture. Thus the houses have wide working spaces in a ground floor as well as multileveled
roofing spaces used for silkworm nests and their food (mulberry tree leaves) storage. These
spaces due to the original roof construction are properly ventilated and disinfected with open
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Figure 2. Gassho-style rural houses.

domestic fireplace smoke freely penetrating all roofing joints and creating perfect environment
for silkworms breeding.

It have to be noted that from the beginning of 20th century the quantity of Gassho-style
houses of the area significantly diminished. As for 1924 there were for about 300 such buildings
in the region while by 1961 they were already only 190 [4]. This situation arose due to the nearby
construction of hydroelectric power plant on Shogawa river at the beginning of 1940th that led
to waterlogging and abandoning of several small villages of the area. Some houses also were lost
by fires or reselling [4,6]. Finally facing with this problem the residents of Gassho-style dwellings
of Shirakawa village Ogimachi started a movement to protect the houses of the settlement. They
concealed the three principles of “Do not sell”, “Do not rent”, and “Do not destroy” in 1971
establishing the “Association to Protect the Natural Environment of Shirakawa-go, Ogimachi
Village” starting in the village different preservation activities. These efforts lead to further
selection of the area as a district for the protection of nationally important traditional buildings
in 1976 [4].

Finally there shaped very interesting form of traditional rural settlement preserving directly
at the place, without usually implemented in such cases museification or “open air rural museum”
creation. The habitants of the village are living at theirs houses and at the same time serving
as the caretakers for them.

In 1995, Shirakawa village Ogimachi together with neighboring settlements were registered
as the UNESCO World Heritage Site as the “Historic Villages of Shirakawa-go and Gokayama”
by following criterion [5]:

Criterion (iv): The Historic Villages of Shirakawa-go and Gokayama are outstanding
examples of traditional human settlements that are perfectly adapted to their
environment and their social and economic raison d’être.

Criterion (v): It is of considerable significance that the social structure of these villages, of
which their layouts are the material manifestation, has survived despite the
drastic economic changes in Japan since 1950. As a result they preserve both
the spiritual and the material evidence of their long history.

UNESCO World Heritage site is consisting of three locations as Shirakawa village Ogimachi
in Gifu Prefecture and neighbor villages Ainokura and Suganuma in Toyama Prefecture together
forming 68 hectares of preserving area surrounded with buffer zones [5].

2.2. Modern situation of Shirakawa village Ogimachi preservation and revitalization,
community and touristic activities
The management and daily preservation activity of Gassho-style rural houses is the responsibility
of the owners. More complicate restoration works are held by professionals. Special attention is
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given to the use of traditional materials [4, 5, 7].
The thatched-roofs of the local houses require the replacement every 20-30 years. Nowdays

it is extremely valuable proses (for about more than 10 million yen, or approximately 75000
dollars costs only to replace one side of the roof) must be done by villagers themselves [4]. For
this situation there exist traditional local community called yui, that accumulate the money
from all households to allow roof replacements of 2-3 houses a year. It takes for about 200 or
even more workers and up to 100 of them could climb on the roof at once. One side of the
roof replacing usually takes 2 days of the work. The work is divided among all yui community
participants depending of their age, sex and qualification. So, while young men are directly
engaged in the process on the roof, senior people supervise the work, teenagers and women are
preparing grass bundles on the ground or serve the meals to other participants. After the work
is finished, the owners of the house prepare a feast called naorai for all who was engaged in the
process. Old village records proving that the tradition of yui existed there at least from the
end of 18th century [4]. So it can be cleared that traditional dwelling maintaining techniques of
Shirakawa Ogimachi settlement are carefully transferred to the new generation (figure 3).

Figure 3. The roof replacement in Shirakawa village Ogimachi.

Accustomed to live in tight close community from the ancient times, the habitants of
Shirakawa village Ogimachi are still preserve strong community relationship not only in the
field of yui roof replacement activity but also in the traditions of daily social life as well as
annual festivals, weddings, funerals and so.

Traditional manufacture of the settlement (silk-worms farming, paper and gun-powder
production) is abandoned now. Instead, almost all habitants are engaged in tourism activities
holding in their Gassho-style buildings architectural and folklore museums, cafes, souvenir shops
or guesthouses They are still preserving natural way of life in accordance with the nature
including local agriculture and cuisine based on self-cultivated cereals and vegetables, forest
plants and mushrooms. The old settlement traditions are studied in local schools that itself also
is a very interesting example of tradition preservation activity.

This extremely picturesque place quickly gained the attention of domestic and foreign tourists,
but from 2008 when a new Tokai-Hokuriku Expressway was constructed nearby making smooth
access to the area, the touristic overgrowth of the settlement became a problem. Most of the
tourist are visiting there by guided buses or private cars for a day returning trip and thus not
are so useful for local economic. Recently due to coronavirus disease the situation changed a
little but with world recovering from the epidemic this problem intends to return.

3. Kryvorivnia case
Kryvorivnia village is located in the deep forestland Carpathian mountains of Ivano-Frankivsk
district at the valley of Black Cheremosh river. This territory is historical place of Hutsul
Ukrainian ethnic subgroup habitation preserving till now their original wooden building technics,
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crafts, traditions and local dialect. The village has typical for the area dissolved urban structure
of small and sometimes quite separated with the mountain landscape clusters of rural houses.

3.1. The history of Kryvorivnia settlement
Kryvorivnia village is known from the historical records from 18th century but the real age of the
settlement could be much more ancient. From the middle of 19th century and so on, Kryvorivnia
became popular as a natural resort and finally get attention of the famous cultural personalities
often being visited by Ukrainian writes, historians and artists of the time as Ivan Franko, Lesya
Ukrainka, Mykhailo Hrushevsky and others [7]. In 1910-1911 Mykhailo Kotsiubynsky who lived
there for a while, wrote his famous based on the local Hutsul people legends and traditions
novel “Shadows of Forgotten Ancestors” (“Wild Horses of Fire”). Later, in 1964, a famous
Sergei Parajanov filmed this novel at the same place at Kryvorivnia [8].

During the dark times of the Second World War and further soviet occupation the cultural
life of Kryvorivnia village significantly declined. Until the end of 20th century it remained just
one of the calm and lovely sightseeing but not outstanding villages of Ukrainian Carpathians.

3.2. Kryvorivnia village tradition preservation, modern revitalization activity and community
life
New period of Kryvorivnia village culture flourishing started at 1995 with a young priest Ivan
Rybaruk obtaining parish at local wooden Virgin Mari’s Nativity church. The cultural and
revitalization efforts of the new priest were willingly supported by local community that quickly
started to restore old traditions, religious and community life and indigenous folk festivals of
Kryvorivnia. The most notable of such festivals are the cycle of winter religious celebrations
of Orthodox Christmas, the same as spring Easter festival and summer “Sheeps sending to
poloninas” festival attracting many domestic and foreign tourists and guests.

There are still flourishing the tradition of so called “kolyadka” an ancient folklore Christmas
songs the same as local musical bands performing with violins and “trembitas” – extremely long
Hutsul trumpets fabricated from the wood of the trees striked by the lightening. At the day of
Baptism that is celebrated there at 19th of January, local community and the guests praying on
the bank of Black Cheremosh River near erected in the water big decorated Cross made of the
river ice. “Sheeps sending to poloninas” festival took place in Kryvorivnia in June. In this day
the villagers sanding their sheeps to the upper mountain pastures (so called poloninas) for all
of the summer (figure 4).

A very special feature of Kryvorivnia culture is the tolerance to the other religions,
nationalities and ways of living. Significant Orthodox services are sometimes held there together
with Catholic and Greek Catholic priests. The people of any other religion also allowed to

Figure 4. Christmas and Baptism annual festivals in Kryvorivnia.
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Figure 5. Maria’s Nativity wooden Church of Kryvorivnia: metal leafs covered exterior, the
original exterior after the restoration at the end at 2010th, interior.

come and pray in the local Maria’s Nativity Church that is the center of community life and
revitalization activity (figure 5).

This wooden church is supposed to be built in nearby place in 17th century and then relocated
to Kryvorivnia grounds in 1719. It is a good example of local Hutsul architecture style. The
wooden log church has cross-shape layout and one central opened to the interior and lightened
with windows massive octagonal dome-tower. In the soviet times it was registered as National
Cultural Property, but as it was then usual, nobody of the officials cared about the situation on
the place. As a result, by 1980th the top of the church decayed and the dome-tower and the walls
were covered with metal leafs as a recent cheap but harmful for the wooden structure repairing
method. At late 2010th, due to community efforts, local carpenters repaired Maria Nativity
church recovering its original exterior covering the walls and tower with chopped wooden planks
as it was there traditionally accustomed for rain penetrating preventing.

A huge amount of 200-100 years old rural dwellings are still in use in Kryvorivnia, but in this
case we can speak not only about old architecture traditional maintenance skill preserving. It
is notable that local building carpenters are still preserving and passing to the new generation
their skill to build new traditional rural houses, chapels and churches. Building customs and
dwelling evil defence pre-Christian traditions also are still in use.

Other traditional crafts, manufacturing and arts such as agriculture skills, sheep breeding,
cheese making, carpets making, wood curving, egg painting (pysanka art), and so also are
flourishing. In this case it is quite natural that Kryvorivnia obtained a great popularization
as a place of mountain green-tourism, sightseeing, hiking and skiing, mostly attracting single
travellers, small groups of friends and families who can easily settle in the villagers dwellings or
small house-hotels closely communicating with local habitants and fully participating in their
life activities.

There is also significant museum activity that permanently has a tendency to increase. On
the moment at Kryvorivnia functioning 7 museums of different types. Such as of literature
and art celebrities memorizing museums, ethnographic and historic museums, the museum of
local dwelling of 19th century “Hrajda” – Hutsul type rural house with inner yard operating
by the family of its owners, and “Didova apteka” (“My grand-father’s pharmacy”) museum
created by local Zelenchuk family for the memory of their grand-father, famous local herb
healer [9]. Recently there opened also a museum of repressed by soviets local talented female
artist, ethnographer and writer Paraska Plytka-Horytsvit (1927–1998) whose significant heritage
is now carefully classified and popularized by the local community [10].

At recent 20 years Kryvorivnia also fully reobtained its historic significance as an “artistic
hub” of Carpathians often being visited by writers, artists, actors, photographers, filmmakers
and other representatives of culture. In this meaning, Kryvorivnia village could fully reobtain
its historic function as artistic hub and “cultural capital” of the Carpathians.
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4. Comparing the cases
The two cases of traditional settlement “non-detached” preservation and revitalization examined
there have very similar initial geographic circumstances both being located in the deep mountain
forest regions historically hard to assess and due to this almost fully preserving their original
building skills, customs, way of living and social relationship. The both are steel deeply
integrated to natural surroundings. Their revitalization activity is the result of local community
efforts and the way of this activity is mostly inspired by local habitants decisions sowing the
diversity of original revitalization methods.

In Kryvorivnia community we can observe stronger religious component than in Shirakawa
Ogimachi case. Due to the personality of local priest, the religious community of Kryvorivnia
consolidated around ancient wooden church finally becoming the driving force of local
preservation, revitalization and cultural activity. At the same time, in Shirakawa Ogimachi case
can be observed stronger cooperation of the local community with prefectural authorities and
central government significantly helping in old Gassho-style houses and surrounding territory
preservation process and integrating the efforts of the community with Japanese law and
UNESCO World Heritage programs.

At figure 6 it is shown the difference between functional abilities of these traditional
settlements and the situation with their different traditional activity components preserving.
Summarizing the results of figure 6, we can state that functional diversity of Kryvorivnia
settlement case is richer and having longer traditions of conscious local cultural activity than
Shirakawa Ogimachi case. The approach to traditional building skills preservation also is
different. Shirakawa Ogimachi is preserving bigger than Kryvorivnia amount of originally shaped
ancient rural houses. While the local artisans of Shirakawa Ogimachi are concentrating their
building skills mostly on the maintenance of the Gassho-style houses, living big reparation works
to the restoration specialists, Kryvorivnia’s artisans are able to repair, and even rebuild local
architecture in the traditional way. There is also still flourishing the tradition of ancient building
methods transferring to the next generations. Kryvorivnia building carpenters are not only
erecting new diverse rural structures of traditional techniques on the territory of the settlement
but also spreading their skills to the wide neighboring area.

The approach to touristic activity organization at Shirakawa Ogimachi and Kryvorivnia also
are basically different. While Shirakawa Ogimachi community rather considering the tourists
as a passive spectators allowed to observe local life, in Kryvorivnia the tourists and guests fell
themselves fully involved in the process of local life including participation in religious services,
festivals preparing activity, crafts and local cuisine dishes fabrication and so (figure 7).

The reasons of such difference are probably nestling in the history and culture of the both
settlements as well as in the different mentality of their habitants. In Japanese history rural
settlements were practically closed social systems with strong local community consolidation
not allowing to the strangers to enter in or to the members of communities to go out. While
the Ukrainian Carpathian settlements historically had quite open social structure where people
settled around separately in small family groups with free coming in and out and consolidating
only in the case of practical or defense needs (figure 8).

In general it can be stated that Kryvorivnia traditional settlement is much more that
Shirakawa village Ogimachi integrated in the modern world and directed rather to the future
development in the harmony with their traditions and surroundings than to stagnation like an
artificially limited reserve of traditional life style.

5. Conclusions
The main problem for historical settlement with traditional way of living now is to consider
the appropriate proportion between local traditions stagnation and modern life integration.
At the cases examined it can be seen that for each historical settlement this question can
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Figure 6. Shirakawa Ogimachi and Kryvorivnia cases functional abilities and traditional
activity components preserving (by author).
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Figure 7. Local life and touristic activity interaction at Shirakawa Ogimachi and Kryvorivnia
cases.

Figure 8. Traditional settlement structure of Shirakawa Ogimachi and Kryvorivnia.

have deferent answers. The “non-detached” preservation of the settlement is possible now only
in coexistence with surrounding nature that shape both possibility and necessity to practice
continually traditional way of living, customs, building technics, crafts, agriculture and social
relationship. From the one hand, the complete stagnation of the local traditions and the way of
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living in the ancient “status quo” usually leads to the settlement life conservation or museification
existing separately from the real word. From the other hand, the excessive openness to the word
could lead to the settlement identity dissolving. The decision of desirable proportion between this
two crisis points are usually made by local communities and generally reflecting deep national
mentality and historical background of the settlement. The same could be applicable also
for the question of touristic activities separating or engaging on the local community life of
the settlement. Revitalization methods of historical settlements with traditional way of life
often are the original products that can lead the local communities to unique domestic heritage
preservation and revitalization methods and sustainable development strategies creating.
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Abstract. The war in Ukraine has led to large-scale destruction. The scale and nature of
changes in the urban planning parameters of the Luhansk region under the influence of hostilities
and the restoration of urbanized territories are studied. The purpose of the study is to determine
the models and principles for the restoration of urban areas affected by hostilities. Theoretical
and empirical methods of system and statistical analysis, analytical comparisons, urban planning
analysis were used for the study. The paper considers the quantitative and qualitative nature
of the impact of destruction and the socio-demographic and economic consequences caused by
them on the change in the urban planning parameters of the Luhansk region. The information
base consists of literary and archival sources, cartographic materials. The analysis of urban
planning tasks for the restoration of urbanized territories destroyed as a result of hostilities is
carried out. It is established that the war changed certain functions of the region. The task
arises to determine how the change in functions affects the transformation of the territorial
typology of the use of territories. The region is at the beginning of the phase transformation of
the urban form. A methodology for assessing and making urban planning decisions is proposed.
The urban planning tasks and directions for the restoration of the urbanized territories of
the Lugansk region, destroyed as a result of hostilities, are analyzed. From the intermediate
conclusions, it is advisable to single out that the region has significantly changed its functions.
The military and special nature of the use of the territories will be a priority. So, the planning
frame of the territory should undergo changes. It is necessary to revise and update general
layouts, regional development schemes aimed at the advanced development of programs and
projects that primarily ensure the structural growth of territories. The region will experience a
labor shortage. So, recovery programs will face a shortage of builders. It is advisable to create
and strengthen the departments of the chief architect of the city, expand the staff, to develop
current and future tasks for the development of cities.

1. Problem statement
The hybrid intervention of Russia in early 2014 led to an armed conflict known as the ATO/JFO
[1, 2]. On February 24, 2022, an open war began. In combat operations, all types of weapons
and combat arms are used. Appropriate are the scale and consequences of the destruction. The
use of heavy weapons, aircraft, missile strikes in highly urbanized areas for many months leads
to large-scale destruction of populated areas to the state of ‘scorched earth’. The war is not over
yet.
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‘Wars begin when you will, but they do not end when you please’ – Niccolo Machiavelli

We also do not set ourselves the task of guessing the date of the end of the war. The fundamental
point is the fact that after the end of the war, restoration begins, aimed at eliminating the
consequences of hostilities, restoring populated areas, territories abd urban planning systems.
Unfortunately, there is every reason to assert that the scale and nature of the destruction of
individual urbanized territories is so significant that questions arise as to what and how will have
to be restored? The destruction of an individual house is not a problem of its restoration. The
destruction of 70% of the housing stock, engineering systems for the city, road and transport
infrastructure, raises the question – in what sequence, in what volumes is it necessary to restore
the city? There arise the tasks of assessing and determining the scope of work, the order
of renewal, the forecasted terms of restoration, sources of financing, the availability of labor
resources and the urban development base. And all this in a region that was in decline even
before the hostilities. In fact, the question arises of developing a regional program for the
development of the territory (region), in parallel with the development of general layouts for the
development of settlements for the post-war period. For a detailed analysis of the situation, the
development of rational urban planning solutions, it is necessary to solve a number of scientific
problems:

• to give a quantitative and qualitative description of the extent of destruction;
• develop a methodology for assessing the impact of the nature of destruction on the state of

objects and the possibility of their restoration;
• develop a classification of urban objects and systems according to certain typological

features; propose principles and models for the restoration of disturbed urban areas aimed
at their sustainable development.

A comprehensive analysis will make it possible to develop options for the long-term and
advanced development of the Sievierodonetsk-Lysychansk agglomeration, the functional and
planning structure of the settlement.

2. Purpose, idea and research methodology
2.1. The goal of the research
Study of the impact of the scale and nature of destruction as a result of hostilities in the
Lugansk region on the possibility of restoring urbanized territories. Determination of models
and principles for the restoration of urbanized territories destroyed as a result of hostilities.

2.2. The idea
The armed conflict in eastern Ukraine continued in the worst possible way. Various possible
scenarios were predicted, but a full-scale military invasion was considered the most frightening,
and therefore hypothetically less likely [3–5]. The totality of internal and external factors, the
unpredictability of the modus operandi of the Russian leadership led to the fact that a large-
scale war is taking place on the territory of Ukraine, in the east of Europe, with a scale of
destruction that the continent has not known since WW2. The use of heavy weapons leads not
only to the destruction of individual objects, but also to the destruction of territories. Individual
settlements were wiped off the face of the earth. This turns the consequences of the war into
a systemic problem that will take years to resolve. The hostilities resulted in the evacuation of
the population, the cessation of economic activity, and the paralysis of the housing and utilities
sector. It becomes obvious that in the event of the end of the war, complex methodological
tasks will arise, covering the priority of restoration, the list of objects subject to and not subject
to restoration, approximate time for the implementation of programs and plans for restoration,
the definition of the town-planning base for the development of territories, and many other
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issues. The tasks of updating the general layouts of settlements will become relevant. Regional
development programs will have to be radically revised. The new functions of the regional
typology are becoming a reality and require taking into account the tasks of improving the
territorial planning organization of the Luhansk region and urban development.

2.3. Methodology
Theoretical and empirical methods of systemic and statistical analysis, analytical comparisons,
urban planning analysis were used for the study. The paper considers the quantitative and
qualitative nature of the impact of destruction and the socio-demographic and economic
consequences caused by them, the change in the urban planning parameters of the Luhansk
region. The information base consists of literary and archival sources, cartographic materials.

3. Results
An analysis of the scale of destruction indicates a potential change in individual functions
and forms of the region. The evolutionary gradual nature of urban transformations has been
replaced by an abrupt transition to a new quality. The transformations are in the nature
of phase shifts. Post-war restoration will lead to changes in the planning framework of the
territory. Recovery tasks are defined, which should take into account changes in the nature of
the region’s functions. The basic principle is to update and revise general layouts for populated
areas and regional development schemes. Anticipatory reconstruction is the priority model
of reconstructive restoration. It is advisable to create vertically integrated departments of
architecture and urban planning of cities and the regional administration. A classification of
construction and infrastructure facilities according to typological features is proposed in order
to form post-war reconstruction programs. It is expedient to give priority in restoration to
urbanized cells with the maximum development potential.

It is still impossible to make a comprehensive assessment of the consequences of the war. The
war is not over yet, the scale of losses and destruction cannot be correctly calculated. Secondly,
there is hardly a methodology that allows modeling the volume of losses in a single indicator.
Officials give a variety of information, which ultimately allows us to draw conclusions - the scale
of destruction is colossal.

“Since Russia’s full-scale invasion of Ukraine, the invaders have completely destroyed six
cities. This was announced by Deputy Head of the Office of the President of Ukraine Kyrylo
Tymoshenko in a video message to the participants of the forum ‘Revival of Ukraine –- Revival
of Communities’ The Donetsk and Lugansk regions suffered the most. There, some cities were
destroyed very badly. These include Mariupol, Volnovakha, Rubizhne, Popasna, Liman and
Sievierodonetsk. ‘According to our preliminary estimates, more than 350,000 objects and millions
of square meters of residential, educational, medical, and sports infrastructure have been destroyed
in the country, thousands of kilometers of roads and railways, airports, ports, and much more
have been damaged. Some of these facilities can be restored, some have been destroyed to the
ground’ – Tymoshenko said. The number of damaged and destroyed housing in Ukraine is close
to 35 million square meters. Even with a relatively calm economic and social situation, it may
take a long time to restore it.” [6]

“In Sievierodonetsk, Luhansk region, 90% of residential buildings were damaged as a result
of hostilities. This was announced by the head of the regional military administration Sergei
Gaidai ‘… 70% of the houses destroyed by the Russians are not being restored. In addition, the
critical infrastructure of the city is completely destroyed …’ In addition, the so-called ‘LPR’
stated that they were not going to restore Popasna: the city was completely destroyed.” [7]

It is appropriate to point out that a city is not an arithmetical aggregate of residential
buildings. Definitions and criteria of cities in the scientific community differ. What is
common is a certain number of the population, mainly engaged in non-agricultural activities,
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the compactness of the settlement, anthropogenic transformation of the territory. The main
functional zones of the city include rural, industrial, landscape and recreational. The defining
characteristic of a city is the list of functions and services it provides. Functions of the city
are the main types of activities performed by its residents. The main groups of functions are
distinguished – city-forming (specialized, exogenous), which determine the economic base of
the city. These production functions are industrial production, construction, transport, higher
education institutions, tourism and sanatoriums. City services (endogenous) are functions of
the city, performed exclusively in relation to its population [8].

Figures 1 and 2 show a panorama and a bird’s-eye view of the Popasna district. Figure 3
shows, what the village of Novotoshkivka turned into. The first question that arises is what
functions and services inherent in the city are possible? How to estimate the scale of destruction?
How should the program for reproduction of these settlements look like?

Figure 1. Panorama of the city of Popasna (population 19,199 people on January 1, 2022) of
the Luhansk region [9].

Traditionally, war losses are calculated in monetary terms. But it is possible to argue that
any estimates are not final, money has its value, which is determined by the discount rate, and
the value of money (as a category) changes over time. Inflationary processes, an integral part
of the economy, also contribute their share and are not subject to correction. That is, we can
only talk about forecast indicators and program targeting – therefore, any sums of losses are
indicative and fix concrete facts for a certain period of time.

Methodologically, these circumstances are taken into account in various methods of real
estate valuation, when, depending on the conditions, the object, and the impact factors, the
cost method, income method, and comparative method are used [12].

The basis for the financial assessment is the cadastre (registry) of objects that have been
destroyed and need to be restored. And in this case, the problem has no methodological
support. An attempt to apply an inductive approach (methods of induction and deduction)
forces us to develop certain classifications according to certain criteria (features). For example:
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Figure 2. Photo of the destruction of a residential building in the city of Popasna, Luhansk
region [10].

completely destroyed; partially destroyed; (not) suitable for restoration. But this method gives
errors in assessing systems, territorial entities. It is also problematic to determine the degree of
destruction of an object and assign it to a certain category. The method of expert assessment
seems to be the most adequate, when a qualitative (determining) conclusion is made on the basis
of an integral assessment of the amount of identified defects. The list of defects is determined by
the methodology, the presence and significance – by experts, the degree of influence of defects
on the general condition – by a qualimetric assessment.

It is important to evaluate the final resource of the restoration object and its residual value,
since these parameters influence the decision on the feasibility of restoration or replacement.
This is also a difficult methodological task, given the fact that there is no real experience of
restoring objects destroyed as a result of hostilities in Ukraine. The residual value should also
reflect the usefulness of the object – the ability to provide a certain function of urban planning
activities.

The primary classification of objects holding destruction as a result of hostilities according
to typological features may include:

• Individual residential houses;
• Multistorey residential buildings;
• Educational institutions and youth education – kindergartens, schools, colleges, universities;
• Cultural institutions – palaces of culture, theater buildings;
• Administrative buildings of cities and towns;
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Figure 3. Novotoshkivske village (population 2,119 people on January 1, 2022), Luhansk
region [11].

• Complexes of public utilities and engineering structures to ensure the functioning of cities;
• Structures and complexes of public transport enterprises;
• Transport facilities – railway stations, airports;
• Industrial companies;
• Objects and structures of engineering networks for gas and electricity supply, drainage and

sewerage, water and heat supply;
• Elements of road infrastructure;
• Parks, squares, recreation areas, landscape areas.

The above classification makes it possible to group objects according to the characteristics
of the size of the territories and according to the principle of the priority of fixing the land plot
(priority of the territory).

An individual residential building can be relatively easily assessed in terms of the nature of
defects or the degree of destruction, the possibility of repair, and the cost of repair. But if this
building is located on a plot of manor development, in which engineering communications are
destroyed? The cost and laboriousness of laying or repairing engineering networks of electricity,
gas supply, water supply can be several times higher than the cost of restoring a house. That
is, the problem of a separate house should be considered within the framework of the task of
restoring a certain area of the manor development. The second part of the problem is legal in
nature – what to do if the owner or legal representative of the owner of the house is absent?
How to resolve issues with the house and land? What parameters or factors are more decisive
– the attractiveness of the territory or the degree of preservation of houses? Similar questions
arise for apartment buildings, despite the fact that there will be even more uncertain positions
for objects of this class.
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The classical theory of town planning development is based on the evolutionary, gradual
nature of transformations with the aim of improving the town planning situation [13,14]. In our
case, unfortunately, we have changes that are sudden, external in nature, partially catastrophic,
partially leading to changes in the urban or regional situation radically [5]. Figures 4 and 5
show only a small part of the destroyed city of Popasna (the history of Popasna as a settlement
begins in the middle of the 19th century). The city’s economy was mainly focused on railway
transport and the coal industry. A railway-car repair works, a locomotive bay and wagon depot,
and an elevator operated in the city. The population of the city was up to 20,000 people.

Figure 4. Satellite image of the damaged locomotive bay and wagon depot in the city of
Popasna, Luhansk region [15].

A recursion is fixed when the usage form changes as a result of a war. The impact of the war
determines the changes in the function of the use of the territory. Change of function — if it
is irreversible, determines the change in form during the period of post-war reconstruction. For
example, to what extent the coal-mining part of the economy of individual cities will remain.
Lisichansk is known to be the birthplace of coal-mining Donbass. Will it be economically feasible
to keep the coal mines of Lisichansk?

If we draw an analogy with the Chernobyl disaster, there has also been a catastrophic change
in the regional situation. For obvious reasons, part of the territory was withdrawn from usage,
the residence and attendance of people in the Chernobyl Exclusion Zone was limited. However,
this zone is under control, a number of programs have been developed aimed at stabilizing
the general situation, special activities, construction, various types of research and control are
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Figure 5. Satellite image of a part of the destroyed district of the city of Popasna, Luhansk
region [15].

being carried out. But this exclusion zone is unprofitable, it generates losses. There is a balance
between minimizing the harmful effects and the cost of maintaining the zone. After the liberation
of the occupied territories, they must be returned to normal economic activity, profitable and
generally useful. In this case, the problem arises of determining the balance between the costs
of restoring territories destroyed as a result of hostilities and their further efficiency of use.

The situation in the temporarily occupied territories remains difficult, so far it is impossible to
talk about fixing the general state of damage losses. Natural and climatic factors are a significant
factor in changes and the winter period will make its own adjustments. In the context of the
liberation of the territories, spring will give a rough idea of the scale and inevitability of the
destruction of the housing stock. Damaged roofs of buildings and lack of heating will lead to
soaking of the walls. Freeze and frost retreat cycles can reduce the bearing capacity of structures.
Two seasons in a row will make the buildings uninhabitable.

Spring will give an idea of the influence of such factors as the level of urbanization, the scale of
destruction (in percent), the availability of labor resources and the active share of the population
on the preservation and development of the territory of the so-called Rubizhne-Sievierodonetsk-
Lysichansk triangle.

A separate scientific task is to assess the impact of migration processes on the directions
of the functional development of the territory [16]. Migration had a multi-vector character.
Most of the citizens moved to Ukraine. Some of them turned out to be refugees in European
countries. Some part went to Russia. Part of the population remained. Among them – most
of the economically inactive population – pensioners. The percentage of the active part of the
population has decreased – but now it is difficult to estimate its number, despite the fact that
migration processes continue. Employable people are looking for an opportunity to leave for
regions with higher salaries. This trend has been fixed in the Donbass for a long time [4,17–19].
The war gave the character of a catastrophe. Since there are no socio-economic prerequisites for
mass incentives for the return of able-bodied people, this trend is becoming irreversible. It can
be argued that the period of intensive colonial development of Donbass has expired. The region
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cannot offer attractive working conditions and becomes a donor of labor resources. As already
noted in previous studies [20], the region stagnates, the nature and directions of development
of the territory are determined by the functional processes taking place on it. Apparently, it
should be noted that the trends have not been finally determined, but the general direction is
currently negative.

The cities of Luhansk region can be classified as industrial cities without a notable historical
heritage. These cities have different planning structures and their own unique compositional
construction. The consequences of destruction lead to the fact that the basic urban planning
principles require adjustment. Changing the functions and form of territories is the task
of restoration. At the initial stage, it is difficult to determine the dominant part. [21]
Comprehensive reconstruction of destroyed cities is based on the principles of protection and
safety; accessibility; autonomy; adaptability; attractiveness; environmental friendliness and
restoration of the environment.

• Principle of protection and safety. The urban form should protect residents from various
types of danger. For border regions, there is an existential threat of a resumption of war,
and this factor must be taken into account.

• Principle of accessibility. For border regions, accessibility should be a basic direction
towards the so-called center. The traditional concept includes both limitations and a
combination with the principle of safety, including the ability to move quickly.

• Principle of autonomy. Creating resilient management systems. A sufficient level
of infrastructure and resource provision is necessary for functioning and sustainable
development.

• Principle of adaptability. The spatial and architectural-planning organization of the city
should have a complex structure but be adaptable, flexible, and able to quickly respond to
possible changes, corrections, and new trends.

• Principle of flexibility. The urban development management system should be more flexible.
Feedback on problems and response time should be accelerated.

• Principle of attractiveness. The set of factors and conditions that will contribute to the
return and attraction of people, enterprises, and capital.

• Principle of ecological sustainability. The restoration of the environment should be an active
process.

The process of restoring liberated cities will have its atypical differences. Obviously, the
beginning of everything will be the restoration of the management system in conditions of a state
of emergency. Not all norms of civilian legislation will work. The primary actions will concern
individual objects critical for the functioning of the liberated cities. The restoration process will
be divided into three stages (directions) – object reconstruction, functional reconstruction, and
urban (territorial) reconstruction. It will be difficult to determine the predominant direction at
the initial stage. Different methods and types of work are developed for each stage. Work can
be performed simultaneously or sequentially depending on the condition and characteristics of
each group of buildings that form the restoration area, as well as the goals and financing of the
reconstruction.

Based on a comparative study of buildings and structures within a residential block
and determining new requirements for them, the tasks of reconstruction and measures of
reconstructive intervention are identified [21]. The measures of reconstructive intervention
depend on the level of suitability of individual buildings for normal operation; the degree
of preservation of planning and volumetric spatial qualities of the site (scale of destruction);
architectural-planning and structural qualities of individual buildings; the ability of buildings to
meet urgent social needs, that is, whether they need to be given a new function.
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Object reconstruction of buildings aims to restore their functional properties and primary
housing qualities. The principles of object reconstruction include:

• Preservation of the primary architectural and planning solution of the building in the
existing development (reconstruction involves partial restorative repair, capital repair, or
modern conversion);

• Dominance of the overall reconstruction concept of the quarter in selecting project solutions
for restoring the building.

Functional reconstruction of buildings and structures within a block aims to find the optimal
modern functional use, taking into account the real condition of the block. Determining the
optimal functional solution for a civil building is based on comparing the primary function
of the building, its current state, and the possibility of transforming it to meet modern
needs. The project solution may involve restoring the primary function, developing the
primary function, or forming a new function for the object. Restoring the primary function is
achieved through repairing and reconstructing the building using various methods. Alternatively,
complete reconstruction of a ruined building is possible. Developing the primary function is
achieved through reconstruction of the building using full reconstruction or partial modernization
methods. Forming a new function (adaptation) is recommended during reconstruction of the
building using partial or full modernization methods, primarily as part of a detailed planning
project for a group of buildings. When choosing new functions for a historical building, it
is essential to adhere to principles such as maximum similarity between the new and existing
functions, and preserving the correspondence or proximity of the selected function to the previous
purpose of the object.

The main principle of functional reconstruction of blocks with a complete or partial list of
service objects may be the preservation and orientation towards multifunctionality. Choosing
the correct functions for the block and its individual buildings, in combination with optimal
means of reconstruction, may be the only way to ensure survival and development of the entire
planning element as a whole.

Urban/territorial reconstruction includes the reconstruction of the spatial territorial structure
as the basis for preserving and developing the main functions of the city. The reconstruction of
the spatial structure aims to organize and adapt it to post-war realities. The principles of urban
reconstruction include:

• maximum preservation of the existing spatial structure, which requires minimum investment
in territorial transformation;

• addition and expansion of the spatial structure with new elements, taking into account the
current state and post-war realities.

At this stage, the hierarchy of compositional structural elements of the level-agglomeration-
urban planning unit is determined. Prospective territorial hubs are formed that provide for the
development of the main functions of the city, and areas for deferred reproduction are reserved.

The research [22–24] identifies three models (forms) of reconstructive activity:

• The “restorative” reconstruction model;
• The “supportive” or “accompanying” reconstruction model;
• The “proactive” or “anticipatory” reconstruction model.

The proactive reconstruction model has a high level of stimulation for future activity, is
designed for implementation over a period of 5-7 years, and results in a reconstruction concept
or target program. The supportive reconstruction model has a medium level of stimulation for
future activity, is designed for implementation within 5 years, and provides for the development
of a reconstruction project (program). The restorative reconstruction model has a low level of
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stimulation activity, operates within a timeframe of 0.5-1 year, and involves the development and
implementation of a reconstruction project for an object [22]. At the initial stage, situational
response will be implemented for emergency restoration of urban objects and functions. This
will be followed by a period of implementation of programs and projects for supportive and
proactive reconstruction. Within 2-3 years, an adequate target program for the reconstructive
development of urbanized territories should be developed. Object-oriented response and current
development should be subordinate to the programmatic goals of the proactive reconstruction
model. The figure 6 contains a scheme of methodical interaction of models of reconstructive
activity. Situational response, which leads to systemic error, promotes the accumulation of
problems and contradictions, ultimately resulting in the degradation of territories and regional
crisis state, is a negative alternative.

There is a task to correctly assess and determine trends, which will allow determining the
direction of changes. The situational analysis will allow to determine the tasks transformed
in order to ensure the sustainable development of the region in the new conditions created by
the post-war situation. After the occupation, it is necessary to develop a program of regional
restoration/renewal covering the territory of the regions, town-planning formations (cities and
settlements), infrastructure objects, objects and infrastructure systems of urban and group
settlements. [25–28]

It is not possible to develop a separate city with leading indicators on the destroyed territory.
The concentration of finances in a separate city (populated area) will not have a great effect in
terms of improving the quality of life in the region. Likewise, spreading a thin layer of funding
over the territory will not ensure its sustainable development. It is necessary to determine
growth points, directions of advanced development and support a function that can provide a
high level of benefit.

Orientation tasks and prerequisites that must be analyzed and solved at the first stage are
quite numerous.

Administrative and territorial reform of the region (for example, what city will be the regional
center or fulfill most of its functions) [29].

Will individual cities retain their status? For example, Hirske, Popasna, individual villages –
completely destroyed, Rubizhne-Sievierodonetsk-Lysychansk agglomeration – perhaps more
expedient as a single administrative entity? On the formation of military-civilian administrations
of districts – former cities forming an agglomeration? Problems of the functioning of city councils
and city executive committees of cities. Problems important for the normal functioning of cities
have not been resolved for years: the political situation on the ground is far from normal, which
means that important decisions should not be made at the level of local government.

Define zones that will have special border region conditions. As noted, the region from the
internal, transboundary has become a border region [5,20]. The state, the Ministry of Defense,
the Armed Forces of Ukraine are likely to have priorities in the use of parts of the territory.

It is also necessary to determine the configuration – the supporting frame of communication
routes, taking into account new realities. If there is a special regime zone, are the roads needed
(P07 Chertkovo, T1 302 Tanyushevka, P22 Chervona Talivka, M04 Izvarine, E20 Dolzhansky)?
Subject to the strict requirements of the visa regime, foreign citizens will have to travel on other
routes. Certainly, undergo changes in the category of roads that have the direction of the road
along the border, and unite the major cities of the regions.

This will determine (possibly) additional engineering structures, tasks for the restoration and
reconstruction of existing bridges, flyovers, airfields, etc.

As an example, the Siverskyi Donets River on the border with Russia flows along the
border line for a considerable distance – from the settlement of Novokievka/Makarov yar to the
settlement Popovka. The river should be provided with means of control, protective structures.

It is possible that it will be necessary to regulate the flow of the Siverskyi Donets and create
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Figure 6. Scheme of methodical interaction of models of reconstructive activity.

additional water management complexes.
There is a need for a cadastre of enterprises and institutions that will operate in the region

and be subordinate to the central executive authorities (correctional colonies, detention centers,
military camps, training grounds).

Perhaps there will be zones and territories with limited use, which will need to be determined,
for example — mined.

Determine the objects that should be financed by the state and include them in programs
and general layouts for urban development.
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It is necessary to determine the objects in which there is a need to ensure the sustainable
development of cities and the region — schools, kindergartens, sports facilities, hospitals, clinics,
homes for the elderly, administrative buildings. For example, in the city of Lysychansk, almost
all administrative buildings were destroyed. And if the functions are listed, then the basic list
contains the buildings of the city hall, the national police, the prosecutor’s office, the court, the
security service, the ambulance station, and the fire station.

Depending on the results of the administrative-territorial reform, it is expedient to determine
the placement of universities, colleges, and student residence buildings. In the territories
occupied since 2014, a large number of educational institutions remain, the property of which
consists of buildings, structures, and land plots. Part of the displaced institutions of higher
education were reorganized by merger. The Ministry of Education of Ukraine acts as the manager
of the property. The owner is the State Property Fund of Ukraine. Leaving the region without
education means leaving the region of the future. Thus, the location of the leading educational
institutions in the region should be determined.

It is necessary to determine objects of a commercial nature, their legal status, conditions for
further functioning. In the region, there are several large enterprises that require balanced legal
decisions – coal mines, private and state, Lysychansk oil refinery plant, ‘Zarya’ chemical plant,
Rubizhne cardboard mill, Sievierodonetsk chemical plant ‘Azot’ and others. One should hardly
care about the development of the network of gas stations. Large networks of this segment
will solve this problem at the level of commercial attractiveness. It is quite obvious that the
network management wants to know the plans for the development of the road network in order
to coordinate their projects.

4. Conclusions
The cities of Luhansk region are predominantly known for their industrial character and lack
a significant historical heritage. The destruction caused by past conflicts has necessitated
adjustments to the fundamental urban planning principles. The process of restoring these cities
involves determining the dominant aspects and implementing comprehensive reconstruction
based on the principles of protection, safety, accessibility, autonomy, adaptability, attractiveness,
and environmental friendliness.

Given the military and special nature of certain territories, prioritizing their planning
framework is essential. Cross-border cooperation has shifted towards establishing clear borders
and protective exclusion zones. The delimitation and demarcation of borders have been gradual,
and stricter border control measures are now in place.

The restoration of liberated territories requires a thorough review and update of general
layouts and regional development schemes to focus on advanced programs and projects that
facilitate the structural growth of the regions. The model of anticipatory reconstructive activity
takes precedence in this regard.

To support the development of cities, it is crucial to establish and strengthen departments
responsible for urban development tasks, such as the Chief Architect’s office, with an expanded
staff of specialists.

We propose the establishment of a Regional Civil-Military Administration department
dedicated to urban and territorial development, staffed with qualified experts.

Urbanized areas with normal population density tend to be more successful and competitive
in their development.

Investing in education and job creation should be prioritized over general improvements to
the territory. This focus will play a crucial role in the region’s growth.

Considering the anticipated population migration, the region is likely to experience a shortage
of labor during recovery programs, particularly in the construction industry.
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It is essential to allocate a portion of the territory for environmental purposes and landscape
reproduction, such as preserving forests and riverine areas.

The preservation of ecologically significant areas should be a priority to maintain the region’s
environmental balance.

In summary, the restoration of the cities in the Luhansk region demands a careful reevaluation
of urban planning principles, cross-border cooperation, and investments in education and
job opportunities. Prioritizing environmental preservation and sustainable development will
contribute to the region’s long-term success and growth.
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Transformational processes of ensuring sustainable
urban development: the realities of Ukraine

O I Kuzmak and O M Kuzmak
Lutsk National Technical University, 75 Lvivska Str., Lutsk, 43018, Ukraine

E-mail: kuzmakoleg2312@gmail.com, kuzmakolena3007@gmail.com

Abstract. The purpose of the study is to determine the state of transformational conversions
in Ukraine on the way to achieving the goals of sustainable development, in particular, the
condition of the development of cities and communities. With this goal, an analysis of Ukraine’s
position according to indicators of sustainable development in dynamics was carried out. It has
been established that Ukraine is committed to the values and goals of sustainable development.
An assessment of measures regarding the adaptation of sustainable development goals in Ukraine
was conducted. It has been found out, that Ukraine has made progress in achieving twelve of
the 17 goals that determine the country’s sustainable development in the economic, social,
and environmental spheres, including SDG 11 “Sustainable cities and communities”. The state
and amounts of financing of the “Stable cities and communities” goal were analyzed, and the
disadvantages of the Ukrainian system of state strategic planning and budgeting were identified.
Proposals regarding the innovative nature of economic development in the context of sustainable
development of cities and communities have been researched and substantiated. Approaches to
the management and development of cities and communities are proposed, which should be
based on inclusiveness, safety, and sustainability principles.

1. Introduction
In the modern activity of mankind, issues related to various aspects of cities sustainable
development are considered key factors in the development of the modern economy. The
sustainable development of spatial systems, as a form of organization and ensuring a high
quality of human life, gave impetus to changing approaches and strategies in the development of
states, regions, cities, and territorial communities. The principles proposed by the international
and European community, outlined in the Leipzig Charter “European Cities on the Path to
Sustainable Development”, the Strategy for Smart, Sustainable and Inclusive Growth “Europe
2020” and the UN Global Sustainable Development Goals are an illustration of approaches to
sustainable development at the micro-, meso-, macro- and mega-levels. The conceptual principles
of managing the sustainable development of the city are based on the guiding principles and
regulations of the European Union, namely: the Charter of the Congress of Local and Regional
Authorities of Europe (Strasbourg, 1957), the European Charter of Regional Spatial Planning
(Torremolin Charter, 1983), the European Charter of local self-government (Strasbourg, 1985),
the Gothenburg Strategy for the Sustainable Development of Europe (Gothenburg, 2001), the
Leipzig Charter for the Sustainable Development of the City (Leipzig, 2007), the Europe 2020
Strategy “A strategy for smart, sustainable and inclusive growth” (Brussels, 2010).

The sustainable development of cities makes them viable, able to adapt, mitigate adverse
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consequences, and stimulate positive socio-economic and environmental changes. Sustainable
development covers all aspects of the healthy development of the city and should provide
solutions to financial, economic, social, and environmental problems.

2. Research methods
The research methodology is based on a literature review, survey, and qualitative case study.The
authors analyzed scientific publications from the scientometric database for the period 2014-2020
regarding the reflection in them of aspects of sustainable development of territorial communities
and cities. This made it possible to identify specific features of development in Ukraine. For
an in-depth analysis, the authors used a case study. The work uses methods of generalization
and comparison to determine the level of sustainable development goals in Ukraine and other
countries of the world.

The purpose of the study is to determine the state of SDG 11 in the realities of Ukraine
and compare it with other sustainable development goals and determine the place of Ukraine in
indicators of sustainable development.

3. Research results
At the end of the 20th century, the principles of sustainable development were approved by the
world community at the UN Conference on Environment and Development in Rio de Janeiro
(1992) and finalized in the UN report “On Human Development” in 1994 into a universal
concept of sustainable development. The essence of the concept of sustainable development in
its modern understanding is the balance of social development in social, ecological, and economic
aspects. Sustainable development is the development that satisfies all spheres of society’s life
without harming the opportunities of future generations [1]. Historically, Ukraine’s path to
sustainable development began at the same conference in Rio de Janeiro, when the Rio de
Janeiro Declaration and Agenda for the Program of Action in the 21st Century were signed.
Subsequently, Ukraine confirmed its desire to follow this path and, as a result, in 1997, the
National Commission for Sustainable Development was created under the Cabinet of Ministers
of Ukraine.

In 2015, in New York, as part of the agenda of the summit “Transforming our world: an
agenda in the field of sustainable development until 2030”, the UN General Assembly approved
17 sustainable development goals aimed at fighting poverty, protecting the planet and improving
the lives and prospects of everyone, around the world and called on countries, the public sector
and business to unite for their implementation. Goal number 11 is the sustainable development
of cities and communities [2].

Since 2015, several reforms have been launched in Ukraine (figure 1) aimed at implementing
socioeconomic transformations and strengthening the democratic system. The Sustainable
Development Goals (SDG) are integrated into a public policy based on “leaving no one behind”.
The result of the inclusive SDG adaptation process for Ukraine, taking into account the specifics
of national development, was the SDG system, which consists of 86 tasks with 183 indicators for
monitoring. The government established an Interdepartmental Working Group on SDG issues
to coordinate work on achieving the goals. For now, the responsibility of the ministries for SDG
tasks has been established, the President of Ukraine has adopted a Decree that attaches the
Goals as a reference point for the development of program and forecast documents, and an SDG
monitoring system has been developed. In 2019, an analysis of the degree of SDG incorporation
(at the level of SDG tasks) was carried out. In total, 17 goals and 86 national tasks of the
SDG are incorporated into 162 regulatory and legal acts of the Government, 1,394 goals, and
4,296 measures established in these acts are aimed at the implementation of goals and tasks.
But, despite a significant number of state strategic documents and a large volume of tasks and
measures, not all tasks of the 17 goals are taken into account [3–5].
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Figure 1. Statistics of actions related to the adaptation of sustainable development goals in
Ukraine (based on [3–5]).

In 2021, according to the Sustainable Development Goals Index (SDG 2022) (figure 2),
Ukraine took 37th place out of 163 countries, ahead of Australia (38th place), Lithuania (39th)
and the USA (41st). Finland, Denmark and Sweden occupy the first places in the ranking of
the SDG 2022 index, and the Central African Republic and South Sudan are the last [6].

Studies show that in 2021, progress is being made in Ukraine in achieving twelve of the
17 goals that determine the sustainable development of the country in the economic, social,
and environmental spheres, including SDG 11 “Sustainable cities and communities” (figure 3).
Ukraine has made the most progress in achieving the goal of “universal elimination of poverty
in all its forms”. At the same time, Ukraine did not deteriorate its position in any of the basic
objectives. However, the analysis of state strategic documents points to the disadvantages of the
Ukrainian system of state strategic planning and budgeting. Thus, a large number of strategic
and programmatic documents for 17 targeted areas of development leads to unclear coordination
of efforts to achieve goals and perform tasks, forms a discrete rather than a systematic approach
to policy formation, scatters financial, material, and human resources prevent the ability to
concentrate on the efficient use of resources to achieve a certain result. The consequence
of the lack of systematic work is, among other things, underfunding of important tasks and
measures, low degree of their implementation, duplication of functions, tasks, and measures
between executive authorities, and low responsibility for failure in the achievement of results.

In general, in the world ranking of indicators of sustainable development, Ukraine occupies
not the worst, but also not the best positions. Thus, in 2020, according to the international
analytical organization Legatum Institute, Ukraine took 92nd place in the ranking of the well-
being of countries, which is 4 positions higher than in 2019 (figure 4). At the same time, among
all the countries of Eastern Europe, Ukraine ranks last in the rating. The reason for this is
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Figure 2. Ranking and score of Ukraine according to the SDG 2022 index (based on [6, 7]),

Figure 3. The average value of achieving the goals of sustainable development in Ukraine
(based on [7]).

the war in the East of Ukraine, which has been going on since 2014, which significantly lowers
Ukraine’s security rating (to 144th place out of 167). In addition, there are problems in the
sphere of freedom of assembly and association in Ukraine, and indicators of religious tolerance
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in Ukraine have increased in recent years. The first places in the Legatum Institute rating are
occupied by Denmark, Norway, and Switzerland. The last two are the Central African Republic
and South Sudan [8].

Ukraine belongs to the developing countries, and according to the results highlighted in
the latest report on the Inclusive Development Index in 2018, it ranked 49th among 74
developing countries. Lithuania, Hungary, Azerbaijan, Latvia, and Poland are 5 developing
countries that are leading in terms of inclusiveness of economic growth. Norway, Iceland,
Luxembourg, Switzerland, and Denmark are among the top five countries developed by the
level of inclusiveness of economic growth. Ukraine’s development trends indicate that the
inclusiveness of its economic development decreased by 6,8 percent from 2014-2018. In particular,
the distribution of wealth in Ukraine is one of the most uneven among all developing countries.
At the same time, the level of income inequality and the level of poverty in Ukraine is low: the
middle class, in the opinion of WEF experts, remains numerous, health care and support for
the unemployed are at a sufficient level, and the education system contributes well to inclusive
growth. However, constant wars in the east of the country contribute to regression, as they
disproportionately affect the poorest strata of the population, prompting talented people to
leave the country in search of opportunities for self-realization. The priorities are to increase
the level of professional education, reduce the administrative burden on the creation of new
enterprises, expand the financing of entrepreneurs and increase attention to the fight against
corruption [9–11].

According to the current Environmental Performance Index (EPI), in 2022 Ukraine ranked
52nd among 180 countries in the world, and Ukraine has advantages in rational nitrogen
management [12]. For reference, in 2020 and 2018, Ukraine ranked 60th and 109th, accordingly
[10], and in 2016, it ranked 44th in almost all indicators, including water quality and air
cleanliness.

Figure 4. Ranking of Ukraine according to the Legatum Prosperity Index (based on [8]).
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The current situation in the economy of Ukraine is characterized by not very high innovation
activity, which is primarily related to the lack of own funds for enterprises and limited budget
funding. Thus, according to the Global Innovation Index 2022 global innovation rating, Ukraine
took 57th place out of 132 economies, holding the 4th position among 36 countries of the
lower-middle income economic group, and is 34th among 39 European economies. Compared to
previous years, Ukraine slightly worsened its results (for comparison, in 2021 – 49th, in 2020 –
45th, in 2019 – 47th, and 2018 – 43rd place, accordingly). Switzerland is recognized as the most
innovative country, immediately after is USA, Sweden, Great Britain, and the Netherlands. It is
also noted that China approached the TOP-10 innovative economies of the world (11th place),
while Turkey and India entered the TOP-40 for the first time [13,14].

As already mentioned above, of the seventeen sustainable development goals approved by the
UN General Assembly in 2015 within the framework of the agenda of the summit “Transforming
our world: agenda in the sphere of sustainable development until 2030”, goal number 11 is the
sustainable development of cities and communities.

The tasks of sustainable development of cities and communities include ensuring by 2030:
access to sufficiently safe and inexpensive housing, safe, inexpensive, and environmentally
sustainable transport systems, open for all and ecologically sustainable urbanization,
preservation of world cultural and natural heritage, reduction of damage from natural disasters,
reducing the negative environmental impact of cities, ensuring access to safe and open to all green
zones and public places, improving the quality of national and regional development planning,
implementing a comprehensive management approach in cities and settlements, assisting the
least developed countries in the construction of sustainable and durable buildings.

Cities are the dominant form of socioeconomic organization and engines of the economic
growth of any country. Among the variety of modern urban concepts, sustainable development
has the longest history and the widest recognition in the world, but recently the Smart City
concept has become increasingly popular. Smart sustainable cities become “innovative cities
that use informational and communication technologies and other means to improve the quality
of life, the efficiency of cities work and services, and competitiveness, while ensuring accordance
of the needs of current and future generations in terms of economic, social, environmental, and
also cultural aspects [15].

Rapid urbanization leads to ineffective allocation and application of resources, overtime
increasing the burden on the environment. Enterprises that work in cities and contribute to
overall economic prosperity have the opportunity to support infrastructure development by
participating in the elaborateness of strategies for the development of cities and communities,
using their capabilities and knowledge to identify innovative and economically effective solutions
to complex, interdisciplinary issues of urban sustainability.

Realizing their responsibility, communities, and cities all over the world are increasingly
paying attention to issues of sustainable development, and Ukraine is also trying to keep pace
with global trends. As of January 1, 2022, Ukraine has accrued 461 cities (including 2 cities
with special status). The urban population in Ukraine, as of January 1, 2022, is 28 million and
693 thousand people, which is 69.7 percent [16].

Studies show that, despite Ukraine’s clear movement towards achieving the goals of
sustainable development, funding for SDG 11, although high at the current stage, but still
not sufficient from the side of Ukraine, as well as international institutions. The main source of
funding for regional development is several subventions from the state and local budgets. One of
the tasks of Goal 11 is to increase housing affordability: this goal is financed from local and state
budgets. To the objectives of SDG 11, local authorities are developing regional development
strategies, although some communities have not yet completed this task. Such programs are
developed by the communities themselves and at the expense of international technical assistance
(ITA) projects. The level of housing and communal services financing remains low. In addition,
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neither state nor local budgets allocate appropriate funds for financing ecologically sustainable
development. Also, it can be noted that most of the projects implemented in the public sector
aimed at the realization of SDG 11 do not find support from international financial institutions
(IFI). In the structure of bank loans granted in 2021, which can be conditionally divided into
sustainable development goals, only 8 percent was issued for the development of SDG 11.

The assessment of the financing of sustainable development goal 11 “Sustainable cities
and communities” for the period 2017-2020 shows that these are investments by state-owned
enterprises in construction, restaurants, and hotels. In particular, these are investments in state
project institutions, housing and communal enterprises of central state authorities, etc. Private
investment financing of SDG 11, which includes investment in urban development (primarily
investment in operations with real estate, hotels, and restaurants and 50 percent of investment
in construction), can be assessed as high, (figure 5).

Figure 5. Financial investments in SDG 11 in Ukraine within the framework of the state and
private sector, million UAH (based on [17]).

International technical assistance (ITA) is one of the important mechanisms for financing
sustainable development in Ukraine. Ukraine, as a developing country, has been receiving
ITA since 1992 and quite actively uses this financial instrument in almost all sectors of the
economy. ITA projects also paid significant attention to SDG 11 “Sustainable Cities and
Communities”. 326 million dollars were allocated for SDG 11 to implement 119 projects in
such sectors as “Regional development”, “Culture and historical heritage”, “Development of
youth and sports”, “Decentralization and promotion of regional development” and partially in
the sector “Development of social infrastructure and services”. In particular, these projects are
aimed at supporting the natural reserve fund of Ukraine, helping local self-government bodies
improve the management of resources and services by community priorities, increasing the role
of cultural heritage sites as tourist destinations, improving the effectiveness of work with youth
and the quality of youth policy at the local and national levels. The main projects in 2016-2020
within the framework of SDG 11 were the US projects “Decentralization that ensures better
results and efficiency” (DOBRE), “Ukrainian national identity through youth” and the EU



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012079

IOP Publishing
doi:10.1088/1755-1315/1254/1/012079

8

project “U-LEAD with Europe: Ukraine – expanding opportunities on places, accountability,
and the Development Program”.

The sustainable development of cities and communities in Ukraine is also ensured by
special programs of the Ministry of Development of Communities and Territories, including
SFRD. Community development budgets are also important. Priorities of regional development
and tasks related to their implementation are determined by the State Strategy of Regional
Development for the period until 2027. To fulfill this, appropriate regional strategies have
been accepted. At the same time, some communities in Ukraine still have not developed and
approved development strategies. The importance of the strategies lies in the fact that they
allow enterprises to understand the local government’s policy regarding the development of the
relevant community and to estimate the amount of funding for the implementation of the planned
changes.

Different proposals and approaches to local development strategies suggested by different
projects complicate the implementation of strategic planning at the community level. One of
the tasks of this goal is to ensure housing affordability. Several state programs are aimed at this.
These programs are implemented by state institutions, whose source of statutory and operating
capital formation is the state budget. Among them are programmed to reduce the cost of
mortgages and housing rent for representatives of certain professions, which are implemented
by the State Fund for the Assistance of Youth Housing Construction and the Entrepreneurship
Development Fund (7 percent affordable mortgage).

However, today in Ukraine, as a result of the full-scale war, the situation in the direction
of achieving the goals of sustainable development, in particular sustainability and cities, has
significantly worsened, Mariupol, Volnovakha, Rubizhne, Popasna, Liman, and Severodonetsk
were completely destroyed. The situation in the occupied communities of the Kherson region is
very difficult. Some communities of the Mykolaiv region and Zaporizhzhia suffered significant
destruction. In Kharkiv, part of the Northern Saltivka micro-district was also destroyed. Due
to Russia’s war against Ukraine, millions of citizens lost their homes. According to preliminary
calculations by the Ministry of Community and Territorial Development, more than 2.4 million
Ukrainians live in destroyed or significantly damaged dwellings. This is a preliminary figure
because, in the conditions of martial law and temporary occupation of some regions, it is
impossible to accurately calculate the number of uninhabitable housing. According to the data
given by the regional military administrations, from February 24 to October 18, 2022, almost
160,000 damaged or destroyed objects were recorded in the territories available for counting. 60
percent of them have a degree of destruction of more than 50 percent. Among the damaged
real estate objects, residential premises predominate – more than 142,000. Of them, more than
54,000 are with a degree of destruction up to 50 percent, and 88,000 are 50-100 percent [18].

As of June 2022, the cost of direct damage has reached more than 97 billion US dollars, and
as of February 2023, losses are estimated at 135 billion US dollars. Most affected were residential
buildings (40 percent of total damage in 2022 and 38 percent in 2023), transportation (31 and
26 percent, respectively), energy (3 and 8 percent, respectively), and trade and industry (10
and 8 percent, respectively). Donetsk, Kharkiv, Luhansk, Zaporizhzhya, Kyiv, and Kherson
regions are the most affected (figure 6). Disruptions to economic flows and production, as well
as additional war-related costs, are collectively estimated as losses of US dollars 252 billion as
of June 2022 and US dollars 290 billion as of February 2023 [19,20].

In the first quarter of 2022, Ukraine’s gross domestic product (GDP) contracted by 15.1
percent year-on-year, and the poverty rate is expected to increase from 2 percent to 21 percent
(based on a poverty line of US dollars 5.5 per person per day). The cost of the need for
reconstruction and restoration, as of June 1, 2022, is estimated at more than 349 billion US
dollars, which exceeds the GDP of Ukraine in 2021 by more than 1.6 times [19]. As of April
2023, according to the updated data of the damage assessment and recovery needs (RDNA2),
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Figure 6. The total amount of damage caused to the cities and territories of Ukraine as a result
of the full-scale war (based on [19,20]).

the needs of our state for reconstruction have increased to 411 billion dollars (this is 2.6 times
more than the projected GDP of the country in 2022) [21].

As shown in figure 7 according to the calculations made in 2022, extremely large losses and
needs of financial resources are needed to restore the infrastructure of cities, in particular, the
transport sector (21 percent), housing (20 percent), energy (3 percent), the sector of social
protection and means of livelihood (6 percent), liquidation of explosive objects (9 percent),
etc. [19]. However, the 2023 figures indicate that the level of destruction is steadily increasing
and, according to the assessment, the greatest recovery needs are in the transport sector (22
percent), housing (17 percent), energy (11 percent), social protection, and livelihoods (10
percent). The greatest increase in the level of destruction is noted in the energy sector (increased
more than fivefold compared to June 2022) [20,21].

In 2022, Ukraine’s GDP fell by 29.2 percent, 13.5 million people were displaced in Ukraine and
Europe, millions lost their homes, and 7.1 million people were below the poverty line as poverty
rose from 5.5 to 24.1 percent, setting the country back 15 years. In general, the achievement
of many Sustainable Development Goals (SDGs) as a result of military actions is extremely
difficult to sustain and achieve shortly, especially those related to poverty, health, education,
energy, industry, peace, and justice, sustainable development of cities and communities. After
the end of the war, all cities, including the infrastructure, will need to be rebuilt, but it must
be rebuilt based on the principles of sustainable development. That is, it will be necessary
to make important decisions and take important steps so that cities in the future become
modern, innovative, inclusive, low-carbon, resistant to disasters and climate change, and meet
the standards of the European Union. Despite the huge total amount of funding, the experience
of other countries shows that reconstruction takes many years and a phased approach is critical.
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Figure 7. The total volume of needs for the reconstruction and restoration of cities and
territories of Ukraine as a result of a full-scale war (based on [19–21]).

At the same time, it should be understood that the implementation of sustainable practices
in cities and communities is not just a process that can be implemented in a month or a year.
This requires additional investments, also the approval and realization of the State Regional
Development Strategy, ensuring appropriate coordination of the process of implementation of
regional development strategies in all regions based on smart specialization, strengthening the
connection between strategic, spatial, and budget planning, reducing the negative impact of
polluting substances on the environment, including the environment of cities, through the use
of innovative technologies, etc., which will contribute to the transformation of large cities into
rational and sustainable communities, the residents of which will be able to enjoy such advantages
as reducing energy costs, improving the quality of services, reducing the amount of waste,
creating a more favorable urban environment, creating opportunities for economic activity and
development.

The recovery and reconstruction plan after hostilities in Ukraine should also be based on the
following principles.

• Inclusivity and equality. Recovery and reconstruction must be closely linked to efforts to
strengthen social inclusion and gender equality. That is, it is necessary to act according to
the principle of “sustainable cities for people and created by people”. Inclusivity starts with
transparency and public participation. People must understand the consequences of local
government decisions on community development and participate in their development.

• Sustainability and reconstruction are based on the “build back better” principle. The main
part of Ukraine’s infrastructure was built during the Soviet era and, at the same time,
was constantly worn out due to insufficient funding. Today, the country’s infrastructure
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needs restoration in war-affected territories and radical modernization in territories where
military operations did not take place. Rehabilitation and modernization must be carried
out by climate change and sustainable development goals. For example, the road network
suffers from a chronic lack of maintenance and repair, as well as needs major repairs,
and more than half of the water supply networks are in critical condition. Social
infrastructure is also not in the best condition, in particular schools, kindergartens and
basic healthcare facilities are outdated and in need of reconstruction and modernization,
as well as increased energy efficiency and increased resilience to climate change. Ukrainian
industry and the energy sector will also need to adapt to best practices and standards
that provide for higher efficiency and greater sustainability. For cities to be sustainable,
urban infrastructure must be sustainable. According to the United Nations Environment
Program (UNEP), sustainable infrastructure systems are “planned, designed, constructed,
operated and decommissioned in such a way as to ensure the economic, financial, social,
environmental (including resilience to climate change) and institutional sustainability of
the entire infrastructure life cycle”. This infrastructure can be nature-based, conventionally
built, or combine elements of both to form a hybrid infrastructure. Building with nature, not
against it, has direct benefits for cities. The term natural infrastructure (NBI) includes areas
or systems that use nature to provide infrastructure services to people, the economy, and
the environment. Examples of NBI include natural ecosystems such as forests, mangroves,
wetlands, and grasslands. But NBI can also include engineered or “grey” structures that
include natural solutions such as rain gardens and green roofs [22].

• Local solutions and local development. Restoration, revitalization, and modernization
must be designed and implemented in such a way as to support the local economy. Any
structure or process related to recovery and revitalization must utilize the economic and
human capital of the country. Modernization of social infrastructure, housing stock, and
transport infrastructure must be carried out based on the development and needs of the
local community, business, and industry.

• Focusing on community needs. Community-based development, with the active involvement
of citizens, is a key component in building a sense of ownership and ensuring the
sustainability of recovery and revitalization. Innovative approaches are essential to ensure
the participation of the entire local community in restoration and revitalization. Community
needs cannot be identified through a top-down approach, and any such attempt can only
lead to investments that are not linked to real needs on the ground and are unlikely to
deliver sustainable results.

4. Conclusions
Based on the conducted research, it was established that since 2015, several reforms aimed at
achieving the goals of sustainable development have been introduced and started in Ukraine,
which is integrated into the state policy based on “leaving no one behind”. However, despite
the great number of efforts and the development of normative documents, not all tasks of the
sustainable development goals are taken into account and fulfilled.

From year to year, progress is constantly observed in Ukraine in achieving the goals of
sustainable development, including SDG 11 “Sustainable cities and communities”. In the world
ranking of indicators of sustainable development, Ukraine is not a leader, but it is not lagging
either. Despite the efforts and significant work carried out by Ukraine in the direction of
achieving the goals of sustainable development, the financing of SDG 11, although it is observed,
and it can be said that its level is high, however, it is not sufficient from the side of Ukraine,
as well as international institutions. Today and in the future, the model of inclusive growth in
Ukraine should be based on the European experience and guided by the principles of intellectual,
sustainable, and comprehensive development. If we turn to history, then Stefan Füle’s remark
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at the meeting of the Ukraine-EU Parliamentary Cooperation Committee in Brussels on March
22-23, 2010, that Ukraine now needs “concrete reforms, not just encouraging words”, is still
relevant today.

What is necessary today is a better understanding of the importance of achieving the SDG
both at the central and local levels, as well as improving the skills of civil servants and deputies
at all levels, which requires the development and conduction of training on relevant topics,
including the methodology of financial development assessment and operational comprehensive
assessment, to the program of advanced training courses for civil servants. In particular, special
programs on issues of sustainable development and achieving the SDG, analysis of poverty
and social impact should be introduced. The SDG cannot be achieved without the active role
of national business. The development of corporate social responsibility of business in such
conditions is extremely important.

The post-war reconstruction of Ukraine and its further development should cover as much
as possible the management organization of sustainable territorial development for the short,
medium, and long-term perspective at the state, regional, and local levels. In the process of
defining the SDG, relevant tasks, and indicators for a long-term perspective, it is necessary
to take into account global development guidelines, principles of sustainable development, and
public opinion regarding the vision of future development. World experience shows that social
progress largely depends on maintaining a balance between the goals of supporting the economic
growth of territories, business competitiveness, ensuring environmental safety, and reducing
social inequality. Organizations, without exception, in their daily work have to take into account
the goals and principles of the SDG, as external general settings, landmarks, and beacons that
determine only the direction, what to strive for, and what to be for this.

Ensuring a sustainable future for Ukraine is possible through the development and
implementation at the national level of the strategic and target foundations of state regulation
of the country’s sustainable development. Accordingly, the research on conceptual approaches
to ensuring sustainable development in Ukraine, the definition of modern vectors of sustainable
development of territorial communities in the conditions of post-war reconstruction acquires
particular relevance.

Restoration of critical infrastructure, ensuring the energy security of the country (SDG 7, 9,
11). The planning of the restoration of the territories of Ukraine must be effective, in terms of the
restoration of the life activities of cities, rural territories, and their communities, the authorities
are endowed with the appropriate powers. Government representatives must make high-quality,
effective, long-term systemic decisions. The best international experience of rebuilding cities
after large-scale destruction shows that only an integrated approach based on the principles of
sustainable development can restore the well-being of the population and social and cultural
life. Stable and sustainable development of cities and regions is based on the principles of
sustainable development: development of sustainable mobility, and ensuring the inclusiveness of
public spaces.
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Abstract. Tourism development in Ukraine has improved in terms of tourist flows, both
as a diversification of tourism demand and tourism products in the last decades. Cultural
tourism is a promising direction of tourist activity and occupies a leading position in the modern
global tourist management system. The object of research is cultural tourism within the tourist
destination of the Ivano-Frankivsk region. Regarding this, the authors revisit the phenomenon
of cultural tourism in the country, in order to identify cultural tourism potential through cultural
consumption among tourists, applying a special tourism survey. The purpose of this research
is to identify the main problems of the development of cultural tourism in the Carpathian
region from the point of view of demand and supply of cultural tourism programs based on
the results of a comprehensive sociological study on the evaluation of tourist objects and the
possibility of their inclusion in the cross-border tourist product “Carpathian Cultural Route”.
The results of the survey demonstrated responses from 264 consumers of cultural tourism,
which is 2,5% of the number of tourists (general population), and 140 respondents – employees
of cultural institutions (objects of cultural tourism), the calculated sample of which was 28% of
providers of cultural tourism services. The estimated sample was 28% of cultural tourism service
providers. Among the positive aspects of the visit, tourists noted the price policy of institutions
acceptable to them, the high level of authenticity and historical and cultural value of objects,
the appropriate quality of service, and emotional comfort when visiting cultural and historical
objects. According to consumers, the main problems of the development of cultural tourism are
the low level of infrastructure support of objects and tourist destinations in general, the limited
range of additional services, and limited information about the object. The authors emphasize
the importance of developing culturally coherent policies to increase the competitiveness of
tourist destinations. The most significant problems of the development of cultural tourism from
the point of view of employees of tourist objects of cultural tourism are low level of infrastructure
development of cultural tourist objects and tourist destinations in general, insufficient financing
of institutions, low level of monetization of objects, low level of tourist and cultural activities
in a tourist destination, insufficient advertising of the tourist object, imperfection of state tools
for regulating tourist activity within cultural objects, low qualification of employees. Scientific
developments on this topic will foster the application of innovative approaches towards the
differentiation of cultural tourism objects, which, as a consequence, will help to target potential
consumers and improve cultural tourism programs.
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1. Introduction
Experts of the World Tourism Organization have identified the five most promising types
of tourism in the 21st century, among which cultural tourism occupies an important place.
Recently, the UNWTO confirmed [1] that cultural tourism is the main element of international
tourism consumption, accounting for more than 39% of tourism incomes.

Cultural tourism research is developing rapidly, particularly in areas such as cultural
consumption, cultural motives, heritage conservation, the economics of cultural tourism,
anthropology, and relations with the creative economy. Major research trends include a shift
from tangible to intangible heritage as a tourism resource, greater attention to indigenous and
other minority groups, and a geographic expansion of cultural tourism research [2]. In the
allocation of cultural tourism as a specific sector in the tourism system, a combination of the
characteristics of tourist demand in cultural tourism is considered, which consists in acquiring
new experiences and impressions to ensure cultural needs and the characteristics of offers –
special tourist resources that are involved in the process of satisfying demand in the field of
cultural tourism [3].

Cultural is recognized as one of the main resources used to counteract seasonality in tourist
destinations, being by its very nature non-seasonal. Promoting cultural tourism is just one
component for effectively counteracting seasonality [4]. Research on the demand for cultural
tourism, as a rule, shows the differentiation of the market. The study of the demand for cultural
tourism, as a rule, indicates the differentiation of the market. Thus, the authors substantiate the
importance of studying the demand for cultural tourism on the example of a number of Asian
countries. Location-based social media data provides information on the observed behavior
of tourists, which is considered more progressive than traditional surveys that collect spoken
responses from tourists. Scientists also classify cultural tourism attractions on the basis of
tourists’ preferences revealed by their travel trajectories [5].

The theoretical and methodological aspects of the development of tourism are highlighted [6],
the thesis that cultural tourism is a means of forming national identity, that is, it fulfills an
important humanitarian and state-building mission, is a means of education and enlightenment,
is substantiated. Community Cultural Development methods can enhance community capacity
and the sustainability of tourism by increasing residents’ effective participation in decision-
making, encouraging locals’ partnership in, and ownership of, tourism projects, and providing
space for negotiating the tourist gaze in guest-host relationships [7]. Also, World cultural
heritage is of great significance in promoting the sustainable development of cities, and history
culture is very important to achieve the goal of sustainable development [8]. Regional studies of
cultural tourism relate to the resource base, the search for potentially attractive tourist locations
that have cultural value and will contribute to the creation of a positive image of the tourist
destination, directions for future actions, ideas, and projects that will help realize the strategic
vision of the development of cultural tourism [9–12]. The scientific developments of Ukrainian
scientists in the field of cultural tourism relate mainly to the methodologies of the organization
of cultural tourism and the justification of the development of cultural tourism at the regional
level. Modern trends in the development of cultural tourism in Ukraine were analyzed using the
example of Lviv and Kamianets-Podilski as the most popular tourist destination in Ukraine [13].
However, the scientific publications do not cover issues related to the analysis of the problems
of the development of cultural tourism in Ukraine through the prism of demand and supply in
the market of tourist services.

The purpose of the research is to outline the main problems of the development of cultural
tourism in the Carpathian region from the point of view of demand and supply of cultural tourism
programs based on the results of comprehensive sociological research on the evaluation of tourist
objects and the possibility of their inclusion in the cross-border tourist product “Carpathian
Cultural Route”.
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The task of the research is to analyze the results of the research on the demand for cultural
tourism through surveys of tourists who visit cultural tourism objects and tourist objects
of cultural tourism (tourist offer of cultural tourism) by surveying the management staff of
institutions regarding the problems of the development of tourist objects of cultural tourism.

The subject of research is the development of cultural tourism through the prism of the
analysis of demand and supply in the market of cultural tourism in the Ivano-Frankivsk region.

The object of research is cultural tourism within the tourist destination of the Ivano-Frankivsk
region. The scientific novelty of the research consists in substantiating the problems and
prospects of the development of cultural tourism based on the analysis of the results of consumer
research on cultural tourism service providers on the example of the development of cultural
tourism in the Ivano-Frankivsk region.

2. Materials and methods
Cultural tourism deals with the main components of natural and cultural heritage. These are
special cultural landscapes, and architectural monuments, and museums of various types, and
historical cities and settlements, and archaeological excavations, and crafts, and holidays, and
also national cuisine.

National cultures are a powerful motivator of tourism. The Ukrainian Cultural Foundation
considers cultural tourism as a powerful tool not only for spreading information about the
country’s cultural heritage, preserving it to maintain a high level of attractiveness, but also as
a good tool for its monetization and increasing its role in the socio-economic development of
communities [14]. Scientists confirm that cultural tourism should be considered as a powerful
factor in the development of countries and regions. For example, the cultural and tourism
policies of 101 countries of the world were analyzed countries and found that countries that
significantly support cultural heritage have more significant success in tourism, especially
inbound tourism [15]. The interaction of tourism and cultural heritage can become a factor
in increasing the competitiveness of countries in the tourism market. Scientists offer a cultural
explanation of the competitiveness of travel and tourism of countries by studying the relationship
between the competitiveness of tourist destinations and interest in the national culture of the
countries of tourist arrivals [16]. Direct correlations were revealed by analyzing data from 73
countries. The authors emphasize the importance of developing culturally coherent policies to
increase the competitiveness of tourist destinations [17]. The introduction of innovations in the
field of cultural tourism is also an urgent scientific problem. Heritage tourism destinations
are facing the challenge of realizing innovative development based on cultural inheritance
conservation [18]. Specifically, the article analyzes the effect of two contingent environmental
factors, namely competitive intensity and technological dynamism, on the relationship between
innovation capability and pioneering orientation in hospitality and tourism firms. The results
show that innovation capability is a key antecedent of pioneering orientation in hospitality and
tourism firms [19]. Technologies that require visitors’ active participation afford opportunities for
verbal and physical interactions with other visitors. By contrast, passive technologies, providing
recreational and artistic content to visitors without them having to interact with the technology,
tend to preclude social interactions [20].

The original, preserved authentic material and immaterial culture of certain ethnographic
regions, for example, Hutsulshchyna, Pokuttya, Boykivshchyna became a magnet for many
visitors from Ukraine and foreign tourists. However, the number of tourist arrivals, in accordance
with the available cultural tourism attractions, can be much higher, because cultural and
educational is the main motivation for visits to the Ivano-Frankivsk region [21]. Different types
of tourism are developing in the region, and accordingly, a network of enterprises serving the
tourism sphere [22]. But it is necessary to take into account that the development of tourist
activity should be regulated taking into account the prevention of overtourism and damage to
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the environment. The result of uncontrolled infrastructure development, the growth of mass
unregulated visits to famous cultural and natural complexes can have a negative impact on
destinations, as well as on the local socio-cultural environment [23–25]. To identify problems
and ways to improve cultural tourism, the opinion of providers of cultural tourism services
(cultural institutions) and consumers of these tourist services is important, which is the basis
for developing development strategies and conducting an active promotional policy of cultural
objects. For this purpose, a comprehensive study was conducted, part of which was a survey of
tourism entities that provide cultural tourism services and visitors to cultural tourism objects.

Questionnaire survey (questionnaire) is the most popular method of quantitative sociological
research. Questionnaire surveys for sociological marketing research are most in demand today.
You can get information with the help of a survey, which is not always reflected in documentary
sources or available for observation. Therefore, a field survey was chosen as the main research
method. This approach refers to a methodological procedure that collects data from a selected
group of respondents in the areas where the respondents are currently located, namely at the
workplace and during customer visits to the objects. In this way, responses were received
from consumers and providers of cultural tourism services. This method is effective in cases
where the source of information is directly the participant-carrier of information (in our case,
the management of institutions and visitors of objects). This method is still the only one
available in this case due to the lack of other systematic statistical data of this kind, despite the
criticism [26].

A sample of 2,5% of respondents from the general population is sufficient to obtain
representative information. The volume of the general population is determined by the
authors according to the number of cultural institutions in the research region and is about
500 institutions, which include, in addition to cultural and historical objects with protection
status (including local ones) and other institutions, for example, private tourist attractions
and museums, that is, institutions that actually provide cultural tourism services. From the
compiled database of establishments, those that are most popular and those located along and
near the cross-border highways Lviv-Rohatyn-Ivano-Frankivsk-Yaremche-Rakhiv-Solotvyno and
Lviv-Halych-Ivano-Frankivsk-Kolomiya-Kosiv-Verkhovyna. Questionnaires were offered to 154
respondents-cultural institutions, information was received from 140 objects. The calculated
sample was 28%, which allows us to assert the representativeness of the survey within the
studied region.

Two hundred and sixty-four people took part in the questionnaire. The sample for which the
study was conducted included persons representing the adult population (over 18 years old) by
gender, age, and education.

This number of respondents was 2,5% of the number of tourists (general population) who
were served by travel agents and tour operators in the Ivano-Frankivsk region in 2020 [27].
The respondents filled out the questionnaire immediately on the spot, which guaranteed their
complete return and, in addition, the researcher was able to be present when filling out the
questionnaires, helping the respondents by clarifying certain questions.

Questionnaires with a small number of questions to the respondents were formed in order to
get answers more guaranteed. These are structured questions about the main characteristics of
the institution, its activities, outlined problems and prospects for their development. Sample
field surveys were conducted during the “low” tourist season – September – November – 2021
in the objects of visits – tourist objects of cultural tourism and visitors of these institutions.

3. Results
The survey of consumers of cultural tourism services showed a number of positive and negative
impressions made on them by tourist objects of cultural tourism, features of tourist services in
them and within tourist destinations. Tourists noted the acceptable for them price policy of
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institutions among the positive aspects of the visit. 53,8% of tourists indicated a high rating of
“excellent”, 31,8% – “good”, 8% – “satisfactorily”, and 5,3% of respondents didn’t answer the
question (figure 1).

Figure 1. Distribution of respondents’ answers regarding price policy when visiting cultural
and historical objects.

62,9% of respondents gave the answer “excellent” regarding the assessment of the authenticity
(uniqueness) of cultural and historical objects, 25,8% – “good”, 7,6% – “satisfactorily”, 1,1% –
“badly”, 2,6% – no answer (figure 2).

Figure 2. Assessment of the authenticity of cultural and historical objects.

According to the state of preservation of tourist objects as a cultural and historical value,
65,2% of surveyed tourists rated it as “excellent”, 23,5% – “good”, 8,3% – “satisfactorily”,
2,2% – didn’t indicate the answer to the question and less than 1% – “badly” (figure 3).

The quality of service when visiting cultural and historical sites in Ivano-Frankivsk and
Transcarpathian regions was assessed as “excellent” by 59,8% of respondents, “good” by 25,8%
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Figure 3. Assessment of the cultural and historical value of tourist objects.

Figure 4. Assessment of the quality of service when visiting cultural and historical objects.

of tourists, 8% – “satisfactorily”, 2.2% – “badly”, 4,2% of visitors did not indicate the answer
to the question (figure 4).

The largest number of tourists (70,1%) scored “excellent”, 18,6% – “good”, and 7,6% –
“satisfactorily” according to the parameter “Emotional comfort”. This indicates a positive
general impression when visiting tourist locations in the Carpathian region (figure 5).

Most of the tourists (37,9%) rated the recreation infrastructure of the territory, where cultural
and historical objects are located, as excellent, 34,1% – “good”, 18,9% – “satisfactorily”, 4,2% –
no answer, the remaining 4,9% of visitors were dissatisfied with the arrangement of the rest area
near tourist locations (figure 6).

Respondents quite positively assessed the availability of information when visiting cultural
and historical objects: 35.2% of respondents rated it as “excellent”, 29.2% – “good”, 24.2% –
“satisfactorily”, 5.7% – provided no answers, 5.7% – of surveyed tourists were dissatisfied with
information accessibility to tourist facilities (figure 7).

Territorial accessibility when visiting cultural and historical objects was rated as “excellent”
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Figure 5. Assessment of emotional comfort when visiting cultural and historical objects.

Figure 6. Assessment of the recreational infrastructure of the territory where cultural and
historical objects are located.

by 50,8% of tourists from the total sample of all respondents, “good” – 30,7%, “satisfactory” –
14%, “badly” – 1,1%, 3,4% of respondents did not indicate the answer to the question (figure 8).

47,3% of respondents rated the attractiveness of cultural and historical objects of Ivano-
Frankivsk and Transcarpathian regions as “excellent”, 37,9% – “good”, 9,5% – “satisfactorily”,
0,8% – “badly” and 4,5% of tourists did not answer the question (figure 9).

Natural objects (mountains, waterfalls), the historical value of cultural heritage objects, and
architectural monuments of the research area made the most positive impression on visitors
(figure 10).

Tourists faced a number of problems when visiting cultural and historical objects of the
Carpathian region, among which the most significant are:

1. Low level of infrastructural support of objects and tourist destinations in
general. The majority of respondents (15%) indicated that a significant drawback is the
poor condition of the roads, which makes it difficult for vehicles to move. The surveyed
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Figure 7. Assessment of information availability when visiting cultural and historical objects.

Figure 8. Assessment of territorial accessibility when visiting cultural and historical objects.

tourists noted those services determined by the development of infrastructure and the lack
of which causes the greatest discomfort, among them: limited access to the Internet (9,5%),
lack of food establishments (8,5%), insufficiently developed transport connections (10,9%
), littered territory (6,3%), inaccessible mobile communication (5,1%). The discrepancy
between the price and the quality of services (3,2%), unfriendly service staff (1,7%) and the
danger of some historical objects (ruins) (1%) was also noted (figure 11).

2. Limited range of additional services. A significant part of the surveyed tourists (13,8%)
indicated the limited range of services at the object, 11,7% – the absence of cultural and
entertainment institutions.

3. Limited information about the object. 13.3% of respondents indicated limited
information about the object, despite the rather high level of information availability on
the cultural object. Almost a quarter of respondents (24.3%) received information about
interesting tourist locations from acquaintances, 12.8% – obtained information from social
networks, 10.3% – a previous visit, 8.5% – information provided to tourists in travel agencies
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Figure 9. Assessment of the attractiveness of cultural and historical objects.

Figure 10. Top 10 answers of the respondents to the question “What did you like most about
the object of the visit?”

, 5.2% – other (banners, YouTube), 2.7% of respondents use books, guidebooks, magazines,
booklets to obtain information about recreation opportunities, 2.4% – tourist information
centers, 2.4% – mass media and 0.6% – exhibitions and fairs.

Only 27% of the respondents from the total sample of those interviewed left comments and
expressed suggestions for improving the attendance of cultural and historical objects in the
research territory during the sociological research. This is very valuable information that can be
used in the work of cultural objects to improve their activities. Although the suggestions were
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Figure 11. Distribution of respondents’ answers to the question “What problems did you
encounter when visiting a cultural and historical object?”

expressed by a small number of respondents, we can say that the advice was given by consumers
who have experience in tourist trips, who support the development of culture and tourism and
can formulate their vision of problems and ways to solve them. Respondents noted the following
directions for improving recreation: improving infrastructure (22,2%) and beautification of the
territory (18,5%), attracting sponsors for the restoration of cultural heritage (11,1%), restoration
of cultural and historical objects (11,1%), information provision (7,4%), public toilets (3,7%),
cultural and entertainment events (3,7%) (figure 12).

During the survey of employees of cultural tourism facilities, a number of problems were
outlined, which the respondents noted as barriers to the development of tourism activities.
Among the institutions most mentioned by employees are:

1. Low level of infrastructure development of the cultural tourist object and the
tourist destination in general. The level of development of tourist infrastructure, which
is the basis of tourist activity, was assessed by 63,2% of respondents as underdeveloped and
indicated this factor as a significant barrier in the development of a tourist cultural object.
A detailed analysis of the infrastructure will be provided in our next publications.

2. Insufficient financing of institutions. 59,6% of respondents pointed to the insufficient
amount of finance for the development of tourist objects. More than 78,6% of respondents
indicated the need for two or more sources of financing. 75,9% of respondents noted that
their own funds earned in the process of tourist activity are a source of income. Respondents
also see a solution to the problem of underfunding in participation in grant programs
(14,8%).
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Figure 12. Distribution of respondents’ answers regarding improvement of recreation in Ivano-
Frankivsk and Transcarpathian regions.

On the other hand, the survey of consumers showed that they are ready to spend additional
funds within the framework of visiting cultural objects. Almost a quarter of respondents (24.7%)
are ready to spend additional money on souvenirs, 18.5% of respondents – on entrance tickets
to museums, 12.6% of respondents – on organized excursions, 9.5% – on festivals, 7.2% – master
classes, 7% – entertainment events. Only 2% to 5% of tourists spend additional money on
concerts, performances, shopping, SPA and donations in churches (figure 13).

Figure 13. Potential expenses of tourists at cultural tourism objects.
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3. Low level of monetization of objects. The problems of financing the activities of the
objects and the low level of their monetization are related to each other. The low price for
visiting the objects (free visiting in 52,2% of the objects), and the lack of excursion programs
(17,6% of respondents) prevent the development of the object as a tourist attraction. 52,2%
of respondents also agree with the thesis about the insufficient number of attractions within
the objects, which makes it impossible to diversify tourist services and increase income.

4. Low level of tourist and cultural activities in the tourist destination. 50,7% of
respondents – tourist objects point to the insufficient number of cultural events that are
held in tourist destinations, three quarters – to the readiness to join these events. Public-
private partnerships in this area, combining the efforts of cultural and tourism institutions
can be the key to revitalizing both tourism and culture. 84.6% of respondents are ready
to take part in the developed tourist programs for the activation of tourist activities at
cultural tourism objects (figure 14).

Figure 14. Readiness of respondents to participate in tourist programs.

5. Insufficient advertising of the tourist object. 26,5% of respondents agree with the
thesis about insufficient advertising of the cultural object.

6. Imperfect state tools for regulating tourist activity within cultural objects.
Imperfect legislation and high tax pressure in this field were indicated by 16,1% and 11%
of respondents, respectively, as a problem in the development of tourism. This answer was
mainly given by private craft traditional productions, private museums, and museums that
do not belong to the Ministry of Culture of Ukraine.

7. Low qualification of employees. 8,8% and 8,1% of respondents indicated the low
qualification of employees and the low quality of services as a barrier to the development of
tourist objects. However, the respondents, in general, are open to gaining new experience
and knowledge about tourist activities at the objects of historical and cultural heritage:
73,5% of respondents are ready to participate in training within the framework of projects
of this direction, 11,8% did not answer this question, 13,2% of respondents were undecided
on this issue, 1,5% of respondents answered this question negatively (figure 15).

In general, 72% of respondents clearly outlined the ways to solve the problems of the
development of cultural objects as tourists. However, 28% of respondents did not formulate
their own problems, which became barriers to development and obviously do not work on their
solution (figure 16).
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Figure 15. Readiness of respondents to participate in training as part of projects.

Figure 16. Distribution of respondents’ answers regarding the question “Are you aware of ways
to solve your problems in the development of tourist objects?”

4. Conclusions
Ukraine is attracting increased interest in the world. Our country has become a symbol of
courage and stability. Ukraine was considered “terra incognita” in past years from a tourist
point of view, so experts predict an increase in tourist visits after the war. The analysis of
literary sources on cultural tourism revealed a certain lack of coverage of the problems of the
development of cultural tourism from the point of view of the consumer and the service provider.
Studying the problems of cultural tourism development through the prism of supply and demand
is the most informative and reliable way, according to the authors, which allows taking into
account the opinions of producers and consumers of cultural tourism services.

From the point of view of applying a group of research methods, according to the authors
of the article, obtaining voluntary information from persons who are involved in the work of a
tourist object of cultural tourism is the most accurate, as it includes an expert assessment of
persons who have certain qualifications, experience and are constantly present on the object.
Obtaining information from tourists visiting cultural objects allows you to reach the consumers
of cultural tourism, that is, its target audience. Elaboration of the results of the survey of
consumers and providers of cultural tourism services made it possible to identify the problems



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012080

IOP Publishing
doi:10.1088/1755-1315/1254/1/012080

14

that were noted by two groups of respondents. Among the most relevant are the unsatisfactory
state of roads and tourist infrastructure in general, the low level of dissemination of information
about cultural tourism objects, the lack of additional services at the cultural tourism object,
etc. The research of a wide range of problems of demand and supply in cultural tourism will
allow for the improvement of cultural tourism programs, identify its target audience, offer ways
to improve the resource potential of cultural tourism, etc. The scientific developments of this
subject should contribute to the application of innovative approaches to the differentiation of
cultural tourism attractions, which helps to orientate potential tourists.
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Abstract. This article raises the question of the role of non-formal and hybrid education as
a form of personal and social sustainability in the war-time adversity. The authors attempt to
estimate the role of the eco-facilitation course as one of the original Ukrainian approaches to
psychological assistance. The course was provided to different categories of students (displaced
and relocated within Ukrainian borders or with a refugee status in Europe and USA). It
was found that experimental training by the method of ecofacilitative teaching contributes
to individual and social sustainability in terms of rhythmic development (thesis-antithesis-
synthesis). In particular, the changes in pedagogy reflect the logic of their non-directive
teaching (ecofacilitation). Ecofacilitation is an educational course aimed at developing skills
for sustainable self-development or personal stabilization in conditions of instability and chaos,
which closely corresponds to the living conditions of an individual during wartime.

1. Introduction
The psycho-emotional state of people during the war in Ukraine, in situations of high and
prolonged uncertainty, is characterized by a significant degree of dynamism, variability, the
so-called “psychological swing” when the resource, conscious and active condition is abruptly
replaced by exhaustion, loss of meanings and guidelines. In this regard, the search for effective
individual and group forms of a non-clinical, psychological and pedagogical nature is actualized.
These forms could be viewed as such that ecologically, consistently and rapidly contribute to the
stabilization of the personality at various stages of its development in adversity. Such flexible,
often hybrid forms and technologies have a high, in a sense, universal stabilization potential
empowered by psychological and pedagogical mechanisms of ensuring a sustainable future. The
formation of an ecological attitude towards the environment is carried out through pedagogical
and psychological influence on an individual. In the context of our research, these two disciplines
are combined under the concept of social therapy as a condition for the formation of an adequate
attitude towards the environment.

2. Psychological markers of the war in Ukraine. Pedagogical research to
psychological sustainability: literature review
A number of studies reflect the negative experiences of the considerable part of the population,
which are determined by a radical change in a lifestyle – forced immigration, displacement
to other regions, loss of loved ones [1–3], a significant reduction in social programs including
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medicine, the need to overcome migration stress, such as unemployment, poverty, food insecurity,
social exclusion and housing difficulties, etc. [4–6].

Another group of studies shows that along with, or as a result of, a radical change in
socio-psychological conditions, the population of Ukraine, for the first time within decades,
encountered a number of positive phenomena – such as cohesion [7] activation of hidden
psychological and social mechanisms of self-regulation [8]; even a certain level of well-being,
including psychological, physical, social [9]; various determinants of resilience, both individual
and collective [10].

In studies devoted to the problems of sustainable development or spontaneous system’s
stabilization in critical periods (COVID-19), the authors come to conclusions (a) about the
emergence of spontaneous and rhythmic personality stabilization such as “thesis-antithesis-
synthesis” (immunity/or protective socio-psychological regulation can manifest itself in terms
maintaining a certain rhythm of development, accompanied by signs of spontaneous resistance,
well-being and tolerance to uncertainty) [11,12]; (b) that not only in the context of the pandemic,
but also at various stages of military aggression, the Ukrainian education ecosystem showed
informal aspects of self-organization, which contributed to stabilization not only at the individual
but also at the level of group development [13]. The process of socio-psychological regulation at
the individual and social can manifest itself by maintaining a certain rhythm of development, a
certain level of well-being and tolerance to uncertainty. Factors contributing to the preservation
of a certain level of resilience and well-being include an increase in psychological volunteering,
and a critical approach to history, social events and communal dialogue [14].

To one of the forms of stabilization we include a certain pedagogical interaction with students
in universities within non-formal education programs. For example, formal training at the
University of Educational Management (Ukraine) during the first active phase of the war was
delivered as a so-called “live psychological laboratory”. It was complemented by innovative
forms of training: daily streaming counseling classes, elements of SALT – system of accelerated
learning and teaching, Accelerated Learning (AL) and Intensive Learning (IL) [15, 16], weekly
support group to help students in their daily activities, supervision certified course of eco-
centered facilitation; International discussion club PsyDetox). This approach made it possible
to achieve good academic results, it contributed to the assimilation of not only the curriculum but
help stabilize the psychological condition of students and teachers during the war adversity [13].
This provides a certain ground to assume that the spontaneous tendency of any even formal
system to stabilize itself in critical situations can be related to a form social therapy.

3. Experimental research on the development of psychological sustainability: a
rationale
To this form of a social psychotherapy, we include ecofacilitative training of psychologists which
is antithetical to the existing system of traditional directive teaching. The main differences
between eco-facilitative education and traditional education are: short-term vs long term
teaching exposure, personal orientation vs program or curriculum orientated process, tolerance
for ambiguity vs intolerance for ambiguity. Experimental social therapy pedagogy is also hybrid,
facilitates individual educational and teaching trajectories of the student and the teacher.

This form was implemented at the time of experimental distance learning called “The
Intensive Course of Eco-Centered Facilitation” (ICEF-course). ICEF-course is focused on
achieving the following educational outcomes: appropriation of eco-centered facilitation
theoretical background; introduction into a non-deficiency principal of post-traumatic growth
and development; acquisition of non-directive guidance of group dynamics in uncertainty
and semantic chaos; development of eco-facilitative counselling skills as well as the skills for
professional deliberative practice, assessment of the psychologist’s competence.

The intensive character of the pedagogical course was ensured by its multi-factor
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determination: the personal interest of students, the demonstration of live eco-facilitative
(psychological) sessions with real clients and professional assistance, implementation of
individual educational trajectories, combination of mandatory and optional components of the
course. A special focus of the course is the therapeutic effect for students in the conditions of
the war adversity and forced emigration.

The course program is designed for 72 academic hours over two months (classes 2 days a
week) and includes three main modules: live Eco-facilitative counselling sessions, their analysis
held by P. V. Lushyn; methodological rationale for ecofacilitative counselling and practice; Eco-
facilitative internship: gaining the experience of a client, a counselor, a supervisor. The course
program covers the following topics: psychological and social conditions of the personality change
process; principal features of the personality change process; psychology of self-development and
self-organization of personality; theoretical, methodological, and empirical analysis of scientific
research on personality change process; ecofacilitation and the principle of ecology; ecosystem in
the personality change process; psychological guidance of post-traumatic development; practice
of ecofacilitation in the conditions of the modern world. Autonomous student’s work included:
deliberative practice, recording eco-facilitative sessions, writing reflective essays. Optional:
participation in the work of PsyDetox International Discussion Club and supervisional group
sessions. The learning process involves minimal regulation in terms of its intensity and evaluation
of the results of each participant. It is focused on toleration of uncertainty, creating conditions
for the manifestation of one’s own educational motivation, the possibilities of designing and
implementing an individual learning trajectory and psychological stabilization in terms of
development.

The research goal is to study the socio-therapeutic potential of ecofacilitative pedagogy as
an important factor for social and individual stabilization (by means of preparation of future
professionals) in wartime adversity in Ukraine.

4. Methodology
Indicators of psychological stabilization in terms of changes during experimental training are
studied by means of content analysis of the reflective essays, current and final written reviews
of students. These indicators are semantically represented as psychological emergent, shifts in
emotional (sensations, feelings, interest, interest, insight, catharsis), cognitive (comprehension,
understanding, cognition), behavioral (attitudes, actions, experience, skills), value (meanings,
worldview) spheres. Content analysis allows to determine the psychological state, identify
attitudes, interests, intentions, values, belief systems, “models of the world”, focuses of attention
of the authors of the texts and is characterized by objectivity of conclusions, rigor of the
procedure. It consists in the choice of semantic units of the analysis, a quantification of the
text (similar to the standard methods of classification by selected groups) with the subsequent
interpretation of the results. Semantic units or units of the analysis could be the concepts,
simple sentences or judgments, topics which are expressed in whole semantic paragraphs, parts
of texts, events, etc. The units of the account can be estimated by the frequency of mention in
texts or the physical length of the texts, the area of the text is filled with semantic units, the
number of lines, paragraphs, signs of the text, etc. [17–19].

In this paper, the content analysis included: a) the definition of a universal category
that answers the most generalized question of content analysis – indicators of psychological
stabilization of the individual in terms of change and development; b) formulation of the
basic judgment (statement) “Studying at the ICEF-course contributes to the psychological
stabilization of the individual in terms of development”; c) decomposition of complex sentences
into simple ones with the transformation of adjective and participle turns into separate simple
sentences; d) identifying and counting all semantic units of analysis of simple sentences that fall
under the basic judgment and represent a complete thought. The selection of analytical units in
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the texts was carried out by two experts, the results were compared and subsequently analyzed.
As factors of stabilization in terms of personal change and development are considered:

age, professional and previous educational experience, activity and experience of psychological
assistance acquired during the course. Professional experience reflects the professional status of
the subject either as a practicing psychologist, or as a student – a future psychologist, or as a
representative of other professional groups. Previous educational experience is an indicator
that combines the presence of basic psychological education and specialization in different
modalities of psychological assistance (absent, polymodal, monomodal); level (number of hours)
of specialization in “Ecofacilitation” modality (initial, intermediate, advanced), as well as
membership in the public association of psychologists (Ukrainian Association of Environmental
Psychological Assistance). Indicators of academic activity, motivation and success are studied
according to the following markers: the intensity of attendance at the main and optional events
of the course, internship in the course – the experience gained by the client, consultant and
supervisor, as well as the results and scope of deliberative practice (independent work on
recording consultations).

The participants of the study were students of the ICEF-course (N = 51), the average age
32 ± 5.3 years, men 11.8 %, women 88.2%. Among them are those who study Psychology at
the university 13.7 %, psychologists of organizations and self-employed psychologists 29.4 %,
workers in other fields (economic, legal, IT, military, artistic) 34 % and temporarily unemployed
22.9 %. Outside of Ukraine 39.2 %. The sample is not homogeneous, randomized, everyone
could take part in the course. Statistical processing includes descriptives, frequency, cluster
analysis, Kruskal-Wallis Test and carried out using the SPSS statistical package.

5. Results and discussions
An example of semantic units of text analysis, which are indicators of stabilization in terms
of change and development, are judgments that testify to the dynamics at different levels:
emotional – “There are many insights that I will analyze later”, “This work inspired me so much”,
“Difficult situations in me can be viewed as opportunities I never thought before”; cognitive –
“It became aware that I know what I want”, “I saw order and began to trust myself”, “I found
another cycle in my life – 8 months”, “I realized my main mistake”; behavioral – “Previous
time I failed, now I will succeed, will pass through it calmly”, “Now with new powers and new
strengths I will move further”, “And after the second Sunday at night I felt the strength and
inspiration to answer her”; value-semantic – “New meanings are being born for the future life”,
“I strongly pushed my interpretation of children”, “Now I have received avoidant experiences and
cooperation with the invisible”, “This course has become useful for me not only in professional
growth, but also in personal growth”. The total number of selected judgments is 2777. The
analytical units allocated from them are 441 (100 %), including: emotional nature – 147 (33.3 %),
cognitive-rational – 109 (24.8 %), behavioral – 129 (29.2 %), semantic – 56 (12.7 %).

Clustering of variables made it possible to distinguish four groups of participants in which
the parameters under study are manifested differently (table 1).

In different groups according to the studied parameters, statistically significant differences
or differences at the level of trends were identified. The indication of the features of the
manifestation of psychological stabilization of the individual and professional, educational
experience, educational activity of participants in the context of different typological groups
is presented (figure 1).

On the basis of the results, we obtained a typology of development and stabilization of the
personality in the conditions of intensive training.

Type 1 – “professionals” (23.5 %), who active in learning and stable in development. By age, it
is probably the oldest group of people with significant professional psychological experience, good
educational experience and specialization in an eco-facilitative approach. They always attend
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Table 1. Manifestation of the studied parameters in typological groups.

Researched parameters Type 1 Type 2 Type 3 Type 4 Sig.

Age 29.0 25.2 20.8 30.1 0.089
Professional psychological experience 30.3 24.8 26.7 21.9 0.153
Previous educational experience 31.6 24.8 16.8 32.3 0.045
Main activity 33.3 23.3 36.0 9.5 0.000
Optional activity 32.7 29.4 28.1 4.5 0.000
Practicing on the course 44.5 15.5 31.8 18.6 0.000
Deliberative practice 31.5 16.5 44.9 19.2 0.000
Indicators of stabilization 27.3 23.0 39.6 14.9 0.003

Figure 1. Psychological development of personality in different typological groups.

the sessions in the main and optional classes of the course, are motivated and actively practice
during classes, are interested and gain the experience of a client, counselor, supervisor. Although
they their weakest spot is not making use the opportunities of the deliberate practice to the
fullest. Therefore, in this aspect their zone of professional development is not significant So, their
key features are a convincing educational and professional psychological background; they have
the highest activity in all components of the course program, with the exception of deliberative
practice. The students of the group are stable in terms of psychological dynamics – emotional,
cognitive, behavioral; value reactions and changes. In this type, the highest educational activity
is manifested on the ”wave” of the stable personal and psychological development.

Type 2 “those who are interested – interesants” (35.3 %) – actively observing, although
refraining from active practice, they demonstrate moderate, evolutionary development. These
participants are the most distant from professional psychological activities, but at the same time
they are quite knowledgeable and have a moderate level of specialization in the eco-facilitative
approach. They are involved in the optional activities of the course as much as possible. Not too
active in main classes, and obtaining the experience of the client, a counseling and supervising.
Their personal and psychological development is associated with psychological changes of an
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evolutionary nature.
Type 3 “beginners” (19.6 %) are persistent in learning, mastering eco-facilitation, very

dynamic in their personal development. These are the youngest participants in age, close
to professional psychological activity, since among them there is a significant proportion of
applicants for psychological education, but now they have minimal experience and initial
specialization in the eco-facilitative approach. They are characterized by maximum inclusion
in the main classes of the course and somewhat lower in electives. Gaining client’s experience
and moderate, rather, ”cautious” practice in the classroom as counselors and supervisors, they
actively complement their own deliberative practice. Against the background of such a motivated
attitude towards learning, the psychosemantic markers of their psychological dynamics look the
most expressive and convincing.

Type 4 “observers” advanced and beginners (21.6 %). They support their psychological
balance. Among them are both professional psychologists and representatives of other
professions. There are those who have maximum learning experience, specialization in the eco-
facilitative approach and are members of the community of eco-facilitators. There are others
amongst them who are just beginning their acquaintance with psychology and the ecofacilitative
approach. But all of them are united by the fact that they are not very active in the learning
process, they mainly participate in the basic training sessions that provide an opportunity to
observe and discuss “live psychological case”. They are not active in practicing during classes,
independent work, logging. In terms of personal and psychological, their dynamics is minimal.
Regarding this type, the question arises – what is the meaning of learning for them? The answer
may be that passive observation, being in an ecological educational context, and therapeutic
space allows the most knowledgeable and ignorant of psychology, to find and maintain their own
psychological balance in the eco-therapeutic educational format.

6. Conclusion
The results obtained allow us to formulate the following conclusions. First, the hypothesis is
confirmed that the experimental educational and therapeutic format of accelerated preparation
of future processionals, psychologist in particular, in the context of non-formal education.
This form of education can be attributed to social therapy, which creates conditions for the
implementation of various strategies for the personal growth and development of students.

Secondly, age, professional psychological experience may influence the dynamics of
psychological stabilization. Most convincing factors are the educational experience of
psychological specialization, staying in the educational and therapeutic environment and the
possibility of performing various types of educational activities within the existing intrinsic
motives and developmental trajectories.

Thirdly, the strategies of learning and psychological stabilization in terms of development
and change are manifested nonlinearly and are represented by dynamically changing types of
“observer”, “actively interested”,“persistent student”, “professional”. These types reflect some
trends in a wide range of unique strategies for personality stabilization and development –
from passive observation to active practice with oneself and others at different stages of the
professional and life pathways.

Fourthly, staying in a developing educational and psychological environment constitutes the
antithesis for exposure to the military environment which opens up a certain prospect for
psychological well-being, resilience of an individual, and therefore of society.
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Abstract. The impact of high dams with large reservoirs with long-term regulation is covered
in the scientific literature quite widely. The information and recommendations on the use of
low-head dam for the creation of the low backwater are not enough. Large dams reduce the mean
annual flow downstream, the magnitude and frequency of floods, lead to the accumulation of
suspended solids, nutrients compounds (nitrogen, potassium, phosphorus), which, together with
increasing temperature leads to the “blooming” phenomenon of the reservoir and the overgrowth,
create barrier for sediments transferring and fish. The main reason of the deterioration of the
water quality is the water retention time in the formed reservoir and anthropogenic pollution,
although the literature rarely provides quantitative data of the water retention time for the
evaluated reservoir. The environment risks assessment of the impact of the reservoir should
include the calculation of the water retention time, the presence of pollutants in the river, which
may indicate future negative effects. The hydrological regime of the river after the backwater
creation should correspond to the natural flow with the floods passage by the entire width of the
river bed, which will significantly improve flood management, sediments transport and washing
the river bed. The significant risk is the shallowing of the river downstream, the amount of
water discharged into the downstream should be at least 75% of the river flow. Releasing the
flow to the downstream with an overflow or through fish passage structures allows to enrich the
water with oxygen. In order to preserve biodiversity, it is necessary to create or leave islands and
shallow water areas for the needs of waterfowl. To ensure an environmentally friendly regime
operation of the low-head dam the crest of the spillway structure should be at the bottom level
along the entire cross section. The low-head dam should be provided with automatic control
system and communication with the hydrometric station for a quick response to the flow changes
in the river.

1. Introduction
In recent decades, more and more attention has been paid to the impact of artificial hydraulic
structures on the river environment and the minimization of risks. Considerable attention is paid
to water replenishment of floodplain [1,2]. The problem of disconnection between the floodplain
and the river takes plays as a result of the flood control dykes’ construction in the urbanized
areas, and the water replenishment problem of the floodplain and oxbow lakes is possible to solve
by the river flow management and artificial structures. The article [3] analyses the prospects of
watering the old river bed and the oxbow lake in the urbanized area, which is protected from
floods by earth dykes. It is not possible to restore the connection between the floodplain and
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the river by destroying dykes on the urbanized areas. The old river bed is completely dry and
the oxbow lake is silted and overgrowth because of the absence of the connection between the
river and the floodplain in the summer. The analysis of the hydrological regime of the river
and various replenishment scenarios showed that it is necessary to create backwater in order to
water replenish the old river bed and increase the volume of the oxbow lake.

The large dam construction experience and the analysis of their operation indicates their
significant impact on the hydrological regime of the river and the floodplain. High dams primarily
affect the hydrological regime of rivers: decrease the mean annual flow downstream especially
in the dry season, and decrease the magnitude and frequency of floods [4].

The large dams change the chemical parameters of water quality. Kamidis et al [5], Fantin-
Cruz et al [6] indicate the significant decrease in suspended solids due to sedimentation in the
reservoir, nitrogen concentration due to denitrification, decrease in phosphorus concentration
in the water downstream and anaerobic conditions in the lower layers of the reservoir. Deep
reservoirs are characterized by temperature stratification and the temperature increase in the
summer due to long retention time. In the article [7] is indicated that large reservoirs in highly
urbanized watersheds can improve the water quality downstream reducing the turbidity and
concentrations of pollutants due to storage in reservoir. Shallow water reservoirs with the long
water retention time accumulate nutrients (phosphorus, nitrogen), which, together with the
warming of the water in the summer, leads to the water “blooming” which leads to decrease the
oxygen in the water, and phytoplankton transporting into downstream [8]. The water quality and
temperature changing, nutrients and sediments storage are associated with long water retention
time in large reservoirs, high dams also cause disconnect habitat along the river [9], decrease in
flood flow, and as a result limit floodplain replenishment.

The researches of low-head dam are paid less attention. The study of five small reservoirs
with storage capacity of 0.14–0.64 hm3 in the Nerbioi-Ibaizabal watershed showed that the
lack of ecological flow in the summer negatively affects the density, richness and diversity of
macroinvertebrates in the areas below the dam [10]. Ignatius and Rasmussen [11] note the
increase in temperature, the decrease in the concentration of nitrates and phosphates, and the
dissolved oxygen increase in the water downstream when water overflow the crest of the dam.
In the article [12] is noted that the impact of low-head dams depends on the composition of
sediments, the length of the reservoir and the construction of the dam, which can retain sediments
or allow them to be transported downstream.

At the same time, studies of the impact of dams built by beavers [13, 14] also indicate
the water speed decrease in the reservoir, fine sediment storage, the temperature increase, the
dissolved oxygen decrease, the increase in the dissolved organic carbon and ammonium transport
downstream, the decrease suspended solids and nitrates transport downstream. That changes
lead to the complication of existence and as the result increase of biodiversity.

One of the important factors affecting the formation of the regime of dissolved and suspended
substances, biogenic elements in water and bottom sediments, the conditions of life of aquatic
organisms, their populations and groups is the water retention time, which shows the time that
water or any dissolved substance remains in the reservoir. The water exchange is formed due
to the water inflow from the catchment area and its outflow from the reservoir, contributing to
the intensive passage of chemical and biological processes. According to Oksiyuk et al [15], the
water retention time should not exceed 7–9 days for the optimal development of phytoplankton
and reducing the probability of water ”blooming”. The optimal functioning of the hydrobionts
is ensured if water retention time is rates to 4–6 days. The zoobenthic microorganisms change
to the less valuable pelophilic species if the reservoir water retention time ranged from 5 to 11
days. In reservoirs with long water retention time more than 15–20 days, the accumulation of
organic substances and biogenic substances can be observed, which leads to oxygen deficiency
and “flowering” of water [6].
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The reason for the overgrowth of water bodies with higher aquatic vegetation is the high
biogenic substances concentration (nitrogen, potassium, phosphorus) and the low water depth.
Nowak and Lawniczak-Malińska [16] showed that reeds can grow in the large amplitude of lake
depth, but its optimal growth is observed in the range from 0 to 1.6 m, while the roots reach
the maximum depth of 1.7 m. At the same time, less overgrown water bodies are characterized
by the depth of more than 2.5 m with the low nitrogen and potassium concentrations [17].

The aquatic ecosystem sustainability is also affected by the amount of water discharged
downstream. Many authors confirm the need to ensure the natural regime of the ecological flow:
variability, magnitude, frequency, duration, timing and rate of change, which should be from
75% to 100% of the river flow [9,18,19]. Waligórski and Janicka [8], Ignatius and Rasmussen [11]
emphasize the importance of water overflow downstream, which create additional water aeration
downstream.

The anthropogenically altered water environment requires the assessment of many factors that
may negatively affect the environment in the urbanized areas. Urban river demande integrated
water resources management even for environmental improvement projects. Relevance of the
topic: floodplain water replenishment aimed to improve the urbanized environment requires
intervention in the hydrological regime of the river bed, which requires a comprehensive
assessment and development of hydrological regime means of minimizing the environment risks.

The aim of the work is to assess the main parameters that undergo changes during the
backwater creation and to develop an environmentally friendly hydrological regime operation of
the low-head dam to minimize the environment impacts.

2. Materials and methods
2.1. Study area
The natural flow of the Uzh River in the central part of the city is characterized by significant
irregularity and frequent floods. The most catastrophic floods occur in the cold period of the
year, there are low water levels with periodic rain floods in the summer. The floodplain of the
Uzh River is limited by flood protection dyke in the central part of the city. It is necessary
to create the backwater near the area of Bozdos Park in the central part of the city to water
replenishment of the floodplain lake and old river bed.

To replenish the old riverbed, it is planned to install the flap gates at the entrance to the
old riverbed and at the end to create the required depth of up to 2.0 m. Water replenishment
of the floodplain lake is carried out through the tubular spillway. To provide water exchange
in the lake, it is connected to the old riverbed by tubular spillway. The backwater on the Uzh
River is planned to be created by two flap gates to minimize main riverbed narrowing. The
small reservoir is formed as the result of the backwater with the height of approximately 2.5
m (figure 1). The fish passage is provided for free fish movement. The backwater creation for
water replenishment is necessary during the dry season. Since there is the spawning period
from March 25 to May 15 which prohibit the activities that may affect fish spawning in the
Transcarpathian region, it is actually possible to start to create backwater after the May 16th.

2.2. Study methods
The seven cross-sections were analysed to establish the hydrological regime of the river in the
area of the future reservoir, which located at the distance of 250 m, the first at the flap gates
cross-section and the seventh at the top of the reservoir. The curves of the h = f(Q) were
calculated for each cross-section on the base of the curve for Uzhhorod hydrologic station and
the water levels were calculated in the natural riverbed for typical years of the stable summer-
autumn low flow of the 95%, 75% and 50% probability. The function of the average velocities
and river flow in the cross-sections were determined.
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Figure 1. Study area: 1 – flap gates; 2 – back water; 3 – pipes for water replenishment; 4 –
floodplain lake; 5 – old river bed; 6 – spillway for old river bed replenishment.

The simulation of the backwater creation and water level fluctuations in the formed reservoir
including the water replenishment of the floodplain lake and old riverbed was carried out by the
water balance method according to the equation:

∆W = Winf + Pf − E0f −Wout −RIlake −RIorb − SI, (1)

where ∆W – change in storage, m3; Winf – inflow volume, m3; P – precipitation, m; f –
reservoir area, m2; E0 – evaporation from the water surface in the ice-free period, m; Wout –
volume of the ecological flow downstream, m3; RIlake – volume of the flow into the floodplain
lake, m3; RIorb – volume of the flow into the old riverbed, m3; SI – seepage outflow from river,
m3.

Meteorological data (temperature, wind speed, precipitation) for the specified years are
taken from the data of the Uzhhorod climate station. The riverbed is the lowest points for
the groundwater discharge in the area from the backwater beginning to the territory of the
Bozdos Park. The water rising will cause temporary soil wetting losses in the aeration zone,
but compared to permanent seepage into the Bozdos Park area, these losses can be neglected.
Bozdos Park is located in the middle of the river loop, and the ground flow in the middle loop has
the direction from upstream side of the dam to the downstream of the river loop. These seepage
losses were calculated according to equation (4) of the article [3] as the seepage losses from the
river with backwater to the river downstream. The methodology for determining precipitation,
evaporation from the water surface as components of the water balance is described in work [3].

The length of the backwater in the Uzh River is calculated according to the equation:

L = k
H

i
, (2)

where L – length of the backwater, m; k – coefficient for mountain rivers is 1.2; H – hydraulic
head, m; i – hydraulic gradient of the river.
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The hydraulic retention time calculated as relation between reservoir volume and mean river
inflow during the period of back water formation by equation [20]:

HR =
V

Qmean
86400, (3)

whereHR – hydraulic retention time, day; V – reservoir volume obtained from the curve of water
levels and volumes, m3; Qmean – mean river inflow during the period of backwater formation,
m3/s; 86400 – coefficient to covert seconds into day.

To regulate the water flow in the river, the flap gates were chosen, which allow in horizontal
position to pass sediments without creating barrier during the flood. The lifting of the flap gates
to create backwater begins with flow increasing in the river after May 15th (136 calendar day).
The ecological flow to the downstream is at least 75% of the flow entering the reservoir. At the
same time, the floodplain lake and the old riverbed are being filled, which is possible due to
the spring flood period. To maintain the water retention time at the range of 4-6 days in the
old riverbed and the floodplain lake, the optimal water supply to the old riverbed is 0.5 m3/s,
to the lake is 0.3 m3/s. The simulation carried out for two scenarios of the reservoir operation
in the interaction of Uzh River – floodplain lake – old riverbed: maintenance of the constant
maximum water level of the backwater (scenario 1); using the flow accumulated in the reservoir
to increase the ecological flow up to 75% to the downstream (scenario 2).

3. Results and discussion
The environmental impact of the dam on the hydrological, biological, geomorphological
parameters of the reservoir and water quality can be summarized using the diagram (figure 2).
At the same time, the hydrotechnical structures for water replenishment of the floodplain is
not the permanent backwater like the ordinary dam. The backwater is temporarily formed by
the flap gate after the end of spawning (after the May, 15) and is maintained until the end
of October (before autumn floods). The ordinary dam creates the physical barrier for the fish
movement. The fish passage is necessary to move cross the dam.

The main impact on the river is the creation of the backwater for the certain water volume
accumulation, which create due to the reduction of water discharge to the downstream. The
impact of the low-head dam with small reservoir volume on flood flow and flood levels is
insignificant, and the risk can be minimized due to the gates design. The evaporation from water
surface increase, but this loss is appreciable for big water surface and shallow reservoir. The
water level increase due to the backwater increases the groundwater table in the hyporheic zone,
which also leads to river flow loss. But at the same time, the recharge of groundwater can have
both the negative (increasing ground water table) and the positive is the water replenishment
to maintain the biodiversity of the floodplain during the dry season. Water level fluctuation
could cause groundwater changes and lowering the soils bearing capacity and as a result banks
instability and foundations subsidence on the urban area.

The water speed decreases in the reservoir, which leads to the sedimentation of suspended
solids, pollutants, nutrients and the deposition of bottom sediments. The creation of non-flowing
conditions in the presence of significant nutrients concentrations can lead to the overgrowth of
the reservoir and, to its “blooming” under the condition of rising temperatures. The rapid
development of algae leads to the decrease of the oxygen concentration in water and as a result
the fish death. The pollutants and nutrients accumulation are directly related to the water
retention time in the reservoir, and as shown by Oksiyuk et al [15], the water retention time in
the range of 4-6 days provides optimal conditions for the biodiversity. It is possible to ensure
short water retention time only by minimizing losses from the reservoir and regular ecological
flow to the downstream, which should replicate the natural hydrological regime of the river.
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Figure 2. Environmental risks of the reservoir creating on the river: blue – hydrological and
hydraulic; red – water quality; green – biological; violet – geomorphological.

Sediment transport occurs mostly during the floods, therefore, to ensure the transport of
sediments, it is necessary to ensure the free passage of flood discharges across the full width of
the riverbed. Since the water replenishment of the floodplain should be carried out during the
dry season, there is no need to create backwater in the period from November to May. So, the
main floods will pass through the full cross section of the river, which will ensure the sediments
transportation and washing of the riverbed. On the example of the Uzh river, the highest floods
occur in March in the year of 95% probability; in March and April in the mean year; in January,
February and March for the year of 75% probability. During these periods, backwater is not
created and nothing prevents the sediments movement. The flap gate is completely going down
when the flow exceeds 103.8 m3/s, which allows sediment to pass through the gate sections and
ensures periodic washing out of the reservoir.

Ensuring the intensity of water exchange, which is formed due to inflow into the reservoir,
has the greatest impact on water quality and reservoir overgrowth. Preservation of the shallow
water part on the islands formed by sediments will preserve the biodiversity of wetland birds of
the Uzh River. The reservoir volume without bottom clearing and preservation of the sediments
side as shallow water for coastal fauna is 319,680 m3, the water retention time of the reservoir
on the Uzh River is 0.44 days for the year of 95% and 0.3 days for the mean year and the year
of the 75%, which can be considered sufficiently intensive and favourable for the biodiversity.
The water retention time is 6.3 days for floodplain lake, and one is 1.5 days in the old riverbed,
which is also quite favourable intensity.

The simulation showed that ensuring the short water retention time in the floodplain lake
and the old riverbed while maintaining the constant maximum water level in the Uzh river at
the level of 110.2 m leads to the reduction of the ecological flow to the downstream (red line on
the figure 3, figure 4 and figure 5) by 40% of the inflow for the very dry year of the 95% and the
year of 75% probability, which is associated with long-term low flows in the summer period. If
ecological flow is supported at the level of 75% of the inflow (black line on the figure 3, figure 4
and figure 5), it is possible to use the accumulated during the rain floods water in the reservoir,
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that will decrease the water level in the reservoir (blue line on the figure 3, figure 4 and figure 5)
due to losses on evaporation, filtration and discharges into the floodplain lake and old riverbed.
For some summer days with low water flows, it will be necessary to close the gates and stop the
fresh water supply to the old riverbed (green line on the figure 3), which will not significantly
affect the water quality in the old riverbed due to the short water retention time, but the water
level will slightly decrease.

Figure 3. Simulation of the hydrological regime of the Uzh River under backwater conditions
during very dry year of the 95% probability: red line – the percentage of the flow (ecological flow)
that is discharged to the downstream (scenario 1); black – ecological flow to the downstream
that is higher than 75% of the inflow (scenario 2); green – water supply to the old riverbed;
orange – water supply to the floodplain lake; blue – the water level in the reservoir on the Uzh
River (scenario 2).

The constant water level in the reservoir makes it easy to realize in practice the uniform
water supply into the floodplain the dry season. The use of the second scenario with water
level fluctuation in the reservoir makes it difficult to regulate the flow into the lake and the old
riverbed, and will require complex automation and manoeuvring by the gates at the entrance
to the old river and the lake, otherwise the water supply into the lake and old riverbed will be
decrease due to head decrease.

4. Conclusions
The general requirements for creating the hydrologically friendly river regime in urbanized areas:

• the water retention time in the range of 4-6 days to avoid future environmental risks;

• the depth of the reservoir should be more the 2.0m with shallow areas;

• the hydrological regime of the river should be corresponded to the natural with ecological
flow at least 75% of the inflow of the river;

• the crest of spillway structure should be designed on the bottom level along the entire cross
section to provide sediments transporting and decrease flood risk;
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• automatic control system and communication with the hydrometric station should be
installed for a quick response to the flow changes in the river.

Figure 4. Simulation of the hydrological regime of the Uzh River under backwater conditions
during the mean year of the 50% probability: notations are the same as on the figure 3.

Figure 5. Simulation of the hydrological regime of the Uzh River under backwater conditions
during the year of the 75% probability: notations are the same as on the figure 3.
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Improvement technology of water regulation and
methods of calculating the parameters of modular
drainage systems on the lands of the humid zone

M M Tkachuk, S V Klimov, M M Khlapuk and R M Tkachuk
National University of Water and Environmental Engineering, 11 Soborna Str., Rivne, 33028,
Ukraine

E-mail: m.m.tkachuk@nuwm.edu.ua, s.v.klimov@nuwm.edu.ua

Abstract. The article examines water regulation on drained lands by innovative modular
drainage systems with multi-level connection of regulating drains, diagrams of their design
parameters are given. The main goal of the article is to demonstrate the results of analytical
studies of water regulation by drainage modules under the condition of laying drains at different
depths are given. The equations derived in this article allow you to use them to calculate
the distance between regulating drains of different installation depths, perfect in terms of the
degree and nature of the opening of the aquifer during infiltration water supply within drainage
modules. Variants of the application of methods for calculating the parameters of regulatory
drainage modules are proposed, which allow predicting groundwater level regimes, establishing
watershed lines between perfect shallow-deep drains.

1. Introduction
Most of the drainage systems operated in Ukraine were built more than 30 years ago. On many
of them, the drainage does not work as necessary, and therefore the optimal water regime is
not observed. This is due to the physical wear and tear of the elements of the drainage system
or violation of the rules of operation of the drainage system or a change in the direction of
agricultural use of the drained lands themselves. Another possible reason is the low quality of
construction [1,2]. Therefore, for the successful use of territories with constructed but defective
drainage, it is often necessary to carry out restoration works, which will ensure the optimal water
regime of the soil, and, accordingly, agricultural production at the required level. However,
approaches to design have changed, new, in certain cases, more effective designs of drainage
systems have appeared. Climate change must also be taken into account. So, the current
state of water management systems in the humid zone requires new effective approaches to both
construction and reconstruction [1–4], as well as to the design of regulatory drainage networks [5].

In order to effectively regulate the water regime of the soil, we have proposed new innovative
designs of closed regulatory drainage networks, which include drainage modules from periodically
repeated drains with different laying depths (figure 1).

Conducted experimental studies show that regulatory networks, which include drainage
modules, have a greater hydrological effect than their counterparts and allow to unload the upper
layers of the soil from excess infiltration water in a faster time, which is especially important
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Figure 1. Scheme for calculating groundwater levels between shallow and deep drains during
infiltration feeding (the deep drain is located on the waterproof layer, the shallow one is above
the waterproof layer), the A-point of the water separation between shallow and deep drains.

during critical periods of the operation of drainage networks (the period of spring floods and
the period of summer torrential rains).

Equally important for regulating the water regime of the soil is the calculation of the
parameters of the adopted drainage schemes.

2. Materials and methods
If the drainage network is reinforced with additional drains, then in this connection Oleynyk [6,7]
proposes a method of filtration calculation of drainage for irrigation arrays. Approximate
calculations of such drainage are based on the method of filtration resistances [6]. In the
case of imperfect drains by the degree of opening of the aquifer (the drains are above the
waterproof layer) and imperfect drains by the nature of the opening of the aquifer (the drains
are protected by filtering material), a linear equation is used to predict and calculate the position
of groundwater levels when constructing the technique of filtration resistances in any intersection
of the filtration flow.

3. Results and discussion
We will calculate the parameters of the regulating drainage module during infiltration water
supply of perfect drains of shallow and deep laying (shallow laying drain – perfect according to
the degree and nature of the opening of the aquifer, deep – perfect according to the nature of
the opening of the aquifer).

Consider the steady, uniform movement of the filtration flow of water in the directions of
the deep and shallow drains (from point A, figure 1) of the regulating drainage module in
homogeneous soil.

The calculation of the mode groundwater level (for the circuit in figure 1) can be performed
on the basis of the Boussinesq’s equation, which includes partial derivatives

kf
∂

∂x

(
h
∂h

∂x

)
+ εi = 0, (1)

where εi – vertical infiltration of water, kf – soil filtration coefficient. Since h = h (x), the
equation (1) includes ordinary derivatives and will be written in the form

kf
d

dx

(
h

dh
dx

)
+ εi = 0. (2)
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Dividing the variables of equation (2), we find

d

(
h

dh
dx

)
= − εi

kf
dx, (3)

and after integration we get
h

dh
dx

= − εi
kf

x+ C1; (4)

h2 = − εi
kf

x2 + 2C1 · x+ 2C2; (5)

In the case of water infiltration, when εi > 0, we obtained equation (5) – the equation of an
ellipse.

Let’s determine the constants C1 and C2 separately for a deep drain arranged on a water-
resistant layer and a shallow hanging drain imperfect in degree and perfect in nature of the
opening of the aquifer.

Since when x = 0, h = 0 and when x = l1, h = h0, then from equation (5) we find

C2 = 0;h20 = − εi
kf

l21 + 2C1 · l1 + 2C2. (6)

where
C1 =

1

2l1

(
h20 +

εi
kf

l21

)
. (7)

Substituting the values of the constants C1 and C2 into the equation (5), we get

h20 = − εi
kf

x2 +
1

l1

(
h20 +

εi
kf

l21

)
x. (8)

After simple transformations in accordance with (figure 1), we make sure that equation (8)
defines an ellipse centered on the axis 0x at the point x

h20
1
4

kf
εil21

(
h20 +

εi
kf
l21

)2 +

[
x− 1

2
kf
εi·l1

(
h20 +

εi
kf
l21

)]2
1
4

[
kf
εil1

(
h20 +

εi
kf
l21

)]2 = 1. (9)

So,

x =
1

2

kf
εil1

(
h20 +

εi
kf

l21

)2

=
1

2

(
l1 +

kfh
2
0

εil1

)
, (10)

where x is the abscissa of the point of the largest h0 value for a deep drain.
Assuming in equation (10) that x = l1, we find 2l1 = l1 +

kf
εi

h2
0
l1
, where

l1 = h0

√
kf
εi

. (11)

For an imperfect shallow drain when x = l1, h = h0−m2, and when x = l1+ l2, h = m2, then
from equation (4) we find

(h0 −m2)
2 = − εi

kf
l21 + 2C1l2 + 2C2; (12)
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m2
2 = − εi

kf
(l1 + l2)

2 + 2C1(l1 + l2) + 2C2. (13)

where
m2

2 − (h0 −m2)
2 = − εi

kf
(l1 + l2)

2 +
εi
kf

l21 + 2C1l2; (14)

2C1 =
1

l2

[(
2h0m2 − h20

)
+

εi
kf

(
2l1l2 + l22

)]
; (15)

2C2 = (h0 −m2)
2 +

εi
kf

l21 −
l1
l2

[(
2h0m2 − h20

)
+

εi
kf

(
2l1l2 + l22

)]
; (16)

Substituting the determined values of the constants into the equation (17), we obtain
kf
ε h

2 +
{
x−

[(
h0m2 − 1

2h
2
0

) kf
εl2

+
(
l1 +

1
2 l2

)]}2
=

=
kfm

2
2

2εi
+

1

2
l22 +

kf
2εi

(h0 −m2)
2 +

h20
4

[
(2m2 − h0)

kf
εil2

]2
; (17)

A2 =
kfm

2
2

2εi
+

1

2
l22 +

kf
2εi

(h0 −m2)
2 +

h20
4

[
(2m2 − h0)

kf
εil2

]2
. (18)

The equation (18) is the equation of an ellipse.

h2

A2 εi
kf

+

{
x−

[(
h0m2 − 1

2h
2
0

) kf
εl2

+
(
l1 +

1
2 l2

)]}2

A2
= 1 (19)

The abscissa x is the point of the largest h0 value for a shallow drain

x =

kf
εi

(h0 −m2)
2 −

(
2h0m2 − h20

) kf
εi

l1
l2
−

(
l21 + l1l2

)
kf
εil1

h20 − (l1 + l2) + h0

(
h0kf

l2εi−2m2

) , (20)

h0 = A

√
εi
kf

. (21)

Taking into account the value of A, we get

h20
kf
εi

=
kfm

2
2

2εi
+

1

2
l22 +

kf
2εi

(h0 −m2) +
h20
4

[
(2m2 − h0)

kf
εil2

]2
, (22)

where

l22 −
h20
2

[
(h0 − 2m2)

kf
εi

]2
· 1
l22

+
kf
εi

[
m2 + (h0 −m2)

2 − 2h20

]
= 0; (23)

or

l42 −
kf
εi

[
h20 + 2m2 (h0 −m2)

]
l22 −

h20
2

[
(h0 − 2m2)

kf
εi

]2
= 0. (24)

After solving the biquadratic equation (23), we get

l2 =

1

2

kf
εi

[
h20 + 2m2h

]
±

√
k2f
4ε2i

[
h20 + 2m2 (hy0 −m2)

]2
+

h20
2

[
(h0 − 2m2)

kf
εi

]2
1
2

. (25)
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Then the total distance (figure 1) between the drains of shallow and deep laying L = l1 + l2.

If in (25) in the root expression h2
0
2

[
(h0 − 2m2)

kf
εi

]2
, and h0 = 2t2, then l2 = 0 (if there is a

sign before the root (–) and if we take a sign before the root (+)), then

l2 =

√
kf
εi

[
h20 + 2m2 (h0 −m2)

]
. (26)

The total distance (figure 1) between the drains of shallow and deep laying L

L = l1 + l2 = h0

√
kf
εi

+

√
kf
εi

[
h20 + 2m2 (h0 −m2)

]
. (27)

The largest value of h = h0 (figure 1) can be determined

h0 =
1

2

√
εi
kf

+

(
kf
εi

m2
2

L
+ L

)
(28)

at the point with the abscissa x = 1
2

(
kf
εi

m2
2

L + L
)
.

The value of the ordinate h(x) at an arbitrary value x can be determined using (28).

h(x) =

√(
m2

2

L
+

εi
kf

L

)
x− εi

kf
x2. (29)

The resulting equations (13), (27) were studied for the possibility of using them to calculate
the distance L between perfect regulating drains of shallow-deep laying according to the degree
and nature of the opening of the aquifer during infiltration water supply. Equations (13), (27)
and (29) include rather relative, interdependent values of l1, l2 and h0.

Analyzing the equation (29), it can be argued that it has an advantage over (8) because it
includes only two given values – the distance between the drains L and the hanging height m2

of an imperfect drain of shallow laying above the waterproof layer.
Thus, the given methods of calculating the parameters of regulating drainage modules

operating in the mode of intensive reduction of groundwater level during infiltration water supply
in the case of established groundwater filtration allow to predict groundwater level regimes and
calculate the distances between drains of shallow-deep laying perfect in terms of the degree and
character of the opening of the aquifer.

4. Conclusions
• According to the results of theoretical and experimental research, generally accepted

methods and mathematical models describing the movement of water in the soil have been
improved.

• Calculations of the parameters of the drainage modules make it possible to predict the
groundwater level regimes between perfect and imperfect (material) drains of shallow-deep
laying, as well as to obtain the position of the groundwater level in dynamics and in the
time during which the groundwater level decrease from the surface of the earth to a depth
equal to the drainage rate.

• The methods obtained theoretically and experimentally should be used to calculate the
distances between perfect and imperfect (material) drains of shallow and deep laying
according to the degree and nature of the opening of the aquifer during infiltration water
supply.
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Quantitative assessment of water quality in the

Vidsichne reservoir (Zhytomyr, Ukraine)
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Zhytomyr Polytechnic State University, 103 Chudnivska Str., Zhytomyr, 10005, Ukraine

E-mail: skybagalyna26@gmail.com, kgt kma@ztu.edu.ua

Abstract. The modern approach to the implementation of water management activities is
based on a quantitative assessment of the quality of water resources, which includes a certain
set of indicators to reflect the needs of users in the composition and properties of water, to assess
their condition, etc. Ecological assessment is a preliminary stage and a condition for ecological
standardization of surface water quality. To analyze the compliance of water quality with
ecological standards, the obtained results are compared with the values of ecological standards
for the corresponding water body. The study carried out a quantitative assessment of water
quality in the Vidsichne reservoir, near Zhytomyr (Ukraine). This assessment is based on
the introduction of risk weighting factors from certain types of pollutants to the calculation
formula of the integral indicator. Monitoring studies on hydrochemical indicators in the reservoir
showed an increase in manganese content to 0.40 mg/dm3. To calculate the integral indicator of
water quality, manganese and the related level of oxygen dissolved in water, biological oxygen
consumption (BOC) were selected. It was established that the water in the reservoir belongs
to the fourth quality class, that is, it is polluted. A model map of manganese concentration
was built and the ecological coefficient of water quality was calculated, which indicates a 5-fold
excess of ecological standards. The use of a graphic method of comprehensive assessment of the
state of water in any reservoir is substantiated. The increase in manganese content is due to the
seasonal increase in air temperature. The constructed mathematical model of the dependence
of manganese content on temperature makes it possible to predict the state of the water body
depending on climatic conditions and indicates an increase in the value of this indicator from
12◦C and above. Quantitative assessment of water quality in the reservoir based on the sum of
ecological indicators reflects the needs of users in the composition and properties of water and
makes it possible to assess their condition.

1. Introduction
Pollution of water bodies is one of the components of the global environmental problem, which
is getting bigger every year. Many changes that occur in the chemical composition of water
in rivers are caused by climatic changes. The available numerous methods and techniques are
directly or indirectly based on the transformation of quantitative indicators into qualitative
indices of the ecological state. According to the analysis of numerous studies, the objective
assessment of the ecological state of water bodies is based on the combined use of hydrochemical
and hydrobiological data [1–3]. As part of the standard approach, the indicators determined at
individual points of the water body are compared with the normative values of the corresponding
indicators [4–6]. However, recently, an alternative method of water quality assessment, which
uses biotesting, has become widespread [7].
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Over the past few years, there has been increasing concern about the decline in the quality
and availability of drinking water. This decline in water quality is mostly due to anthropogenic
practices such as agriculture, industry, domestic and municipal waste. In order to minimize
the recorded impact on water bodies, it is extremely important to understand the overall
composition, structure and dynamics of these ecosystems, which allows the implementation
of measures (example, more specific procedures, public information and monitoring programs)
to ensure the protection of water resources and ensure water quality [8, 9].

Water supplied to the city of Zhytomyr centrally from the city water supply is taken from the
Teteriv River in the area of the Vidsichne water intake. Water in the reservoir is characterized
by unstable quality, especially during the spring flood and summer months. Water quality
during these periods deteriorates, according to the level of phytoplankton, manganese and other
indicators.

In previous years, illegal sand mining was carried out near the reservoir, which increased the
amount of silt in the reservoir and, accordingly, the accumulation of manganese compounds in
the reservoir. Natural processes, such as rock erosion, climatic conditions affect the composition
of soil and water in the reservoir area. This leads to a change in the chemical composition of
water and affects the development of the reservoir ecosystem [10].

According to the Water Framework Directive 2000/60/EC (WFD), the ecological status
of a water body is based on specific physical, chemical, biological and hydromorphological
parameters. Especially for highly altered water bodies, the parameters are determined according
to the type of reservoir [6].

The purpose of the study was to establish and substantiate the quality of water in the
Vidsichne reservoir, near Zhytomyr, using a comprehensive assessment based on the introduction
of weighted risk factors from certain types of pollutants to the calculation formula of the integral
indicator. The selected pollutant was manganese and the associated level of oxygen dissolved in
water, biological oxygen consumption (BOC).

2. Research methods and tools
Three methods were used to quantitatively assess water quality in the Vidsichne reservoir [11,12].
This is the determination of the modified water pollution index, the ecological coefficient of water
quality graphically and the level of the quality of a water object based on a three-level classification
by characteristics. The research used a method of assessing water quality based on the water
pollution index, which is common in practice.

The definition of the water pollution index is based on indicators of the chemical composition
of water, which makes it possible to use information from surface water monitoring. The
calculation was based on the following ingredients: manganese, BOC, oxygen dissolved in
water. These indicators were chosen because they are mandatory for surface water calculations.
According to the methodology, the average arithmetic value was calculated for each indicator,
which was compared with their maximum permissible concentrations for each indicator. The
water pollution index (WPI) was calculated according to the formula:

WPI =
1

n

∑
i

Ci

MPCi
, (1)

where Ci is the average concentration of one of the n indicators of water quality, mg/dm3; MPCi

is the maximum permissible concentration of one of the n indicators of water quality, mg/dm3;
n is the number of indicators [11].

The ecological coefficient of water quality in the reservoir was determined according to the
standard method with the construction of a map model in the form of a circular diagram with
radii scales [12]. The value of division is the MPC of the indicator, and each axis corresponds
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to the year of observation of this indicator. After constructing the diagram, the ecological
coefficient of water (Ke) quality is determined according to the formula:

Ke =
Ffact

Foptim
, (2)

where Ffact is the area of the diagram limited by the actual values of the hydrochemical
characteristics; Foptim is the area of the diagram, limited by the optimal (normative) values,
which is found according to the formula:

Foptim = πr2, (3)

where r is the radius of the circle, which is limited by optimal (normative) values.
The third technique relates to establishing the level of water quality of the water object

Vidsichne. For this purpose, a three-level classification was carried out: 1) according to the
signs of recurrence of pollution cases; 2) multiples of exceeding standards; 3) creation of general
evaluation scores.

The first degree of classification is based on the determination of the level of pollution
resistance. As a measure of the persistence of pollution, the value of recurrence of cases of
exceeding the MPC (H), which is common in hydrochemical practice, was used, which was
found according to the formula:

H =
NMPC

n
, (4)

where H is the frequency of cases of exceeding the MPC of the ingredient; NMPC stands for
the number of analysis results in which the content of the ingredient exceeds its maximum
permissible concentration; n is the total number of analysis results for the ingredient.

After conducting an analysis of contamination based on repeatability, the following
characteristics were identified as qualitatively different:

• pollution can be observed in individual samples, that is, it can be single;

• pollution may be unstable;

• pollution may not be dominant, but obviously persistent;

• pollution can be dominant, i.e. characteristic.

Qualitative expressions of selected characteristics of water pollution were awarded
quantitative expressions in points (table 1).

Table 1. Water classification of water bodies according to the signs of recurrence of pollution
cases.

Frequency, % Characteristics of
water pollution
of water bodies
based on recur-
rence

Partial evaluation
points expressed
conditionally

Partial evaluation
points absolute
values

[0;10] single a 1
[10;30] unstable b 2
[30;50] stable c 3
[50;100] characteristic d 4
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The second level of classification is based on establishing the level of pollution, the measure
of which is the indicator F of the multiplicity of exceeding the MPC:

F =
C

CMPC
, (5)

where, F is the frequency of exceeding the MPC for the ingredient; C is the concentration of
the ingredient in the water of the water body, mg/dm3; CMPC is the maximum permissible
concentration of the ingredient, mg/dm3.

According to the analysis of water pollution of water bodies, four qualitatively different
degrees of pollution level were separated according to the frequency of exceeding standards by
a separate pollutant: 1) low; 2) average; 3) tall; 4) very high. Qualitative expressions of the
selected characteristics were assigned quantitative expressions of gradations in points (table 2).

When combining the first and second stages of water classification for each of the considered
ingredients, generalized estimates of water quality are obtained for a certain period of time
(table 3). Generalized characteristics are assigned generalized evaluation points S, obtained as
a summary of individual characteristics, as an example, table 3 [11].

Informational materials of the State Agency of Water Resources and the State Department of
Environmental Protection in the Zhytomyr region served as the initial data for the calculation
of environmental indicators and the construction of models. The data of hydrochemical
observations of the laboratory of the city water supply were used as the initial information

Table 2. Water classification of watercourses according to the level of pollution.

Multiplicity of ex-
ceeding standards

Characteristics of
the pollution level

Partial evaluation
points expressed
conditionally

Partial evaluation
points absolute
values

[0;2] low a1 1
[2;10] average b2 2
[10;50] high c3 3
[50;100] very tall d4 4

Table 3. Variations in the water quality of watercourses are possible depending on individual
ingredients and pollution indicators.

Comprehensive characteristics of
the state of water pollution of the
watercourse

Characteristics of
the water quality
of the watercourse

Partial evalua-
tion points ex-
pressed condi-
tionally

Partial evalua-
tion points ab-
solute values

Low-level single pollution slightly polluted a·a1 1
Single contamination of medium
level

polluted a·b1 2

High-level single contamination dirty a·c1 3
Single pollution of a very high level dirty a·d1 4
Unstable low-level pollution polluted b·a1 2
Unstable pollution of medium level dirty b·b1 4
Unstable pollution of a high level very dirty b·c1 6
. . . . . . . . . . . .
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for the study of the qualitative condition of the Vidsichne reservoir, namely, the indicators of
manganese, BOC and the content of dissolved oxygen in the water.

3. Results and discussions
Water supplied to consumers in the city of Zhytomyr is taken from the Teteriv River in the area
of the Vidsichne reservoir, which is located at a distance of about 8 km from the city (figure 1).
A certain supply of water accumulates in the reservoir with very little water exchange, which
is due to a geographical position and climatic conditions: firstly, insignificant precipitation, and
secondly, long-term hot weather in the summer during the last three years. In addition, due to
the incorrect operation of dredgers in Vidsichne, the current moved to the opposite bank. A
stagnant zone has formed near the water intake, where silt accumulates. This is an environmental
problem that needs a separate solution. Water from streams flowing out of swamps enters the
reservoir and contains an increased chemical content of metal ions (for example, iron). Sewage
pollution of settlements upstream of the reservoir is observed.

Figure 1. Map of the location of the Vidsichne reservoir.

The specified reasons in the conditions of regulation of the Teteriv River led to a sharp
deterioration in the quality of water in the Vidsichne water intake. If during the design
period of the city’s water supply facilities, the quality of water in the Teteriv River met the
requirements for the first class of surface water supply sources by all indicators, but at the
present time, due to a number of ingredients, such compliance no longer exists. The analysis
of hydrochemical and hydrobiological indicators presented by the chemical laboratory of the
city water supply showed that the level of phytoplankton (blue-green algae) and zooplankton
in the river water has increased dramatically in recent years. The accumulation of a significant
amount of organic nutrients also causes a persistently elevated level of microbiological indicators
in the summer-autumn period in comparison with previous years. Such a physical indicator as
turbidity increased to an average monthly level of 11.7 mg/dm3 and a maximum of 14.9 mg/dm3
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during 2020. In addition, prolonged hot weather in the summer period in recent years led to a
significant decrease in the content of dissolved oxygen and an increase in carbon dioxide.

As a result of the long-term increase in water temperature in the Vidsichne reservoir, the
death of blue-green algae begins, which leads to the deterioration of water quality, and the
content of manganese, which reaches 0.40 mg/dm3, increases. Therefore, according to the
Water Framework Directive 2000/60/EC (WFD), the ecological status of a specific water body
is assessed by both comprehensive and specific indicators. Such a characteristic indicator for
the Vidsichne reservoir is the concentration of manganese ions [6].

Manganese belongs to microelements that significantly affect the metabolic processes in the
body of plants and animals. It is one of the main elements necessary for water oxidation in the
processes of photosynthesis and carbon utilization in carbo-oxidation reactions around green
algae. In aquatic ecosystems, manganese in concentrations exceeding the maximum permissible
level becomes biologically dangerous and can be considered as a toxicant. The main factors that
increase the manganese content in water are temperature and hydrobiological indicators, that
is, the amount of phytoplankton.

The research used the results of chemical analyses of water quality indicators in the reservoir,
which were carried out during 2019–2021. To calculate the water pollution index by formula (1),
indicators related to the biological oxygen consumption (total), dissolved oxygen, and manganese
were used (table 4).

Table 4. The results of the calculation of water pollution indices for the Vidsichne reservoir.

Indicator C/MPC, ratio for O2

norm/C in 2019
C/MPC, ratio for O2

norm/C in 2020
C/MPC, ratio for O2

norm/C in 2021

BOCfull 1.650 1.636 1.770
Dissolved oxygen 0.666 0.595 0.617
Manganese 8.000 6.200 8.000
The sum of ratios 10.316 8.428 10.387
Water pollution index 3.46 2.81 3.46
Water quality class IV IV IV

The table 4 shows that for all three years of water research in the Vidsichne reservoir, the
pollution index is within 2.80-3.50, which corresponds to the fourth quality class. This means
that the water is polluted and under significant anthropogenic influence, the level of which is
close to the limit of sustainability of ecosystems. The dynamics of changes in the presented
indicators over the years (figure 2) shows a consistently high concentration of manganese in the
reservoir.

With a further increase in the concentration of manganese in the water, the ecosystem may
lose its balance.

To establish the ecological coefficient of water quality in the reservoir, a model-map with
scales-radii for the manganese ingredient was built. The value of dividing such a diagram is
the maximum allowable concentration of manganese in drinking water, which is 0.05 mg/dm3

and the number of axes corresponds to the average annual value of the indicator in 2019, 2020,
and 2021 years of the study, respectively (C̄Mn,2019, C̄Mn,2020, C̄Mn,2021). For each indicator,
according to the methods described above, average annual arithmetic values were calculated
(table 5).

The central shaded circle with a radius corresponding to the MPC value is the ecological
optimum. All values of average annual concentrations of manganese that fall into this
area correspond to standards for drinking water. The other shaded area is the actual
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Figure 2. Dynamics of changes in the investigated water quality indicators in 2019-2021.

Table 5. Average annual arithmetic values of the investigated indicators.

Indicator Average an-
nual values of
indicators in
2019

Average an-
nual values of
indicators in
2020

Average an-
nual values of
indicators in
2021

MPC,
mg/dm3

BOCfull, mg O2/dm3 4.95 4.91 5.31 3.00
Dissolved oxygen, mg/dm3 9.01 10.08 9.73 6.00
Manganese, mg/dm3 0.40 0.31 0.40 0.05

manganese concentration values. Since the indicators are outside the circle, this indicates
water contamination with manganese and non-compliance of water quality with regulatory
requirements.

Figure 3 presents a model map of manganese for the water of the Vidsichne reservoir.
According to the methodology, to calculate the environmental factor of water quality, the
following were calculated: Ffact – the area of the diagram, limited by the actual values of
average annual manganese concentrations, and Foptim – the area of the diagram, limited by the
optimal value of manganese concentration in water (formula 3). Plotting the actual change in
hydrochemical characteristics on the diagram shows the state of the river water, which can be
used to consider possible sources of pollution, and the ratio of the area occupied by the diagram
of actual pollution to the area occupied by the optimal values of the standardized indicators
gives ecological coefficient of water (Ke, formula 2). The values of the first class of ecological
classification of the quality of surface water are taken as the optimum. Water quality class: I –
very clean – < 0.3:

Foptim = π · 0.32 = 0.28.

The area of the figure occupied by the diagram of actual contamination, which is the area of
the formed triangle, is Ffact = 1.52. Thus, according to (2), the ecological coefficient of water
quality is equal to 5.4. This indicates that manganese contamination of water exceeds regulatory
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requirements by 5.4 times:

Ke =
1.52

0.28
= 5.4.

Figure 3. Model map for calculating the ecological coefficient of water quality.

The level of water quality was established according to the method described above for
manganese, as the most influential ingredient on the quality of surface water in the reservoir.
The calculated value of repeatability of cases of exceeding the MPC is 83% compared to the
total number of results (formula 4). This indicates that manganese contamination is dominant,
that is, it is characteristic, as the repeatability value is in the range of 50–100%. Such pollution
corresponds to the following partial evaluation points (table 3): 1) conditionally expressed – d;
2) absolute values – 4 points.

The second level of classification is based on the establishment of the indicator of the frequency
of exceeding the MPC for manganese, as the ratio of the average value of the concentration of
manganese over three years to its maximum permissible concentration (formula 5). Calculations
showed that the value of the multiplicity of exceeding standards is within 2-10, which corresponds
to the average level of pollution, the qualitative expression of which is the following partial
evaluation points: conditionally expressed – b1; absolute values – 2 points. When combining
the first and second stages of water classification, we get that the characteristic pollution of
the average level is evaluated by generalized points: conventionally expressed – d · b1; absolute
values – 8 points. And this means that the water in the Vidsichne water intake is highly polluted
with manganese (table 3).

All three considered methods of studying the quality of drinking water make it possible to
establish the compliance of water with current regulatory standards. They can be used to
establish the ecological character of drinking water by any ingredient [12].

Recently, in the conditions of global climate changes, high temperature indicators, there
is a constant increase in the manganese content in the reservoir due to a decrease in the
dissolved oxygen content. Further studies showed a direct dependence of this indicator on
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water temperature (figure 4). Using the method of least squares, we obtained the dependence of
Mn concentration (y, C(Mn), mg/dm3) on temperature (x, ◦C) in the form of an approximation:
y = ax3 + bx2 + cx + d, where a = 2.65 · 10−4 mg/dm3 ◦C3, b = −6.472 · 10−3 mg/dm3 ◦C3,
c = 4.461 · 10−2 mg/dm3 ◦C3, d = 1.17 · 10−1 mg/dm3 ◦C3 (figure 4).

0 5 10 15 20
twater,

○C

0.2

0.4

0.6

0.8

CMn, mg/dm3

Figure 4. Dependence of manganese content on water temperature

The R2 approximation reliability value is 0.9831. The assessment was carried out using the
Excel program.

The built mathematical model indicates a significant increase in manganese content at
temperatures from 14◦C to 22◦C and higher. At elevated temperatures, the concentration of
manganese in water reaches values that are 15 times higher than the standard values.

4. Conclusions
The developed procedure for assessing water quality in natural waters allows us to conclude
that the water of the Vidsichne reservoir is characterized by unstable quality. According to the
content of manganese, the water belongs to the fourth quality class, that is, it is polluted.

It is reasonable to carry out a quantitative assessment of surface quality based on the following
indicators: water pollution index, ecological pollution coefficient and water quality level. The
graphical method of comprehensive assessment of the state of water is the basis for calculating
the ecological coefficient in any reservoir.

The constructed model-map of manganese concentration for the Vidsichne reservoir indicates
water pollution, and the environmental quality coefficient – a 5-fold excess of environmental
standards. Mathematical processing of the results of chemical analysis of manganese
concentrations during the year showed that the manganese content in water increases with
increasing air temperature.
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Abstract. The research of the Ukraine’s place in global trends of sustainable development
from the position of digital economy is presented. An economic essence of digital economy
and its significance for Ukraine is studied. Its main components are defined. The relationship
between the digitalization of the economy and the level of sustainable economic development is
substantiated. Considering the fact that the development of the digital economy is characterized
by a large number of indicators at the global level, the Global Connectivity Index is chosen to
analyze the relationship with the SDGs achievement. The hypothesis about the dependence
of SDGs achieving on the possibilities of the digital economy is confirmed with the help of
mathematical modeling using correlation-regression analysis. The analysis of the relationship
between Global Connectivity Index and SDGs Index is conducted. The level of influence of GCI
component groups (broadband, cloud, AI, IoT) on the levels of SDGs is determined. Based
on the analysis two components of the GCI index – the Internet of Things and the state of
the broadband Internet, which have a significant impact on the level of SDGs achievement, are
identified by the authors. It was found that two other components – the development of artificial
intelligence and cloud technologies have a moderate impact on SDGs achievement. The global
map of the digital technologies development level in compliance with the SDGs achievement is
presented. Visualization on the map makes it possible to group countries with a high level of
digitalization and achieving the SDGs on the one hand, and a high level of digitalization and
relatively low indicators of sustainable development on the other hand, and vice versa. The
analysis of Ukraine’s place on this world map is performed. The role of digital transformation
in achieving of the defined SDGs is identified.

1. Introduction
Ukraine is one of the largest European countries in terms of territory and population being at
the same time quite poor from a financial point of view. Unlike other countries in the world it
is rather slow in carrying out key reforms, in particular tax, land and labor market reform, etc.
Until now, the period of transformation to a market economy has not been properly completed,
and acceptable conditions for attracting investments and conducting business have not been
created. Since 1991 the state’s population has decreased by more than 10 million people. The
main factors of the demographic crisis which we can now observe are, first of all, war with
Russian invaders and martial law, the excess of mortality over the birth rate and population
migration from Ukraine. These reasons as well as weak economic and social development, the
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inability to ensure a high standard of living led to the fact that many Ukrainians decided to
leave the country. Labor migration causes losses to the Ukrainian’s economy.

But simultaneously Ukraine is characterized by high growth rates of the IT sector – 20-
35 % annually. The developed IT industry is quite an considerable factor in the growth of
technological efficiency of the Ukrainian’s economy. This industry is export-oriented (more than
half is exported to the USA). Computer services account for almost 25 % of all services exports
of Ukraine. The export share of IT in the total structure of exports is almost 7 % and it shows
annual growth. The growing demand for digital technologies, cloud data storage, and cyber
security can become a powerful driver of the further growth of the domestic IT sector. It is
necessary to underline that many residents of the country who emigrated continue to work for
Ukraine while working abroad online. The full-scale military aggression of the Russian invaders
did not slow down the pace of transformation of Ukraine’s digital environment. Over past
20 years the digital economy development is supposed to be one of the predominant factors
that have influenced a significant increase in labor productivity in the global economy and also
contributed to improved access to quality public and social services.

Ukraine invests only 0.5 % of GDP in R&D centers. This is three times less than the indicators
of Poland and five times inferior to the indicators of Hungary. The low level of investment in
innovative developments creates a more than 3-fold gap in labor productivity with neighboring
EU member states [1]. A significant barrier to the digital economy development of Ukraine
is digital divide, which includes such components as: technological, competence, economic,
financial, and physical. It makes it impossible to realize the rights and responsibilities of citizens
by limiting access to technologies, competences, means of digital production and interaction. In
the conditions of the digital economy there is an opportunity to form and develop skills in the
usage of digital technologies, their individual aspects, phenomena and processes as well as the
use of relevant tools to substantiate optimal decisions, including solving complex economic tasks.

In the conditions of the digital economy the structure of business is changing in the form of
its management, the cooperation with other counterparties is being established in other ways.
As aptly noted by TechCrunch, the Uber company, although it is the largest, does not own
any vehicles. The Facebook network does not directly create its own content. Alibaba, as
the most powerful platform for sales, does not have its own products that can be sold. This
indicates that something really interesting is now happening [2]. Digitization of life activities
as a necessary technical condition of the contemporary global economy is the main tool that
ensures its development. In the process of transition to sustainable development the task of
mandatory consideration of the environmental factor necessarily arises. To properly ensure the
sustainable development of society, the ecology of the environment should not be disturbed, the
natural basis for the reproduction of human life should be preserved. Nowadays the main goal
of sustainable development ensuring is dynamic socio-economic growth and the preservation of
the environment, rational usage of the existing potential of natural resources to meet the needs
of the present and future generations as well as development of an effective economic system etc.
Sustainable development requires the presence of several vectors, including nature, production
and society. It targets business to operate without harming the environment with effective
financial indicators at the same time [3].

A total of 17 positions are allocated to the goals of sustainable development (SDGs).
Undoubtedly, the role of digital transformation in Ukraine in SDGs achievement is significant. It
will be investigated in this work. However, it should be noted that, in turn, the implementation
of some of the SDGs will also contribute to the improvement of a current level of the digital
economy of Ukraine.
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2. Literature review
Under the conditions of the globalization next wave priority is given to the progressive digital
economy in the development of the country. Its key factor is information, knowledge and ways
of accessing them. Being a virtual environment the digital economy is able to complement the
existing reality of today. Of course, it has a lot in common with the traditional economy. It is
often difficult to draw boundaries between them. There is still no single definition of it agreed
upon by the international community. In the vast majority of foreign sources, the emphasis is
on the description of technologies and methods of interaction between economic agents when
somebody is interpreting the digital economy. At the same time, specific types of technologies
are often noted and certain forms of changes in economic processes are indicated. Sometimes
the actual definition of the digital economy is replaced by a list of directions of its influence on
economy or social sphere. It is worth noting that there is still no single concept of building a
digital economy in Ukraine.

The concept of the digital economy in modern economic realities and the description of its
boundaries will make it possible to create a multifunctional system of statistical measurements
for its continuous monitoring of the digital economy, substantiation and evaluation of the
digitalization policy. The term of digital economy first appeared in in the second half of the
nineties of the twentieth century. In these years works of Tapscott [4] and Negroponte [5] were
published. This term became widespread, the concepts of Web, Network, New and Internet
economy. This term acquired a specific meaning. Digital economy began to develop in the late
1950s, and since the 1960s, digital innovation has been actively spreading around the world.
The next (second) stage of digitalization is associated with the worldwide spread of mobile
communications and the Internet which is characteristic of the mid-90s of the 20th century. In
definitions of the digital economy by Tapscott the emphasis is placed on the Internet as its main
component [4].

Supporting this position, we note that the main resource of knowledge in the period of the
digital economy is information, if it has the characteristics of accuracy, reliability, timeliness. It is
obtained precisely with the use of the Internet. The virtual network of the Internet traditionally
serves as the basic platform for the digital economy progress. In recent years significant changes
took place in human life. Thanks to the use of smart things, technology of blockchain, industrial
Internet of things, the production process and forms and management models have also changed.
Now the digital economy, based on digitization and its own specifics makes it possible to overcome
spatial and sectoral limitations. It is impossible without financial technologies (FinTech), the
Internet of Things (IoT), e-commerce, digital marketing (Digital Marketing) and principles of e-
business management.The development of intelligent systems connected to the Internet of Things
can create unique opportunities to strategically address challenges related to the UN Sustainable
Development Goals to ensure a just, environmentally sustainable and healthy society [6].

The next stage of digitization that we are currently observing is connected with the
proliferation of digital currencies. Various digital currencies (bitcoins and others) have already
confidently won their place on the global financial market, their quantity (as well as the scale of
operations with them) is increasing. This led to the formation of a new currency component of
the financial world architecture that meets the requirements of the times. They have been in use
since 2009 and in 10 years have proven their demand and importance. The classic understanding
of the digital economy is that it is an activity the production key means in which are digital
data and the mechanism of their usage. This makes it possible to significantly strengthen the
efficiency or productivity of various economic activities. The economy, which involves the usage
of digital technologies or services, is also called digital. In the interpretation of the essence
of the digital economy by the Australian government, attention is drawn to the fact that it is
a global network of activities, in particular economic and social, which is provided thanks to
communication and information technologies.
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The digital economy necessarily uses devices that we deal with every day, for example, phones
and laptops. It allows you to quickly find the best place for rest or entertainment, quickly receive
important information from a friend, etc. When paying for goods, you can use credit cards. Its
mechanisms are also may be used during treatment. Companies that conduct business using
elements of the digital economy are able to improve cooperation with contractors, buyers or
suppliers. Digital economy is supposed to be a key driving force provoking economic growth.
Bahl claims that this has profound consequences for doing business in the regions [7]. The
definition of the digital economy provided by Bukht and Heeks is vague, somewhat blurred.
We accept that it is based on digital services or goods, but we do not agree that it is part
of the economic result [8]. Kolyadenko examines the digital economy as such, which is based
on the manufacture of electronic services, goods and the spreading of them using e-commerce
(computer networks) [9]. Veretiuk and Pilinskyi draws attention to the fact that the computer
platform serves as a means to which the digital economy transforms all information knowledge
as well as resources [10].

The digital economy is considered to be basis of the Industrial Revolution (Fourth) while
the change in the general technology is clearly visible and there are signs of a change in
the techno-economic paradigm. The modern phase of the industrial revolution is connected
with the progress of Internet communication technologies, which have significantly changed the
technology of business processes and received the name “digitalization”. Summarizing existing
definitions of digital economy, it should be noted that in most the component approach of
definitions prevails.

Mesenburg distinguish such three component parts of digital economy: auxiliary
infrastructure; e-business (conducting business activities through network); e-commerce
(distribution of goods, products and services using the Internet) [11]. Therefore, the most
successful, to out mind, is the following definition: digital economy is an dynamical innovative
economy which is based on the innovations and information implementation as well as
communication technologies in various types of economic activities and spheres of society life,
which in turn makes it possible to increase the effectiveness, strength and competitiveness of
various companies and the standard of population living in general. Digital transformation
fundamentally converts areas and business processes based on the Internet and innovative
digital technologies, that is, it is not limited to the implementation of information technologies.
The digital economy is capable to significantly change existing business processes [12]. The
modern Industry 5.0 system puts a human-centered approach at the center of the production
process and uses innovative technical advances to ensure sustainable and sustainable intelligent
production [13].

The digital economy is a driver for development and accelerating worldwide economic
progress, increasing the level of labor productivity, creating new markets and types of economic
activity. This is confirmed by the cooperation between the G20 countries, which are actively
involved in the development of the digital economy. The digital economy definitely creates
opportunities for sustainable and inclusive growth [14]. Those countries and associations that
plan, gradually and systematically build the foundations of leadership and actively join the
mechanisms of the digital economy achieve accelerated economic development at a faster rate.
The progress of digital economy in general involves a significant transformation of labor market,
which is characterized by complexity. This process is taking place gradually, because an
increasing number of traditional sectors of the economy involve elements of the digital economy
in activities conducting. It is worth emphasizing that the consept of “digital shadow economy”
is also wide spread in the world. For example such its components are researched by scientists,
as determinants of consumers’ illegal behaviour online [15].

It has been established by Gasparėnienė et al that the digital shadow economy is an illegal
operation in the Internet used to generate illicit cash flows for suppliers of goods/services or
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buyers. It allows to avoid officially declared income, because it can be not calculated and not
accounted [16]. Research by these authors is a substantial contribution to the theory evolution
of digital economy in general. It shoud be also pointed out that digital economy is a priority
component of an innovative economy. As Pavelko et al note, formation of innovative economics
should be aimed at reduction the cost of production, developing high-quality products, advance
of human life and elevation it to a qualitatively brand new level [17]. The new products at the
same time involve various innovative digital technologies types and forms.

The digital economy has a specific feature. It is related to the on-demand economy, that is,
when using it, there is no sale of services, goods and access to them specifically at that moment
when they are required. Receiving orders are placed online, and their fulfillment – offline. The
advantages of the on-demand economy are the next: high velocity of obtaining the required
services or goods; a decrease in their value for the end user due to a reducing in the number
of intermediaries on this path; simplifying the exit of goods and services suppliers to users.
Digital economy for its successful formation needs effectively functioning of three components:
regulatory and legal framework that would contribute competition and entering the market
for enterprises, allowed companies to fully use digital technologies; skills which are required
by employees for use possibilities of digital technologies; effective establishments which use the
Internet in order to increase rights and enlarge opportunities of citizens. It should be noted that
in current conditions of the digital economy development digital skills as well as innovations and
competitive advantages are key to achieving individual success [6,18–21]. From the macro level
point of view we speak about the level of society digitalization and smart cities [22, 23]. The
digital economy acts not only as an effective foundation for the progress of public administration
system, sphere of society, business, economy, the but also contributes to the achievement of a
whole sustainable development, which will be confirmed in this article.

According to UNESCO sustainable development is “development that meets the needs of
the present without compromising the ability of future generations to meet their own needs.”
Corejova and Chinoracky [24], Laitsou et al [25] agree that the digital economy can be seen
as a tool for expanding economic growth which, in turn, is part of the concept of sustainable
development. Many researchers point to a positive connection between the development of the
digital economy and sustainable development. Frey noted that the development of the digital
economy can provide a sustainable development stimulus for economic growth [26]. Skliarov
and Prokopov note that the development of the digital economy will transform the traditional
economy from a resource-consuming economy to a resource-creating economy [27]. The intensive
development of the digital economy not only provides spatial growth momentum for the region,
but also helps to promote the economic growth of neighboring regions and ultimately forms
regional coordination and sustainable development [28]. The role of infrastructure is undeniable
in the growth process of any economy, as it helps to diversify production, expand trade, overcome
the pressure of demographic and environmental problems and ultimately improve the quality of
human life [29].

International analytical agencies also pay great attention to the relationship between digital
technologies and sustainable development. Huawei’s report “Accelerating SDGs through ICT”
shows that SDG 4 (Quality education), SDG 3 (Good health and well-being) and SDG 9
(Industry, innovation and infrastructure) with 73 %, 71 % and 65 % respectively have the
highest the level of interconnection with the development of digital technologies. The report
also emphasizes that even small technological improvements can lead to better achievement of
the aforementioned SDGs [30]. However, digital transformation also increases inequality and
undermines social cohesion, given the gap between countries with access to the Internet (over
80 % of the population in developed countries) compared to developing countries (45 %) [31]. For
developing countries that are lagging behind the most, SDG 1 on poverty reduction and SDG 5 on
gender equality are most relevant. In the future, the digital economy is potentially the largest and



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012085

IOP Publishing
doi:10.1088/1755-1315/1254/1/012085

6

most important opportunity for dynamic change in sustainable development worldwide [32–35].
In addition, digitalization is seen as a key driver of transformative environmental change and
innovation in the next decade [36].

Countries are innovating and transforming practice by adopting and adapting the DPG.
Such DPGs as digital payment solutions, data transfer protocols or digital health services can
be included to improve the delivery of public services in a safe, reliable and inclusive way.
Properly assembled, DPGs can create a digital public infrastructure that is powerful enough
to ensure societal impact for current and future generations [37]. Zhuge et al conclude that
new enterprises can deepen their competitive advantages by improving their digital capabilities,
which leads to improved performance in terms of environmental, economic and social benefits
and promotes sustainability. Green knowledge creation acts as a mediator between digital
capabilities and sustainable development [38]. Understanding the relationship between the
SDGs and digitalization allows for the development and coordination of national digital economy
policies and programs that contribute to better sustainable development [39].

Imran et al [40] show that the digital economy does not always have a positive effect on
sustainable development. Thus, 4G coverage and mobile broadband have been found to be
positive in terms of impact on SDGs. Total Fixed Broadband Coverage and Fixed VHCN are
significant but have a negative impact on SDGs. ICT professionals and ICT graduates were
significant variables that negatively affect the SDGs. Use of Internet services has the largest
number of subdimensions, five of which are significant. These are: news, social networks, online
courses, banking and shopping. The first two have a positive effect on SDGs, and the last three
have a negative effect [40]. While synergies between digitization and sustainable development are
generated in aspects related to economic and social sustainability, trade-offs arise in areas related
to environmental protection, such as climate change, depletion of natural resources and waste
generation due to their negative connection with existing models of economic development [41].
Also, digitalization may contradict a just transition to sustainability if the digital regime is not
reoriented towards inclusive practices, democratic governance and environmental regulation [42].

The paper’s hypothesis is that the development vectors of global digital economy are closely
correlated with the sustainable development goals. Taking into account the fact that the SDGs
achievement is related to the level of digital transformation, we will perform an analysis of the
relationship of individual indicators at the global level. We will also investigate the role of
Ukraine’s digital transformation in SDGs achievement.

3. Material and methods
The main evaluation systems of digital development indices include the European Union
(EU) Digital Economy and Society Index, the Organization for Economic Co-operation and
Development (OECD) digital economy indicator system, the World Economic Forum (WEF)
Network Readiness Index (NRI), the Digital Evolution Index (DEI); Digital Adoption Index
(DAI); ICT Development Index (IDI); Global Innovation Index (GII); economy digitization
index (Boston Consulting Group – e-Intensity); the world digital competitiveness index (IMD
World Digital Competitiveness Index – WDCI). A commonly used tool is the Digital Economy
and Society Index (DESI).

Given that digital technologies and global connectivity are comprehensive and deep, the
Global Connectivity Report is published annually, which provides a detailed analysis of global
digital connectivity and its mechanisms. The Global Connection Report 2022 provides analytical
data on digital development of society by countries, regions, categories of population, gender, etc.
[43]. The global connection index (GCI) can be considered as an indicator of the digital economy
development. GCI provides an opportunity to analyze a wide range of ICT infrastructure. The
index was calculated for the first time in 2014. 79 countries are involved in the calculation,
each of which calculates 40 indicators of development of digital technologies, the impact of
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information systems development on economic growth. The 40 indicators can be analyzed both
vertically (Supply, Demand, Experience, Potential) and horizontally (Broadband, Cloud, IoT
and AI) [44].

The UN Sustainable Development Agenda for the period up to 2030 envisages 17 SDGs in
the global system. They aim to solve fundamental problems such as ending poverty and hunger,
protecting the planet and ensuring peace. The SDGs are also aimed at other priorities, in
particular the prevention of climate change, economic inequality, the development of innovations,
sustainable consumption, peace and justice [45]. Through the definition of the SDGs Index, for
each country, a total score characterizing the level of SDGs achievement, is determined. The
maximum score – 100 points – corresponds to the achievement of all SDGs [46]. Given the fact
that achieving of the SDGs is largely related to the level of digital transformation, it is advisable
to analyse the relationship between these indexes at the global level and to determine which of
The Four Technology Enablers have an impact on SDGs achieving. The values of the indices
for each country, which are the basis for analysis of the relationship, are given in the table 1.

Table 1: GCI and SDG Index indicators (2020), based on
[44,45].

Country GCI Total GCI Broadband GCI Cloud GCI AI GCI IoT SDG

Algeria 32 44 24 21 24 70.9
Argentina 45 56 59 30 33 72.8
Australia 72 98 54 39 57 75.6
Austria 66 78 39 39 69 82.1
Belarus 46 64 33 21 30 78.8
Belgiu 66 83 54 42 51 82.2
Brazil 47 59 42 27 30 71.3
Bulgaria 52 65 36 24 27 73.8
Canada 70 95 54 39 48 79.2
Chile 55 68 51 30 45 77.1
China 62 84 66 48 42 72.1
Colombia 42 41 42 30 33 70.6
Croatia 51 63 36 24 39 80.4
Czech Republic 57 72 39 30 42 81.4
Denmark 77 90 57 48 78 84.9
Ecuador 38 42 30 30 33 72.5
Egypt 36 41 30 24 31 68.6
Estonia 61 78 36 33 45 81.6
Finland 76 89 63 42 75 85.9
France 70 89 54 45 57 81.7
Germany 70 78 51 45 66 82.5
Greece 52 69 39 24 48 75.4
Hungary 54 65 42 30 36 78.8
Ireland 69 74 63 60 51 81
Italy 60 78 39 36 63 78.8
Japan 75 99 57 36 69 79.8
Jordan 35 30 30 21 27 70.1
Kazakhstan 47 65 36 24 27 71.6
Lithuania 58 80 39 24 36 76.7
Luxembourg 70 77 54 42 51 74.2
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Continuation of table 1

Country GCI TOTAL GCI BROADBAND GCI CLOUD GCI AI GCI IoT SDG

Malaysia 53 63 36 27 39 70.9
Mexico 43 53 42 27 33 69.1
Morocco 38 39 42 21 24 70.5
Netherlands 75 81 63 51 75 81.6
New Zealand 72 96 60 33 54 79.1
Norway 73 95 51 42 81 82
Oman 48 60 39 21 36 70.1
Peru 40 48 39 30 30 71.1
Poland 51 65 36 30 33 80.2
Portugal 61 87 39 30 48 78.6
Romania 50 69 39 24 30 75
russia 50 72 36 27 33 73.8
Serbia 45 48 36 24 30 75.6
Singapore 81 98 87 45 54 69.9
Slovakia 54 75 36 24 36 79.6
Slovenia 56 71 36 27 39 81.6
Spain 61 80 39 30 54 79.5
Sweden 80 98 69 42 78 85.6
Switzerland 81 101 63 45 69 80.1
Thailand 46 60 36 30 33 74.2
Turkey 46 60 36 24 27 70.4
Ukraine 43 51 33 24 30 75.5
UAE 62 86 36 33 39 70.2
United Kingdom 75 80 63 48 69 80
United States 87 96 93 54 75 76
Uruguay 50 66 42 27 42 74.5
Vietnam 41 59 30 27 33 72.8

The hypothesis that the achievement of the SDGs depends on the capabilities of the digital
economy can be confirmed using mathematical modeling, that is, its expression through a
regression equation. Regression analysis will make it possible to draw reasoned conclusions
about the relationship of the studied quantities, which are based and supported by specific
mathematical calculations. In the case of the relationship between GCI indices and SDGs it
is advisable to analyze the degree and nature of the influence of each of the groups of GCI
components (broadband, cloud, AI, IoT) on the level of SDGs as well as to conduct such an
analysis in the form of a multivariate correlation analysis, which evaluates the strength of the
relationship between the studied variables

Using a multiple regression analysis it is possible to select a multivariate statistical model and
to describe the form of the relationship between the factors. A multivariable linear regression
model with m independent (factor) variables will look like this:

Yt = a0 · xi0 + a1 · xi1 + a2 · xi2 + a3 · xi3 +
∑

i (1)

where xij are the factor variables – broadband, cloud, AI, IoT; i – number according to the
order of the object in the population being studied, i = 1, 2, . . . , n;

∑
i – a random error that
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has a mathematical expectation of 0 and a variance q2; xi0 – dummy variable equal to 1 in all
observations.

In this model the parameters aij to be estimated are unknown.
Regression statistics calculated from the original data are shown in table 2.

Table 2. Regression statistics

Multiple R 0.765531723
R Square 0.586038819
Adjusted R Square 0.554195652
Standard Error 3.180923684
Observations 57

As can be seen from the above data there is a close relationship between the SDGs and the
GCI. The correlation coefficient of 0.7655 between the specified arrays of data indicates a close
direct connection between the global level of sustainable development and digital transformation.

Correlation coefficients of individual components of GCI with SDG are given in table 3.

Table 3. Correlation coefficients

Broadband Cloud AI IoT

SDG 0.611104 0.312098 0.503799 0.699281

The results of analysis of variance are shown in tables 4, 5.

Table 4. Analysis of variance (part 1).

df SS MS F Significance F

Regression 4 744.863359 186.2158 18.40391 1.78425E-09
Residual 52 526.1503253 10.11828
Total 56 1271.013684

Table 5. Analysis of variance (part 2)

Coefficients Standard Error t Stat P-value Lower 0.95 Upper 0.95

Intercept 66.8172 1.9061 35.0548 0.0000 62.9924 70.6420
Broadband 0.0839 0.0403 2.0798 0.0425 0.0030 0.1648
Cloud -0.1695 0.0548 -3.0914 0.0032 -0.2796 -0.0595
AI 0.0825 0.0913 0.9031 0.3706 -0.1008 0.2657
IoT 0.1921 0.0512 3.7524 0.0004 0.0894 0.2948

The estimation of the parameters based on the results of the correlation-regression analysis
indicates the adequacy of the obtained model. The analysis of correlation coefficients makes
it possible to determine the degree of influence of digitalization factors on SDGs achieving.
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We can see that the highest level of influence (coefficient 0.699) has the level of development
of the Internet of Things. This situation can be explained by the fact that the spread of
such achievements of the digital economy as sensors hat transmit information to databases
for managing people’s habitat, strengthening the interconnection between various devices that
accelerate management processes, make it possible to solve environmental problems quickly,
control the state of air and water, expand the possibilities of agriculture to overcome the problems
of poverty, etc. The state of broadband Internet also has an important role (correlation coefficient
0.611) for the achievement of the SDGs. As the basis for the development of digital technologies
the collection and transmission of information, this component directly affects the development
and achievements of industry, health care, education, energy conservation, city management,
etc. The development of artificial intelligence has a moderate relationship with the SDGs. We
explain this by the fact that the latest achievements of artificial intelligence may not become
widely distributed in a short period of time and therefore may have a certain time lag. As for
cloud technologies we do not observe a significant relationship with the resulting indicator, which
can be explained by the fact that cloud technologies are only a tool for storing and accessing
information.

The global map of the level of digitalization in accordance with the achievement of the goals
of sustainable development looks like this (figure 1).

Figure 1. Global Connectivity Index and Sustainable Development Goals Index (2021).
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According to figure 1 it is possible to clearly trace the three leading countries in terms
of the level of digital transformation and the achievement of sustainable development goals –
Finland, Sweden, and Denmark, which have the highest SDGs Indicator level and one of
the highest indicators of digitalization. The group of countries with a high rating of the
development of the digital economy and a sufficient level of indicators of sustainable development
include mostly developed European countries (Germany, France, Norway, Austria, Netherlands,
Switzerland, United Kingdom), as well as Canada, Japan, and New Zealand. A number of
countries with a relatively lower rate of achievement of sustainable development goals (USA,
Australia, Luxembourg, Singapore) demonstrate, however, a high level of development of digital
technologies. Ukraine, with a Global Connectivity Index of 43 and a Sustainable Development
Goals Index of 75.5, is in the group of countries with an average level of digital technology
development and a below-average level of achievement of SDGs. However, the dynamics of
Ukraine’s indicators are positive both by one and by another indicator. And in terms of the
level of digitalization Ukraine confidently holds the first positions in the context of the speed
of progress. So, taking into account the fact that the SDGs are closely correlated with the
development vectors of the global digital economy we will determine the key trends and prospects
of digital transformation in Ukraine in accordance with the 17 SDGs (table 6).

Table 6: The role of digital transformation of Ukraine in
achievement of the SDGs.

SDG The impact of digital transformation

1. No poverty Digitalization provides opportunities for the least protected sections of the
population to have access to social programs through online platforms,
crowdfunding, mobile applications

2. Zero hunger Digital transformation makes it possible to improve the efficiency of
agricultural production on the basis of precision agriculture, allows to ensure
the openness and stability of the agricultural market

3. Good
health and
well-being

Digital medicine enables online interaction between patients, healthcare
professionals and institutions using digital technologies through the creation
of a national electronic system

4. Quality ed-
ucation

The digital vortex brings digital skills (competencies) to the first positions
among all the skills of citizens. Learning is changing from a “know-it-
all” principle to a “knowing how to learn throughout life and become self-
fulfilled and competitive”. Digital technologies provide much wider access
to knowledge, and also contribute to the emergence of new professions

5. Gender
equality

Digital transformation in Ukraine allows men and women to have equal
access to information resources, and to perform various types of work that
reduce the level of differentiation between men and women

6. Clean water
and sanitation

The use of sensors in the Internet of Things as well as their system analysis
by means of Big Data allows monitoring the state of water and its use

7. Affordable
and clean en-
erdgy

The analysis of Big Data obtained through a network of digital tools makes
it possible to develop projects for the use of renewable energy sources, to
modernize the existing energy complex with the aim of efficient use of energy
resources
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Continuation of table 6

SDG The impact of digital transformation

8. Decent
work and eco-
nomic growth

The systemic development of “open data” is an important factor in economic
growth and can affect the growth of the EU economy by 0.5–1 % [47]. If there
are risks of unemployment in certain professions, the digital transformation
creates new types of economic activity that give every person the opportunity
to realize himself.

9. Industry,
innovation and
infrastructure

Innovative development through digitization is ensured by large-scale
initiatives to integrate the best international ICT practices into industrial
sectors. As a result, the formation of joint groups that will unite specialists
of digital technologies and industry in order to develop and implement
integrated products and services is predicted. This will significantly
contribute to the innovative development of the industry, will allow to reduce
costs and significantly increase the added value due to the use of improved
digital infrastructure.

10. Reduced
inequalities

The access of various strata of the population and social groups to digital
technologies, in particular mobile applications, electronic platforms, remote
communication, makes it possible to realize personal interests of a person,
to work remotely, which reduces social inequality

11. Sustain-
able cities and
communities

Smart City complexes, built on the basis of the interaction of IoT, Big Data
Analysis, electronic platforms and other digital technologies, make it possible
to make cities safer, more comfortable for residents through monitoring the
quality of city air, water, traffic flow management, social services, etc.

12. Respon-
sible consump-
tion and pro-
duction

Achieving this goal of sustainable development is largely facilitated by the
development of the sharing economy, which includes shared living (coliving),
shared use of cars (carsharing), offices (coworking), gadgets, clothes and even
food (foodsharing). Part of this digital trend includes cloud technologies

13. Climate
action

The means of the Internet of Things make it possible to monitor air quality,
emissions of harmful substances, use of electricity, and take appropriate
operational measures to combat climate change.

14. Life below
water

The use of digital technologies allows more efficient use of marine resources
for sustainable development, in particular through satellite images, analysis
of large arrays of data obtained through sensors

15. Life on
land

Digital control of soil quality, biodiversity, use of natural resources, promotes
their sustainable use

16. Peace, jus-
tice and SI

Expanding citizens’ access to digital state services, platforms, development
of open data contributes to the achievement of this goal

17. Partner-
ships for the
goals

A global partnership enabled by digitalization is bringing countries and
continents together to achieve the Sustainable Development Goals. An
example is Ukraine’s assignment to the “Digital Europe” program, which
provides financing for digitization projects

The digital agenda of Ukraine “Ukraine 2030s – a country with a developed digital economy”
[48] defines the key strategic, operational directions of digital transformation, development
scenarios, a list of digitalization initiatives and projects as well as ways of managing challenges
associated with the specified processes.

So, the digital transformation of Ukraine, which is focused on such key digital trends as: data,



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012085

IOP Publishing
doi:10.1088/1755-1315/1254/1/012085

13

which is becoming the main factor of competitiveness; development of the Internet of Things;
digital transformations of economic sectors; sharing economy; virtualization of IT systems of the
physical infrastructure; Artificial Intelligence; digital platforms, rapidly bringing Ukraine closer
to achieving the SDGs. The full-scale military aggression of the Russian Federation not only
did not slow down the pace of digital transformation of Ukraine, but also contributed to the
development of all these processes with the aim of bringing Ukraine closer to victory.

In particular, it should be mentioned that the functionality and number of users of the state
digital application and “Diia” portal for citizens to receive public services online has significantly
expanded. The application “eEnemy” has found its usage for the identification of Russian troops
on the territory of Ukraine. Another important achievement of Ukraine is that the application
for electronic registration of damaged property became in demand, the idea of a digital mortgage
“eOselya” became revolutionary. Thus, the volume of educational programs for the development
of digital education has expanded considerably as well as the number of regional informatization
programs has increased.

4. Conclusions
Consequently, the development of the digital economy at the global level and at the level
of national economies significantly contributes to the SDGs achievement. It is evidenced by
the results of the conducted research. According to the authors’ calculations there is a close
relationship between the SDG Index and the GCI.

Based on the analysis the authors identified two components of the GCI index – the Internet
of Things and the state of the broadband Internet, which have a significant impact on the
level of SDGs achievement. This is due to the fact that the use of elements of the Internet of
Things, interconnected by digital technologies of devices and sensors, which allows the transfer
and exchange of data between the physical world and computer systems in automatic mode,
makes it possible to solve economic, environmental, and social problems quickly and promote
sustainable development. The explanation of the close connection between broadband and
the level of sustainable development is also quite simple, since the speed of accumulation and
exchange of information, the use of elements of artificial intelligence and other achievements
of the digital economy directly depends on its quality and coverage density. This, in turn,
contributes to sustainable economic development.

The development of artificial intelligence and cloud technologies have a moderate impact
on SDGs achievement. The authors explain this result by the time gap between the latest
achievements of AI and their widespread introduction into social processes that would have an
impact on sustainable development, simultaneously cloud technologies are only a tool for storing
and accessing information.

The analysis of Ukraine’s place on the world map of the digital economy development and
the level of SDGs achievement leads to the conclusion that Ukraine with a Global Connectivity
Index of 43 and a Sustainable Development Goals Index of 75.5 is in the group of countries
with an average level of digital development technologies and below the average level of SDGs
achievement. At the same time a positive dynamic is observed for both indicators.

The authors identified the key trends and prospects of Ukraine’s digital transformation in
accordance with the 17 SDGs and the Digital Agenda of Ukraine “Ukraine 2030E – a country
with a developed digital economy”. The implementation of the above prospects will make it
possible to move steadily towards achieving the SDGs even during martial law.
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Kharkiv, Ukraine
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Abstract. A research of the causes and consequences of bulking of activated sludge was
conducted at existing biological wastewater treatment plants (municipal and local at an
industrial enterprise). The filamentous bacterium that was caused the bulking of the activated
sludge in the studied treatment plants was identified as Type 021N. It was established that the
studied filamentous bulking causes a significant deterioration of the technological characteristics
of activated sludge flocs and it is accompanied by suppression of the nitrification process. To
suppress the bulking of activated sludge two methods of suppressing the inflow of hydrogen
sulfide into biological treatment plants were successfully used: blowing from wastewater at
municipal treatment plants and inhibiting its formation at local treatment plants in the settling
and laminar flow zones.

1. Introduction
The ability of activated sludge to form strong, rapidly easy settling flocs is one of its main
properties, which is used to organize the process of biological wastewater treatment in the
system of aeration tank–secondary clarifier. The formation of flocs is due to the presence in
the microbiocenosis of active sludge bacteria, which secrete biopolymers-flocculants. In this way,
they aggregate and spontaneously separate from the treated liquid. Bulking of activated sludge
is a violation of the process of separation of activated sludge from purified wastewater. This
is due to the intensive development of filamentous microorganisms, which causes the losses
of sludge its ability to sedimentation [1–5]. The development of such type of activated sludge
leads to a decrease in the volume of excess sludge water, a deterioration in the density and
water yield of the sludge, an increase in the content of suspended substances in purified water,
removal of sludge particles together with purified water, and a decrease in the concentration of
activated sludge in the recirculation flow until it is completely removed from the system [6–8].
Thus, bulking of activated sludge could be causing serious operational problems and increasing
wastewater treatment costs.

The problem of preventing and suppressing the bulking of activated sludge is given a lot
of attention by specialists, technological and microbiological studies are involved, including
molecular biological studies of the mechanisms underlying filamentous bulking (the role of
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extracellular polymeric substances regulated by quorum sensing) [9–12]. There are four known
hypotheses explaining filamentary bulking of activated sludge: the hypothesis of selection by
reserve substances, the hypothesis of diffusional selection, the kinetic hypothesis, and the
hypothesis of metabolic selection [8, 13].

The microflora of activated sludge is represented by unicellular bacteria, filamentous bacteria,
actinomycetes, fungi, algae. Microbial cells in activated sludge can be represented in two forms:
free-floating individual cells and aggregates of individual cells (flocs, biofilm), which enable
individual bacterial cells to remain in the recirculation streams. The filament growth is the
perfect combination of these two growth forms. In fact, filaments (trichomes) are chains of
individual cells, which are characterized by almost the same mass exchange as individual cells,
and the ability to stay in structures is close to flocs or immobilized biomass [1, 3, 6, 13,14].

The peculiarities of the development of most filamentous microorganisms make it impossible
to use the classical microbiological technique of species identification, which is based on obtaining
first accumulating and then isolating pure cultures. There are more than 30 different types
of microorganisms, mainly bacteria, that cause one or another degree of bulking of activated
sludge [13,15]. Most filamentous bacteria that cause bulking do not have strict systematic names
(they are not identified by indicators required by general microbiology), but have a number,
because their characteristics are still poorly studied. There are 30 species of filamentous bulking-
causing bacteria, about 10 species of this bacteria are caused of operational problems in biological
treatment plants. The most complete and popular classification of filamentous organisms of
activated sludge is proposed in [15]. Classification keys and characteristics of filamentous bacteria
that cause sludge bulking are based on microscopic examination of filamentous organisms. In
activated sludge, with the help of these keys, 21 species of different filamentous organisms can
be identified. The classification is technological rather than microbiological, since for a number
of bulking-causing microorganisms, their species affiliation has not been established. However,
their main morphological features have been noted, allowing to assign them to one or another
type. D. Eikelboom also notes a number of technological parameters that contribute to the
development of a specific causative agent of filamentous bulking.

Activated sludge with ideal sedimentation capacity (sludge volume index 80-120 cm3/g)
always contains a certain number of filamentous microorganisms. At the same time, filamentous
forms play a significant role in the creation of strong and large (100-2000 µm) flocs of activated
sludge [13]. Filamentous microorganisms can affect the sedimentation characteristics of activated
sludge in three ways [15]:

• Filamentous microorganisms protrude from the flocs and prevent them from being tightly
connected. The structure of the flocs is not disturbed;
• The appearance of flocs with an open structure of agglomerates, which sedimentation

relatively slowly and are poorly compacted. Some filamentous bacteria are formed balls
of filaments.
• Filamentous microorganisms that cause the floating of activated sludge, which leads to the

appearance of layers of foam.

Along with the size of the population of filamentous microorganisms, their shape and length
also affect the sedimentation characteristics of activated sludge. The size of population and
morphology of filamentous microorganisms are important for sludge sedimentation. But no
less important factors determining the settling velocity of the flocs are their physicochemical
properties [13,16]:

• The shape of the floc. “Round” flocs settle better than flocs with an irregularly shaped
flocs;
• The size of the floc;
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• The structure of the floc. Compact flocs settle faster than open clusters;

• The ash content;

• The degree of bonded water by the floc (zooglyic bulking of sludge);

• The surface charge on the floc.

Some compounds in wastewater can stimulate the growth of certain filamentous bacteria
because these compounds are not used by most other microorganisms (lack of competition). The
most typical example of such compounds is sulfide (H2S). Reduced sulfur compounds stimulate
the development of such filamentous bacteria as Thiothrix, Type 021 N, Beggiatoa and Type
0914 [15,17–19].

In order to overcome filamentous microorganisms, certain methods have been developed.
These methods suppress or the symptoms or the cause of bulking [13,15–18,20]:

• Chlorination;

• Addition of hydrogen peroxide;

• Ultrasonic treatment of sludge;

• Addition of flocculants, calcium compounds, iron and aluminum salts;

• Regulation loads on sludge;

• Increasing aerobic capacity in regenerators;

• Immobilization of sludge;

• Mutagenic effects.

The purpose of the work is identification of filamentous bacteria that caused the bulking of
activated sludge during the treatment of municipal wastewater and local treatment of industrial
wastewater, determination of the consequences of bulking of activated sludge for the efficiency of
wastewater treatment from nitrogen compounds, and the development of technological measures
to suppress and prevent bulking.

2. Objects and research methods
The object of the study was the bulking activated sludge of two sewage treatment plants:
municipal (object 1) and local (object 2) for the treatment of industrial wastewater of a milk
processing enterprise.

Identification of filamentous microorganisms was carried out according to Eikelboom’s
method, which is based on the determination of the following characteristics: mobility, branching,
shape of filaments, attached growth, diameter of cells, presence of transverse walls between cells,
shape of cells, presence of capsules, presence of various granules [15]. Microscopy of preparations,
study of activated sludge microorganisms and identification of filamentous bacteria were carried
out according to [15, 21]. In the table 1 also shows methods of researching the technological
characteristics of activated sludge flocs [15], which affect its sedimentation properties.

The sludge volume index and hydrochemical indicators of wastewater were determined
according to the methodology recommended by the professional literature [21]. Filament index –
according to the recommendations of Eikelboom [15].

3. Results and discussion
Microscopic research of bulking activated sludge samples were carried out at object 1. The
research showed that the formed activated sludge flocs (generally small, weak, irregularly shaped,
open structure) were almost absent. It was also noted the presence of continuous strong strands
and plexuses of filamentous bacteria (the filament index reached maximum values), caused by
a high concentration of filamentous bacteria of one species. When the sludge volume index
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Table 1. Microbiological studies to evaluate the technological properties of activated sludge
flocs and the identification of filamentous bacteria – the causative agents of bulking sludge.

Index Method of determination

Morphological characteristics of activated sludge flok
shape Microscopy ×200
strength Microscopy ×200
structure Microscopy ×200
size Measurements using an eyepiece micrometer

Characteristics of filamentous microorganisms
mobility Microscopy ×200, ×450
branching Microscopy ×200, ×450
filament shape Microscopy ×200, ×450
attached growth Microscopy ×200, ×450
cells shape Microscopy ×200, ×450
septa or transverse walls Microscopy ×200, ×450
filament diameter Measurements using an eyepiece micrometer
sheath Ink staining
granules:
– polyphosphate granules Naisser (or Mayer) staining
– sulfur granules Test with Na2S
Gram +/ Gram – Gram staining

Table 2. The results of the technological analysis of activated sludge flocs in the investigated
sewage treatment plants.

Morphological characteristicsof activated sludge floc Object 1 Object 2

shape irregular rounded
strength weak weak
structure open compact
size, µm up to 200 mostly over 200

Sludge volume index, cm3/g 800-1100 450-520

Filament index 5 4-5

exceeded 1000 cm3/g, filamentous bulking-causing bacteria were found in sludge samples from
the regenerator, which were studded with sulfur crystals. A sulfur test with these filamentous
bacteria was also positive. Data on the determination of the characteristics of filamentous
bacteria, necessary for their identification, are presented in 3. On the basis of these characteristics
(table 2) and Eikelboom’s identification keys, filamentous bacteria were identified as Type 021 N.

Since Type 021 N bacteria belong to sulfur bacteria, the presence of hydrogen sulfide (sulfides)
in the incoming wastewater was considered as the main factor initiating their development. This
assumption was confirmed by the data of monitoring these parameters for 1 year (figure 1).
Therefore, an increase in the content of sulfides in wastewater ( 1 mg/dm3) entering
the treatment plant positively correlates with an increase in the sludge volume index, i.e.
development activity of filamentous bacteria Type 021N. It should be noted that hydrogen
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Table 3. Results of determining the characteristics of filamentous bacteria, the causative agent
of activated sludge bulking (according to the Eikelboom’s scheme) in the investigated treatment
plants.

Index
Characteristics of filamentous bacteria

Object 1 Object 2

Mobility absent absent

Branching absent. absent.

Filament length, µm over 200 over 170

Filament shape straight straight

Septa or transverse walls clearly visible visible

Attached growth absent. absent.

Cell shape disc shared, there are black discs Disc shared

Filament diameter, µm 0.9-1.5 0.8-1.2

Sheath absent absent

Granules:
– polyphosphate granules absent present in vivo in

individual samples
– sulfur granules absent positive
– test with Na2S positive absent
Gram staining negative negative

sulfide in the incoming wastewater consistently exceeds the permissible content (1 mg/dm3).
The constantly high content of hydrogen sulfide in the wastewater entering the treatment plant
is confirmed by the deposits of sulfur (a product of the oxidation of hydrogen sulfide by oxygen)
on the walls of the channels for supplying water to the aeration tanks (before grates, after sand
traps, in secondary clarifiers). Hydrogen sulfide enters to the wastewater in two ways: in the
initial composition of industrial and domestic wastewater and through the formation as a result
of microbiological sulfate reduction in treatment plants.

Therefore, a decrease of the sulfates concentration in wastewater during treatment at
treatment plants attracts attention – by an average of 25% causing a big interest. This indicates
that the wastewater during treatment at the treatment plant passes through areas where sulfate
reduction occurs, forming hydrogen sulfide, as well as its partial oxidation to elemental sulfur.
Sulfur precipitated not only on the walls of structures, but also on activated sludge, as evidenced
by its whitish color during bulking, very rapid decay and chemical analysis data.

The formation of hydrogen sulfide in wastewater by sulfate reduction during transportation
of wastewater by networks or during sedimentation in biological treatment plants (including
secondary clarifiers) is facilitated by a number of parameters: low redox potential, low water
stability (high content of organic substances in the absence of nitrites and nitrates), the presence
of specific organic substrates. The presence of hydrogen sulfide, which leads to the active
development of Type 021 N and an increase of the sludge volume index, can inhibit the activity
of nitrifying bacteria in activated sludge in biological wastewater treatment and the formation
of nitrates. The conducted studies confirmed this assumption (figure 2). As can be seen, the
lower the sludge index, the higher the content of nitrates – nitrification products in the treated
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1 Hydrogen sulfide (sul-
fides), mg/dm3

2 Sludge volume index,
cm3/g

Figure 1. Correlation of the sludge volume index in the aeration tank with the concentration
of sulfides in the incoming wastewater.

1 Concentration of NO –3 ,
mg/dm3

2 Sludge volume index,
cm3/g

Figure 2. Nitrate concentration in treated wastewater and sludge volume index for the
observation period.

wastewater.
Theoretically, an effective method for suppressing the development of sulfur filamentous

bacteria Type 021N is the removal of hydrogen sulfide, a specific substrate for their development,
from wastewater. Such removal can be carried out chemically during the precipitation of sulfides
and by blowing off and oxidizing hydrogen sulfide with air as well. Since the concentration of
hydrogen sulfide in the wastewater at object 1 after sand traps and primary clarifiers slightly
increased, it is more expedient to place the operation of stripping and oxidizing hydrogen sulfide
in wastewater with air directly in front of the aeration tank. This solution was implemented in
the form of a pre-aerator, in which the wastewater was subjected to intensive aeration for 10
minutes. The concentration of hydrogen sulfide in wastewater entering the line of aeration tanks
decreased to 0.4-0.6 mg/dm3. This turned out to be sufficient so that, despite the high water
temperature (23 ◦C), the sludge volume index in the entire system of wastewater treatment
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plants decreased from 280 to 150 cm3/g in 2 days.
Object 2 is the local biological treatment plant (SBR reactor) of a milk processing enterprise.

Sulfur compounds and thermals are typical of dairy wastewater, since sulfur is found in milk
protein and in the free amino acids formed during the hydrolysis of milk protein. In addition,
lactic acid is an optimal organic substrate for microbiological sulphate reduction generating
hydrogen sulfide. The presence of these two factors creates an increased risk of sludge bulking
at the treatment plants of milk processing enterprises, which is also noted in the statistics of
activated sludge bulking made by Eikelboom [15]. In the provided samples of activated sludge
from object 2, a deep violation of the technological properties of activated sludge was noted: a
weakening of the compactness of flocs, its structure and shape, an increase in the sludge volume
index. But the most important thing in activated sludge was found to be a mass development of
filamentous bacteria (filamentous index 4-5), which, upon detailed examination, were identified
as Type 021N [1,2].

To restore the sedimentation properties of activated sludge, measures were taken to eliminate
the stagnation zones of wastewater, in which sulfate reduction processes most likely developed.
The measures taken to thoroughly clean the wells and the capacity of the sewage pumping
station led to positive results. After 15 days, the microbiological characteristics of the sludge,
the technological parameters of activated sludge flocs have changed for the better. The activated
sludge filament index decreased from 5 to 3, the activated sludge flocs quality (size, shape,
strength, structure) improved significantly. Thus, the removal of hydrogen sulfide from the
activated sludge treatment medium is an effective intervention for suppressing the development
of Type 021N filamentous bacteria and the activated sludge bulking caused by them.

4. Conclusion
Experimental research at existing sewage treatment plants in which bulking of activated sludge
took place were aimed at identifying the filamentous bacteria that cause bulking and the reasons
for their massive development, determining the impact of this process on the efficiency of
wastewater treatment, and approving measures to suppress this process and further prevent
it.

Experimental research with the help of tests recommended by Eikelbub and the identification
keys developed by him allowed to identify the filamentous bacterium that caused the bulking of
activated sludge in the studied municipal and local industrial treatment plants as Type 021N.

Experimental studies established a negative effect of bulking of activated sludge on the
activity of nitrification in the structure, which caused a decrease in the formation of nitrates.

To suppress the bulking of activated sludge, two methods of suppressing the inflow of hydrogen
sulfide into biological treatment plants were tested: blowing hydrogen sulfide from wastewater
at municipal treatment plants and inhibiting its formation at local treatment plants in the
precipitation and laminar flow zones. The implemented measures gave a positive result: the
sludge volume index decreased to normative values, the technological properties of activated
sludge flocs were restored, and the concentration of filamentous bacteria Type 021N decreased
to the required minimum.
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Assessment of the hydrogeological and ameliorative
state of the Kilchen irrigation system territory

D M Onopriienko, T K Makarova and H V Hapich
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Abstract. Climatic changes, physical and moral deterioration of the main funds of land
reclamation systems in Ukraine prompt a change in conceptual approaches and reform of the
water management system for efficient use of irrigated lands. One of the components of the
agricultural hydrotechnical reclamation development is the provision of an appropriate level of
ecological and reclamation status of irrigated lands and territories adjacent to irrigation systems
(first of all, an open network of canals). The purpose of these studies is to assess the modern
technical and hydrogeological-ameliorative state of the Kilchen irrigation system (total area of
35.3 thousand hectares) for a long period of operation of more than 50 years. The main research
methods were field diagnostic surveys of the technical conditions of the main structures and
elements of the irrigation system (open channels in the earthen channel). The trends of changes
in climatic conditions of the territory over the last decade are analyzed. Analytical processing of
the stock materials data and field observations of changes in the groundwater level, its chemical
composition and mineralization in 24 observation wells along the main channel was carried out.
The main chemical composition of groundwater in the research area is characterized as sulfate
and sodium-calcium with total mineralization in individual areas from 0.6-0.9 to 1.7-3.5 g/l.
According to the known methods of R.O. Bayer and V.A. Kovda calculations of the predicted
change in the level and critical depth of groundwater have been performed. The established
terms of change vary between 9-11 years, provided that irrigation is intensified and the irrigation
system is fully operational. Based on the forecasting results, groundwater mineralization is
expected to decrease from 3.5 g/l to 2.27 g/l between 2021 and 2029. It was determined that
the level of groundwater above the calculated critical levels in different years occupies from
30.7 to 51.0% of the territory in the area of operation of the Kilchen irrigation system. The
reclamation state of part of the irrigated lands in 2021 with a total area of more than 13.000 ha
was distributed according to the following criteria: 12.000 ha – favorable, 1.200 ha – satisfactory,
about 50 ha – unsatisfactory due to the manifestation of soil salinization processes. As of 2021,
of the soils on an area of about 10.000 hectares that were studied, almost 8.500 hectares of
soils are non-saline, more than 1.200 hectares are slightly saline, and about 50 hectares are
moderately saline. For comparison, in 2003, all soils on the same area were non-saline, which
indicates the deterioration of the ecological and melioratic state of the territory and the decrease
in the quality of irrigation water.

1. Relevance
One of the most important issues of Ukraine’s national security during the war is ensuring food
security [1]. Nowadays, the agrarian sector of the economy has the most dynamic development
and provides a significant share of currency inflows to Ukraine. With rapid changes in climatic
conditions and a shortage of soil moisture, obtaining consistently high yields of agricultural
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crops, regardless of weather conditions, is ensured by irrigation. Almost all irrigation systems
in Ukraine were built in the 60s and 70s of the last century. The terms of their technical
operation have exceeded (or are approaching) the project indicators. Among the main factors
that negatively affect the operation of hydromelioration systems, the following are distinguished:
inadequate state funding, which does not provide the opportunity to carry out current and
capital repairs in a high-quality and timely manner; physical wear and tear of fixed assets;
significant non-productive losses of water from the irrigation network, causing flooding or
inundation of adjacent territories, soil salinization, etc.; the high cost of irrigation water and the
use of low-quality water resources [2].

The consequence of long-term operation of hydromelioration systems at an unsatisfactory and
insufficient level of technical operation is the deterioration of the ecological and meliorational
state of the territories adjacent to these systems. This problem requires the development
of appropriate technical and technological solutions for the further development of irrigation
reclamation in Ukraine [3]. It should be noted that the priority areas of development indicated
in the “Strategy of Irrigation and Drainage in Ukraine for the period until 2030” approved by
the order of the Cabinet of Ministers of Ukraine No.688 dated August 14, 2019 are:

• conducting a detailed audit of the use of reclaimed land and inventory of land reclamation
systems;

• implementation of institutional reforms of shade resource management and land
reclamation;

• creation of the umbrella organization for effective management and reliable operation of
reclamation systems;

• implementation of investment and infrastructure projects for the restoration and
development of land reclamation in Ukraine.

At the same time, in order to realize the set goals, it is necessary to carry out a thorough
assessment of the current state of both the technical resources of the country’s reclamation
complex as a whole, and the ecological and reclamation state of the territories adjacent to the
irrigated systems in particular [4]. In domestic and international practice, the importance of
systematic long-term data collection on the level of groundwater on irrigated lands is noted [5].
Such data are critical to research and solve many of the complex environmental problems of
adjacent irrigated areas that irrigated agriculture commonly faces. Foreign researchers pay
great attention to the periodicity of observing the ecological and meliorational state of irrigated
lands [6] and establishing the impact of irrigation systems on the state of the surrounding natural
environment [7].

At responsible facilities, hydrographs are most often used, which record data continuously,
since periodic monitoring may not reflect short-term loads in the form of extreme fluctuations
in water levels in hydraulic reactions. The disadvantage of constant monitoring is the need for
large capital investments. However, it does not always provide an opportunity to see a global
change in the trend of the groundwater level. Most often, observations are analyzed every 5-10
years.

Recently, the ecological and reclamation state of irrigated lands is affected not only by
their technical condition, but also by changes in climatic indicators. The global trend of
increasing air temperature during the growing season and decreasing the amount of productive
precipitation leads to a greater manifestation of the salinization and salting processes of
irrigated soils [8]. Climate change leads to a decrease in productive moisture in the soil and
a decrease in the level of groundwater due to the lack of seasonal replenishment. Due to
the lack of productive precipitation, some European countries, in particular France, state an
active reduction of the aquifer and a decrease in the level of groundwater. According to the
regulations in Ukraine, irrigation systems monitor the condition of irrigated and adjacent lands
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according to hydrogeological indicators; monitor indicators of the soils and groundwater chemical
composition, the technical condition of the reclamation system, flooding of nearby settlements
within the area of the reclamation system operation etc. [9].

Such monitoring of reclaimed land is carried out with the aim of ensuring rational use of land
and water resources, identifying the causes of their unsatisfactory state, quality and pollution,
timely implementation of reclamation measures to prevent soil degradation and harmful effects
of water, reproduction of soil fertility, protection of water and land from pollution, timely
performance of repair and restoration works (reconstruction) [10].

State programs are relevant and necessary to ensure the collection of data for ecological and
remedial monitoring and the future forecast of the negative consequences of the impact on the
environment. These programs make it possible to efficiently use the network of observation
wells and monitor the water level in them at the local, regional, and state levels. Monitoring
the level of groundwater on irrigated areas is an important task in the organization and
implementation of ecological and remedial monitoring. Thus, the purpose of this work is to
assess the hydrogeological and reclamation state of the territory in the zone of the Kilchen
irrigation system influence at the current stage of exploitation.

2. Research methods
Field diagnostic surveys of the technical condition of the irrigation system’s main structures and
elements (open channels in the earthen channel) were carried out. Analytical processing of data
from stock materials and field observations of changes in the level of groundwater and its quality
in observation wells was performed. The calculation of the forecast change in the level of the
groundwater critical depth was carried out using various methods (according to the methods of
R. O. Bayer and V. A. Kovda). QGIS, AutoCAD, and Microsoft Excel software packages were
used during the processing of the material.

3. Results and discussion
The Kilchen (formerly Frunzen) irrigation system is located on the territory of the
Dnipropetrovsk region. The irrigation system was built in two phases: the first was put into
operation in 1970, and the second in 1975. The total area of the irrigation area is 35.3 thousand
hectares (20.1 thousand hectares and 15.2 thousand hectares, respectively). The source of power
for the Kilchen irrigation system is the Dnipro Reservoir on the Samara River, from which water
flows through a 4.25 km long canal by gravity to the main pumping station No. 1 (MPS-1) and
is fed into the main canal of the first line (26.8 km long). The channel of the underwater channel
is earthen, and the channel itself is designed for the passage of water up to 20 m3/s.

Main and distribution canals (total length 47 km) of the Kilchen irrigation system are built
with an anti-filtration coating mainly from reinforced concrete slabs laid on polyethylene film,
as well as in open reinforced concrete trays (5.2 km long).

The drainage network was built on an area of 24.6 thousand hectares, which makes it possible
to maintain an optimal water-salt regime in the irrigated and adjacent territories. A cut-off
horizontal drainage (3.6 km long) was created along the main canal of the first stage, and forest
strips were planted along the borders of the fields. The first stage of the Kilchen irrigation array
is located on the left bank of the Dnipro River within the Dnipro and Tsarychan districts of the
Dnipropetrovsk region (figure 1).

The irrigation array is located mainly on the second floodplain terrace of the Dnipro and
partially on the watershed plateau of the Kilchen and Chaplinka rivers. The surface is flat,
dissected by a truss-beam network. Soils are not saline. The soil cover consists mainly of
ordinary low- and medium-humus rich chernozems. Hydrogeological conditions are marked by
the presence of an aquifer in anthropogenic sediments at a depth of 2-15 m, on the watershed
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Figure 1. Overview diagram of the Kilchen irrigation system: a) – an area within the region
with specific levels of groundwater; b) – a diagram indicating the positions of channels and
pumping stations.

plateau – up to 45 m. The chemical composition of groundwater is sulfate and sodium-calcium
with mineralization from 0.6-0.9 to 1.7-3.5 g/l.

The northern border of the irrigation system runs along the main channel and along the
village of Ulyanivka to the Chaplinka River, and the western part of the massif is limited to
the village of Petrikyvka. The southern border runs along the Dnipro-Poltava highway, and
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the eastern border along the Dnipro-Novomoskovsk highway. The total length of the irrigated
massif is 35 km with a width of 7-9 km.

(a)
(b)

Figure 2. Anti-filtration lining of the main channel with reinforced concrete slabs: (a) – at the
construction stage in 1965 (archival photo); (b) – unsatisfactory technical condition and damage
at the current level of operation (author’s photo).

The natural boundaries of the irrigation array are: in the north – the slopes of the watershed
plateau, in the south – the ledge of the first floodplain terrace of the Dnipro River, in the east –
the Kilchen River and in the west – the Chaplinka River. Next to the irrigation network, there
are 53 agricultural enterprises with a total area of about 13.331 hectares, including 1.790 hectares
of irrigated land. Agricultural enterprises specialize in the production of grain and vegetable
and meat and dairy products.

As of April 1, 2021, the irrigated area under the control of the Kilchen irrigation system in
the Dnipro district is 96,601 hectares, including 1,549 hectares of actually irrigated land.

According to the results, own field diagnostic surveys of the main channel testify to its
unsatisfactory technical condition at the current level of operation (figure 2). In particular, the
damage to the anti-filtration coating of the canal, the development of shrubby vegetation, and
the destruction of individual water supply and water permeable elements of the structure are
noted.

The effectiveness of irrigation hydrotechnical reclamations and the quality of surface and
groundwater are impacted by rapid changes in climate. The climatic conditions in 2010 and 2018
showed an increase in air temperature by 1.97 °C and 0.84 °C compared to the long-term average
temperature of 9.2 °C (table 1). However, in 2021, the average annual air temperature was
almost similar to the long-term values. In 2010, the amount of precipitation was 13.3 mm higher
than the long-term average value of 429 mm, while in 2018 and 2021, the precipitation levels
exceeded the long-term average by 255.7 mm and 252 mm, respectively. Data on meteorological
observations from previous years were obtained from open sources on the internet and archives
of the Dnipropetrovsk Hydrogeological and Reclamation Expedition.

The assessment of the hydrogeological and reclamation state of irrigated lands was carried
out based on the analysis of the groundwater level depth during the vegetation and irrigation
period of the corresponding year. On the area of the irrigation array, the regime network consists
of 255 observation wells.

In 2021, the distribution of controlled areas according to the depth of groundwater levels of 2-3
m on the irrigation array was 302 hectares, with a level of 3-5 m – more than 4 thousand hectares,
and with a level of more than 5 m – about 9 thousand hectares. The level of groundwater in
some observation wells by years of research is shown in figure 3.
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Table 1. Dynamics of changes in climatic indicators at the object of research.

Average air
temperature, °C Precipitation, mm

Month Year Year
2010 2018 2021 2010 2018 2021

January -1.00 -2.9 -2.0 0.2 72.6 57.9
February 0.20 -2.6 -3.8 0.2 46.2 53.5
March 2.00 -1.5 1.6 17.5 144.9 49
April 10.5 12.9 8.0 19.9 16.9 54.4
May 17.4 18.9 15.8 67.6 31.5 27.9
June 22.7 21.7 19.5 48.9 53.0 202.5
July 24.8 22.5 23.6 70.3 79.3 70.8
August 25.8 23.4 22.8 11.2 0.0 51.1
September 16.9 17.8 13.8 55.8 74.4 23.9
October 6.4 11.5 8.4 53.4 22.8 2.2
November 8.8 0.6 4.3 38.1 37.4 38.2
December -0.5 -1.8 -0.9 59.2 105.7 49.6

Figure 3. Groundwater level (GWL) in the area of operation of the Kilchen irrigation system
main canal (average annual data).

In order to assess the hydrogeological and meliorational state of the sites in relation to
the depth of the subsoil, it is necessary to determine their critical depth of the subsoil. The
critical depth of the groundwater level is determined by two methods: according to the R. O.
Bayer’s method – determined by mineralization and the type of the groundwater chemical
composition [11]; according to the V. A. Kovda’s method [12] – calculated using the formula:

Hkr = 170 + 8 · t (cm) , (1)

where t – is the average annual air temperature.
According to the R. O. Bayer’s method, with a sulfate type of soil and mineralization of

groundwater up to 3 g/l, the maximum value of the groundwater critical level occurrence is
1.5 m.
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The average annual air temperature for the Dnipro region is 9.2 °C, therefore according
to the formula of V. A. Kovda, the maximum value of the critical level of groundwater is:
Hkr = 170 + 8 · 9.2 = 2.4 (m) .

In 2010, with the lowest amount of precipitation and the highest average air temperature
according to average annual indicators, an unsatisfactory hydrogeological and reclamation
condition was observed in the territory of the irrigation system. The level of groundwater
above the critical level (2.4 m) occupied 51% of the territory around operation of the Kilchen
irrigation system, of which 30.7% exceeded the critical depth of the groundwater level above
1.5 m. The rise in the level of groundwater led to flooding of the territories of the Ulyanivka
village and the Chumaki village and the rise of the water level in Lake “Ozerishche”, which
caused the basements of buildings in these settlements to be filled with water. There was a
pull-up of salts from mineralized groundwater in these territories, which prompted the processes
of salinization and salinization.

Areas with an unsatisfactory hydrogeological-ameliorative state of irrigated lands include
areas with a depth of GWL above the critical level for their mineralization of more than 1 g/l,
and areas with an average degree of salinity or an average degree of soil salinity.

Areas with a satisfactory hydrogeological and meliorational condition of irrigated lands
include areas with a depth of GWL from critical to 5 m with mineralization of more than
1 g/l, and areas with a weak degree of salinity or a weak degree of soil salinity.

Areas with a good hydrogeological and meliorational condition of the land include areas with
a depth of groundwater level above the critical level with good natural or artificial drainage and
fresh water, as well as areas with non-saline and non-saline lands.

In 2010, 42% of the territory was in an unsatisfactory reclamation state due to the high
level of groundwater (above 1.5 m) and the establishment of an average degree of salinity on
an area of 52 hectares, while in 2018 and 2021, the ecological and reclamation state changed
significantly towards improvement. Climatic indicators during this period were characterized by
a slight increase in the average annual air temperature and a significant increase in the amount of
precipitation – by 58-60% of the average long-term values. The specified amount of precipitation
was extremely unevenly distributed throughout the year and was showery in nature. Despite
the increased amount of atmospheric precipitation at that time, the stabilization of GWL was
noted due to their redistribution over the surface by horizontal spreading and weathering.

In 2018 and 2021, a decrease in the groundwater level was observed in all observation wells.
The terrain in the area of observation well 18 is of concern. The rate of groundwater level rise
per year is 0.3 m. It was necessary to calculate the time of groundwater rise to the critical
level. If such a trend is maintained, the time for the groundwater level to rise to critical values
is determined by the formula:

t =
Hp−Hkr

4h
, (2)

where Hp – groundwater level before irrigation; Hkr – critical depth of the groundwater level,
m; 4h – the amount of groundwater level rise per year, m.

The time for groundwater to rise from the level of 5 m according to formula (2) to the critical
level of 1.5 m is 11 years and 7 months, and the rise to the level of 2.4 m is 8 years and 8 months
(figure 4).

Predicting the mineralization level of groundwater when it reaches the critical depth is
achievable by determining the average mineralization of the water layer upon reaching a certain
level of groundwater [13]. This calculation depends on the infiltration of irrigation water and
atmospheric precipitation as per the formula

C =
C0 · h0 + Cn · hn

h
, g/l (3)
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Figure 4. The time prediction of reaching the critical level of groundwater at observation well
14.

where C – average mineralization of the groundwater layer, g/l; C0 – mineralization of the
water infiltration layer, g/l; h0 – layer of the infiltration water, m; Cn – mineralization of the
solution in the pores squeezed out of the aeration zone, g/l; hn – a layer of natural moisture
squeezed out of the aeration zone, m; h – the height of the groundwater level rise during the t
period, m.

The mineralization of the water infiltration layer is determined by the formula

C =
Nprecp ·Mprecp +Nirr ·Mirr

Nprecp +Nirr
, g/l (4)

where Nprecp – the total rate of atmospheric precipitation for the t period, m3/ha; Mprecp –
mineralization of precipitation, g/l; Nirr – total irrigation rate for t period, m3/ha; Mirr –
mineralization of irrigation water, g/l.

The mineralization of the solution in the pores, squeezed out of the aeration zone, is
determined as follows

Cn =
Ca · 1000
W ·Wg

, g/l (5)

where Ca – the average content of salts in the soils of the aeration zone, %; 1000 – conversion
factor; W – relative humidity of the soil, %; Wg – hygroscopic soil moisture, %.

The typical water mineralization for the Kilchen irrigation system is 2.31 g/l. In 2021,
based on climatic indicators, the total atmospheric precipitation rate was 6810 m3/ha with
a mineralization level of 0.02 g/l. “Agro-Kompaniya” LLC requires a total irrigation rate of
13,650 m3/ha, resulting in a mineralization of the infiltration layer of water at 1.55 g/l. The
relative humidity of the soil for Agro-Company LLC ranges between 24-26 %, with hygroscopic
humidity at 5 % and an average salt content of 0.24 %, leading to a mineralization of the solution
in the pores squeezed out of the aeration zone at 2 g/l. The predicted mineralization for a 2.1 m
layer of infiltration water and a 1.1 m layer of natural moisture squeezed out of the aeration zone
at a groundwater level rise of 2.4 m is 2.27 g/l. As a result, the mineralization of groundwater
is expected to decrease from 3.5 g/l to 2.27 g/l between 2021 to 2029.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012087

IOP Publishing
doi:10.1088/1755-1315/1254/1/012087

9

The meliorative state of irrigated lands in 2021 with a total area of more than 13,000 hectares
is divided according to the relevant criteria into 12.000 hectares – favorable, 1.200 hectares –
satisfactory, about 50 hectares – unsatisfactory due to the manifestation of salinization processes.

As of spring 2021, out of the 9.683 ha of soils studied, 8.409 ha are non-saline, 1.236 ha are
slightly saline, and 38 ha are moderately saline, while all soils were non-saline in the same area
in 2003.

The following studies of the ecological and reclamation state of the Kielce irrigation system in
2021 showed the processes of the groundwater level stabilization and the absence of a systematic
rise of it to a critical level compared to what was observed in 2010. It is necessary to pay
attention to the territory with an underground water level of 2-3 m (302 hectares of area) and
land in LLC “Agro-Kompaniya”, where no general tendency to decrease the underground water
level was observed.

4. Conclusions
In order to improve the ecological and remedial the soils condition of the Kilchen irrigation
system, it is proposed to carry out systematic control of the groundwater level. Increased
attention should be paid to monitoring the observation well 14, which is located on the lands
of Agro-Company LLC. On irrigated areas, it is necessary to control the irrigation regime of
agricultural crops in accordance with the groundwater level in those places where it reaches
the level of 2-3 m, and to maintain the humidity of the soil arable layer at the level of 80-85%
the lowest moisture content of the soil. It is recommended to carry out chemical reclamation
measures on saline areas by applying phosphogypsum at the rate of 3 t/ha under plowing in the
fall once every 3 years.

It is worth noting that over the last decade, the groundwater level in the area of operation
of the Kilchen irrigation system has decreased significantly. The main reasons for this are
a change in climatic conditions with a tendency towards dryness, as well as a decrease in
water consumption. Nowadays, several times less water resources are pumped through the
main channel than is provided by its design indicators.

The calculated critical depth of the groundwater level according to the method of R. O. Bayer
is 1.5 m, and according to V. A. Kovda – 2.4 m. The estimated time to reach the critical
level of groundwater is about 9-11 years. Taking into account the constant decrease in water
consumption volumes, this indicator can be significantly reduced for a period of more than 20
years. The main chemical composition of groundwater is characterized as sulfate and sodium-
calcium with total mineralization in some areas from 0.6-0.9 to 1.7-3.5 g/l. Based on the
forecasting results, groundwater mineralization is expected to decrease from 3.5 g/l to 2.27 g/l
between 2021 and 2029.
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Sustainable processing of lignocellulosic biomass
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Abstract. Biomass gasification is one of the effective methods of obtaining electrical and
thermal energy. Thermal gasification is a simple and effective method for most lignocellulosic
waste. The generation of combustible gases under such conditions has significant prospects both
in the national economy and in a number of chemical-technological processes. The high-ash
carbon residue remaining after thermolysis has shown its effectiveness as one of the important
components of organo-mineral fertilizers. The results of field research in 2018-2019 with Moskito
corn hybrid (Zea mays L.) and Mulan winter wheat F2 hybrid (Triticum aestivum L.) on
dark-gray podzolic soil confirmed the high agrochemical efficiency of our proposed fertilizers.
The introduction of Moskito corn hybrid organo-mineral fertilizer into the nutrition system
improved the structural indicators of the harvest: in the experiment, the 1000 grains weight
increased by 14.7%, the mass of grain from one cob – by 20% compared to the control. Balanced
nutrition of experimental plants Mulan winter wheat F2 hybrid in the variant with the use of
BG-II when sowing at a dose of 1t/ha and favourable weather conditions led to an increase in
grain quality (protein content) to the 2nd class – 13.0% against the 3rd grade in control (12.2%).

1. Introduction
The constant increase in the price of energy resources and the annual decrease in their reserves
prompts the scientific community to search for and develop alternative energy sources [1–3].
Today, technology using biomass as a renewable source is gaining significant development. The
generation of combustible gases from organic waste has significant prospects both in the national
economy and in some chemical-technological processes [4–12]. Thus, the existing situation in
Ukraine for the development and implementation of the concept of sustainable development
implies not only the inextricable connection of its economic, ecological and social components
but also their balance.

Agricultural waste, which in most cases is not used, creates a number of environmental
problems or simply rots. It is clear that only the implementation of radical steps could
significantly change the situation. One of these steps should be deep processing of accumulated
waste, aimed not only at reducing its volume but also at maximizing the energy and resource
potential of such waste. Gasification of biomass is one of the effective methods of obtaining
electrical and thermal energy [4–12]. The attractiveness of using vegetable raw materials is
the absence of sulfur-containing compounds, and as a result of high-temperature thermal
decomposition, it is possible to obtain combustible gas, which does not produce dangerous
oxides in the environment when burned. Thermal gasification is a simple and effective method
for most cellulose- and lignin-containing biomass waste. Reviews of research, demonstration and
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commercial biomass gasification plants that exist in the world are given in works [13–17]. A
byproduct of gasification is an ash residue [18–20]. The processing of waste generated by society
is one of the indicators of its sustainability [21,22]. Therefore, in most of the developed countries
utilisation and wastes disposal have become a priority in the economic sectors. In today’s
high-tech economy, innovative products that are made from waste from industrial processing
of lignocellulosic biomass are becoming more and more important [20–22]. Such innovations
should become the basis of ensuring advanced positions in the production of organic-mineral
fertilizers field, and fodder, which are aimed at technological and organizational modernization
and competitiveness. At the current level of development of science and technology, it is optimal
to use secondary raw materials. In addition, 800-900 thousand tons of limestone and granulated
organic-mineral fertilizers and other products can be produced annually from unused processing
waste [20,23].

Nowadays, as a result of high prices for fertilizers, agrochemical science specialists face
the problem of determining the most economically and agrochemically effective system of
improvement (types of fertilizers, methods and rates of application). It should be noted that
the large grounds in the country have a low supply of available phosphorus. At the same time,
the main problem in agriculture remains the increase in the production of high-quality food and
fodder grain [24, 25]. In corn and wheat, due to a lack of phosphorus, there is a free delay in
development, the ripening period comes later, and there is a risk of under-ripening, given the
rather short growing season [26]. Phosphorus is absorbed by corn approximately evenly for a
long time until the harvest is reached. It is phosphorus fertilizers that stimulate the development
of the root system, laying reproductive organs, contribute to the rapid formation of cobs and
contribute to the achievement of the harvest. The lack of available phosphorus in plant nutrition
inhibits the growth and development of flowers and grains in corn cobs. Corn has an increased
need for potassium, as do other carbohydrate-rich crops [27]. It is necessary for the formation of
cobs and the accumulation of starch and sugar. In addition, corn is quite sensitive to the organic
fertilizers application and requires a high rate of mineral components in the fertilization system.

Taking into account modern trends, the growth of phosphorus needs in agricultural production
and the lack of an opportunity to satisfy them at the expense of mineral raw materials of domestic
phosphate reserves, the method of utilization of ash from the sediments of the aeration station
into a valuable organic-mineral fertilizer is quite justified. XRF analysis of ash obtained during
the gasification of municipal sludge showed a sufficiently high P2O5 content at the level of 16.4%,
for comparison, superphosphate contains 19-21% P2O5 [28]. Ash, which is formed in this way,
has the following main components: silicon dioxide, phosphates of iron, calcium, magnesium,
silicates of aluminium, potassium, iron, and others. In addition, ash contains biogenic meso- and
microelements (sulfur, boron, manganese, zinc, molybdenum, and others), as well as compounds
in the form of main phosphates and silicates [28]. The existing reagent methods, which ensure
the transformation of heavy metals into a stationary state, mostly have a temporary effect or are
quite expensive. The use of products of humic nature is an effective means for their detoxification.

Thus, the aim of our work was the production of high-energy gas by gasification of
lignocellulosic waste and the creation of organo-mineral fertilizers based on the ash of processed
plant waste and sediments of the aeration station, the humic component and the study of their
influence on the yield and quality of winter wheat and corn grains. The development of the
formulation of such composite ecologically safe fertilizers of prolonged action, and their use in
agricultural production will allow increasing not only the supply of phosphorus and potassium
to wheat plants, but also the drought, frost, and winter resistance of the culture. All this will
contribute to the improvement of the economic and ecological indicators of crop production –
a reduction in the cost of wheat grain due to an increase in the yield and quality of the grain,
a reduction in the costs of phosphorus and nitrogen fertilizers at a negligible cost and the cost
norms of new organo-mineral fertilizers of prolonged action.
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2. Materials and methods
Air-dry switchgrass (Panicum virgatum L.), rice husk and pine sawdust (fraction 2-5
mm) from Kyiv’s region of Ukraine with the following characteristics: humidity 9.1, 11.0,
9.5% (respectively), the proportion of inorganic components to dry weight of 3.3, 18.0,
1.2% (respectively) (table 1) and the proportion of organic components – 96.7, 82.0, 98.8%
(respectively) was used.

Table 1. Oxide composition of lignocellulose biomass ash.

Content (%mass.)Elements as oxide switchgrass rice husk pine sawdust

MnO2 0.091 – 5.189
SiO2 49.048 91.953 6.264
P2O5 9.8138 – 9.021
SO2 4.158 0.344 7.526
K2O 3.184 2.342 –
CaO 25.423 1.599 57.717
Fe2O3 1.072 0.087 1.071
Al2O3 – – 2.800
ZnO 0.137 ppm 57 0.313
CuO 0.192 ppm 14 0.463
ZrO2 ppm 49 – –
MgO 6.751 3.559 9.278
Ni2O3 ppm 43 – –
TiO2 0.090 – 0.359

2.1. Gasification of lignocellulose biomass
Lignocellulosic biomass gasification was carried out at the installation [29] in two modes: under
conditions of incomplete oxidation of raw materials with the formation of combustible gases,
air containing 21% oxygen and 78% nitrogen is used as an oxidizer, and in an inert atmosphere
(argon).

2.2. Characterisation of raw materials and obtaining products
All chemical analysis was carried out twice allowing to calculate the mean values and standard
deviations, which do not exceed 5%. The inorganic components were determined using Expert
3L XRF (INAM, Ukraine). The sample was analysed three times. The calorific value of the
samples was investigated on an IKA C200 (Germany) calorimeter according to a standardized
method, by burning the sample in an oxygen atmosphere in a calorimeter bomb. The results
were determined in automatic mode on the installed software. The qualitative and quantitative
composition of the formed gases and liquid products was determined by the gas chromatography
method. Gas chromatographic analysis of inorganic gases (hydrogen, carbon mono- and dioxide)
and methane was carried out on a chromatograph Chrom-5 (Czech Republic) with a detector for
measuring the thermal conductivity of gases. For the analysis of light gases, stainless steel 1.5 m
long and 3 mm internal diameter, filled with a sorbent: activated charcoal of the SKT brand
with a fraction of 0.25–0.50 mm, impregnated with a 10% NiSO4 solution. The carrier gas is
argon, the flow rate of which was 20 ml/min. The temperature of the columns thermostat and
the detector is 100 °C, the evaporator temperature – 120 °C, and the detector current – 40 mA.
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Hydrogen analysis was carried out on a glass chromatographic column with a length of 1.5 m and
an internal diameter of 3 mm, filled with pre-fired CaA zeolite with a fraction of 0.25–0.50 mm.
The carrier gas is argon, the flow rate of which was 30 ml/min. Analysis temperature – 60 °C,
evaporator temperature – 120 °C, detector current – 80 mA. The gas sample was introduced into
the chromatographic column through a calibrated loop using a dosing tap. The sample volume
was 0.37 ml. Analysis of organic reaction products was carried out on a chromatograph “Agilent
Technologies 7890A” (Agilent, USA) which was equipped with a flame ionization detector and
using a DB-624 UI quartz capillary column with a length of 60 m and an internal diameter of
0.32 mm in a combined temperature regime (isothermal – 10 minutes at 40 °C, then programming
the temperature from 40 to 250 °C at a speed of 5 degrees/min. Samples were introduced into
the column with a microsyringe with a capacity of 1.0 mcl. Processing of the analysis results
was carried out according to the areas of chromatographic peaks by the method of internal
normalization using calibration coefficients.

2.3. Field experiments of organo-mineral fertilizers
To carry out scientific research work on determining the efficiency of using organo-mineral
fertilizers based on the ash of plant waste and sediments of the aeration station in feeding
Moskito corn hybrid (Zea mays L.) and Mulan winter wheat F2 hybrid (Triticum aestivum
L) the following were used:

• ash from the Bortnychi wastewater treatment plant sludge with contents: P2O5 – 16.4 %,
CaO – 6 %, Al2O3 – 10%, SiO2 – 56 %, less than 1% – oxides Cu, Fe, Zn, Ti, S, Mn and
Ni;

• rice husk ash with amorphous SiO2 content – 97.8 % and close to 1 % K2O and CaO;
• sunflower husk ash with K2O content – 58%;
• urea;
• humic component – potassium lignohumate grade A, TU 2431-007-31054001-99 – a mixture

of potassium salts of humic and fulvic acids, macro- and microelements (S, Ca, Si and
others) has the properties of an adaptogen, immunomodulator, adhesive.

Field experiments was carried out in the experimental field in the Horodyzhe village t of
Boryspil district of Kyiv region on dark gray podzolic light loam soil with average content of
mobile compounds of basic macronutrients.

The first experiments with Moskito corn hybrid (Zea mays L.) were performed on four
repetitions. The area of the sown area was 1300 m2, the accounting area was 1200 m2. Placement
of options – systematic. Seed sowing rate – 80 thousand similar corn’s seeds per ha. The
predecessor in the experiment was corn. Agrotechnics is typical for the Forest-Steppe zone of
the Left Bank and adapted to farm conditions. The scheme of the experiment with Moskito
corn hybrid (Zea mays L.) provides the following doses of mineral fertilizers: before sowing
was applied OMF-I at a dose of 0.5 t per ha on the background of nitroammophos fertilizer
32:32:32 (200 kg/ha) before sowing, liquid complex fertilizers (ammonium polyphosphate (APP))
(N16P55) at a dose of 150 kg/ha, urea ammonium nitrate (UAN-32) N96 (300 kg/ha) and
timely nitrogen fertilization with ammonium sulfate (100 kg/ha) N21, in certain phases of
the growing season. Control – background (N165P87K32), without the introduction of organic-
mineral fertilizer. The main agrotechnical measure for the intensification of plant growth and
development, strengthening the absorptive function of the root system, was the application of
organo-mineral fertilizer at a dose of 0.5 t/ha according to the experiment scheme:

1. Background (control) – N165P87K32;
2. Background + OMF-I – 0.5 t/ha.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012088

IOP Publishing
doi:10.1088/1755-1315/1254/1/012088

5

Direct sowing of corn seeds was carried out with a Super Walter W1770 seeder. According
to climatic conditions, the growing season of 2018 year was marked by variability and contrast
of the first and second half of the corn growing season. The first half was characterized by
waterlogging, and the second – high temperatures and heat (temperature 25-30 oC and above).
Due to the sufficient moisture content in the soil, the corn plants grew well and developed to
a state of milk-wax ripeness, in which the harvest was recorded and plant samples were taken
according to the standard method – GOST-27262.

The second experiment was performed on four repetitions. The area of the sown area was
2.0 ha, the accounting area was 1.6 ha. Placement of options – systematic. The predecessor in
the experiment was sunflower. According to the experiment scheme, the fertilizer application
was carried out on September 25, and the sowing – was on September 28. The rate of sowing
is 250 kg/ha, and the rate of new BG-II organic-mineral fertilizers application is 0.6 and
1.0 t/ha. Agrotechnics is typical for the Forest-Steppe zone of the Left Bank and adapted to
farm conditions.

1. Background (control) – N165P87K32.
2. Background + BG-II – 0.6 t/ha.
3. Background + BG-II – 1.0 t/ha.

The fertilization system of Mulan winter wheat F2 hybrid (Triticum aestivum L) provided
for the introduction of 200 kg of 13:13:29 fertilizer mixes under the main tillage and 200 kg of
urea-ammonia mixture after the restoration of spring vegetation in the control.

Harvesting and accounting were performed manually from each plot by the weight method
according to the Dospekhov’s method [30] in the phase of full grain maturity. Corn and winter
wheat grain moisture and their structural analysis was carried out in cob samples (50 pcs.) and
sheaves (50 pcs.), which were taken during harvesting separately at each accounting plot. Crop
grain yield was calculated at a moisture content of 14%.

Plant sample selection and preparation were performed according to standard methods [31].
The content of nitrogen and phosphorus after wet ashing in dry Moskito corn hybrid (Zea mays
L.) and Mulan winter wheat F2 hybrid (Triticum aestivum L) samples were determined by
the method of Ginsburg with the following determination: nitrogen – photometric method using
Nessler’s reagent, phosphorus – photometrically by the method of Denizhe in modification of
Levitsky. The inorganic components of plant sample ash were determined using Expert 3L XRF
(INAM, Ukraine).

Determining the structure of the corn and winter wheat harvest was carried out by
the Maysuryan method The corn and winter wheat harvest structure was carried out
by the Maisuryan method, and the dry matter content of the grain was determined by
the thermogravimetric method (GOST 13586.5-93), 1000 grains weight (GOST 10842-89),
determination of hectolitre weight (GOST 10840-64). Determination of grain quality was
performed by infrared spectroscopy Infratec 1241 (DSTU 4525:2006 and DSTU 4117-2007).

3. Results and discussion
The raw material that enters the high-temperature zone under the action of the oxidant – air
decomposes and turns into gas and ash components, which in turn are carried out of the heat
treatment zone into the cooling and separation zone in the separator. Ash was separated from
the gas in the separator, which after passing through the cleaning line, was burned on a burner.
After a certain period of time, gas was sampled for analysis. The results are shown in table 2.

From the obtained results it can be seen (table 2) that the main combustible component after
gasification in the air environment is carbon monoxide, of which at least 20% is generated, the
amount of hydrogen does not exceed 10%, methane 5%, C2-C6 hydrocarbons 2%. In turn, such



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012088

IOP Publishing
doi:10.1088/1755-1315/1254/1/012088

6

Table 2. Analysis of the generated gas.

Content in the gas phase (%mass.)
Gas component rice husk switchgrass pine sawdust

air Ar air Ar air Ar

H2 8.90 33.45 8.55 34.47 7.55 32.54
N2 51.45 5.02 52.24 4.63 51.00 4.26
CO 20.33 32.30 20.70 31.84 23.30 33.04

Hydrocarbons C2-C6 2.15 1.02 1.92 0.92 2.45 0.95
CO2 11.14 20.08 11.53 20.46 9.70 21.23
H2O 1.75 1.40 1.36 1.25 1.50 1.30

gas contains a non-combustible part, which consists of nitrogen – at least 50%, which is due
to the nature of the oxidizer and carbon dioxide, which is about 10% in the gas. The energy
characteristic of such gas is in the range of 5400-6500 kJ/m3. At the same time, the gas produced
during the process in an argon environment has a calorific value of 10,000 kJ/m3, which does
not contradict and corresponds to literature data [32]. Such gases can be used as a substitute
for natural gas, with a much lower calorific value, or in electricity generating plants.

The carbon residue left after the process is a valuable raw material. Such a product from
switchgrass and pine sawdust is a low-ash substance (table 3), which is important for metallurgy,
where coke is used as a reducing agent. In turn, it is undesirable to obtain coke from rice husk for
direct use as fuel due to the high ash content (table 3). But such material is a direct raw material
for synthesising such materials as silicon carbide due to the high content of amorphous silicon
dioxide – 95-96% [33], and using the previously described ecologically safe waste-free technology
and highly pure biogenic silicon dioxide [34].

Table 3. Characteristics of carbon material from biomass.
Raw materials Higher heat of combustion (J/g) Ashiness (%)

Rice husk 18078 37.0-39.0
Pine sawdust 19055 2.0-3.0
Switchgrass 19689 6.0-8.0

In addition, such a high-ash carbon residue showed its effectiveness when using it in the
production of organo-mineral fertilizers. In order to solve the optimization of phosphorus
nutrition of corn on dark grey podzolized soil, OMF-II was applied to the fertilization system
in a post-sowing application at a dose of 0.5 t/ha. Our structural analysis shows that all the
structure elements participate in crop formation and change depending on the level of nitrogen,
phosphorus, potassium, microelements and weather conditions during the growing season of the
corn plants. Cob and grain sizes are important elements of crop structure that directly affect the
corn plants’ productivity. As evidenced by the structural analysis data (table 4), the absence of
OMF in the fertilization system affected the reduction of such important indicators as the grain
yield of one plant and the 1000 grains weight, which have a significant impact on the yield.

Cob diameter under the influence of fertilizer variants in the experiment increased by 12%.
The largest cobs of the plant were formed with the application of 0.5 t/ha OMF-II – 20.1 cm.
Quantitative analysis of such cob indicators as the number of rows and grains per row shows a
significant increase in these indicators relative to control. The content of grains per row increased
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Table 4. Elements of the yield structure and productivity of Moskito corn hybrid, 2018.

Treatment Cob
diameter
(cm)

Cob
length
(cm)

Cob
weight
(g)

Number
of rows
(pcs)

The
number
of grains
per row
(pcs)

The
number
of grains
per cob
(pcs)

1000
grains
weight
(g)

N165P87K32 –
background 4.5±0.03 18.2±0.6 206±10.6 13,9±0,4139.6±1.6 534±22.9 278±11.9

Background +
OMF -II (0.5 t/ha) 4.9±0.03 20.1±0.6 219±10.5 14.3±0.4345.0±1.6 639±30.1 319±15.3

by 13% with the introduction of OMF-II.
One of the important indicators of crop structure, which is the most prerequisite for increasing

yields is grains weight, which is formed on the cob. The largest weight of grain in the cob was
established – when applying OMF at a dose of 0.5 t/ha – 643g (+20%) compared to control.
The 1000 grains weight, as an indicator of the grain size formed on the cobs, was the highest –
319 g in the variant where OMF was applied at a dose of 0.5 t/ha and exceeded the control
indicator by 14.7%.

Corn feeding conditions for grain, soil and climatic conditions during the growing season
and the method of soil cultivation largely determine the amount of its harvest. Establishing the
difference between the corns yield under mineral and organo-mineral fertilization systems with
the application of our fertilizers was aimed of our research. This is evidenced by the results of
the study of the effect of OMF and mineral fertilizers on productivity in our experiment with
corn (table 5). In our investigation, humic acids, biophilic silicon, and sulfur in the composition
of OMF contribute to the mobilization of poorly soluble phosphates of fertilizers and soil and
the improvement of phosphorus nutrition of corn plants. With the use of such fertilizers (OMF-
II), plants formed a more powerful root system with improved morphological indicators and
an increased absorption surface. The experimental plant’s roots weight exceeded the control
samples by 28%. Such changes in the indicators of the root system led to a significant increase
in the roots volume and the rhizosphere cell of the soil, where numerous chemical and biological
transformations, sorption, desorption, and absorption take place. In addition, this indicates the
absence of toxic effects of macro- and microelements, which contain the studied OMF-II. Namely,
the imbalance of elements in the nutrition system leads to extremely negative consequences – a
decrease in the productivity of crops and a deterioration of quality indicators.

Table 5. Yield and quality of Moskito corn hybrid, 2018

Crop yields (t/ha) Yield Content (%)
Treatment replication Average increase

1 2 3 4 t % starch fat albumen

N165P87K32 –
background 10.8 10.5 9.9 11.2 10.6 – – 73.3 3.3 7.0

Background +
OMF -II (0.5 t/ha) 12.9 13.5 12.2 13.7 13.0 2.4 22.6 73.2 3.5 7.8

HIP05 0.53 0.64 0.79 0.75 0.77
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The data from determining the grain productivity of one plant were positively correlated with
the obtained grain yield on the corresponding experimental plots. The yield increase (2.4 t/ha)
compared to the control by 22.6% with the additional application of nutrients to the soil in the
form of OMF-II according to the economic background N165P87K32 (table 5). This indicator
significantly exceeds the average statistical yield of this crop in Ukraine (6.4-7.0 t/ha) due to
the increase in the gross content of the main nutrients and their availability in the soil of the
experimental site. It is known that the corns yield is formed due to precipitation, solar radiation
and air temperature. Therefore, in our opinion, very favourable climatic conditions in July-
August had a significant impact on the increase in yield in the reporting year. During this
period, more than 155 mm of precipitation fell compared to the same months in 2017, which
contributed to the optimization of mineral nutrition, growth and development of corn plants in
a critical period regarding moisture. The high yield of the Moskito hybrid with the application
of our OMF is probably due to the intensive supply of photoassimilants to the grains. The
conducted analysis of the grain of the corn of Moskito confirms that it was suitable for food,
fodder, technical needs and export. The increase in productivity with the OMF use strengthens
the “effect of growth dilution”. The 1000 grains mass, and therefore the grains size, increased
significantly, while the rate of accumulation of proteins and fats did not change significantly. The
introduction of OMF 0.5 t/ha into the corn fertilization system contributed to the formation of
grain with better protein content – 7.8% compared to the control – 7.0%, where only mineral
fertilizers were applied. The fertilization system did not affect the starch content in the grain
(table 5). This indicator remained at the level of 73%.

Among grain crops, corn has the highest uptake and assimilation coefficient of macro- and
microelements from the soil. For the formation of one grain ton and the corresponding number
of vegetative organs, it takes from the 1 ha soil, kg/ha: N – 20-30, P2O5 – 8-10, K2O – 15-17,
as well as a lot of calcium, magnesium (Mg) – 6-10, sulfur (S) – 4-5, manganese (Mn) – 0.15,
zinc (Zn) – 0.05-0.1, boron (B) – 0.01-0.02, molybdenum (Mo) – 0.01, iron (Fe) – 0.2 and other
trace elements. Traditionally, this culture is considered an “indicator” of the content of trace
elements in the soil. Corn is sensitive to their use, especially zinc (Zn), manganese (Mn), copper
(Cu) and boron (B), the lack of which slows down plant growth and development and reduces
crop productivity [35, 36]. As evidenced by the data of the elemental analysis of the ash of the
plant samples of the Moskito hybrid corn (table 6), the grain did not contain such dangerous
elements as cadmium, lead, or copper.

Taking into account the importance of wheat as a leading crop in Ukraine’s agriculture and
negative forecasts regarding global climate changes, the development of environmentally safe
and effective prolonged action organo-mineral fertilizer, which would ensure the improvement
of mineral nutrition of plants and increase their drought and frost resistance, is important and
relevant. The winter wheat yield is directly dependent on the quantitative expression of each
structural element. Its value is an integral indicator of productivity by phases of plant growth
and development. Our structural analysis shows that all structure elements participate in the
crop formation and change depending on the level of phosphorus supply to the plants and
weather conditions. The size of the ear and its filling with grain are important elements of the
crop structure that directly affect plant productivity. As shown by the data (table 7), with the
additional application of nutrients in the form of BG-II fertilizers, there was a significant increase
in the indicator – the grains number per ear by 85% in the version where 0.6 t/ha was applied
in the background and by 74% – in variant with the application rate of 1.0 t/ha. The results
of our research indicate a significant increase (up to 72%) in the Mulan winter wheat plants’
productive tilling compared to the control with the application of BG fertilizers at a dose of
1.0 t/ha and by 56% at – 0.6 t/ha. It was characteristic of the Mulan variety that the mass of
grains both from the main ear and the side shoots did not depend on the fertilization options.
Therefore, the following indicators influenced the overall productivity of plants: synchronous
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Table 6. Moskito corn hybrid ash composition (%mass) of using OMF-II in the field experiment,
2018 (XRF).

Treatment CaO Fe2O3 Cl K2O P2O5 MnO SiO2 TiO2 ZnO SrO

leaf 16.63 0.393 – 19.332 3.924 0.381 43.748 0.090 ppm
93

ppm
139

N165P87K32 –
background stalk 10.93 0.181 – 43.398 5.882 0.170 30.104 – – ppm

197

roots 2.619 3.234 – 18.079 1.727 – 62.427 0.831 ppm
93 –

grain – 0.265 – 42.51 44.921 – 1.2 – 0.117 –

leaf 19.936 0.502 – 26.622 6.310 0.438 47.481 0.117 – ppm
146

Background +
OMF -II (0.5 t/ha) stalk 10.238 0.687 0.261 43.847 5.971 0.213 36.665 0.156 – –

roots 4.70 3.562 0.321 38.871 4.575 0.134 44.618 0.781 ppm
138 –

grain – 0.267 – 49.119 45.828 – – – 0.100 –

Table 7. The influence of fertilization options on the structural indicators of Mulan winter
wheat F2 hybrid (Triticum aestivum L.) grain yield, 2019.

Treatment Number of
productive
stems (pcs)

Grains number
per main ear
(pcs)

1000 grains
weight (g)

Grain produc-
tivity of one
plant (g)

Control 2.5±0.1 24.5±1.0 45.3±1.5 2.6±0.15
Background + BG-II
(0.6 t/ha)

3.9±0.1 45.4±1.3 45.6±1.3 4.2±0.20

Background + BG-II
(1 t/ha)

4.3±0.2 42.7±1.2 44.5±1.4 4.0±0.18

development of the main and side stems, high productive tilling, and ears graininess.
The results of a field experiment with Mulan winter wheat F2 hybrid (Triticum aestivum

L.) (table 8) show that the harvest yield of the experimental wheat plants depended on
the fertilization options, the weather conditions occurred during the phase of the emergence
of the plants into the tube, milk ripeness and as well as on the grain size of the ear, the
number of productive stems on the plant. Our BG-II introduction into the fertilization system
and favourable weather conditions ensured the improvement of experimental plants’ nitrogen-
phosphorus nutrition. It allowed obtaining an additional harvest of winter wheat grain of 2.5
t/ha using BG-II fertilizer at a dose of 0.6 t/ha and – 1.5 t/ha for the use of 1 t/ha BG-II
(table 8).

The main task of rational fertilization system is to achieve a positive balance of nutrients.
Recently, in connection with the decrease in the use of organic and mineral fertilizers in many
farms of Ukraine, the balance of the main nutrients has become negative, which caused a decrease
in soil fertility. Therefore, knowledge of the ways of nutrients loss and their supply is very
important for the optimal fertilizer application systems development. Obtaining an increase in
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Table 8. Yield and quality of Mulan winter wheat F2 hybrid (Triticum aestivum L.), 2019.

Crop yields (t/ha) Yield
Treatment replication Average increase Content (%)

1 2 3 4 t % albumen

Control 5.3 5.6 5.4 5.3 5.4 – – 12.2
Background + BG-II (0.6 t/ha) 7.4 7.9 7.6 7.9 7.9 2.5 46 12.8
Background + BG-II (1 t/ha) 7.0 7.3 6.6 6.7 6.9 1.5 28 13.0
HIP05 0.26 0.32 0.30 0.31 0.30

yield is associated with additional nitrogen and phosphorus absorption by experimental plants of
Mulan winter wheat F2 hybrid (Triticum aestivum L.) with the application of BG-II fertilizers.
As a result of the conducted research, a high positive correlation (r=0.9) was established between
the grain productivity of one plant, grain size of the ear, productive tilling and grain yield. The
quality of winter wheat grain largely depends on varietal and genetic characteristics, soil and
climatic conditions, as well as on the basic nutrients supply. However, the fertilizers application
is one of the most effective means that causes changes in the chemical composition of plants and
increases the grain quality. There are conflicting data on the effect of an increased phosphorus
nutrition’s level on protein content and grain technological quality. Some authors point to the
positive effect of phosphorus nutrition on grain quality, which is that excess nitrogen delays
protein synthesis and encourages the accumulation of ammonia and nitrate nitrogen, which is
harmful to plants, and phosphorus prevents this unwanted process. As shown in table 8, under
favorable weather conditions, balanced nutrition with the introduction of our fertilizers (BG-II),
the protein content increased by 6.6%. In the control, the experimental grain contained 12.2%
protein (3rd grade, filler), then with the introduction of BG-II at a dose of 1t/ha, this indicator
improved to 13.0% (2nd grade).

The elemental analysis (table 9) of the Mulan winter wheat F2 hybrid (Triticum aestivum
L.) plant samples ash allows us to state that when BG-II was added to its fertilization system,
the grain did not contain such dangerous elements as cadmium, lead, copper, and others.

The presence of calcium in the composition of our organo-mineral fertilizers is a source
of replenishment of the soil, affects the fixation of organic substances in it, which provides
favorable conditions for the formation of soil optimal physical properties. The organic carbon
contained in such fertilizers ensures a positive balance of humus in the soil. Such fertilizers can

Table 9. Mulan winter wheat F2 hybrid (Triticum aestivum L.) ash composition (%mass) of
using BG-II in the field experiment, 2019 (XRF).

Treatment CaO Fe2O3 Cl K2O P2O5 MnO SiO2 SO2 ZnO

Control stalk 4.774 0.123 0.930 35.463 7.535 – 47.595 2.278 ppm 173
grain 3.713 0.615 – 41.263 46.235 0.608 – 0.225 0.248

Background +
BG-II (0.6 t/ha)

stalk 3.539 0.105 1.923 46.126 2.731 – 33.776 1.209 ppm 179

grain 5.383 0.569 - 47.6 44.929 0.946 – 0.284 0.289
Background +
BG-II (1.0 t/ha)

stalk 3.934 0.132 1.821 46.031 2.931 – 35.427 1.394 ppm 158

grain 4.463 0.379 – 44.179 43.086 0.569 – 0.340 0.215
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be used as an effective ameliorant, especially for acidic (podzolic) soils because they have a
slightly alkaline reaction. In addition, it should be added that the introduction of such organo-
mineral fertilizers in increased doses can significantly change the nitrogen balance in the soil from
non-hydrolyzed forms to mineral and easily accessible to plants, improve phosphorus-potassium
nutrition (increase the content of mobile compounds of phosphorus and potassium in the soil),
increase the content of clay-mineral particles in the upper genetic layer, which will probably lead
to soil cultivation due to the high content of sulfates and calcium carbonates in the composition
of organo-mineral fertilizers.

4. Conclusion
High-temperature thermolysis of lignocellulosic waste was carried out with the production of
combustible gases at a laboratory facility. It was established that under the conditions of
thermolysis, a gas with a calorific value of 5400-6500 J/m3 is formed in the air, and under
inert conditions – 10,000-12,000 J/m3, and a carbon residue with a calorific value of 18,000-
20,000 J/m3. It’s shown that high-ash carbon after the process can be a precursor in the
production of silicon oxides and carbides, as well as be one of the important components of
organo-mineral fertilizers. With the help of the proposed disposal of wastewater treatment
plant sludge ash and plant waste into agrochemically effective fertilizer, we can solve such
problems as reducing the volume of accumulated sediment at aeration stations, while involving
a valuable source of calcium, phosphorus and some biogenic trace elements in the composition
of such necessary products for modern agricultural production. The growing shortage of food,
which is associated with the increase in the population and the depletion of agricultural land,
the predicted ecological crisis, the expected global warming, as well as the high requirements
(standards) that are currently being set for agricultural products, make it urgent to solve the
issue of introducing new, environmentally safe, natural organo-mineral fertilizers.
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Abstract. TThe paper substantiates the feasibility of creating an adsorption technology with
controlled activation of the adsorbent for the removal of sulfur dioxide, nitrogen oxides, and
carbon from the flue gases of coal-fired power plants. In laboratory conditions, the effect of
mechanical activation on the adsorption capacity of ash was studied. It is shown that the
controlled mechanical activation is able to increase the adsorption capacity of ash relative to
sulfur dioxide by 2.7 times, to nitrogen oxides by 2.1 times, to carbon monoxide by 5 times or
more.

1. Introduction
The National Report on the State of the Environment in Ukraine in 2020 [1], shows that 3.8 tons
of pollutants were present per square kilometer of the country’s territory. The main chemical
components entering the atmospheric air from stationary sources are substances in the form
of suspended solid particles – 248.9 thousand tons (11.1% of the total volume of pollutants),
dioxide and other sulfur compounds – 782.1 thousand tons (34.9%), methane – 429.1 thousand
tons (19.1%), nitrogen oxide – 3.4 thousand tons (0.15%), carbon monoxide – 707.3 thousand
tons (31.5%). Almost 37.9 % of pollution from stationary sources comes from the energy sector,
mainly thermal power plants. In Ukraine, flue gases from coal-fired power plants, boilers, and
heaters are released into the environment without treatment. The problem of atmospheric air
pollution in Ukraine with toxicants remains relevant.

Independent researchers [2] also confirm the significant damage that flue gases from coal-fired
power plants cause to the environment. According to this report, Ukraine is one of the leaders
in Europe in terms of atmospheric air pollution with sulfur and nitrogen emissions emitted
together with the flue gases of coal-fired power plants. Among the thirty coal-fired power plants
in Europe that pollute SO2 the most, 12 belong to Ukraine. Ukraine ranks second in Europe
in air pollution with nitrogen oxides. Ukraine produces 34% of its electricity consumption from
20 coal-fired power plants built before 1976, none of which have desulfurization equipment.
Therefore, the task of cleaning flue gases of coal-fired power plants from sulfur, nitrogen and
carbon oxides is extremely relevant in the European context.

There are a lot of various studies aimed at improving coal combustion processes and
implementing technological processes that reduce emissions of sulfur oxides, nitrogen, and
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carbon. Zaporozhets et al [3] provides statistical studies of emissions into the atmosphere by
stationary and mobile sources of pollution in Ukraine for 1990–2018. It also indicates the need to
reduce emissions of toxicants into the atmosphere. This can be achieved through the introduction
of new technological processes at coal-fired power plants.

Chernyavsky et al [4] summarizes the experience of burning coal mixtures at three power
plants of Ukraine. The issues of production, grinding, burning of mixtures and ecological aspects
of their use are considered. Popov et al [5] shows that burning coal leads to the accumulation
of ash and slag waste. Although they are environmental pollutants, under the right conditions
these wastes can become a sorbent and be used in technologies for the adsorption of sulfur oxides,
nitrogen and carbon from flue gases. Moreover, flue gases are formed in the same combustion
processes where these solid ash and slag wastes are formed.

Volchyn et al [6] established an analytical relationship between SO2 emissions in flue gas
at coal-fired thermal power plants and the ash content of Ukrainian thermal coal. Thus, the
research data indirectly indicate the possibility of controlling the sulfur oxide content due to
technological processes aimed at ash activation. Schmauss and Keppler [7] show that sulfur
dioxide is actively adsorbed by volcanic ash, so it can be concluded that ash from burning coal
will similarly adsorb SO2. Walawska et al [8] proves that the mechanical activation of solid
particles significantly improves their characteristics as adsorbents for SO2. Wu et al [9] proves
that different modes of mechanical activation of coal slag significantly change its physicochemical
characteristics and adsorption capacity. That is, mechanical activation of coal ash is potentially
able to improve the adsorption of sulfur dioxide and other toxicants from flue gases. Shukor et
al [10] studied the adsorption of sulfur dioxide by carbon. Carbon is also contained in ash as
a product of incomplete combustion of coal, so the adsorption characteristics of coal ash may
partially depend on its carbon content. Articles [11, 12] show that carbon can also actively
adsorb nitrogen oxides.

The analysis of the literature showed that when burning coal at TPPs, solid wastes are
formed – ash and slag, and gaseous wastes – oxides of sulfur, nitrogen, and carbon. At the
same time, it is possible to create such a technological process, when the solid emission – ash,
will be mechanically activated and will adsorb oxides of sulfur, nitrogen, and carbon. Such a
technology, provided it is created, has a real perspective for implementation at coal-fired thermal
power plants of Ukraine and Europe. The idea of creating such a technology emerged as a result
of own research [13] of various chemical processes, when mechanical and chemical activation of
the catalyst significantly accelerated chemical transformations. Adsorption is one of the stages
of catalysis, so mechanical activation of MA can affect adsorption as a separate process. Studies
of processes using coal as a raw material [14, 15] have shown that coal can be mechanically
activated. This formed the basis of this work, where ash from coal combustion was activated
under controlled conditions. This increased its sorption capacity relative to sulfur dioxide,
nitrogen oxides, and carbon monoxide. Research results can become the basis of technology for
removing toxicants from flue gases of coal-fired power plants.

2. Laboratory equipment and methodology of the experiment
The laboratory unit for researching the process of adsorption from flue gases under the conditions
of mechanical activation is presented in figure 1.

Adsorption of nitrogen oxides, sulfur oxide (IV), and carbon monoxide was studied. Ash
from burning coal and zeolites of various types were used as a sorbents. Before the start of
the experiment, the V-1 tank is filled with a mixture of air, sulfur oxide (IV), nitrogen, and
carbon, which is an analogue of flue gases produced during the burning of coal at power plants
in different modes. The obtained gas mixture enters Ads adsorber from above. The adsorber is
filled with sorbent and dispersing material.

The temperature in the adsorber is maintained by an electric heater H, measured by a
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Figure 1. Laboratory unit for studying the process of adsorption of substances from flue gases
using mechanical activation. CU – control unit; V-1 – container with a gas mixture; A-1-2 –
gas mixture analysis points; H – electric heater; Ads – reactor-adsorber; MA – vibrating device;
GC – compressor; V-2 – receiver of adsorbed gases; FI – rotameter.

thermocouple. The activation of raw materials in the adsorber is carried out by forced mechanical
oscillations with the help of an vibrating device MA. The temperature in the reaction zone and
the intensity of activation are set and maintained by the control unit CU. When the adsorber
moves with a certain frequency and amplitude, a vibro-thinned layer of dispersing particles is
created and mechanochemical activation of the sorbent surface by them. A metal felt filter is
located at the outlet of the adsorber, which prevents the removal of sorbent particles from the
adsorption volume. Gases from the adsorber enter the V-2 receiver. Pumping of the gas mixture
from V-1 to V-2 is carried out by the compressor GC. The unit has two sampling points of the
gas mixture for analysis: the initial mixture and the final products. The content of oxides of
nitrogen, sulfur and carbon is determined by a portable gas analyser OKSY-5M-5H with an
error of ±5 ppm.

The volume of the laboratory adsorber is 8 cm3, the capacity for gases is 50 liters. At a gas
supply rate of 5-25 l/h, the duration of the experiment is 2-8 hours. Variable parameters during
the experimental work were: temperature, flow rate of the gas mixture, concentration of gases
in the mixture, vibration frequency of the vibrating device.

3. Research procedure
The AnC theory allows predicting intensification by mechanical activation of not only chemical
transformations, but also other stages of the catalytic process, for example, the adsorption stage.
Thus, it is possible to distinguish a separate direction of research – mass exchange processes.
The degree of sorption and sorption capacity are highly dependent on temperature, intensity of
activation, type of sorbent. The dependence of sorption efficiency and sorption capacity passes
through maxima and is very similar to the dependence of the degree of transformation and the
speed of chemical reactions on the frequency of mechanochemical activation in processes that
take place using aerosol nanocatalysis technology. This indicates that sorbent activation is very
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similar in nature to catalyst activation. figure 2 shows the effect of mechanical on the sorption
capacity of the sorbent – coal ash – relative to sulfur oxide (IV).

Figure 2. The effect of MXA on the adsorption capacity of ash in relation to SO2 at 473K.

The presence of a maximum of the adsorption capacity at an MA intensity of 1.7 Hz and
a tendency to a second maximum at an MA slightly higher than 8.0 Hz is observed. The
dependence is described by equations (1).

The capacity achieved with the help of MA adsorption is such that it provides effective
purification from sulfur oxides of flue gases from the burning of energy grades of coal with an
ash content of 30%.

θ = 0.0034f + 0.0034, (0-1.7 Hz);

θ = 0.0008f2 − 0.0076f + 0.0196, (1.7-4.5 Hz); (1)

θ = −10−5f3 + 0.0015f2 − 0.0054f + 0.006, (4.5-8.0 Hz);

The use of MA is able to increase the adsorption capacity of ash by 2.7 times at a temperature
of 423K, i.e. it allows to organize an industrial technology for removing sulfur oxides without
cooling flue gases, which will significantly reduce energy costs on the scale of an industrial
process. The use of ash from the burning of the same coal as a sorbent will allow reducing
material costs on the scale of the industrial process. The process is able to provide 100%
removal of SO2 when its content in flue gases is up to 650 ppm (a typical amount for flue gases
from burning low-quality thermal coal with an excess of 1.25 air) at an adsorbent concentration
of 60 g/m3 of flue gases.

In figure 3 shows the effect of MA on the adsorption capacity of the same ash in relation to
nitrogen oxides. The values are in the same range as for SO2.

The use of MA is able to increase the sorption capacity of ash in relation to nitrogen oxides
by 2.1 times at a temperature of 423K and ensure 100% removal of NOx from flue gases from
the burning of thermal coal at a concentration of sorbent (ash) at the level of 20 g/m3 of flue
gases, which corresponds to the technological mode of combustion at industrial plants. This
cleaning technology does not even require an additional amount of adsorbent.

The presence of a maximum of the adsorption capacity at an intensity of MA near 3.0 Hz
and a tendency to a second maximum at an MA above 8.0 Hz is observed. The dependence is
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Figure 3. The influence of MA on the adsorption capacity of ash in relation to NOx at 473 K.

described by equations (3). The capacity achieved with the help of MA adsorption is such that
it provides effective cleaning of flue gases from the combustion of energy grades of coal with an
ash content of 30% and a NOx content of up to 250 ppm from nitrogen oxides.

θ = −0.0001x2 + 0.0007x+ 0.0017, (0-4.0 Hz);

θ = −0.0005x+ 0.0046, (4.0-6.0 Hz); (2)

θ = 0.001x− 0.0044, (6.0-8.0 Hz);

In some modes of coal burning at thermal power plants, carbon monoxide formation is
possible, so it is advisable to study the ability of ash to adsorb it as well. In figure 4 shows
the influence of MA on the adsorption capacity of ash in relation to CO, and the change in
adsorption capacity from MA is described by equations (3), (4).

θ = 0.0019f, (0-1.2 Hz); (3)

θ = −0.0004f3 + 0.0038f2 − 0.0112f + 0.011, (1.2-4.0 Hz); (4)

For carbon monoxide, the influence of MA is particularly noticeable. In the absence of MA,
it was not adsorbed at all under the experimental conditions. The use of MA at the level of
1.2 Hz made it possible to increase the adsorption capacity of carbon monoxide by more than 5
times in comparison with other modes of MA.

4. Conclusions
The development of technological processes capable of removing oxides of sulfur, nitrogen, and
carbon from flue gases of coal-fired power plants is an urgent scientific and practical task.
Adsorption processes using ash from the burning of the same coal as an adsorbent are promising.

The use of controlled mechanical activation can significantly affect the adsorption capacity
of ash relative to oxides of sulfur, nitrogen, and carbon.

It is shown that the controlled mechanical activation is able to increase the adsorption
capacity of ash relative to sulfur dioxide by 2.7 times, to nitrogen oxides by 2.1 times, to carbon
monoxide by 5 times or more.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012089

IOP Publishing
doi:10.1088/1755-1315/1254/1/012089

6

Figure 4. The influence of MA on the adsorption capacity of ash in relation to CO at 473 K.

A mathematical description of the influence of MA intensity on the adsorption capacity of
ash relative to oxides of sulfur, nitrogen, and carbon is provided. This makes it possible to
optimize the MA regime to achieve the most effective adsorption capacity of ash.

The research results can form the basis for the creation of industrial technology designed for
the purification of flue gases of coal-fired power plants from sulfur dioxide, nitrogen oxides and
carbon monoxide. But for this, it is still necessary to study the desorption stage and to propose
ways of chemical binding of concentrated oxides of sulfur, nitrogen, and carbon into non-toxic
products.
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Abstract. The paper considers one of the important problems of water use – determination
of the humidification conditions of the territory for the hydromelioration needs. The methodical
approach to determining the probability of exceeding natural moisture by a group of criteria
is highlighted. Nowadays there is no single, reliable and simple method for determining this
indicator. Assessing climatic conditions, considering their impact on crop productivity, it is
necessary to take into account hydrometeorological factors that have a decisive influence on
the development of crops and, accordingly, determine their yield. These include, first of all,
precipitation, moisture reserves in the soil, evapotranspiration and other complex indicators
that allow to take into account the distribution of meteorological factors during the growing
season of the crop and their possible negative impact on the development of the plant, because
each crop requires a certain optimal regime of soil temperature and moisture at different stages
of its development. The article presents the solution of the set tasks on the example of winter
wheat crops according to the data of the Dnipro meteorological station (airport).

1. Introduction
The determining factor in the development of agricultural production in the Steppe of Ukraine
is natural resources, which are characterized by bioclimatic potential, soil fertility and water
regime. According to FAO estimates, Ukraine has the potential for a significant (up to 3 or
more times) increase in agricultural production and exports, provided that the available natural
resources are used more efficiently. Insufficient level of their use is limited by a number of factors,
the main of which is the natural moisture supply deficit on more than 2/3 of the territory of
Ukraine.

Thus, significant variability of moisture conditions in Ukraine is the main limiting factor that
limits not only the level of crop productivity, but also the use of natural and anthropogenic
potential of agriculture.

Many years of agricultural experience and scientific researches show that it is possible to
prevent and mitigate the negative effects of climate changing on agricultural production only
with the help of irrigated land reclamation [1].
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Despite thousands of years of mankind experience in irrigated agriculture, the issue of
vegetative irrigation of crops has not been studied enough. The key point here is the methodology
for determining the availability of natural moisture in the territory. The correct choice of the
year-model in the development of the irrigation regime will prevent serious miscalculations in the
design of irrigation systems, waterlogging, flooding and flooding of irrigated lands, which will
inevitably lead to secondary salinization and anthropogenic soil pollution and soil degradation
in irrigated areas of Ukraine.

The aim is to develop scientific approaches to environmentally safe water use aimed at
preventing the growth of anthropogenic impact on the environment, ensuring environmentally
safe living conditions for the population and economic activity and protection of water resources
from pollution and depletion, rational use of water resources, ensuring sustainable functioning of
ecosystems in the river basins of Ukraine, prevention of harmful effects of water and elimination
of its consequences.

2. Literature review
The analysis of scientific and normative materials in the field of hydromelioration shows
insufficient reliability of existing methods for calculating the availability of natural moisture
in the territory, which are used to improve the methods of water use rationing and assessment
of the complex impact of hydrometeorological factors and irrigation regimes on crop yields and
the ecological condition of reclaimed lands.

It is customary to assess the natural water availability of the territory based on the amount
of precipitation during the growing season, climatic indicators, crop water deficit and actual
moisture content of the calculated soil layer.

The sum of precipitation is mainly used in agroclimatology to assess the moisture conditions,
which is calculated as a cumulative total and graphically represented in the form of integral
curves.

Lebedev studied in detail the methods of constructing the curves of availability of various
climatic factors and developed a methodology for constructing nomograms of availability of
precipitation amounts [2]. Any probabilistic characteristic of climate is given on the basis of
analysis of a representative series of observations. The types of curves proposed by Lebedev
have great stability in space, which allows them to be used for a large area, including those that
do not have a representative series of observations.

Such nomograms are constructed for different territories and they can be used to estimate the
availability of natural moisture in the territory. As an example, figure 1 shows such a nomogram
for the South of Ukraine [3].

Assessment of the moisture availability in the territory only by the amount of precipitation is
insufficient and not always objective, since each year has a specific intra-annual distribution of
precipitation uncharacteristic of others. A year with long dry periods and one or two large rains
can be equated to a year in which rains fell evenly throughout the growing season, although
the humidity of the territory in such conditions will be different. Therefore, to exclude the
peculiarities of individual years, it is advisable to consider the frequency of precipitation or
take not one, but several years that are closest to the calculated availability and average their
meteorological data.

The disadvantage of this method is that not only precipitation affects the humidity of the
territory, but also other agrometeorological factors that are not taken into account here.

Therefore, for a more correct and objective determination of the availability of the territory’s
humidity, various climatic indicators are used, taking into account not only the income
(precipitation) component of the water balance of the territory, but also the costs, that is,
the so-called meteorological complexes. An example of the application of such systems is the
methodology for selecting a year of a given availability by a complex climatic indicator (CCI),
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Figure 1. Graph for calculating the amount of precipitation of different availability per year
(according to A. M. Lebedev) [3].

which was developed for zones of sufficient and unstable moisture in Ukraine. It is based
on the availability integral indicator of CIPj vegetation values of meteorological factors and
meteorological complexes built on their basis [4–6].

The latter is determined by the formula

CIPj = 1−

l∑
i=1

mij

l · nj
, (1)

where
l∑

i=1
mij – is the sum of places occupied by meteorological factors and complexes of the set

{i}, i = 1, l is the sum of places occupied by meteorological factors and complexes of the set,
in the statistical sequences of their vegetation values for the years of observations reduced to a
comparative form {j}, j = 1, nj .

The value of the indicator CIPj defined by (1), vary within {0; 1} almost never reaching
the limit values, which confirms the really complex and ambiguous nature of climate-forming
components [6].

The choice of the year of a given availability by crop water consumption deficits by the real
year method is carried out by a retrospective series of years, taking into account the composition
of crops. According to this series of observations, crop water deficits are determined and their
availability is calculated by the statistical method [7].

Water consumption deficits are calculated using total evaporation, which is determined by
meteorological factors and biological characteristics of crops. The most widespread in Ukraine
are the bioclimatic method [8, 9]; improved bioclimatic method [10]; biophysical method [11].

For a long time, the Penman [12] and Blaney-Criddle [13] methods were widespread in the
world. Taking into account some inaccuracy of these methods in 1990, the FAO Council of
Experts recommended to approve the combined Penman-Monteith method as a standard for
calculating the reference evapotranspiration (ET0). The method provides for the determination
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of ET0 of a hypothetical crop with a height of 0.12 m, a surface resistance of 70 cm−1 and
an albedo of 0.23, similar to lawn grass of the same height in the phase of active vegetation
and sufficiently moistened. The Penman-Monteith equation is derived from the soil surface
energy balance equation, and the dependence of ETC on ET0 reflects the crop coefficient KC ,
which characterizes the differences between a typical agricultural crop and a reference lawn
grass [14–18]. Numerous researchers have analyzed different calculation methods in different
regions. As a result, the Penman-Monteith method was adopted worldwide as a standard method
for determining evapotranspiration (ET0). ET from the plant surface under non-standard
conditions is given by the stress coefficient (KS) or modification of the culture coefficient.

Probably the most objective criterion for determining the availability of natural moisture
in the territory is the actual moisture reserves in the calculated soil layer. In the presence
of a representative series of data on moisture reserves, their availability is also determined by
generally accepted statistical methods.

Nowadays, more than 20 methods of soil moisture measurement have been developed. But
all of them have certain disadvantages that limit their use – significant time discreteness and
uncertain representativeness when transferring their values to other fields or arrays; some of
them have low efficiency.

These shortcomings are absent in the calculation methods for determining the content of
moisture reserves in the soil. They usually involve the calculation of indirect indicators of
moisture content based on previous weather conditions. In some methods, a simplified water
balance equation is used, considering the initial soil moisture reserves measured by instrumental
methods. It should be noted that errors of instrumental measurements and calculation errors of
water balance components significantly reduce the accuracy of these methods. The method of
determining daily soil moisture reserves developed at the Dnipro State Agrarian and Economic
University is devoid of these shortcomings [19]. Therefore, in our research, we will use this
method in assessing the natural availability of the territory by soil moisture reserves.

3. Research methodology
Time series depending on the nature of the time parameter are divided into interval and
momentary. When assessing the availability of natural moisture in the territory, we deal with
interval series in which the value of the indicator is calculated for certain periods of time. These
series correspond to flow variables. It should be noted that a series whose levels are the result
of an integral series, starting from a certain defined level, is considered momentary.

In our research, we will assess the moisture availability of the territory by the amount of
precipitation, complex climatic indicator, water consumption deficit and moisture reserves. All
these criteria for assessing the natural moisture availability of the territory will be determined
for the growing and/or critical periods of crop development.

The initial data will be meteorological data on average, maximum and minimum air
temperature (0C); atmospheric pressure at sea level (hPa); average relative humidity (%);
daily precipitation (mm), air humidity deficit and average wind speed (km/h). This paper
presents studies based on data from the Dnipro meteorological station (airport) for winter wheat.
Meteorological data were taken from [20].

The amount of precipitation to assess the moisture conditions is calculated by accumulating
their daily values for the corresponding period.

The complex climate indicator is calculated according to the recommendations set out in [4–6].
It is difficult to determine evapotranspiration in the field accurately, so it is usually calculated

using empirical and semi-empirical equations. Some of them can be applied only in specific
climatic conditions and cannot be used for other conditions and territories. Given that the
Penman-Monteyn method is considered to be the standard method in the world, we will use it
in our research.
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Numerous computer programs have been created to determine ET0 by the Penman-
Monteith method. The Food and Agriculture Organization of the United Nations (FAO)
recommends using the CROPWAT 8.0 program. However, the existing databases of this program
(CLIMWAT, FAOCLIM) should be checked for compliance with real data and missing climatic
parameters in certain periods of time. In addition, they contain only average monthly data,
and there is no data on meteorological factors, soil and agroclimatic conditions and genotypic
characteristics of crops grown in Ukraine. Therefore, the use of this program for the study area
is impossible.

Considering the above-mentioned findings, it is advisable to use meteorological data measured
at the meteorological station in the studies of natural moisture availability of the territory. Since
the reference evapotranspiration (ET0) is an indicator of climate impact, it is advisable to adopt
it as a criterion for assessing the moisture availability of crops.

To calculate evapotranspiration (ET0) we use the ET0 Calculator Version 3.2 [21].
The choice of the year of a given availability is usually made on the basis of a retrospective

series of years by ranking and determining the value of the exceedance probability. The
disadvantage of this method is that the same number of years is attributed to each group of
years by moisture conditions, and this is not true. After all, any series of observations contains
a different number of years by moisture conditions. This drawback can be overcome by using
methods based on artificial neural networks.

The analysis of the obtained results will be carried out by mathematical-statistical and cluster
methods. The cluster method is used to solve the problem of classification of data obtained as
a result of calculations. In addition, cluster analysis, unlike most mathematical and statistical
methods, allows the distribution not by one parameter, but by several, and allows us to consider
a set of input data of almost arbitrary nature.

The number of clusters is usually taken from 4 to 9 – 2-3 clusters are uninformative, and
more than ten clusters are difficult to process. Therefore, in our studies, we take five clusters,
each of which characterizes the moisture conditions of the year by the probability of exceeding
(availability p, %): 0-20% – very wet, 20-40% – wet, 40-60% – average, 60-80% – dry, 80-100% –
very dry.

Statistical multivariate cluster analysis of moisture availability of the study area will be
conducted using Kohonen networks. The advantage of the network is that it is able to function
in the face of interference, because the number of classes is fixed, the weights are modified slowly,
and the adjustment of weights ends after training. It should be remembered that Kohonen maps
offer only hypotheses about the cluster structure of the data. Therefore, for each cluster, its
meaningful interpretation will be carried out using mathematical and statistical methods.

The distance to the center of the cluster is used as a criterion for the correspondence of
a certain year to the humidity conditions of the territory. In this aspect, the scale becomes
crucial in cluster analysis, because due to the heterogeneity of the features measurement units it
becomes impossible to correctly calculate the distances between points. This problem is solved
by preliminary standardization of variables.

To process the obtained calculations, the computer programs Mathcad and Deductor Studio
were used [22].

4. Results and discussion
The table 1 shows the data on the calculation of the probability of exceedance separately for
each of the adopted criteria using the mathematical and statistical method. To do this, the
retrospective series were ranked separately for each criterion, and then the security of each
member of the ranked series was calculated.

The analysis of table 1 shows that when choosing a year of a certain availability according
to different criteria, the calculated real years, which characterize the moisture conditions of the
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Table 1. Provision of the year by natural moisture of winter wheat crops.

Year BCC Year ETo, Year P, Year W100, p, Humidification
mm/day mm mm % conditions

2021 0.938 2002 180.7 2014 286 2021 269.5 4.17 very wet
2001 0.863 2004 182.8 2021 285 2004 264.1 8.33 (p = 0-20%)
2004 0.820 2001 183.1 2004 253 2006 261.0 12.50 –
2014 0.776 2021 196.0 2001 241 2016 259.0 16.67 –
2016 0.720 2000 203.4 2016 219 2008 250.8 20.83 moist
2006 0.702 2022 204.6 2015 169 2001 250.4 25.00 (p=21-40%)
2015 0.702 2003 206.4 2011 168 2010 249.3 29.17 –
2008 0.677 2006 206.7 2017 158 2015 249.0 33.33 –
2011 0.571 2015 207.3 2000 155 2014 245.4 37.50 –
2017 0.559 2008 207.4 2008 155 2005 241.0 41.67 average
2005 0.516 2020 207.8 2006 150 2011 238.7 45.83 (p=40 – 60%)
2000 0.503 2017 210.0 2005 140 2000 238.7 50.00 –
2010 0.460 2016 211.1 2010 136 2002 237.9 54.17 –
2020 0.410 2014 213.9 2020 126 2017 237.4 58.33 –
2022 0.329 2005 222.2 2022 106 2018 233.1 62.50 medium dry
2019 0.292 2009 224.5 2019 103 2009 232.5 66.67 (p = 60-80 %)
2003 0.248 2011 227.1 2018 99 2019 229.2 70.83 –
2002 0.180 2010 228.8 2007 94 2022 226.6 75.00 –
2007 0.180 2019 234.2 2012 92 2003 220.2 79.17 –
2009 0.174 2007 237.8 2003 87 2013 217.4 83.33 dry
2012 0.149 2018 239.2 2009 72 2012 209.2 87.50 (p=80-100 %)
2018 0.118 2013 249.1 2002 65 2020 207.8 91.67 –
2013 0.112 2012 252.3 2013 55 2007 191.6 95.83 –

year by the probability of exceeding, do not coincide.
Thus, there is no clear answer as to which of the years should be taken as a model year.

Therefore, in order to minimize internal differences between the evaluation criteria in each of
the 5 groups that characterize the moisture conditions of the year by the probability of exceeding
(provision p, %) and at the same time maximize the differences between the groups, we will use
the cluster analysis method for the data presented in table 1.

The table 2 shows the main result of the cluster analysis in the form of a cluster number
and a list of years belonging to each cluster. As additional information, the table contains the
distance from the object to the center of the cluster. It will help to understand which of the
years most closely corresponds to the moisture conditions.

The analysis of table 2 shows that the number of years in the clusters is different. Therefore,
the determination of the probability of exceedance (p, %) by the conventional ranking is illegal.

Thus, the assessment of moisture conditions of the year can be carried out not by the
quantitative criterion, but by the qualitative one. Since during the cluster analysis the entire
retrospective series was divided into 5 clusters, the probability of exceeding (p, %) of each cluster
can be estimated as the average of the established limits.

To visualize the data in table 2, we use Kohonen maps (Self-Organizing Map, SOM) (figure 2).
The principle of building Kohonen maps is that in the process of training the model, neurons
on the Kohonen map compete with each other for the right to best match the input data.
This principle of competition and matching allows you to create a map that reflects the data
structure of the original space in a lower-dimensional space. This facilitates further data analysis
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Table 2. Distribution of years by moisture conditions into clusters.

Year Cluster Distance to Humidification
number the cluster center conditions

2001 0 0.2605 very wet
2004 0 0.2571 (p = 0-20%)
2014 0 0.2356 -
2016 0 0.2297 -
2021 0 0.2773 -
2000 1 0.1991 moist
2006 1 0.1974 (p=21-40%)
2008 1 0.0773 -
2015 1 0.0773 -
2017 1 0.1539 -
2007 2 0.3663 average
2009 2 0.2313 (p=41-60%)
2012 2 0.2677 -
2013 2 0.2375 -
2013 2 0.1960 -
2019 2 0.1927 -
2002 3 0.4593 medium dry
2003 3 0.1237 (p=61-80 %)
2020 3 0.2255 -
2022 3 0.0624 -
2005 4 0.0500 dry
2010 4 0.1147 (p=81-100%)
2011 4 0.1494 –

and visualization. The process of building a Kohonen map can be reduced to the following main
stages: initialization; model training; successive iterations; end of training and mapping itself.

To evaluate the accuracy of Kohonen mapping, the mapping error is used as a metric. It
occurs when SOM is trained on a large data set. This error measures the distance between the
values obtained by SOM and the actual data values. Kohonen maps are considered to be highly
accurate if this error does not exceed 0.1. In our research, we used the Deductor 5.3 analytical
platform to build the Kohonen map and found an error of 0.01.

The analysis of figure 2 shows that the size of the clusters is different and the years are not
evenly spaced. The cluster size is defined by its radius or standard deviation of the year for a
particular cluster. A year belongs to a cluster if the distance from the location of the year in
the cluster to the center of the cluster is less than its radius. In cases where this condition is
met for two or more clusters, the year is controversial, that is, according to some of the selected
criteria it can be attributed to several clusters. Therefore, in order to eliminate such ambiguities,
the final choice of the year characterizing the established moisture conditions is made by the
distance to the cluster center.

Consequently, the year with the minimum distance to the cluster cent is taken as the model
year. In the calculations presented in this paper, we assume that for winter wheat a very wet
year is 2016, a wet year is 2008, an average year is 2019, an average dry year is 2003, and a dry
year is 2005.
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Figure 2. Distribution of years in clusters.

5. Conclusions
The data shown in table 1, table 2 and figure 2 indicate that when assessing the natural
conditions of the territory based on hydrometeorological data, the cluster analysis method has
significant advantages over the statistical one, as it gives a clear answer to which of the available
retrospective years most accurately characterizes the moisture conditions of the territory. This
is due to the consideration of several criteria. Assessment of natural moisture availability of
the territory by several criteria allows to characterize the dynamics and intensity of changes in
hydromelioration factors during the growing season of crops.

In the context of global climate change, the problem of availability and use of water resources
is exacerbated, and the use of the proposed methodology for determining the moisture availability
of the territory makes it possible to more accurately determine the need for water during hydro-
amelioration measures. That is why it is advisable to choose the calculation year according to
several criteria using the cluster analysis method.
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Abstract. The article considers the pre-war conditions main components of the Southern
Bug mouth ecosystem. The results of sediments samples study have shown transformation
of lagoonal accumulation, appearance of reducing condition spots in sediments, presence of
exceeding MAP for lead. An estuarine water analysis given an idea about hydrochemical
features mouth section of river, namely: high concentration of suspended solids – on an
average 11,4 mg/dm3; increasable concentration BOD5 – an indicator of easily oxidized organic
substances content; periodic significant exceeding MAC of ammonium and nitrite nitrogen.
Hydrobiological changes primarily concern a decrease in primary productivity due to a decline
in phytoplankton biodiversity; there was also a reduction of zooplankton. The current state of
the Southern Bug River mouth ecosystem is formed predominantly under the periodic dredging
of shipping channels followed by the formation silt dumps. The post-war revitalization of the
Southern Bug estuary ecosystem should include measures to mitigate the negative effects of
anthropogenic activity especially the consequences of hydraulic engineering works.

1. Introduction
The Southern Bug is one of the largest rivers of Ukraine, which constantly experiences significant
anthropogenic pressure due to the high regulation of the river, large-scale ploughing of coastal
areas, dense settlement load. At the same time, the Southern Bug plays a very essential economic
and social role in the functioning of the Black Sea region of Ukraine – it is a transport artery, a
source of drinking water and food, a place of recreation, etc. If you look at this range of ecosystem
services, especially in the context of global climate change, it is impossible to overestimate the
importance of the Southern Bug River in the socio-economic development of the southern part
of Ukraine [1]. However, now, since the beginning Russia’s full-fledged military aggression, the
territory the Southern Bug River mouth is under catastrophic influence due to bombing and
shelling.

The current state of the Southern Bug mouth ecosystem is formed under the influence of
the multi-purpose usage of the river; one of the most powerful factors affecting the estuary
part of the river is shipping and the associated periodic dredging of shipping channels. The
Bug-Dnipro-estuary Canal (BDEC) serves as the entrance for the ships to Mykolaiv Port and a
number of ports in the estuary. In addition, the lower part of the Southern Bug is intensively
used for economic purposes: hydrotechnical (water intakes, discharges), fisheries, irrigation,
etc. [2]. Periodic hydrotechnical dredging measures have a significant impact on the functional
capacity of the river ecosystem and its biota.
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The key goal of the presented research was to characterize the pre-war state of the
Southern Bug River mouth ecosystem using a wide range of indicators, including lithological,
hydrochemical and hydrobiological ones.

In order to achieve the above goal, expeditionary research of the Southern Bug River mouth,
laboratory and desktop processing of the results was carried out. Moreover, comparative
assessment of the obtained results with the results of own previous research and literature data
was fulfilled; the features of the obtained indicators in the context of anthropogenic activity are
characterized and possible ways of mitigating environmental problems are considered.

2. Materials and methods
The presented materials are based on the research data of the Southern Bug lower part in
the spring and summer of 2021, analysis of research data of 2012 and analysis of literature.
The research area is the Southern Bug River mouth, which is part of the Dnieper-Bug estuary
(figure 1).

Figure 1. The research area.

The study of modern sediments of the lower part of the Southern Bug River has been carried
out. The sampling points were located along profiles that crossed an investigation object. We
researched samples from two profiles: first – near the port Olvia, second – across the Southern
Bug (between villages Parutyne – Lymany).

The Southern Bug River research area was conducted at the lower reaches, below the Mykolaiv
city; 18 samples of sediment and 27 samples of water were selected. Samples of sediments were
taken with the special cylindrical equipment. The thickness of the sediment layer selected for
analysis was 0.1–0.25 m. After drying, the selected samples were subjected to averaging at the
points of selection.

The sediment samples analysis included the description of sediments, determination of their
granulometric composition and density; definition of physical and chemical indicators: pH, Eh,
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electrical conductivity. The chemical composition study of the samples consisted in the pollutant
elements determination, the water-soluble salts content and iron oxides.

The water samples analysis included the determination of the chemical indicators, namely:
pH, total salts, dissolved oxygen, suspended substances, chlorides, sulphates, biological oxygen
consumption (BOD5), the content of ammonium, nitrite, nitrate and total phosphorus. All
indicators in the water were determined by standard methods.

Hydrobiological studies consisted in general assessments of phytoplankton and phytobenthos,
zooplankton and zoobenthos, and characterization of higher aquatic vegetation involved. The
samples of phytoplankton were taken and processed through standard hydrobiological procedures
[3,4]. Both qualitative and quantitative characteristics of phytoplankton in performing ecological
analysis were used.

3. Results
The modern sediments of the mouth Southern Bug River mouth represent mainly silt. Sands
develop in some places in the form of narrow coastal strips, as well as on beaches and capes.
Shell rocks occur in the form of small spots on beaches and spits that cannot be mapped.

Due to the solid runoff from the Southern Bug River, estuarine deposits are covered with a
thin layer of modern sediments in the Dnieper-Bug estuary, in the Bug part area of the shipping
channel and the water areas of the ports. The role of solid runoff from the Southern Bug River
and the Inhul River is small in the formation of depth topography and silting of the shipping
channels of the Dnieper-Bug estuary. The origin of sandy coastal strips and spits does not
depend so much on the flow of rivers, with the erosion of the shores composed of fine sand.
The maximum discharge of suspended sediments is observed at the rise of the spring flood, the
minimum – during the winter low tide.

Extracted sediment, which is picked up due to permanent dredging works in the Southern
Bug River mouth is transported to local soil dumps, where it forms continuous silt deposits.
Sediments of the Southern Bug mouth, at the present stage, along the route of the Bug-Dnieper-
estuary Canal (BDEC) are represented by: sandy silts with inclusions of fine sand, loamy silts,
flowing clay silts [5].

The results of the sediments granulometric composition of the Southern Bug River mouth
testify to the transformation of lagoonal sediment accumulation (table 1, figure 2). The data
obtained from the Parutyne – Lymany profile shows a predominance of psammite. While the
material taken upstream (in the area of the port of Olvia) has a siltstone-psammite composition
of the samples near the shore and a pelitic composition in the central part of the river, in the
direction of the Bug-Dnieper-estuary Canal.

The data listed in Table 1 shows a significant variation in grain size and at the same time make
it possible to identify a tendency to the increase of pelitic fraction in sediments. Areas along
the shipping channel have sediments represented mainly by pelity. Finely dispersed material is
constantly stirred by ships and dispersed over a long distance. In addition, shipping channel
sections contain a large amount of industrial waste.

Technogenic sediments are widely developed in the studied area. Moreover, they are most
widespread in the coastal part of the land and much smaller in open water areas. In the water
area, the Southern Bug mouth man-made formations were discovered by a number of drilling
wells in the form of different area spots, mostly not far from the ports. In the water area of the
estuary, the fields of technogenic sediments occur near landfills of raised soil from the estuary
depth during passage, deepening and periodic cleaning of shipping channels, capital dredging
and during other dredging works [5].

Bottom soil, during research in 2021, was characterized by thick creamy consistency of almost
black colour in the area of the port of Olvia with a noticeable smell of hydrogen sulphide in
two plots. In the area of the Parutyne – Lymany profile, the sediments were brown with black
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Table 1. Granulometric composition of the sediments, %.

Sampling locations
Particle size fractions

Psephite, Psammite, Silts, Pelity,
(>2 mm) (2–0.1 mm) (0.1–0.05 mm) (<0.05 mm)

Parutyne – Lymany profile

Point 1 5.10 92.08 0.87 1.95
Point 2 17.24 82.29 0.47 0.00
Point 3 10.13 71.06 1.40 17.40
Point 4 1.42 94.86 2.17 1.55
Point 5 5.66 93.82 0.52 0.00
Point 6 0.74 75.24 2.65 21.36

Port Olvia profile

Point 1 0.63 61.95 11.10 26.32
Point 2 1.72 56.49 5.77 36.02
Point 3 2.60 9.30 0.00 88.10
Point 4 11.40 15.60 0.00 73.00

Figure 2. Granulometric composition of the Southern Bug River sediments: a) Parutyne –
Lymany profile; b) port Olvia profile.

interspersed and had a weak marine smell.
According to the research results, the density of the sediment in the Parutyne – Lymany

profile varied from 2.23 to 2.47 g/cm3; the density of the port Olvia profile sediment was lower
and ranged from 1.52 to 1.69 g/cm3. Density indicators of sediment samples correlate strongly
with its particle size composition.

Chemical analysis of sediment samples made it possible to obtain the following data on
chemical elements-pollutants (table 2). Research results show that with the exception of one
sample, the content of elements-pollutants in all profile‘s samples did not exceed the MAC for
soils.
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Table 2. Chemical analysis of sediment samples in the profile port Olvia.

Indicator
Sampling points, M±m, mg/kg

Point 1 Point 2 Point 3 Point 4

As 1.95±0.33 1.74±0.37 0.88±0.29 1.05±0.31
Pb 34.0±8.91* 4.0±1.05 2.0±1.45 10.0±3.0
Cd 0.33±0.09 0.24±0.08 0.28±0.09 0.29±0.09
Cr 15.0±3.28 12.0±3.12 1.0±0.28 2.0±0.29
Cu 10.0±3.12 6.0±1.17 3.0±0.95 2.0±0.89
Ni 0.7412.0±4.51 8.0±2.84 1.0±0.34 1.0±0.27
Zn 31.0±7.14 18.0±3.96 6.0±2.14 5.0±2.11
Hg <0.07 <0.07 <0.07 <0.07
Fe 7740.0±986.52 5870.0±857.15 567.0±96.25 973.0±89.44
Mn 85.0±24.31 116.0±24.68 24.0±6.47 60.0±14.95

* – exceeding the maximum allowable concentration (MAC) of soils

Comparing the data obtained by us with the data given in [5], we can note that the data on
cadmium and lead are within the measurement error limits and are comparable (table 3), while
the composition of zinc and copper in our studies is on average 10 times lower.

Table 3. Concentration of chemical pollutants in the sediments samples BDEC knees (July-
August 2018) [5].

Indicator Unit of measurement
Sampling points, knees BDEC

6 7 8 9 10 11

Cd mg/kg 0.165 0.390 0.264 0.257 2.64 0.336
Pb mg/kg 14.2 23.3 13.3 9.3 17.0 7.53
Zn mg/kg 70.9 101.0 68.8 75.3 140.0 64.1
Cu mg/kg 16.5 26.5 35.1 24.5 34.3 25.0

The values of physical and chemical parameters of the current sediments of the studied profiles
are shown in table 4.

Table 4. Physical and chemical parameters of the sediments.

Sampling locations

Concentration of
water-soluble

salts, % in
100 g of dry

sample

pH (Units)
EC

(mkSm/cm)
Eh (mV)

k
(Fe2O3/FeO)

Parutyne –
Lymany profile

0.157 7.14 – 7.62 0.45 +85.0 – +175.0 1.77 [6]

Port Olvia
profile

0.875 6.45 – 6.95 1.95 -105.0 – +105.0 0.90

It should be noted that the content of water-soluble salts in the sediments depends on
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their sorption capacity, which, in turn, depends on the grain composition of the sediments.
Accordingly, finely dispersed sediment (especially in dumping areas) has a greater sorption
capacity and is more saline. However, of course, water salinity determines the content of water-
soluble salts in the sediments. The salinity of the water at the Southern Bug mouth is on average
2.3–3.5‰, the maximum being 10–11‰. During the period of spring observations, water salinity
in the area Parutyne – Lymany profile was 3.5‰, and the port Olvia profile was 3.1‰.

Mixing of two different waters: fresh river water and salty seawaters play a special role in
the formation of the hydrochemical regime of the Dnieper-Bug estuary water. Fresh river water
and salty seawaters determine the special chemical composition of the water of the Southern
Bug mouth. However, the main source of biogenic substances entering the river is river runoff,
hydrobionts, sediments and wastewater.

The indicator of the acid-base state (pH) of the water in the Southern Bug mouth is quite
variable and ranges from 6.9 to 8.9 units, depending on the growing season. Most hydrobionts
can usually tolerate a pH range of 5 to 9. Nevertheless, the change in pH to the alkaline side,
which is observed during the “water bloom”, can lead to an increase in free ammonia in the
water, into which ammonium ions pass because of the increase in pH. Both ammonium ions and
ammonia can be present in water within pH 8–9.

An important factor influencing the process of forming a chemogenic and biogenic complex
of bottom sediments is the saturation of the water object with oxygen. Bottom sediments of
natural water flow relate to the balanced aerobic-anaerobic system type. However, there are the
shifts of aerobic-anaerobic balance toward anaerobic, which, in its turn, leads to the formation
of another chemogenic complex and partial or total destruction of conventional ecotypes. One
of the indicators of aerobic-anaerobic shift in balance toward reduction can be displacement of
the ratio in the bottom sediments of iron oxides, namely the predominance of FeO over Fe2O3.
In a number of works [6–8], the dynamics of accumulation and distribution features of a number
of metals, including iron oxides, in river sediments have been analysed. The authors note that
with the increase in the volume of organic matter runoff, whose rate of biodegradation does not
keep up with the rate of its arrival, the development of anaerobic conditions is possible, which
is reflected in the ratio of metal oxides.

Determining the ratio k (Fe2O3/FeO) shows fluctuations in river redox conditions. In
the bottom layer of Parutyne – Lymany profile k (Fe2O3/FeO)>1, therefore the oxidation-
reduction conditions can be defined as transient with a non-constant aerobic-anaerobic balance
or oxidative. While in the Port Olvia profile in the bottom layer k (Fe2O3/FeO)<1 on average,
indicating the formation reducing conditions.

Thus, the study has shown that there is recently been a general tendency to silting rivers,
especially in their lower reaches. This leads to a shift in the natural aerobic-anaerobic balance
to the reducing side, which negatively affects the hydroecosystem in general. An indicator of
this process can be the ratio of iron oxides (k Fe2O3/FeO) and the value <1 [6].

The average concentration of dissolved oxygen in water during the research period was at
the level of 5.1 mg O2/dm3. However, the values of this indicator differed significantly: in the
surface water – in the range of 6.5 – 8.0 mg O2/dm3 and in the bottom layer – 0–3.5 mg O2/dm3.
In the profile Parutyne – Lymany, the oxygen content was higher than in the profile of the port
of Olvia. At two sites in the port Olvia profile, oxygen in the bottom layer of water was not
determined, and Eh of the sediment had negative values.

Relating our data to the information provided by the Laboratory of Analytical Control of the
State Administration of Ecological Resources in Vinnytsia Oblast, we can note that the data are
comparable. So, the water quality in the Southern Bug River in 2003–2008, was characterized
with the satisfactory oxygen regime (the content of dissolved oxygen was within the range of 7.1
to 10.8 mg O2/dm3 [2]; water hardness average being 3.6–8.0 mg-eq/dm3.

The concentration of total phosphorus, according to our research, in the water area of the port
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Olvia profile varied in the range of 1.4–3.2 mg/dm3; ammonium nitrogen – 0.1–0.25 mg/dm3;
nitrate concentration was determined within the range of 11.0–14.3 mg/dm3; the nitrite content
being 0.005–0.04 mg/dm3.

The degree of surface waters pollution in Ukraine is regulated by the established maximum
allowable concentrations (MAC). Most of the standards were approved during the Soviet era,
and have since then expired. However, new standards have not yet been adopted in Ukraine, so
State sanitary rules 4630-88 dated 04.07.1988 are used for comparisons. According to the state
sanitary rules, the presented indicators of nitrogen content do not exceed the norms.

The turbidity and colour of the water depend on many factors and fluctuate significantly in
the estuary of the Southern Bug throughout the year. The main natural factors of water turbidity
are the amount of solid runoff and the mass of phytoplankton (especially the development of
microalgae in the summer months). However, significant turbidity in certain areas is caused by
anthropogenic factors: dredging, shipping and dumping. Thus, the concentration of suspended
particles in the port Olvia profile water that we measured, ranged from 7.6 to 12.6 mg/dm3

(under the conditions of the MAC of 0.75 mg/dm3). According to [5], during the operation of
a dredger, the water turbidity can reach 70 mg/dm3 and spread in the radius of 50 to 150 m,
depending on the speed of the current. Undoubtedly, the decrease in water transparency is
reflected at all levels of the trophic chain of the hydroecosystem.

Determination of biological oxygen demand (BOD5) – is an indicator that characterizes the
content of easily oxidized organic substances pollutants, contained in water – confirmed the
differences between the profiles. If in the area port Olvia profile this indicator did not exceed
the MAC and fluctuated in the range of 2.3–3.1 mg O2/dm3, then in the area of Parutyne –
Lymany profile the values of this indicator were on average twice higher – 4.7–8.2 mg O2/dm3,
which in some places exceeds the MAC by one and a half times. Comparison of this indicator
with [2] resulted in same data. So, pollution with organic compounds observed (biological oxygen
demand (BOD5) fluctuated within the range of 2.11–5.4 mg O2/dm3.

The concentration of sulphates in the water slightly exceeded the MAC in the port Olvia
profile. Thus, we determined sulphate concentrations within the range of 502.5 – 532.5 mg/dm3.
In the area of the Parutino-Lymany profile, on the contrary, the concentration of sulphates was
lower, it did not exceed the MAC, and amounted to 315.0 – 340.5 mg/dm3. The chloride
content was high and was determined at the level of 3047.0 – 3244.0 mg/dm3. This is definitely
higher than the MAC, however, the chloride concentration is mainly determined by the inflow
of seawater.

In general, the hydrochemical parameters of the Southern Bug mouth water in the studied
period did not differ from the average long-term values. The most threatening situation is with
significant turbidity of the water and extremely low oxygen concentration in some places.

A key goal presented in aquatic biology studies is to introduce data characterizing the status
of the aquatic environment with a broad range of measurable indicators including in-stream
habitat, phytoplankton, zooplankton, macroinvertebrate and macrophyte assemblages.

The area of the Southern Bug mouth is a transition zone – the continuum between freshwaters
and coastal marine waters. According to the EU Water Framework Directive (The Directive
2000/60/EC) are defined as “bodies of surface water in the vicinity of river mouths which
are partially saline in character as a result of their proximity to coastal waters but which are
substantially influenced by freshwater flows”. The salinity is a major, if not the most important,
natural factor structuring the algal communities and explaining their variability within these
ecosystems [9–11]. Furthermore, transitional waters have intrinsically higher productivity in
comparison to open seawaters. This may be attributed to the fact that such zones are deemed
to be naturally stressed systems as they work as basins for runoff from their catchments and
impact of saline waters from the sea [12]. Thus, in the water area of the Southern Bug low reaches
(below the city of Mykolaiv), a transitional community is formed, consisting of freshwater and
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marine species that are on the edge of their ecological ranges.
The phytoplankton community composition of the Southern Bug estuary system fluctuates

from 50 to 60 species in the context of average long-term indicators (over the past 15 years),
which are represented mainly by cyanobacteria, diatoms and green algae [13, 14]. Diatoms
(Chromista, Bacallariophyta) have a wide range of interesting morphological and physiological
features and are the main component of marine and freshwater ecosystems [15]. The majority of
centric diatoms genera are discovered in strictly marine waters but in freshwater environments,
this group is present with much less diversity [16].

The transitional zone of the Mykolaiv area with its changing salinities is offering conditions
for the existence of 24 centric diatom taxa representing 11 genera. Species-indicators of
eutrophication in the coastal zone of the Black Sea waters, which enter the estuary and then
move upstream of the South Bug River, have been identified [17]. Thus, the following taxa
are resistant to pollution by organic substances: Aulacoseira subarctica, Cyclotella atomus,
C. choctawhatcheeana, Cyclostephanos dubius, Melosira varians, Skeletonema subsalsum,
Stephanodiscus hantzschii, S. Minutulus.

Only taxa with high euryhalinity tolerance are able to move upstream and adapt to eutrophic
freshwaters. The study [17] shows that salinity is one of the most significant factors for the
species composition of diatoms. The appearance of three alien marine species (Actinocyclus
normanii, Skeletonema subsalsum, Thalassiosira incerta) in the lower part of the Southern Bug
might be considered as the immigration of marine species into this area due to change in salinity.
Therefore, the monitoring of these species is important for biodiversity conservation.

At present, freshwater and euryhaline species prevail – up to 59%. The number of halophilic
representatives of phytoplankton varies from season to season (which is associated with the
upward of seawaters). The optimal water salinity for phytoplankton is 0.4–5.2 ‰.

In spring, cyanobacteria, diatoms and dinophytes predominate in phytoplankton. However,
the biomass of phytoplankton in spring is low, up to 1.5 g/m3. In summer, biomass of
phytoplankton increase. Cyanobacteria play the dominant role in the formation of summer
phytoplankton biomass. Many representatives of diatoms, dinophytes, and golden algae,
contained in the phytoplankton of the study area are of little value in terms of nutrition. Their
share in the formation of the total biomass of phytoplankton is 75%. During the vegetation
period, the number of phytoplankton varies within the range of 600 – 261530 cells/m3, and the
biomass – within the range from 1.45 to 21.04 g/m3. The smallest phytoplankton biomass is
observed in dumping areas (storage of sediment after dredging). In the areas adjacent to the
port under partially anaerobic conditions, the phytoplankton biomass is minimal.

The qualitative structure of cyanobacteria has not changed significantly in recent years,
which indicates the stability of the hydrobiological situation. The dominant species are:
Aphanizomenon flos-aquae, Microcystis aeruginosa, Oscillatoria agardhii, Anabaena spiroides.
Among diatoms Diatoma elongatum, Melosira granulata and Nitzchia tenuirostris are most
frequently registered. A group of protococcus dominated by Scendesmus quadricauda forms
the basis of green algae. Vegetation of other groups of algae (euglenoid, dinophytic, golden,
yellow-green) is determined at a much lower level. The dominant species are: Euglena viridis,
Cerratium hirundinella, Synura uvella.

As a result of the intensive hydrotechnical construction of the previous century, the conditions
for the existence of hydrobionts along the entire length of the Southern Bug River have changed
significantly, which was inevitably reflected in the Bug estuary ecosystem. The researched area
of the river is constantly under severe stress due to anthropogenic influence, the most important
factor among which is water turbidity, which limits the photosynthetic activity of algae. These
waters can be considered among the most affected and endangered ecosystems. Considering
that, it is difficult to exclude these impacts on the species diversity of spatial and ecological
gradual boundaries between the systems; nevertheless, salinity is believed to be a prevailing
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stressor [18,19].
Studies of microphytobenthos have carried out upstream the city of Mykolaiv [20] show a

much larger number and a greater variety of algae. Thus, data on the identification of 121 species
of algae, which belong to 61 genera, 34 families, 20 orders, 6 classes and 5 divisions, are given.
By the number of species, diatoms prevail (86 species or 71.07%), a much smaller number
of representatives fall into the rest of the divisions. Thus, there are 20 species of green algae
(16.52%), 9 species of cyanobacteria (7.43%), 3 species of euglena and chara (2.47% respectively).

The species diversity of zooplankton has almost halved over the past 30 years. At the end
of the 1990-s 72 taxa were identified in zooplankton, while in the last 5 years only 36 species
were identified in the water area of the Southern Bug mouth area. Wheel animalcules (Rotifera),
copepods (Copepoda) and water fleas (Cladocera) form the main part of the zooplankton biomass.
Freshwater and euryhaline forms dominate [13,14,21].

The number of zooplankton (average annual) does not exceed 18 th. specimens/m3 and the
biomass does not exceed 1.5 g/m3. Among the representatives of zooplankton 40% are wheel
animalcules. In spring, water fleas (up to 70%) represent the main biomass of zooplankton. The
basis of the biomass of rotifers was formed by Asplanchna priodonta. However, the numbers
were formed by smaller forms of Filinia longiseta, Brachionus angularis, Keratella quadrata.

The fauna of the depth (zoobenthos) and periphyton is more diverse and rich than the aquatic
fauna. At the mouth of the Southern Bug River (study area), water exchange is slowed down
and salinity is increased. Oligochaetes, polychaetes, gammarids and chironomids dominate in
the silt and sandy-silt bottom areas. The biomass of summer zoobenthos of silted sands is up to
26 g/m3. Among polychaetes Hypaniola kowalewskii and Nereis diversicolor dominate. Among
gammarids Pontogammarus robustoides and Dikerogammarus haemobaphus are identified.

In some places, there are still small colonies of mollusks Dreissena bugensis, and along the
spits (including the Northern Spit) there are mollusks Cerastoderma edule. Taxonomic diversity,
abundance and biomass of zoobenthos of the Bug estuary are not the same in different areas. At
great depths with increased salinity, low oxygen concentration and the presence (in some places)
of hydrogen sulfide, the zoobenthos is taxonomically poor. Oligochaetes (24%), polychaetes
(15%), molluscs (18%), and sometimes chironomids prevail in such areas not forming mass
settlements.

Studies of higher aquatic plant in the mouth area of the Southern Bug River showed a depleted
species composition of floristic communities [22], which form two plant complexes – coastal
(helophytes) and aquatic (free-floating). The helophytes community, which is formed by border
strips of different lengths and massiveness along the coastline, is represented mainly by reeds
(Phragmites australis), in some places there are cattails (Typha latifolia, Typha angustifolia),
sedges (Carex acuta, C. raparia, C. gracilis).

Mainly representatives of the genus Potamogeton qualify as aquatic vegetation, which
forms “spots” of hydatophytes and floating pleistophytes in the water area, namely: P.
crispus, P. lucens, P. pillsum, P. natans, P. perfoliatus. In addition, Myriophyllum spicatum,
Ceratophyllum demersum are found in the water area.

4. Discussion
The specificity of the processes that take place in the Southern Bug River mouth is caused
by the constant interaction of different physical and chemical properties of river and seawaters
masses. The upward-downward fluctuations of water levels are a characteristic feature of the
hydrological regime of the Bug estuary system. Getting through the flume of the navigable canal
to the Bug estuary seawater stagnates due to very slow water exchange at the bottom. Seawater
moves in the south winds and it is a constant source of increasing salinity at the mouth of the
river, which fluctuates between 2–3.5‰ for most of the year.

Another feature of the Southern Bug mouth water is its considerable turbidity. Anthropogenic
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activity is the main cause of high concentration of suspended particles in the water. It is provoked
by permanent dredging works in the Southern Bug River mouth and transporting material to
local soil dumps. In 2021, the average content of suspended solids in water in the profiles below
the city of Mykolaiv were 11.4±0.5 mg/dm3.

Current sediments of the Southern Bug mouth reflect to transformation of lagoonal sediment
accumulation. The role of sediment runoff from the Southern Bug River and the Inhul River
in the formation of the bottom relief and siltation is insignificant. The current sediment of the
Southern Bug mouth is mainly represented by pelity.

The content of pollutant elements in the sediment samples mostly does not exceed the MAC,
except for lead in one sample. However, in our opinion, the presence of reducing conditions in
river’s bottom layers fixed some samples is much more important is a great concern.

Permanent turbidity of water leads to a decrease in the photosynthetic activity of
phytoplankton, which in turn is reflected in reduced primary production. Other hydrochemical
indicators, that periodically have increasable concentration in the Southern Bug mouth water,
include: BOD5, which is characterized by periodic, sometimes significant, exceeding of MAC,
ammonium and nitrite nitrogen.

Very often, transitional water is a place with increased biodiversity as the estuarine
community consists of both freshwater and marine species. The Southern Bug mouth waters
are considered to be among the most affected and endangered ecosystems. According to the
literature review, decrease in primary productivity led to decrease in zooplankton almost by half.
The composition of phytoplankton is dominated by representatives of diatoms, dinoflagellates
and golden algae, which are of little value in terms of food, whose specific weight in the formation
of the total biomass of phytoplankton is up to 75%.

Analysing all of the above, it should be noted that the post-war revitalization of the Southern
Bug estuary ecosystem should include measures to mitigate the negative effects of anthropogenic
activity, especially the consequences of hydraulic engineering works.

5. Consequences
The presented comprehensive research can be considered as the current pre-war state of the
Southern Bug mouth ecosystem. The results of the conducted research are: assessment of the
sediments features of the researched river section, assessed water conditions and characteristic
of the groups of hydrobionts.

Appearance of reducing condition spots in sediments, increased turbidity, change of
hydrochemical conditions, reducing of some fodder species (plankton and benthos) – these are
short list of current anthropogenic transformation of Southern Bug mouth ecosystem.

The first and urgent measures to revitalize the mouth of the Southern Bug should be actions
to eliminate and mitigate the consequences of hostilities. Further revitalization measures should
be aimed at preserving biodiversity, which is possible under the conditions of maintaining the
normal state of water and sediments in the Southern Bug, especially in the transitional estuarine
zone.
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Abstract. The article presents the results of research into the process of transferring electrical
energy from solar panels through a hybrid solar inverter to a three-phase electrical network. An
automatic regulation system is presented, which provides power regulation and operation in the
mode of maximum power selection from solar panels. The results of the study of the energy
efficiency of the system, the parameters of electromagnetic compatibility and the emission of
higher harmonic currents are presented.

1. Introduction
The generation and consumption of electricity in the world is constantly growing. At the same
time, the generation of electricity from alternative energy sources, including solar photovoltaic
panels (PV), is also growing rapidly [1, 2].

In 2020 total electrical power generation of all solar panels was about 760 GWh, what is
approximately 3% of the world’s total electricity. At the same time, the total amount of solar
energy that the Earth receives from the sun per year is 174·1014 PWh, which indicates significant
reserves of the possibility of solar generation [3, 4].

The conversion of sunlight into electric current with the help of the photoelectric effect, which
occurs in solar photovoltaic cells. The first solar photovoltaic cell was invented by the American
scientist Charles Fritts back in the 1880. The first industrially produced solar cell was developed
in 1931 by the German engineer Bruto Lange. However, the efficiency of such a solar element was
approximately 1%. Since then, the parameters of solar panels have been constantly improving.

Monocrystalline solar panels, polycrystalline solar panels and thin-film solar cells are widely
used today. The most important parameters of solar panels are their efficiency and cost.
Polycrystalline solar panels have an efficiency of 15.5-18%, and monocrystalline solar panels
have an efficiency of 18.5 to 23.5%. However, monocrystalline solar panels have a higher cost,
which is due to the fact that monocrystalline panels use monocrystalline silicon with a very high
degree of purification above 99.99% [5,6].

Today, some experimental samples of solar panels have an efficiency above 47%. In 2013,
Sharp created a three-layer 4×4 mm indium-gallium-arsenide photocell with an efficiency of
44.4%. Another way to increase the efficiency of solar panels is the use of additional lenses.
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Thus, a group of specialists from the Institute of Solar Energy Systems of the Fraunhofer Society,
the companies Soitec, CEA-Leti and the Berlin Helmholtz Center created solar panels using a
Fresnel lens, a photocell with an efficiency of 44.7%.

In 2014, the Fraunhofer Institute for Solar Energy Systems created solar cells in which, thanks
to a lens focusing light on a very small photocell, the efficiency is 45%. Therefore, the prices
of such solar cells are an order of magnitude higher. A promising direction is the creation
of nanoantenna-based photocells that work on the direct rectification of currents induced in
the antenna of small sizes (about 200-300 nm) by light (that is, electromagnetic radiation of
a frequency of about 500 THz). Nanoantennas do not require expensive raw materials for
production and have a potential efficiency of up to 85%. But this technology is not yet ready
for serial production [7, 8].

The purpose of the study is to obtain scientific results of the process of transferring electrical
energy from solar panels through a hybrid solar inverter to a three-phase electrical network. To
achieve the purpose, the following objectives were set:

• to develop a simulation model of a system for generating electricity from solar panels to a
general industrial network using a solar inverter;

• investigate transients in the electrical network and solar panel when starting the converter.

2. Results and discussion
One of the most important characteristics of solar panels is its current-voltage characteristic,
the shape of which depends on the level of solar radiation and temperature. For an example,
consider the volt-ampere characteristics of the Era-370W-24V-Mono solar panel (figure 1).

At the same time, the current-voltage characteristics of the solar panel largely depend on
the temperature of the panel, while an increase in temperature reduces the generated power
(figure 2). Based on figure 2, it can be seen that when the solar panels are heated, the voltage
and current, and therefore the power generated by the solar power, decreases. So, it makes sense
to cool the solar panels. Thus, lowering the temperature of a heated solar panel from 75 °C to
–25 °C will increases the maximum generated power by approximately 35%.

When the current consumed by the solar panel changes, the voltage of the solar panel changes,
and thus the power generated by the solar panel changes. At the same time, the dependence of

Figure 1. Current-voltage characteristics of
solar panel Era-370W-24V-Mono at different
levels of solar radiation (with ambient
temperature of 25 °C).

Figure 2. Current-voltage characteristics
of solar panel Era-370W-24V at different
temperatures (at a sun radiation intensity of
1000 W/m2).
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Figure 3. Dependence of the
maximum power of the solar panel
as a function of the consumed
current and the level of solar
radiation.

the power of the solar panel on the consumed current is shown in (figure 3). It can be seen that
the solar panel has a point of generation of maximum power, which is determined by a certain
amount of current consumed by the solar panel. Thus, by adjusting the amount of current
consumed by the solar panel, it is possible to enter the maximum power generation mode. This
algorithm is called MPPT – maximum power point tracking [9, 10]. Most traditional MPPT
algorithms are based on the concept of tilt tracking. One of the typical tilt tracking methods
is the algorithm Perturb and Observe (P&O). The disadvantage of this method is the loss of
generated power during the search for the point of maximum power generation, which can last
for a considerable time.

Determining the maximum power generation point can also be done by exact calculation
by polynomial approximation of the solar panel current-voltage characteristics and using solar
radiation and temperature sensors [11,12].

Polynomial approximation of the current-voltage characteristics of the Era-370W-24V-Mono

Figure 4. Power generation system “solar panels – solar inverter – electric grid”.
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sleeper panel at different levels of sony radiation:

• at a sun radiation intensity of 1000 W/m2:

ipv1000(u) = −44500u5 + 31375u4 − 7716u3 + 764.46u2 − 24.9u + 18.2; (1)

• at a sun radiation intensity of 800 W/m2:

ipv800(u) = −46402u5 + 33583u4 − 8494u3 + 866.8u2 − 29.1u + 14.7; (2)

• at a sun radiation intensity of 600 W/m2:

ipv600(u) = −1980888u6 + 176912u5 − 60166u4 + 9587u3 − 698.9u2 + 18u + 11; (3)

• at a sun radiation intensity of 400 W/m2:

ipv400(u) = −209032u6 + 189327u5 − 64729u4 + 10272u3 − 739.4u2 + 18.68u + 7.097. (4)

The obtained polynomials make it possible to analytically determine the generation point
of the maximum power of the solar panel as a function of the current consumed by the hybrid
inverter. Thus, by regulation the the solar panel current, it is possible to obtain the maximum
power that is functionally realized by the semiconductor converter that takes power from the
solar panel.

Converters, called solar inverters or hybrid inverters, perform the functions of selecting
electrical energy from solar panels, operating in the maximum power generation mode, and
ensuring the transmission of electrical energy to the general industrial electrical network
(figure 4) [13,14].

The standards EN 50549-1, EN 50549-2 define the requirements for generating plants to be
connected in parallel with distribution networks [15,16].

A solar inverter, when generation electrical energy to the electrical network, can work both
in the voltage-source mode and in the current-source mode. When operating in current-source
mode, the solar inverter must operate in a mode similar to the operation of a power active
filter with forced formation of a given shape and phase of the current. At the same time, the
generation mode in the current source mode has significant advantages, namely: the possibility
of operation in the power factor mode close to unity; peration in reactive power compensation
mode; operation in the mode of compensation of higher current harmonics caused by non-linear
and impulse load of the electrical network. At the same time, the low level of higher harmonics
of currents in the electric network causes a decrease in additional power losses in it.

At the same time, for operation in the power active filter mode, a necessary condition for
stable operation is the need to maintain the voltage on the solar panels higher than the amplitude
value of the linear voltage of the electrical network [17,18].

To maintain this condition, it is necessary to connect a fairly significant number of solar panels
to a solar inverter. When the voltage generated by the solar panels is lower than the amplitude
value of the line voltage of the network, then it is necessary to use additional step-up DC–DC
converters between the solar panels and the solar inverter [19, 20]. Also, DC–DC converters
can be used, providing galvanic isolation between the input and output of the converter. These
converters: flyback converter; forward converter; half-bridge push-pull converter junction; full
bridge DC–DC converter.

In addition to the function of increasing the voltage from solar panels, DC–DC converters
also provide the function of extracting electricity from the solar battery to chemical energy
storage devices, such as acid, alkaline or lithium-ion batteries, implemented by semiconductor
converters. To implement the function of maximum power selection from the solar panel in



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012092

IOP Publishing
doi:10.1088/1755-1315/1254/1/012092

5

Figure 5. Matlab model of the system “solar panels – solar inverter – electric network”.

Figure 6. Current-voltage characteristic and power-voltage characteristic.
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the DC–DC converter, it is necessary to ensure the implementation of the input current value
adjustment for maximum power selection from the solar panel [21,22].

To determine the parameters of the intensity of the power of electrical energy, which is
generated in the sleep panel through the sleep panel, as well as the implementation of the
selection of the maximum tension in the sleep panels, a computer simulation model has been
developed, which is shown in figure 5.

In the model, the block of solar panels consists of 500 solar panels of the Soltech 1STH-215P
type (10 parallel solar panels, 50 serial solar panels in each branch). The maximum current
generated by the block of solar panels is 73.5 A. The maximum power generated by the block
of solar panels is 1450 V. The maximum power of a block of 500 solar panels is 106.57 kW (at
a solar radiation level of 1000 W/m2 and at a temperature of 25 °C).

The main parameters of the Matlab model of the power active filter are given in table 1.

Figure 7. Structure of the hybrid inverter control system.
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Table 1. Main parameters of Matlab model.

Parameter Value

Network voltage, V 220/380
Network load active resistance, Ohm 5
Network inductance, mH 0.1
Inductance of the inductor of the hybrid filter, mH 0.6
Hybrid inverter capacitor capacity, mF 2
PWM frequency, kHz 1-10

Current-voltage characteristic of a set of 500 solar panels simulated in Matlab model is shown
in figure 6.

The control system of the hybrid inverter is implemented on the basis of the control system of
the power active filter with PWM control with an adjustable modulation frequency from 1 kHz
to 10 kHz. The structure of the control system implemented in the model is shown in figure 7.

The implementation of the maximum power selection in the hybrid inverter is implemented
by controlling the phase current of the solar inverter by setting the modulation coefficient.

Transient processes of current, voltage and power of solar panels at the start of the solar
inverter are shown in figure 8. As can be seen from figure 8, the voltage of the block of solar
panels increases from zero during startup.

Figure 8. Voltage, current and power of a solar panel delivered by a hybrid inverter.
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As is known, the condition for the implementation of the power factor correction mode and
the formation of the sinusoidal form of the generated current is that the voltage in the direct
current link of the solar inverter is higher than the amplitude value of the line voltage of the
network, into which the energy from the solar panels will be transferred. Therefore, to improve
the start-up mode of the solar inverter, it is advisable to perform the start-up with a precharged
capacitor of the inverter to the level of a larger amplitude value of the line voltage of the network
(figure 9).

Figure 9. The transition process of transferring electrical energy from the hybrid inverter.

The power factor in the mode of generating electricity to the electric grid is 0.991. The
results of the harmonic analysis of the form of the current generated from the solar inverter to
the electric grid are shown in figure 10.

As can be seen from figure 10, the current generated from the solar inverter to the electrical
network has a harmonic distortion coefficient equal to 3.63%, and the amplitude value of all
harmonics in the spectrum does not exceed 2.4%, which meets the requirements of international
standards.

To calculate the efficiency of the hybrid inverter, the characteristics of the IGBT module
CM1200DC-34S, Mitsubishi with a nominal current of 1200 A and a nominal voltage of 1700 V
were taken. The characteristics for which the calculation was given and which determine power
losses are shown in figure 11.

The results of polynomial approximation of the energy characteristics of power transistors at
a temperature of 25 °C are given in the following expressions.

When using the developed algorithm, power losses were determined, as well as the quality of
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Figure 10. Harmonic analysis of the shape of the current generated from the solar inverter.

the realized current when setting different modulation frequencies.

Uce(Ic) = −0.162I4 + 0.942I3 − 2.009I2 + 2.746I + 0.57; (5)

Ufw(If ) = −0.185I4 + 1.054I3 − 2.171I2 + 2.735I + 0.68; (6)

Eon(Ic) = 0.2406I2 − 0.006I + 0.0496; (7)

Eoff (Ic) = 0.0587I2 + 0.1842I + 0.0547; (8)

Erec(If ) = 0.0054I5 − 0.0368I4 + 0.1002I3 − 0.1601I2 + 0.2309I + 0.0227. (9)

The calculation carried out during modeling determined the dependence of the amount of
power loss in one power switch of the inverter as a function of the PWM frequency in figure 12.
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(a) (b)

(c)

Figure 11. Energy characteristics of the CM1200DC-34S module: (a) volt-ampere
characteristic of the transistor; (b) volt-ampere characteristic of the reverse diode; (c)
dependences of the switch-on energy, switch-off energy and reverse diode recovery energy from
the commutated current.

Dependence of power losses in the CM1200DC-34S power transistor on the PWM frequency
at a DC link voltage of 1500 V and a current amplitude of 223 A (maximum power point of
solar panels).

Thus, the efficiency of the hybrid inverter when transferring electricity from the solar panels
to the electrical network was from 98.4% at a PWM frequency of 1 kHz to 92.7% at a PWM
frequency of 6 kHz.

3. Conclusions
The article shows that the generated power from solar panels has a maximum point, which
depends on the amount of current consumed from the solar panel. The circuit solutions of
semiconductor converters are determined, which provide the maximum power extraction modes
from solar panels and the transmission of electricity to general industrial electrical networks
with high quality parameters.

The developed computer simulation model of a system for generating electricity from solar
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Figure 12. Dependence of power losses in the CM1200DC-34S power transistor.

panels of Soltech 1STH-215P types to a general industrial network using a solar inverter with a
PWM control system, which makes it possible to transfer electrical energy with a power factor
close to unity (0.98) with a low level of higher harmonics (total harmonic distortion 3.36%).

The model also explores the transients in the electrical network and the solar panel when
starting the converter. Recommendations are given for starting a solar inverter with a pre-
charged capacitor, which will improve the quality of the current in the start mode.
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Abstract. European grayling is a perspective object of a recreational fishing. In addition, the
presence of this species in sufficient quantities in rivers has a positive influence on the formation
of the recreational attractiveness of mountain regions, where tourism is one of the main sources
of local communities existence. However, grayling stocks in the watercourses of Ukraine are
significantly depleted nowadays, and populations are in a condition of lack, what has led to
the inclusion of this species into the Red Book of Ukraine. Working out of biotechnologies of
artificial reproduction of rare fish species in aquaculture conditions for the further reintroduction
of the resulting offspring into natural water bodies takes an important place in the system of
environmental protection measures to preserve biodiversity. After all, the reintroduction into
nature of artificially obtained fish fry is one of the effective ways to restore the optimal number
and structure of rare fish species natural populations, and this, in turn, will allow in the future
to restore the limited exploitation of the stock of these fish species. One of the critical artificial
fish reproduction technology links is the transfer of larvae to external nutrition. Namely on this
stage the highest mortality rates are observed. The usage of live feeds as a starter fodder can
significantly improve the situation. Forage organisms, in addition to having high nutritional
value, can serve as delivering tools of various targeted products, including probiotics, to a fish
larvae organism. The assessment of the usage of probiotic strain Lactobacillus casei IMV B-
7280 feasibility is carried, and also the possibility of usage the culture Daphnia magna Straus,
1820 grown in the presence of trehalose lipids, within the technology of early feeding of the
European grayling Thymallus thymallus (Linnaeus, 1758). It was shown that the larvae of the
European grayling, which received investigated probiotic microorganisms strain, had 15% bigger
weight on the final stages of feeding than the larvae of the control group. Introduction to the
diet of grown-up grayling larvae of the culture Daphnia magna, previously received of common
cultivation with microalgae Desmodesmus armatus (Chodat) E.H.Hegewald 2000 with addition
of trehalose lipids, contributed to the reduction of larval mortality and the acceleration of their
growth rate. Further improvement of proposed approaches of growing grayling fish planting
material can be extrapolated to other fish species and in the future may be applicable in the
process of growing rare fish species in conditions of farm aquaculture fish farms, what will allow
them to be involved into environmental protection activities by placing appropriate orders. This,
in its turn, will contribute to the stable development of communities in rural areas.
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1. Introduction
The development of methods and practical measures for gene pool preservation and population
size restoration of rare and vulnerable aboriginal fish species requires the implementation of
integrated research, among which the work out of reproduction biotechnologies of such species in
the conditions of aquaculture, takes prominent place. European grayling, in addition to having
high food and taste qualities, is a promising object of recreational fishing. Due to this fact, the
presence of this species in sufficient quantity in rivers has a positive influence on the formation
of recreational attractiveness of mountain regions, where one of the main sources of existence of
local communities is tourism. However, nowadays grayling stocks in the watercourses of Ukraine
are currently significantly depleted, and populations are in a condition of lack, what has led to
the inclusion of this species into the Red Book of Ukraine. Restoring the optimal number and
structure of natural populations is one of the main prerequisites for removing the species from
the protection lists, including from the Red Book of Ukraine, and will allow limited exploitation
of fish stocks in the future.

Usage of aquacultural methods of supporting the quantity of rare and endangered fish has
found an application in the countries of the European Union. Thus, due to the artificial fish
reproduction and the growing of resulting offspring to a viable condition for further stocking in
the Baltic countries, it became possible not only to restore the normal population size of brown
trout, and also to implement licensed fishing for amateur fishermen. There is the same situation
with the population of Danube salmon in Slovakia.

The development of correction technologies of live feeds nutrient composition in order to
improve their nutritional value will allow to increase the young fish survival on early stages
of development and thereby to reduce the cost of receiving fish planting material works.
Improved and developed technologies and approaches of receiving and growing rare fish species
planting material to a viable condition, including the European grayling, in future will find
an application in the process of growing these species in conditions of aquaculture fish farms,
what will allow in the future find application in the process of growing these species in the
conditions of farm aquaculture fish farms, which will allow them to be involved into environmental
protection activities by placing appropriate orders. This, in its turn, will contribute to the stable
development of communities in rural areas.

Usage of probiotics in aquaculture as treatment-and-prophylactic means of dysbiosis correction
is an efficient method of compensation of negative effect of strenuous conditions of fish keeping
within industrial aquaculture. In addition to increasing various fish diseases resistance, probiotics
are able to synthesize a number of extracellular enzymes, what increases the bioavailability of
forages and ensures decreasing in its costs, what contributes to the intensification of fish growing
processes [1]. Usage of probiotics also positively influences on stabilization of digestive tract
functions and improving its enzymatic activities, normalizing of mucus formation on the fish
body surface and improving of the gill apparatus [2]. Probiotic microorganisms contribute
to enhancing of phagocytic, lysozyme, complement acrivities, and also expression of various
cytokines in fishes [3].

Among the great variety of probiotic microorganisms, representatives of the genus
Lactobacillus cause a substantial interest for aquaculture. It is based on the fact that there were
not found any species of Lactobacillus, which could be pathogenic or conditionally pathogenic to
aquatic organisms [4]. Due to a number of adaptive capabilities, namely a high level of adhesion,
synthesis of organic acids and hydrogen peroxide, resistance to adverse conditions of digestive
tract, they are able to colonize digestive tract of hydrobionts successfully and resist pathogenic
microflora [5].

One of the main technological problems of the use of probiotic preparations is related to
ensuring targeted delivery of the appropriate bacteria to fish organism. Probiotics introduction
directly into water leads to its dispersion in a significant volume of the environment, its
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introduction into granular forages is also problematic - in the process of extrusion, which is
used in the production process of most types of modern production forages, the viability of
microorganisms can significantly decrease. Live feed can serve as a reliable vector for targeted
delivery of probiotics into fish organism [6]. Traditionally in aquaculture brine shrimp nauplia
are used as a live feed, which are of the right sizes for feeding early larvae of the vast majority
of fish species [7]. On the later stages of fish development, it is more expedient to use
larger feed organisms, in particular various species of Cladoceran [8]. It makes improving
the increasing technologies for a biomass of live feeds an urgent issue, namely searching for
inexpensive alternative environments, a possibility of nutrient correction, and most important –
the acceleration of cultivation rates. The usage of biosurfactants allows to improve absorption
of nutrient substrates by forage organisms, in particular by daphnias, what ensures the growth
rate of their biomass acceleration. Within the biotechnology of receiving biosurfactants the main
method is a microbial synthesis. In particular, in such way trehalose lipids can be received. At
the same time, it is important to understand whether the appropriate preparations will not have
a negative impact on fish, which is fed with live feeds grown with the usage of biosurfactants.

The usage of live feeds and probiotics helps to increase the viability of young fish. This
is especially relevant in production of fish planting material intended for introduction into
nature. After all, the living conditions change during fish transfer from comfortable aquaculture
conditions to natural water reservoirs is often the cause of large losses. Receiving of fry with
high viability is especially relevant within carrying out work on a rare fish species reproduction.

Taking into account the above, the aim of the work was to assess the feasibility of probiotic
strain Lactobacillus casei IMV B-7280 usage and also, the opportunity of usage the culture
Daphnia magna grown in the presence of trehalose lipids, within the technology of early feeding
of the European grayling Thymallus thymallus (Linnaeus, 1758).

2. Materials and methods
Experimental growing of European grayling larvae took place in 2021 on the State Enterprise
“Trout hatchery “Lopushno” basis, which belongs to the department of the State agency of land
reclamation and fisheries of Ukraine. Incubation of caviar and growing of fish planting material
was carried out according to generally accepted recommendations for grayling [9]. Larvae were
reared in 20×40 cm trays with a water volume of 18 liters. During all the time of experimental
growing the quality of water was controlled with Combo Water Testing Meter AZ-86031.

In both control and experimental groups, the initial number of larvae in trays was 500
individuals. Experimental feeding of larvae was started on the ninth day after hatching from
eggs. Introduction of forage was carried out every hour from 8:00 a.m. to 7:00 p.m., alternating
with starter dry forage Biomar and live feeds. As starter live feeds nauplia artemia was used,
namely Artemia spp.

On the first stage of experiment with a duration of 13 days grayling larvae received
corresponding dry forage Biomar and intact nauplia artemia, and larvae of experimental group –
dry forage and nauplia artemia enriched by probiotic microorganisms culture Lactobacillus casei
IMV B-7280.

The cultivation of artemia was carried out with common aquacultural method [10] . After the
procedure of cleaning cyst sash and cysts which did not hatch, nauplia artemia were transferred
to a fresh environment with the appropriate salinity, where lyophilized cultures of probiotic
microorganisms with a concentration of 5×1011 CFU/l were introduced. The bioencapsulation
procedure lasted for 12 hours with constant aeration and lighting.

On the second stage of experiment with a duration of 7 days was investigated the expediency of
live feeds usage within the technology of feeding grown grayling larvae. From individuals, which
previously got the standard ration without probiotics, the control group of grayling larvae was
created and they were fed with the dry forage Biomar, and also research group in which fish got
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live feeds besides the dry forage, namely Daphnia magna Straus, 1820. Feeding was carried out
every hour and half during daylight hours. The initial number of grayling larvae is 200 individuals
in each tray. In order to increase the nutritional value of forage organisms, daphnia was cultivated
together with the green microalgae Desmodesmus armatus (Chodat) E.H.Hegewald 2000 [11].
Acceleration of the growth rate of biomass was provided by the addition of trehalose lipids
preparation, which was received from the culture fluid of Rhodococcus erythropolis.

All researches were performed in triplicate. Effects of dietary treatment were analyzed by
a one-way analysis of variance (ANOVA), followed by Tukey’s or Student’s post hoc test to
determine significant differences. Previous to statistical analysis, data were transformed with
natural logarithm if identified as non-homogenous (Levene’s test) to meet the assumptions for
statistical methods. Mean values were considered significantly different at p ≤ 0.05. Statistical
analysis was computed using MS Excel software and STATISTICA 6.0 application package.

3. Ethical considerations
The research conducted in this study adhered to a comprehensive set of ethical principles and
guidelines in compliance with both national regulations in Ukraine and institutional policies.
Below are the specific ethical considerations and procedures that were followed throughout the
experiment:

3.1. National and institutional compliance
1. All aspects of this research were conducted in strict accordance with the principles outlined

in the European Convention on the Protection of Vertebrate Animals Used for Research
and Other Scientific Purposes. This convention outlines the ethical treatment of animals in
scientific research and serves as a fundamental guideline for our ethical approach.

2. We also adhered to the relevant national legislation, specifically the Law of Ukraine “On the
Protection of Animals from Cruelty”. This law governs the ethical treatment and welfare of
animals used in research within the jurisdiction of Ukraine.

3.2. Animal welfare and care
1. Throughout the entire duration of the experiment, we maintained a rigorous standard of

constant care for the animals involved. This included regular monitoring of their health and
well-being, with immediate action taken to address any signs of distress or discomfort.

2. Special attention was given to ensuring that the animals did not experience any unnecessary
pain, suffering, or anxiety. Procedures and handling techniques were designed to minimize
stress and discomfort.

3. In cases where it was necessary to euthanize animals, we employed humane methods that
were consistent with internationally accepted practices to minimize suffering.

4. To minimize the impact on the animal population, we carefully selected the smallest
necessary number of animals required to achieve the research objectives effectively.

3.3. Personnel qualifications
All individuals involved in conducting the experiments and caring for the animals possessed
appropriate educational and professional training. This ensured that the highest standards of
animal welfare and ethical conduct were upheld throughout the study.

4. Results and discussion
At the the Trout hatchery “Lopushno” the experience of artificial reproduction of aboriginal
salmon fish is accumulated, including European grayling what is highlighted in a number of
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scientific publications [12, 13]. Further researches are aimed at improving proven technologies.
Special attention is paid to the problem of young fish mortality reducing and accelerating its
growth rates.

On this farm, the incubation of grayling caviar is carried out in horizontal tray apparatuses for
salmon fish. Due to the lack of an opportunity to heat the water, the duration of incubation of
eggs and hatching periods at the enterprise depend on weather conditions and may significantly
differ in different years. An average embryogenesis of grayling lasts 22-24 days [13]. In 2021
the interval between the beginning and the end of embryos hatching from caviar took 11 days.
Larvae transition to exogenous nutrition began on the sixth day after hatching, and after 9
days 100% of survived larvae switched to external nutrition, what correspond with the data of
other authors [13]. Accordingly, that is why namely on the 9th day after the embryos hatching
completion, experimental grayling larvae feeding was started, and was carried out in two stages.

During the experiment, the water temperature in the trays increased by approximately 2 °C,
while the concentration of oxygen dissolved in the water, changed insignificantly (figure 1). In
general, the quality of water corresponded to the norm [9].

Figure 1. Dynamics of water temperature and concentration of oxygen dissolved in water during
experimental European grayling larvae feeding.

Research results showed that grayling larvae, which received encapsulated into artemia
lactobacilli, were characterized by a higher growth rate at all stages.

Thus, with the same average initial body weight of 0.02 g, after thirteen days, individuals
of the research group were 15% heavier than larvae from the control group (figure 2). It
is known that probiotic microorganisms are able to product extracellular digestive enzymes,
including protease [2]. As a result, nutrients are engulfed and absorbed more efficiently during
a simultaneous use with probiotics, and forages, enriched with them, have a higher nutritional
value.

Besides, it is known that L. casei has the ability to produce a specific bacteriocin-caseicin,
which has an expressive bacteriostatic and weak bactericidal action. Caseicin can be producted
extracellularly as well as inside a cell in a ratio of 50 : 1 [14]. It can be assumed that this
bacteriocin contributes to the increased elimination of pathogenic and conditionally pathogenic
microorganisms in nauplia artemia, which are received from cysts collected of natural conditions.
It allows to protect young fish to some extent from pathogens which may be transmitted with
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Figure 2. Dynamics of body weight accumulation of European grayling larvae during feeding
with artemia, non-encapsulated and encapsulated with lactobacilli.

live feeds.
The positive effect of using live feeds lies in the fact that they have the necessary set of

nutrients for fish, as well as contain their own hydrolytic enzymes which improve the functional
activity of fish larvae digestive tract, increase the level of feeds conversion and their digestibility.
All of this contributes to the growth intensification processes of young fish.

The introduction of D. magna to ration of European grayling youth contributed to the faster
accumulation of fish body weight. Thus, the average daily gain of individuals of the control
group amounted 3.1 g, and the larvae of the research group – 4.3 g, what is 36% more (figure 3).

Producers of a large quantity of essential micronutrients for fish are microalgae [15, 16].

Figure 3. Dynamics of body weight accumulation of growing European grayling larvae under
conditions of adding live feed to the diet.
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However, due to the existing cell wall, algae are often poorly digested by fish. In return,
phytomass is partially digested in a digestive tract of zooplankton, what makes it bioavailable to
a fish organism [11]. According to this, combined cultivation of microalgae with feed zooplankton
allows to receive live feeds with improved nutritional value.

According to this, one of the problems of receiving a sufficient amount of live feeds for
young fish feeding is the rapid increase of its biomass. This can be achieved with the help of
biosurfactants usage. Among the wide variety of biological surface-active substances, trehalose
lipids are perspective for use – it is the one of glycolipids groups, in which the carbohydrate
component is represented by trehalose. Trehalose is a disaccharide in which 2 residues of
D-glucose are connected by an α, α-glycosidic bond. Trehalose dissolves well in water and
alcohols. According to this, its compounds with fat acids and other lipid nature substances have
amphipathic properties, i.e., they dissolve in water and as well as non-polar solvents. It allows
nutrients in a digestive tract to form micelles and to transform hydrophobic compounds into
a soluble condition [17]. The ability to form micelles, on the one hand, ensures emulsification
of fats, what speeds up their digestion, and on the other hand, facilitates the transportation
through biological membranes, thereby improving an absorption in intestines.

Previous researches have pointed out that the introduction of biosurfactants speeds up the
growth rate of forage zooplankton cultures and also reduces the effective concentration of
biocides [18].

Trehalose lipids are synthesized in significant quantities by Rhodococcus erythropolis and are
accumulated in a culture liquid. The question remains whether the rests of biosurfactants or
their derivatives will have a negative effect on young fish. Previous researches have pointed out
that the introduction of growing grayling larvae of live feeds biomass, grown by co-cultivation
with green algae in presence of trehalose lipids, intensifies the growth rate of fish larvae mass, as
well as contributes to increasing of survival rate of fish of the research group in comparison with
the control group of individuals (figure 4).

5. Conclusions
Feeding of European grayling larvae during the period of its transition to external nutrition with
nauplia artemia, enriched with lactobacilli Lactobacillus casei IMV B-7280 ensures acceleration
of growth processes.

Figure 4. Dynamics of European grayling larvae survival under conditions of live feeds of adding
live feed to the diet.
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Introduction of Daphnia magna culture, previously received of co-cultivation with microalgae
Desmodesmus armatus with addition of trehalose lipids, into a growing grayling larvae ration,
contributes to reducing the mortality of young fish and accelerating its growth rate.

The usage of lactic acid probiotic microorganisms Lactobacillus casei IMV B-7280 for
incapsulation in artemia nauplia, and also the procedure of co-cultivation live feeds with
microalgae in in the presence of biosurfactants, may be appropriate for young fish feeding, but
the effectiveness of these procedures has to be investigated for each specific species separately.
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Abstract. Heap leaching technology is increasingly being used to extract metals from poor
ores, especially in the gold mining industry and is characterized by low capital costs compared
to other methods. The purpose of this work is to develop modes and indicators of heap leaching
of gold from the destructured oxidized ore of the Belsu deposit, Kazakhstan. The material
composition of the ore has been studied, studies of percolation and pelletizing modes have been
carried out. For the first time, studies on heap leaching for oxidized ore of the Belsu deposit
(Kazakhstan) were conducted. It has been established that gold is well extracted by heap
leaching from ore crushed to -25 mm and -12 mm after preliminary pelletizing. The degree of
dissolution of gold from ore with a size of -25 mm and -12 mm has similar values – 74.41% and
76.57%, respectively. The leaching tails contain 0.478 g/t and 0.440 g/t gold. The consumption
of sodium cyanide did not exceed 0.47 kg/t. The expected extraction of gold into the Dore
alloy will be 66.60-68.53% with an initial gold content of 1.87-1.88 g/t in the ore. According to
the developed technology, an industrial plant for heap leaching of gold from oxidized ore of the
Belsu deposit was built.

1. Introduction
Heap leaching technology is increasingly being used to extract metals from poor ores, especially in
the gold mining industry and is characterized by low capital costs compared to other methods.
For many decades, the demand for heap leaching has been growing due to its environmental
advantages [1–5]. The long-term practice of foreign plants using this technology confirms their
high technical and economic efficiency [4–10].

However, a big problem is the destructured and clay ores, which reduce the seepage of
the gold-dissolving solution, which leads to decrease of gold extraction [11–15]. Based on
the extensive experience of heap leaching operations, agglomeration of crushed ore can be
successfully considered and used as a pretreatment of ore that contains a significant amount
of fines and clay minerals [14–21].

The purpose of this work is to develop modes and indicators of heap leaching of gold from
the destructured oxidized ore of the Belsu deposit, Kazakhstan with recommendations for use
on an industrial scale.
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2. Experiment
2.1. Materials
The gold-bearing ore of the Belsu deposit in the Abay district, Abay region, Republic of
Kazakhstan was studied (figure 1). The technological sample is represented by two types of ores
in terms of physical structure: destructured weathering crust (sometimes clumped together) and
strong quartz-containing pieces of ore, the number of which is much smaller by weight.

Figure 1. General view of the ore deposit.

2.2. Methods
According to the results of assay analysis, the average gold content in the ore is 1.88 g/t. The
chemical composition of the ore is shown in table 1.

The industrial value in the sample is gold. Other metals are contained in insignificant
quantities and are out of interest for industrial production. Arsenic is practically absent, and
the antimony content was 0.082%. The sample belongs to a poor sulfide type of ore (Sulfide <
1%). According to the degree of oxidation, the sample is assigned to the oxidized zone. The
results of wet sieve analyses of a crushed sample with a size of -25 mm and -12 mm are shown
in figures 2-4.

The visual determination of a large amount of destructured ore in the sample was confirmed
by the results of the sieve analysis. According to the physical condition, the initial ore sample
(and even more crushed ore) is highly destructured. The amount of fine grade (-2.5 mm) in
the crushed sample of -25 mm and -12 mm was 82-83%. This will create serious problems for
leaching solutions to seep through the ore stack during heap leaching.
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Table 1. Chemical composition of gold-bearing ore of Belsu deposit.

Components Content, % Components Content, %

Copper 0.037 Potassium oxide 1.37
Nickel 0.003 Silicon oxide 57.42
Cobalt 0.013 Aluminum oxide 16.40
Zinc 0.041 Arsenic 0.02
Lead 0.042 Antimony 0.082
Iron 5.66 Total sulfur 0.43
Calcium oxide 1.75 Sulphate sulfur 0.40
Magnesium Oxide 1.10 Sulfide sulfur 0.03
Sodium oxide 0.59 Degree of sulfur oxidation 93.02

Figure 2. Granulometric characteristics of crushed ore.

2.2.1. Laboratory tests of cyanide leaching of gold. To evaluate the type of the gold in the ore,
standard bottle tests were carried out on crushed ore with a grain size of 90% of the -0.071 mm
class. To assess the change in the degree of dissolution of gold with an increase in the size of
the ore, an additional bottle test is carried out on crushed ore with a size of -2.5 mm.

Laboratory studies on cyanide leaching were carried out in a bottle agitator with a rotation
speed of 30 rpm. The modes of leaching were as follows: the mass of ore samples for each
experiment was 300 g, the ratio Solid:Liquid = 1:2, pH 10-11, the concentration of sodium
cyanide was 0.100%, the duration of leaching was 24 hours. During the leaching process, the
concentration of sodium cyanide and the pH of the solution were monitored, reagents were added
if necessary.
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Figure 3. Change in gold content for ore of various sizes by class.

Figure 4. Distribution of gold for ore of various sizes by class.

2.2.2. Determination of percolation characteristics of the initial non-pelletized ore. In world
practice, when the ore size is less than 12 mm, as a rule, preliminary pelletizing of the ore
with cement is carried out before stacking it. Pelletizing is carried out in agglomerating
devices of various types. All this requires certain material costs and increases the cost of gold
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production [6,14,15,19]. In this regard, the possibility of using non-pelletized raw materials was
tested by determining its percolation properties.

To test the possibility of using non-pelletized ore for heap leaching, percolation tests of ore
samples with a size of -25 and -12 mm, i.e. the size that will be used during column tests, were
carried out.

Percolation tests were carried out in a column with a diameter of 97 mm and a height of
515 mm. The column was filled with 5.0 kg of ore, its compaction was performed by shaking,
water was poured from the bottom up, the degree of shrinkage of the ore was determined after
soaking, after holding for 2 hours and additional shaking, the maximum percolation rate of water
through the ore layer was determined.

2.2.3. Research on the technology of heap leaching of gold. Studies on the technology of heap
leaching of gold were carried out in columns. Heap leaching of gold in columns was carried out
in a closed cycle: leaching of gold from ore with alkaline cyanide solutions; sorption of dissolved
gold with a sorbent; return of the solution to leaching after adjusting the concentration of sodium
cyanide and pH.

Anion exchange resin AM-2B was used as a sorbent for the extraction of dissolved gold from
productive solutions. The choice of ion exchange resin as a sorbent is due to the presence of
a large number of fine sludge particles in the ore of the Belsu deposit. When using activated
carbon, thin sludge particles will have a negative effect on resin, reducing its sorption activity.

The installation for conducting column tests included 2 columns for leaching gold from ore:
• for ore size -25 mm: the diameter of the leaching column is 260 mm; the height of the

column is 2420 mm; the height of the ore layer in the column is 2420 mm. The mass of ore
in the column by dry weight is 136.97 kg.

• for ore size -12 mm: the diameter of the leaching column is 253 mm; the height of the
column is 2410 mm; the height of the ore layer in the column is 2410 mm. The mass of ore
in the column by dry weight is 137.46 kg.

Solutions of 0.05% (0.5 g/l) sodium cyanide were used as a leaching solution, the pH was
maintained in the range of 10.5-11.0 due to the addition of sodium hydroxide.

3. Results and discussion
The results of bottle tests of cyanide leaching of gold are presented in table 2.

Table 2. Results of bottle tests of cyanide leaching of gold from samples of various sizes.

Name of parameters -2.5 mm 90 % -0.071 mm
1 2 1 2

Au content in the liquid phase of the pulp, mg/l 0.77 0.79 0.95 1.04
Au content in the solid phase of tails, g/t 0.28 0.28 0.10 0.12
Estimated Au content in ore, g/t 1.82 1.86 2.00 2.20
Degree of dissolution Au, % 84.62 84.95 95.00 94.55

The results of bottle tests of cyanide leaching of gold from crushed ore (90% -0.071 mm)
confirmed that the gold in the ore is mainly in free form, the degree of dissolution of gold from
the crushed sample reached 94.5-95%.

From a crushed sample with a size of -2.5 mm, 84.62–84.94% (average 84.79%) of gold is
dissolved, i.e. it decreases by 10%, but this decrease is not drastic and assumes fairly good
indicators for heap leaching.
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The consumption of sodium cyanide for interaction with minerals was 0.84-1.80 kg/t.
The results of percolation tests of crushed ore are shown in table 3.

Table 3. Results of tests on percolation of crushed ore.

Name of indicators -25 -12

Degree of shrinkage of the ore after soaking, % 0.42 0.63
Degree of shrinkage of the ore after soaking and shaking with water, % 0.84 1.25
Percolation rate of water through the ore layer, m/h 0.01 0.01

The degree of shrinkage of the ore after soaking and shaking with water for both sizes met the
requirements of the guidelines (no more than 10%), and the percolation rate of water through the
ore layer is many times lower than the regulated one (at least 10 m/h). Ore without preliminary
pelletizing is not suitable for heap leaching.

Pelletizing modes have been developed to conduct the heap leaching process. Portland cement
of the M-400 D20 GOST 10178-85 grade was used as a binder for pelletizing ore. The results of
tests to determine the optimal consumption of Portland cement are shown in tables 4, 4.

Table 4. Determination of optimum Portland cement consumption for pelletising -25 mm
crushed ore.

Added Portland cement during granulation, kg/t 10 18 22
Added water during pelletizing, l/t 176.0 190.7 181.9
Ore moisture after pelletizing, % 16.71 17.59 16.94
Percolation rate of water through a layer of granular ore, m/h 46.42 60.93 60.93
Degree of destruction of granules after percolation test, % 28 5 3

Table 5. Determination of optimum Portland cement consumption for pelletising -12 mm
crushed ore.

Added Portland cement during granulation, kg/t 10 18 22
Added water during pelletizing, l/t 184.8 196.5 205.3
Ore moisture after pelletizing, % 17.31 17.98 18.49
Percolation rate of water through a layer of granular ore, m/h 17.41 60.93 60.93
Degree of destruction of granules after percolation test, % 30 5 3

All regulatory parameters of percolation for ore with a grain size of -25 mm and -12 mm are
satisfied by the following modes: portland cement consumption of 18 kg/t; water consumption
of 190.7 l/t (for a grain size of -25 mm) and 196.5 l/t (for a grain size of -12 mm); humidity of
granules is about 18%.

Two column tests were carried out, with preliminary pelletizing of ore with a consumption
of Portland cement of 18 kg/t. Figure 5 shows the obtained granules.

The results of studies on heap leaching of gold from pelletized ore are presented in figures 6-8.
To dissolve gold, 31 leaching cycles were required for ore with a grain size of -25 mm and 32

cycles for ore with a grain size of -12 mm. The total amount of productive solution to achieve
complete leaching was 2.192-2.296 m3/t.
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-25 mm

-12 mm

Figure 5. Pelletized ore -25 mm and -12 mm
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Figure 6. Dependence of gold extraction on the duration of leaching.

Figure 7. Dependence of gold extraction on the amount of solution passed.

The consumption of sodium cyanide did not exceed 0.47 kg/t, the consumption of sodium
hydroxide was 0.150-0.147 kg/t. The gold content in the leaching tailings is 0.478 g/t and
0.440 g/t. Based on the data obtained, the gold balance was calculated during heap leaching of
gold from the ore of the Belsu deposit (table 6).
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Figure 8. Sodium cyanide consumption during leaching

Table 6. Gold balance during column tests on heap leaching of gold.

Name of indicators -25 -12

Gold extracted by ion-exchange resin, g/t of ore 1.381 1.429
Gold extracted by ion-exchange resin, % 74.02 76.09
Gold extracted at the water washing operations, g/t of ore 0.003 0.005
Gold brought with the analyzed solutions, g/t of ore 0.004 0.004
Gold content in column leaching tailings, g/t 0.478 0.440
Calculated gold content in the initial ore, g/t 1.866 1.878
Degree of gold dissolution from ore by balance, % 74.41 76.57
Expected gold extraction into commercial product – Doré bars, % 66.60 68.53

From ore, gold is satisfactorily dissolved during heap leaching. According to the balance, the
degree of dissolution of gold from ore was 74.41-76.57%.

The obtained high technological indicators of column tests indicate that the oxidized ore of
the Belsu site can be efficiently processed by heap leaching with preliminary pelletizing with
cement.

According to the research results, technological regulations have been developed and an
industrial plant for heap leaching of gold from the ore of the Belsu deposit has been built.

4. Economic of production
The total investment in the organization of the production site at the Belsu field amounted to
8 million US dollars. At the market price of gold of 1800 US dollars per 1 troy ounce, the total
revenue will be 147.7 million US dollars. All in-sustaining costs 1042 US dollars per troy ounce
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of gold. The project implementation period with an annual output of 500 thousand tons of ore
will be 6 years. The net present value for the period of the project implementation at a discount
rate of 15% will amount to 24.8 million US dollars. The investment return period is 1 year.

5. Conclusions
The gold-bearing ore of the Belsu deposit is extremely destructured. The amount of class
-2.5 mm limiting percolation during heap leaching was 82-83%. Processing of ore of such
granulometric composition by heap leaching technology is impossible.

We have developed ore processing modes of the Belsu deposit with preliminary pelletizing.
Cement consumption was 18 kg per 1 ton of ore. The degree of dissolution of gold from ore with
a size of -25 mm and -12 mm has similar values – 74.41% and 76.57%, respectively. The leaching
tails contain 0.478 g/t and 0.440 g/t gold, respectively. The consumption of sodium cyanide did
not exceed 0.47 kg/t. The consumption of sodium hydroxide was 0.150-0.147 kg/t during gold
leaching. The volume of passed solutions for complete leaching of gold was 2.192-2.296 m3/t of
ore, which characterizes a fairly good kinetics of gold dissolution. The expected extraction of
gold into the Dore alloy during processing of the ore of the upper oxidized zone under industrial
conditions will be 66.60-68.53% with an initial gold content of 1.87-1.88 g/t in the ore.

For industrial conditions of heap leaching, it is recommended to use the ore of the Belsu
deposit with a size of -25 mm with its preliminary pelletizing with cement. The developed
technology made it possible to efficiently process this ore and obtain gold in the form of
marketable products – the Dore alloy. The economic calculation confirmed the effectiveness
of the developed technology, the technology has been introduced into industrial production.
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Abstract. Land use planning of territorial communities is an important component of creating
rational sustainable land use. The key task of planning is to find a balance between the
economic and ecological components of land use. The most effective agricultural land on the
territory of communities is arable land. Advanced modern software and the remote zoning data
amount of land make it possible to conduct a complete analysis of land resources condition.
To evaluate project decisions, plan indicators and determine land use trends, it is necessary to
use integrated indicators that comprehensively describe spatial characteristics. On the basis
of complex numbers, it is offered to use an indicator that consists of the territory assessment
arableness and the area of land massifs to the perimeter ratio. For the assessment, a “reference”
project is used, which was created taking into account the developed recommendations. The
integration of the indicator makes it possible to indirectly evaluate the ecological and economic
component of agricultural activity. The use of complex numbers makes it possible to expand
the use of analysis tools and the capabilities of computing technology.

1. Spatial development planning in Ukraine
The land reform began in 1990 and was a continuation of the constant search for rational use of
land from the previous period. As a result of these searches, the use of land resources is currently
planned at the level of territorial communities. The main technical planning document is the
Comprehensive Spatial Development Plan. Also, the calculation of the normative monetary
valuation of land, which affects the amount of rent and the calculation of land tax, will be
carried out in the future on the territory of territorial communities. There are projects that will
use the territorial community as a unit for conducting land management works (inventory of
land and natural resources) during the planning of territorial communities’ spatial development.
Indicators of land resources use should be objective and include as many indexers as possible
related to the spatial characteristics of the territory [1]. Unfortunately, modern indicators
are mainly focused on the land ratio. The indicators need some improvement based on the
characteristics of the territory organization. When planning the use of land resources, there are
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many project options, and which option to apply depends on the calculated indicators, which
should comprehensively characterize economic activity.

The use of land resources, as the main spatial basis and means of production, depends
on the planning and design efficiency. Planning is based on evaluations of project decisions,
which in turn depend on criteria [2]. Currently, such indicators of land resources use as arable
land, agricultural development, the coefficient of anthropogenic load, the coefficient of territory
ecological stability are very popular. But the use of these indicators has both positive and
negative impacts. The positives include the fact that these indicators are intuitive and can be
easily compared. The negatives include the fact that all indicators do not take into account
the spatial placement of objects, but only fix their ratio [3]. It should be noted that indicators
(indices) that characterize the spatial relationship of land exist and include: the index of the
standard deviation of the counter size, the shape index, the index of the average distance between
contours, the fragmentation index, etc. But all these indices are more related to the study of
landscapes and to a lesser extent to agricultural activities. They also have their positive and
negative sides of application. The positives include the fact that they are very closely correlated
with each other. The negatives include the fact that these indicators separately are not very
informative.

Indices of spatial development are evolved for many programs in different countries of the
world: Poland, Spain, Taiwan, Norway, etc. Sowińska-Świerkosz and Soszyński [4] conducted a
review of the relevant literature (102 articles), which allowed to choose the most similar indices
of the rural areas study: an index that covers rural areas with a high risk of urbanization, an
indicator of the rural areas viability, and an index of the land strategic location. Metrics used to
analyze the spatial aspects of rural urbanization and those related to sustainability proved to be
the most effective. The study [5] developed the Index of Prognosis Rural Landscape Preferences
(IPRLP), which consists of nine variables relating to the presence or percentage of various
landscape attributes. Nogués et al [6] investigated the possibility of using stability indicators
to determine and measure the quantitative and qualitative spatial stability of territories. The
essence of the study was to combine social, economic, environmental and spatial indicators into a
single local index using robust principal component analysis and a multi-criteria decision-making
method. Chang et al [7] applied the two-dimensional local indicator of spatial autocorrelation
(BiLISA) to determine the spatial distribution of synergies and trade-offs between different co-
benefits. The research paper [8] defines planning tools for the protection of arable land. Factors
and prerequisites of spatial planning indicators are analyzed. Barneveld et al [9] evaluated the
use of the connectivity index to evaluate anti-erosion measures.

2. Application of spatial development complex indicators
Economic activity is a complex ecological and economic process, and therefore we suppose
it appropriate to consider the use of more complex indicators. The indicators, indices and
coefficients listed above are displayed as real numbers. Although mathematical sciences,
computer technology has taken a big step forward and researchers for spatial planning have
the opportunity to use mathematical objects more complex than real numbers. For example,
complex numbers that can more deeply describe various factors of planning or designing the land
resources use. It can be determined that scientists divide ecological, economic and social aspects
of agricultural activity, as well as their ecological-economic, socio-economic, etc. integrations.
To reflect such project evaluation criteria, an indicator can be used that will simultaneously
take into account environmental and economic factors. It is rather difficult to directly compare
environmental and economic indicators.

As a rule, ecological indicators are converted into economic indicators by calculating the
amount of funds necessary to prevent the manifestation of negative natural and anthropogenic
phenomena. It should be noted that economic indicators have a limited scope, because there
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are such phenomena as inflation, currency devaluation, etc. This forces the use of discounting
methods. Also, economic processes are affected by changes in market conditions and other
factors that limit long-term forecasts and the use of economic indicators that were taken into
account due to environmental ones. Therefore, we suggest using the ratio of arable land to
the entire area as an ecological indicator. Arable land is intensively used, while the natural
environment is deteriorating [10]. Ecologically stabilizing lands have a positive effect on arable
land: water bodies, natural fodder lands, forested areas.

As a technical indicator that affects economic costs, usage the ratio of the area of arable land
contours to the perimeter. This indicator takes into account the spatial location of agricultural
production various objects. We suggest making calculations in complex numbers, which will
make it possible to combine various aspects of economic activity. The number a + bi, where a
and b are any real numbers, i is an imaginary unit, is called a complex number (a is the real
part, bi is the imaginary part of the complex number, and b is the coefficient of the imaginary
part). The real part will take into account territory, and the coefficient for the imaginary part
will calculate the spatial indicator, which is the sum of the area to the perimeter ratios. Thus,
our indicators will take into account both the ecological part and spatial characteristics.

Spatial indicators of forecasting the use of land resources are in the fact that there are
dependencies on the shape of fields and working areas and various economic effects [11]. The
economic efficiency of economic activity depends on various costs, one of which is the fuel and
oil cost and agricultural machinery depreciation. This is due to those idle runs and turns of
agricultural machinery. That is, the shape of the field affects the amount of expenses. In turn,
costs are part of the economic component. Indicators of the intensively used land and ecologically
stabilizing land ratio do not take into account economic effects. With the same land ratio, the
ecological effect can be different. Different configurations of fields and working areas can create
more protected areas from negative natural and anthropogenic phenomena. In figure 1, we see
3 schematic views of the arable land configuration with ecologically stabilizing lands. Yellow
color shows conditionally arable land, green shows ecologically stabilizing land, purple shows
positive impact on arable land. By positive influence we mean anti-erosion protection, creation
of microclimatic conditions for the growth of agricultural crops, etc. All three schematic options
have the same land ratio. Plowability is 50%. Regarding the ease of working areas use, option
A is better, option B is somewhat worse. Option C is not suitable for the use of powerful
agricultural machinery at all. Regarding the impact on arable land, option C provides the best
impact due to the mosaic structure of the territory. Option A has the minimum influence area.

On the one hand, the high contour and fragmentation of the territory creates biological
diversity, provides greater protection against wind and water erosion, and provides a stronger
interaction between ecologically stabilizing lands and intensively used lands. On the other
hand, high contouring worsens the use of agricultural machinery due to idle turns, increases
the costs of fuel and oil and work time (increase in wage costs), amortization, wear and tear
of agricultural machinery, etc [12]. Thus, we need to find a balance between the economic
and ecological components of land resources use. When designing, as a rule, several options are
formed according to different rules, which in turn arise due to the fact that there are no universal
ideal management conditions. There are always many factors and many options to consider. At
the final stage of planning, these projects are evaluated and the best one is selected. If we
use only the land ratio indicator, there is no economic evaluation of the project. If we use only
economic indicators, there will be no information on environmental safety. Therefore, our offered
indicator based on complex numbers will at least indirectly contain both components. This will
make it possible to more objectively and qualitatively find the best option for spatial planning
of land resources [13]. Land use is central to addressing food security, including biodiversity
conservation, climate change, sustainability issues, sustainable energy, achieving social justice,
and poverty alleviation.
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Figure 1. Options of spatial development comprehensive assessment.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012095

IOP Publishing
doi:10.1088/1755-1315/1254/1/012095

5

To calculate the “reference” complex indicator, the 2013 recommendations of the
Derzhkomzem (State Committee of Ukraine on Land Resources) were used regarding the
ecological and economic substantiation of land management and the introduction of crop
rotation. These recommendations suggest that the shape of the field be rectangular or
trapezoidal, have parallel sides, an aspect ratio of 1 to 5, and be located, if possible, from
north to south with long sides. The area of the field should be up to 400 hectares. Field
protection forest strips should be located along the boundaries of the working plots, entrances
to each land plot should be provided. Field protection forest strips should be located at an angle
of 90 degrees in relation to harmful winds (with a deviation of up to 30 degrees).

With the help of the software, a “reference” project was designed and the sum of perimeter
and area ratio was determined. The considered perfect conditions do not take into account the
relief, variegation of the ground cover, etc. For the calculation, we used an area of 1000 hectares
with a plowing rate of 50%. In scientific sources, researchers have come to a consensus that the
rate of plowing is too high for Ukraine and should be reduced. But there is no agreed exact
data on the size of the plowability indicator.

Next, using our example, we calculate how much the complex number of the “reference”
project differs from the corresponding options. We make a general conclusion, which option is
the best. For option A, the comprehensive assessment was 0.5 + 0.005i, for B – 0.5 + 0.007i, for
C – 0.5 + 0.092i, for the “reference” project – 0.5 + 0.008i. Next, we find the distance between
the points – the length of the corresponding vector. Consequently, we can say that the closest
to the standard and recommended option is B.

3. Difficulties and issues that need to be refined regarding complex indicators
Using complex numbers, as opposed to real numbers, makes comparisons difficult. We can
compare only the real and imaginary parts. To avoid this problem, we suggest developing
a “reference” assessment object. That is, a project that will take into account all existing
recommendations from the ecological and economic side. When evaluating project options or
different projects for the offered indicator, we will compare them with the evaluation of the
“reference” object – how far is our indicator from this point.

The offered complex indicator proposed can be used in two directions. The first, when you
need to compare different project options of the same territory. The second, when you need to
compare (evaluate) different territories. After conducting a spatial and statistical analysis, it is
possible to develop “benchmarks” for various natural and agricultural areas. The lands on the
territory of Ukraine are located in several natural climatic zones, which are divided into natural
and agricultural areas, which differ from each other in relief, natural and climatic conditions,
as well as contour and fragmentation. It is precisely because of such significant differences
between natural and agricultural areas that it is not desirable to use the same “standard” for
comparison. In the calculation of these indicators, with which the existing farms or project
options will be compared in the future, it is planned to apply the terrain characteristics. If
previously it was difficult to calculate such indicators due to the lack of necessary data and
the difficulty of calculation, now using modern geographic information systems and appropriate
software (QGIS, ArcGIS, Digitals) it is possible to quickly calculate the above spatial indicators.

A certain obstacle to the calculation and implementation of the above indicators is the lack
of information on the characteristics of the communities’ territory. Territorial communities
have appeared recently and there is no generalized up-to-date and verified information on
spatial resources. Information on land resources in full is not yet available. In the direction
of overcoming the obstacle, very significant steps are being taken, for example, the use of an
information portal, which is constantly filled with information on the land resources use. It
should be noted that for a full-scale assessment of the entire territory of Ukraine or even within
the boundaries of the natural-agricultural region, there is still not enough information. There is
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a certain positive trend thanks to services (sites) that provide free satellite images of the earth’s
surface. With the help of GIS programs, you can find information about the physical properties
of land plots.

Another obstacle to the use and calculation of complex indicators is the lack of a form of
statistical reporting related to the use of land resources. According to the old form, there is
data up to 2016. The new form has not been implemented and is at the stage of development,
and therefore there is a certain “information vacuum regarding the use of land resources”.

Therefore, a promising application of the offered indicator is the monitoring of changes related
to the progress and impact of the land reform. For example, after analyzing satellite images of
the Earth’s surface taken in 2000 and images of 2021, we see that there are two trends. The first
trend is an increase in contour and fragmentation without changes in the structure of the land.
This is due to the increase in the number of land users and business entities. The second trend
is a change in the structure of land, by involving intensive cultivation of fodder land. Both
the first and second trends can be calculated and analyzed using the offered indicator. This
will make it possible to conduct at least a partial and intermediate assessment of land reform
effectiveness. Land relations is a complex multifaceted system and it is difficult to characterize
it with one indicator. But there is an opportunity to note trends and evaluate prospects. When
spatial planning of the communities’ territory, design and planning solutions of larger territorial
units (districts, regions of the country) must be taken into account.

The use of complex indicators in land management should help to identify patterns that
were not the focus of scientists’ attention before. In the future, it is planned to improve the
real part of the indicator (the ratio of arable land to the total area). Various multidimensional
statistical searches, finding the correlation dependence of environmental effects and economic
gains on the value of the above-mentioned indicator will help to do this. But it should be noted
that economic calculations are also characterized by a lack of information. There are two levels
of problems with statistical data: practical and methodical. The practical one is that costs
directly related to production are a trade secret. The methodological level is that the final
result of agricultural activity is influenced not only by the production component, but also by
others, such as marketing. It is difficult to investigate the direct influence of land, contour, and
fragmentation ratio on the economic component of economic activity.

4. Conclusions
The offered evaluation of design and planning solutions index will make it possible to evaluate
both the ratio of lands and their spatial placement in an integrated manner. The use of complex
numbers will make it possible to implement new analysis approaches in land management to find
regularities in the influence of spatial placement on the economic activity results. For territorial
communities in Ukraine, an important success factor is the use of arable land, as the most
effective agricultural land. Finding a balance between economic benefit and ecological stability
is a key task of the territory spatial planning.

The offered approach application requires a significant amount of relevant information.
Unfortunately, there are certain obstacles regarding access to the characteristics of the land
resources use. Modern software and land remote sensing data allow highly complex analyses.
The indicators mentioned above must be tested and improved. Including relief characteristics
in complex indicators will provide even more accurate spatial analysis data.

Prospective areas of use of the proposed indicator are the determination of average statistical
characteristics of the spatial indicators of the most productive lands. On their basis –
determination of optimization parameters, ways of reducing economic costs, achieving ecological
balance. First, it is possible to determine the most successful (effective) design and planning
solutions. Secondly, there is an opportunity to analyze trends and trends in the development of
land relations, to draw conclusions about problems and proposals to overcome them. Territorial
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communities receive a new decision-making and assessment tool that will allow more efficient use
of available land resources. Land management should fully use modern computer technologies,
GIS, and mathematical methods. Only multilateral methods of evaluating planning and project
decisions will ensure effective spatial development of territorial communities and the country as
a whole.
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Abstract. The biomass of forest wood residues (waste) in the Ukrainian Carpathians is now an
important resource for ensuring energy security under martial law and the formation of strategic
directions for energy independence from imported fossil energy resources and the development
of a green economy. As a result of the study, the indicators of the total potential of wood
biomass of forest wood residues in the forests of the Ukrainian Carpathians were established
both in volumetric units and primary energy units. These indicators are differentiated by
territorial administrative units of the region and predominant forest stands. The information
basis for the assessment of these indicators was the research data on biometric assessment of trees
collected in temporary trial plots, as well as mathematical dependencies of conversion factors
of biomass components. The study found that the environmentally safe annual potential of the
studied resource is about 800 thousand m3, or 7.7 PJ, which can be additionally involved in the
process of generating heat or other types of energy. The results of the study of forest residues
biomass potential are an informational component for the formation of a regional program for
the development of forest bioenergy in the Carpathian region of Ukraine.

1. Introduction
Use of wood biomass from forest waste is currently not only one of the areas of renewable
energy development and a component of green economy mechanisms, but also an important
social area for ensuring energy security of Ukraine’s population under martial law. An intensive
development of the national renewable energy sector is linked, among other things, to the
destruction of a significant number of energy infrastructure facilities during missile strikes on the
territory of Ukraine. It also stimulates implementation of low-carbon production approaches,
as envisaged by the Low-Carbon Development Strategy of Ukraine, and facilitates positive
environmental impact in urbanized conditions.

An imbalance of the current paradigm of mankind’s energy supply, based on the dominance
of fossil fuel energy, is also noted in the Energy Report [1] by World Wildlife Fund (WWF) in
cooperation with ECOFYS energy consulting agency. Due to the progressive global decline in
reserves of non-renewable natural energy resources (gas, oil, coal) and the urgent need to reduce
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harmful emissions, the challenge of using alternative fuels has become particularly relevant [2].
Wood biomass from forest waste in forests of Ukrainian Carpathians, one of the most forested
regions of the country, serves as an important renewable energy resource for the region’s green
economy and is an integral part of the national energy sector in the context of energy dependence
on fossil energy resources.

The forests in Ukrainian Carpathians, accounting for over a third of Ukraine’s wood
biomass reserves, remain an important environmental and social factor in development of
local communities in mountainous areas. This necessitates the application of environmentally
sound approaches to use of forest resources, ensuring a balance between economic, social and
environmental components of the regional mountain forest management system.

While focusing on resource potential of forest wood biomass, researchers often do not consider
the environmental component of forest stands’ functioning, omit the important role of forest
residues in logged areas in forming stocks of mineral nutrients as a result of biodegradation [3,4].

Uncontrolled use of wood biomass for energy purposes may have negative consequences for
forest plant communities. For example, according to the published research [5], an increase in
volume of wood biomass harvesting in Swedish forests may have negative consequences for the
environment, forest soil fertility, and conservation of forest biodiversity. Excessive use of logging
residues may also have a negative impact on mammal populations [6] and the ability of forest
plant communities to provide ecosystem services [7].

The use of wood biomass is characterized by different ways of converting it into heat,
electricity, and other types of energy. At the same time, researchers from Latvia [8] prove the
inefficiency of using wood biomass for electricity production and conclude that the transition to
renewable energy without radical changes in the existing economic system in the country will
further exacerbate the environmental problems of bioenergy. When using forest residues for
biofuel production, it is also necessary to consider their qualimetric features. A high percentage
of bark in forest residues causes the formation of a significant amount of ash in the course of
their combustion, which requires an increase in cost of fuel boilers maintenance [9].

The prospects for use of logging residues for energy production were also noted by Spanish and
Italian researchers [10], who concluded that use of forest residues from natural forests is more
environmentally friendly than wood biomass obtained from energy plantations. Energy from
wood biomass can serve as an indicator of energy sustainability in the face of current challenges
(extreme weather events, climate change, environmental pollution, loss of biodiversity) [11].

In the process of assessing potential opportunities for involving wood biomass in the energy
sector, the long-term planning process is important, given the environmental acceptability,
economic feasibility and reliability of resource formation [12]. This approach allows to involve
the maximum number of stakeholders for the effective implementation of renewable energy
technologies. Given that use of wood biomass as an energy resource ensures the development
of low-carbon production, its sustainable use serves as a tool for mitigating global climate
change. Thus, according to research by scientists from Thailand [13], if wood biomass is used
for bioenergy production in Southeast Asia instead of burning coal, diesel or natural gas, the
total emission reduction could be 229.9, 215.4 or 207.9 Tg CO2 per annuum.

Accumulation of wood biomass in the form of dead wood in forests with a significant
anthropogenic load can contribute to an increase in fire hazard due to build-up of forest
combustible materials stocks [14, 15]. Therefore, a portion of dead wood can be used as an
energy resource without compromising biodiversity conservation.

Thus, based on the analysis of the literature, it can be concluded that forest biomass,
including forest residues, remains on the agenda of global scientific community as a strategic
renewable energy resource. At the same time, its use should be carried out in compliance with
the conceptual framework of sustainable development.

The purpose of this research is to assess the potential of biomass of forest residues in forests
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of Ukrainian Carpathians as an important part of renewable energy resource and a component
of regional green economy development.

2. Materials and methods
The research is focused on forest stands in Ukrainian Carpathians, which according to the
information from the stand level database run by Industrial Association “Ukrderzhlisproekt”
(Ukrainian Industrial Association for Forest Management Planning), cover an area of
2012.3 thousand hectares and feature growing stock of 577.5 million m3 within four
administrative regions (table 1). Spruce, beech, and fir stands predominate in the research
region, accounting for about 70 % of forested area. Almost a half of these stands are mid-aged
ones.

Table 1. Quantitative characteristics of forest plots in the research region.

Administrative region Quantity of forest Area, thou. ha Growing stock,
plots, pcs. Mio. m3

Zakarpattia 111841 641.9 210.9
Ivano-Frankivsk 132695 531.0 150.4
Lviv 180302 606.6 151.4
Chernivtsi 55463 232.8 64.8
Total 480301 2012.3 577.5

To carry out the research of weight characteristics of biomass components, we used
experimental data collected on temporary sample plots using a unified methodology [16]. The
total amount of experimental data used for the purposes of our research is 662 model trees, 513
experimental sections of tree trunks and 246 samples of crown branches (table 2).

Table 2. Quantitative characteristics of forest plots in the research region.

Tree species

Quantity, pcs

sample trees
sample sections

total including
trunk crown branches

Norway spruce 279 249 150 99
Silver fir 200 342 243 99
European beech 183 168 120 48
Total 662 759 513 246

The research uses the statement that forest wood residues (waste) are primarily represented
by wood raw materials harvested in the process of thinning (lighting, clearing and partially first
commercial thinning) in the form of whole trees, as well as logging waste, logging residues (parts
of trunks, branches, treetops, etc.), stumps and roots that are formed after final cuts, sanitary
cuts and other forest tending and care measures.

To establish the total biomass stocks of crown branches, which form the bulk of forest wood
residues volume in the forests of Ukrainian Carpathians, we used mathematical dependencies of
biomass expansion factors tested for the territory of the research region [17]. To estimate the
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energy potential of wood biomass of forest residues, we used a dependence that reflects the sum
of its structural components and has the following form:

PFWW tot
a,j = PFPa,j + PFW a,j + PSRAa,j , (1)

where PFWWa, j – total energy potential of forest wood waste in year a over a territory j,
m3; PFPta, j – potential of forest products harvested at thinning in young stands (lighting,
clearing) in year a over a territory j, m3; PFWa, j – potential of forest waste (parts of trunks,
branches, treetops, etc.) in year a over a territory j, m3; PSRSa, j – potential of stem residues
and stumps in year a over a territory j, m3.

3. Results and discussion
Using information on biometric characteristics of forest stands obtained within the framework
of the current State Forest Account and the proposed modeling tools [18], it was found that the
total biomass of crown branches in forests of Ukrainian Carpathians exceeds 50.0 million tons
of dry matter (table 3). Nearly 45 % of the biomass is accumulated in stands of Zakarpattia
region, where its density is 3.8 kg · (m2)−1. This region is dominated by European beech stands
(more than 60 % of forested area), which form a much larger crown compared to coniferous
tree species. In general, in forests of Ukrainian Carpathians, the share of branches biomass of
European beech is 58.2 %.

Table 3. Biomass of crown branches in forests of Ukrainian Carpathians.

Administrative region

Biomass of crown branches, million ton

Mean, kg · (m2)−1

total
by tree species

Norway Silver fir European other
spruce beech species

Zakarpattia 24.5 2,7 0.2 19.6 2.0 3.82
Ivano-Frankivsk 12.0 4.4 0.6 4.9 2.1 2.25
Lviv 12.5 1.4 1.0 4.8 5.4 2.06
Chernivtsi 5.8 1.2 0.6 2.6 1.4 2.47
Total 54.8 9.7 2.4 31.9 10.8 2.72

Every year, more than 2.5 million m3 of wood is harvested in the research region. As a result,
a significant amount of forest wood residues is formed. They can serve as a significant source
of energy resource that must be used in compliance with an ecologically balanced approach to
nutrients cycling in forest plant communities while ensuring low fire hazard.

To assess the potential of wood biomass in forest residues in units of primary energy (Joules),
quantitative values of energy content per unit volume (table 4) were established based on density
of biomass components [18]. The energy value of biomass was determined based on data by
Shvidenko et al [17]. In terms of energy value, 1 m3 of wood over bark of European beech
branches is equivalent to 310 m3 of natural gas. In the research region, beech biomass has the
highest consumer demand as an energy resource for heat production during the heating season.

A 110-120 years aged beech stand features the proportion of crown branches of about 20-25
% of its total stem stock. For spruce and fir, this figure is about 10-15 %. Currently, more
than 80 % of logging residues remain on site after logging, some of them can be used for heat
production without harming the environment.

The research resulted in an assessment of environmentally safe potential of wood biomass
from forest wood residues. This type of energy potential accounts for requirements related to
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Table 4. Energy value of tree biomass components (crown branches).

Tree species
Energy value of dry matter of live biomass

components of crowns, GJ · (m3)−1

wood bark wood over bark

Norway spruce 9.959 7.653 9.351
Silver fir 9.476 8.511 9.083
European beech 10.156 8.547 9.852

biological cycling of nutrients, biodiversity conservation, and compliance with environmental
requirements for use of forest wood waste. It also takes into account orographic features of
mountain forests. In total, more than 800 thousand m3 (table 5) of forest residues can be
additionally used as a renewable energy resource annually.

Table 5. Biomass potential of forest residues in forests of Ukrainian Carpathians.

Administrative region

Biomass of forest wood residues, thou. m3

total
by tree species

Norway Silver fir European other
spruce beech species

Zakarpattia 239.7 26.6 2.0 191.3 19.8
Ivano-Frankivsk 171.8 63.2 8.1 70.8 29.7
Lviv 206.2 22.7 16.1 78.9 88.6
Chernivtsi 182.7 37.1 19.3 83.3 43.1
Total 800.4 149.5 45.5 424.3 181.1

The energy value of the studied biomass potential of forest residues in forests of Ukrainian
Carpathians is almost 7.7 PJ (table 6), which is roughly equivalent to more than 240 million m3

of natural gas.

Table 6. Energy potential of forest wood residues biomass in the forests of the region.

Administrative region

Energy potential of forest wood residues biomass, TJ

total
by tree species

Norway Silver fir European other
spruce beech species

Zakarpattia 2338.1 248.7 18,4 1884.7 186.3
Ivano-Frankivsk 1641.9 590.5 73.8 697.8 279.7
Lviv 1969.5 211.8 146.0 777.3 834.3
Chernivtsi 1748.0 346.7 174.9 820.5 405.9
Total 7697.4 1397.8 413.1 4180.3 1706.3

At the same time, the main problem of utilizing the assessed energy potential is the logistics
of this resource to the end user. At present, one of the problems hindering the introduction
of new technologies for energy use of wood in the Carpathian region of Ukraine is the lack
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of a developed network of high-quality forest roads. Here, 10 to 20 % of forest areas covered
with forest vegetation remain technically inaccessible. An important precondition for efficient
production of solid biofuels is creation of a closed technological cycle of wood processing, starting
with logging and ending with processing of waste into pellets or other types of biofuels. The
production process should start at a forest plot and a forest road. It should include all logistics
and other stages that would guarantee high economic efficiency, low production costs and,
ultimately, high price competitiveness compared to traditional energy resources. The system
of financial and economic incentives for development of forest bioenergy in the region also needs
to be optimized. Due to the lack of financial incentives for implementation of bioenergy projects
from the state and local governments in the region, most of them are implemented with the
support of foreign funds and programs.

4. Conclusions
The research results present quantitative values of biomass potential of forest wood residues 
in forests of Ukrainian Carpathians, which will serve as an information basis for formation of 
a strategy for development of regional forest bioenergy and green economy. In general, the 
total biomass of crown branches, as the main component of forest wood residues, is more than 
50.0 million tons of dry matter. Almost half of this volume is accumulated in the stands of 
Zakarpattia region. The energy value of the biomass resource varies from 9.083 GJ · (m3)−1 for 
Silver fir stands to 9.852 GJ · (m3)−1 for European beech s tands. In terms of energy value, 1 m3 

of wood over bark of European beech branches is equivalent to approximately 310 m3 of natural 
gas. Currently, more than 80 % of logging residues are left for biodegradation at logging sites. 
According to the results of our research, more than 800 thousand m3 of forest wood residues 
can be additionally used as a renewable energy resource without harming the environment and 
functioning of forest plant communities in the region. In energy terms, this is almost 7.7 PJ, 
or approximately more than 240 million m3 of natural gas. At the same time, to facilitate 
the efficient us e of  th is re source, it  is  ne cessary to  en sure co mpliance wi th th e ba sic principles 
of sustainable development of the mountainous region, balancing its economic, environmental 
and social aspects. State regulation, regulatory support, financial a nd e conomic i ncentives for 
development of forest bioenergy are necessary in the region. Also, development of wood biomass 
processing technologies as well as development of regulatory and information tools for assessing 
and monitoring energy potential of forest biomass are of crucial importance. Implementation 
of the above framework recommendations will facilitate implementation of positive systematic 
changes in the renewable energy sector, enable accounting for energy needs of the society and 
uphold energy security principles during martial law.
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Abstract. The cadastral information about the lakes of the nature reserve fund (NRF) should
be based on landscape-geographic principles using modern geo-information systems.Within the
research, based on the instrumental field research and the use of software packages ArcGIS
Desktop and ReefMaster Software, a bathymetric map of Lake Serednie (Nobel National
Natural Park, Ukraine) and other spatial models were developed. The main hydrological and
morphometric parameters of the lake basin were calculated, a landscape map of the natural
aquatic complex was created and its landscape metric analysis was carried out at the level of
aquatic tracts and facies. The research revealed changes in the level regime and shoreline of
the lake caused by the long dry periods of 2016-2021 and life activity of beavers. The created
integrated cadastral landscape model of the lake with limnology parameters should serve as a
basis for the recreational nature use, monitoring and geo-ecological certification of the reservoirs
of the NRF.

1. Introduction
According to Article 56 of the Law of Ukraine “On the Nature Reserve Fund of Ukraine”, the
state cadastre of the territories and objects of the nature reserve fund (NRF) is a system of
necessary and reliable information about the natural, scientific, legal and other characteristics
of the territories of the objects included to the NRF [1]. In Ukraine, the natural reserve fund
is safeguarded as a national asset and subject to a distinct set of rules for its protection,
reproduction, and usage. Furthermore, Ukraine regards this fund as a crucial component of
the global network of special-protected natural territories and objects. The corresponding
cadastral system should incorporate current geospatial data, metadata, and various online
sources, including publications, that comply with the terms of the Spatial Data Infrastructure [2].
In 2021, the Ministry of Environmental Protection and Natural Resources of Ukraine presented
an electronic cadastre of territories and objects of the NRF. The information layer “Nature
Reserve Fund” appeared on the Public Cadastral Map, which at that time contained information
on 8,633 NRF objects, or 88 percent of the area of the NRF of Ukraine [3].

Lake reservoirs occupy a prominent place in the structure of the NRF objects of Ukraine. They
are part of nature reserves, national nature parks, regional landscape parks, landscape reserves,
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hydrological natural monuments, protected tracts, etc. Unfortunately, there is rather limited
information about lakes of the NRF and, it should be noted, such situation is not unique [4]. On
the Public Cadastral Map, lake objects of the NRF and other water bodies are shown as separate
entities with provided information about the area, ownership, etc. Undoubtedly, information on
some parameters of land use and landscape components can be added in other layers.

Today, one of the important tasks of protected nature resource management is the creation of
an information database about local NRF objects, including lakes, which should later appear on
the Internet portals of the institutions of the nature reserve fund. The cadastral information
should serve as a basis for recreational nature use, monitoring observations, geo-ecological
certification of water bodies [5]. In 2015, Svidzynska et al updated the issue of developing an
open cadastre of protected areas of Ukraine [6], which support geo-ecological approaches in the
organization of nature reserves.

Among the other studies, which are similar in subject matter, it is worth highlighting the
work on the anthropogenic loads on surface water status in Lithuania [7]. A model of geographic
management of a nature reserve [8] was developed within the framework of the “Electronic
Turkey” project.

Some studies were devoted to the validation of remote sensing indices for water monitoring
using Sentinel-2 [9, 10], which can be applied to the cadastre development of lake systems of
protected areas. Although successfully tested the methods of capturing littoral zones (up to 1.6
m under clear water conditions) using a UAV complex with a LIDAR scanner on board [11]. The
use of the proposed technology greatly facilitates the collection of data for cadastral landscape
modeling of lakes, since the shallow zone with higher aquatic vegetation is the most inconvenient
for measurements.

For a long time, we have been conducting landscape and limnology studies within the
boundaries of Polissia region of Ukraine with the aim of developing cadastral and landscape
models of lakes [12,13], primarily in the territory of the NRF.

2. Materials and methodology
The model protected nature area of this research is Nobel National Natural Park (NNP) in
Ukraine, which is located within the physiographic region of Volyn Polissia. The landscapes of
the park are characterized by an extensive hydrographic network, swampy wetland complexes,
sand dunes and green massifs of forests with areas of cranberries, blueberries, lingonberries,
etc. The park includes 12 lakes (Nobel, Omyt, Nihovyshche, Zasvitske, Postvitske, Zadovzhe,
Ostrivske, Velyke, Serednie, Khoromne, Lypenske, Liubynske).

The lakes play a significant role in the hydrological functioning of the landscape, the
accumulation of fresh water and organic-mineral resources represented by sapropel. Among
the most important functions – serving as habitats for waterfowl and numerous migratory bird
species. The lakes of Nobel NNP have significant recreational and tourist potential. Among
the lakes of the park, a group of Ostrivski lakes stands out. This group includes a picturesque
Lake Serednie, which was formed in the Nyzhnostyrskyi physical-geographical district of Volyn
Polissia (figure 1).

The development of the cadastral landscape model of Lake Serednie (North 51.72392176915384,
East 25.834182861365576) included field instrumental research, in particular, high-precision echo
sounding of the reservoir, research into the composition and thickness of lake sediments, the study
of the species diversity of above-water and underwater plant communities, and determination
of the temperature regime in the summer. The hydrometric work was carried out in May 2021
using a Humminbird 597ci HD sounder mounted on the transom of a rubber boat. The water
level during the measurements was recorded using a Leica GNSS/RTK receiver. SRTM v.3 radar
survey data were processed in the ArcGIS Desktop software complex to set the boundaries and
configuration of the catchment area. Probing of the bottom sediments of the lake was carried
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Figure 1. Localization of the Lake Serednie basin on the scheme of physical and geographical
zoning of Volyn Polissia. Physiographic regions: 1 – Shatsk, 2 – Upper-Prypiat, 3 – Liuboml-
Kovel, 4 – Nyzhnostyrskyi, 5 – Manevychi-Volodymyrets, 6 – Lva-Horyn, 7 – Kolky-Sarny, 8 –
Turiisk-Rozhyshche, 9 – Kivertsi-Tsuman, 10 – Kostopil-Berezne.

out from the ice in winter with a spoon-type geological drill.
The next stage was the processing of field materials, development of a bathymetric map and

landscape mapping of Lake Serednie. The cartographic models were developed using ArcGIS
Desktop and ReefMaster Software. From the landscape point of view, we consider the lake to
be a natural aquatic complex (NAC) of the rank of a complex tract. The landscape map of the
NAC of the lake was developed based on the materials of the bathymetric survey, taking into
account the micro-relief of the lake basin, the composition and thickness of sapropel deposits,
the species diversity of the plant communities of the reservoir and thermal features.

The research methodology was based on the studies on the field geographical research [14],
underwater landscape science [15], limnology [16], bathymetry and GIS mapping [17,18], as well
as many years of experience in constructive landscape modeling of lake-basin systems in Polissia
region of Ukraine.

The purpose of the research is to develop a cadastral landscape model of Lake Serednie (Nobel
NNP) for the needs of protected and recreational nature resource management.

3. Results and discussion
The basin of Lake Serednie was formed in the following landscape areas: 1) high areas between
rivers on water-glacial sands with close deposits of chalk marls; 2) inter-fluvial marshy plains
on fluvial-glacial and ancient alluvial deposits. The Pleistocene glaciation, as well as postglacial
processes, had a significant impact on the formation and development of the landscapes of the
basin system of Lake Serednie and Nobel NNP as a whole. The activity of water flows, aeolian
processes and excessive moistening subsequently affected the morphological structure of the
landscapes of Nobel NNP and lake-basin systems (LBS).
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The field research in the lake basin and its adjacent territories revealed dominant
morphological units of the landscape of a lower rank, in particular, tracts (or geotopes):

1) Hills and dunes with gentle (6-10°) slopes, covered with lichen-shrub pine forests on hidden
podzolic, sometimes crushed stone, sandy soils.

2) Elevated areas between rivers, complicated by karst funnels, covered with lichen-bilberry-
green moss pine and birch-pine forests on slightly podzolic, sometimes clayey, sandy soils.

3) Undulating areas between rivers covered with sedge-bilberry-green moss and various grass-
green moss oak-pine and birch-oak-pine forests on sod-weak podzolic clayey sandy and
loamy soils, sometimes meliorated.

4) Local closed mounded depressions covered with various grass-cereal-green moss and sedge-
juncus -green moss alder-birch-pine sparse forests on sod gumbo sandy and sandy loamy
soils.

5) The lakeside narrow depressions, which are filled with water during floods, covered with
reed-sedge-herbaceous and shrubby-sedge-reed alder and willow small forests on meadow
layered gumbo sandy and sandy loamy soils.

6) Lake depressions of irregular shape formed on sapropel deposits.

The catchment area of Lake Serednie is not big and makes 54.3 hectares. It is elongated in
a sub-latitudinal plan from the northwest to the southeast in accordance with the configuration
of the lake.

Based on the results of echo sounding data processing, we built a bathymetric map of Lake
Serednie (figure 2).

Figure 2. Bathymetric map of the Lake Serednie.

Isobaths are drawn at intervals of 0.25 m. Up to 2.0 m, the depth increases gradually, and from
2.0 m, the isobaths have some differences. In the northwestern part, a funnel-shaped depression
with a maximum depth of 5.67 m was found from 4.0 m and deeper. The central part of the
bed of the lake basin has a depression of elongated shape of more than 3.0 m. The average
depth of the reservoir is 2.4 m. The area of the lake is 0.19 km2. The length of the reservoir is
1.002 km, the maximum width is 0.262 km, and the average is 0.190 km. The coastline has a
length of 2.257 km. The northwestern part of the coastline and lakeside terrace is undergoing
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Table 1. Morphometric and hydrological characteristics of the Lake Serednie∗.

F,
ha

Habs.,
m

hmid.,
m

hmax.,
m

L,
km

Wmax.,
km

Wmid.,
km

l,
km Ct. Clen.

0.1948 145.6 2.4 5.67 1.002 0.262 0.190 2.257 0.824 5.274

Ccap. Cop. Cdep.
Vlake.,
m3 · 103 A ∆ S,

km2
W∗∗

influx.,
m3 · 103 awat.

∆ awat.,
mm

Alayer,
mm

0.471 0.079 4.174 435.2 0.264 3.789 68.5 0.157 6.353 801.5

∗ Table notation: F – area; Habs. – absolute height of the water level; hmax. – maximum depth;
hmid. – average depth; L – Length; Wmax. – maximum width; l – length of the shoreline; Ct. –
coefficient of shoreline unevenness ; Clen. – coefficient of the lake lengthening ; Ccap. – coefficient
of capacity; Cop. – coefficient of openness; Cdep. – coefficient of depth; Vlake – lake volume; A –
area index; ∆S – specific catchment; Winflux – volume of inflow water from the catchment;
awat. – conditional water exchange; ∆awat. – specific water exchange; Alayer – water storage
level on the catchment surface.
∗∗ The average annual runoff module is 4.0 dm3/s·km2.

transformations due to the life activity of beavers (numerous burrows leading from the shore into
the lake, fallen trees). The volume of the lake water is 435.2 thousand m3. Other morphometric
and hydrological parameters of the lake are given in table 1.

The developed three-dimensional model of Lake Serednie is an additional element of the
visualization of the lake basin micro-relief (figure 3a).

It clearly shows a depression in the cone-shaped northwestern part of the basin bed. The
aforementioned funnel-shaped depression is very well shown on the longitudinal profile of the
underwater topography of the lake (figure 3b). The slopes of the lake basin from the water surface
are steep (10-15◦) up to 2.0 m, very steep (15-20◦) up to 3.0 m, and steep (more than 20◦) from
3.0 m and deeper. The differentiation of the relief of the basin by the steepness of the slopes
is important in the further development of the legend of the landscape map, in particular, the
determination of the processes of accumulation or transit of mineral particles and dead remains
of aquatic organisms.

The relief of the lake basin affects the distribution of areas and volumes of water masses of
the lake (figure 4).

The area of the littoral zone of the reservoir with a depth of up to 3.0 m is the largest and is
15.35 hectares (78.8 %), it accumulates 413.3 thousand m3 of water masses (94.95 %). 21.20 %
of the area of the lake with 20.9 thousand m3 of water is at a depth of more than 3.0 m.

Based on the results of bathymetric surveying, landscape field research and computer
processing of materials, a digital landscape map of Lake Serednie was developed (figure 5).

Typical landscape elements shown in figure 5:

I. Littoral aqua subtract on sandy-muddy, peat-swamp sediments and sapropel underlain by
alluvial sands with species diversity of surface and underwater plant communities.
Aquafacies:
1.1. Littoral, accumulative peat-swamp and sandy-muddy of low-thickness (up to 0.5 m)

Carex-Typha-Phragmites associations, with a homogeneous temperature regime in
summer.

1.2. Littoral, accumulative swamps and peat-swamps of low-thickness (up to 1.5 m) sparse
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(a)

(b)

Figure 3. Three-dimensional visualization (a) and long axis profile A-B (b) of the Lake Serednie.

higher aquatic plants, with a homogeneous temperature regime in summer.
1.3. Littoral, abrasion-accumulative sandy-muddy of low-thickness (0.5-1.0 m) sparse

Potamogeton associations, with homogeneous temperature regime in summer,
complicated by fallen trees and beaver activity.

1.4. Littoral, abrasion-accumulative muddy-sandy and sandy of low-thickness (0.5-1.0 m),
with impoverished underwater vegetation and a homogeneous temperature regime in
summer.

1.5. Littoral, accumulative-transit algal-carbonate-sapropel of low-thickness (1.0-2.50 m)
filamentous-chara algae associations, with a homogeneous temperature regime in
summer.
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Figure 4. Morphometric curves of areas and volumes of water of the Lake Serednie.

Figure 5. Landscape structure of the natural-aqual complex of Lake Serednie.
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II. Sublittoral-profundal aqua subtract on clay-limestone and organic-limestone sapropel
underlain by carbonate loams, with impoverished species diversity of underwater vegetation.
Aquafacies:
2.1. Sublittoral, accumulative and transit-accumulative clay-limestone-sapropel of medium-

thickness (2.5-3.0 m) free-floating algae, with a heterogeneous temperature regime in
summer.

2.2. Profundal, accumulative funnel-shaped depressions organic-limestone-sapropel of
medium-thickness (3.0-3.5 m) single floating algae, with a slight temperature amplitude
in summer.

Two types of aquafacies were identified in the sublittoral-profundal aqua subtract with depths
of more than 3.0 m. In total, there are 13 landscape contours in the NAC; the average area of a
landscape contour is 1.5 hectares. Other landscape metric characteristics of Lake Serednie NAC
are given in table 2.

Table 2. The complexity of the natural-aqual complex territorial structure of the Lake Serednie.

NAC type Area of NAC type, ha % of the type area

Subtract Aquafacies Subtract Aquafacies Subtract Aquafacies

I. 15.35 78.80
1.1 0.14 0.71
1.2 0.42 2.16
1.3 1.88 9.65
1.4 4.40 22.59
1.5 8.51 43.69

II. 4.13 21.20
2.1 3.35 17.20
2.2 0.78 4.0

Totally 19.48 19.48 100.0 100.0

The research identified two aqua subtracts and seven types of aquafacies in the lake NAC.
The littoral aqua subtract with depths mainly up to 3.0 m occupies more than 78.0 % of the
NAC area and includes five types of aquafacies. The differentiation of aquafacies was carried
out taking into account the micro-relief of the lake, the composition and thickness of bottom
sediments, the characteristics of aquatic plant communities and the temperature regime in the
summer season.

4. Conclusion
The research established that during the summer seasons of 2016-2021, the water level in the
lake changed a lot. The retreat of the water cut from the shoreline of the lake was 5.0-6.5 m in the
southeastern part of the reservoir. The shoreline of the lake undergoes noticeable changes due to
the life activity of beavers, especially the littoral aquafacies with index 1.3. In our opinion, the
activity of beavers affected the impoverished state of surface and underwater plant communities.
The railway embankment is a limiting factor in the inflow of surface water from the catchment
area in the northwestern sector.

The developed series of cartographic models:
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1. Reflects the current geoecological state of Lake Serednie and is important in evaluating the
geoecological parameters of the whole lake landscape system and its individual elements,
and in revealing its functional features.

2. Acts as an information and analytical basis for planning measures to optimize nature use
and protect water resources from pollution and quality impairment. The spatial models and
typological structure of the land areas within the lake basin and the aquatic complex are
especially important in this respect.

The bathymetric maps, the calculated main hydrological parameters of the lake, and the
developed aquatic complex model should become the basis of the landscape and cadastral
passport of Lake Serednie for the needs of protected and recreational nature resource
management.

The benchmark landscape and limnology characteristics of the entire lake basin should
become the starting point of further monitoring observations.

In the conditions of climate change and its regional components, the demand for such research
will only grow.
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Abstract. This paper is aimed at a comparison of Ukrainian and international resource
classification systems’ fundamental features. As a result, the most common and different features
were outlined. The importance of accounting for the social and environmental viability of
projects is determined. This study highlights the significance of the harmonization of domestic
classification with international standards.

1. Introduction
All known international standards for the assessment of reserves and resources, as well as
domestic regulatory documents, contain object classifications according to important geological
and industrial features. These systematizations don‘t appear by chance, and as a rule, reflect
the traditions and stages of exploration and evaluation of mineral deposits in a particular region.

The classification of mineral reserves and resources of the State Subsoil Fund establishes the
principles for calculating, geological and economic assessment and state accounting of mineral
reserves that are common for the State Subsoil Fund of Ukraine according to the level of their
industrial significance and the degree of geological and feasibility study, the conditions that
determine the readiness of explored mineral deposits for industrial development, as well as the
basic principles for quantifying mineral resources [1]. The practice of using this classification
systematizes mineral reserves and resources according to certain levels of industrial significance
and the degree of technical, economic, and geological study. This classification contains
distributable classes that are identified using an international three-order numeric code. Today
our classification is harmonized with the United Nations Framework Classification for Resources
(UNFC) 2009 version despite the fact that there is already an updated version of 2019 [2].

The relevance of this study is related to the integration of domestic subsoil use into European
industries, as well as into the global systems for investing in mining facilities. Thus, the domestic
mineral resource base takes into account many minerals from the list of critical and strategic
ones for such countries as the United States of America, Canada, Japan, Australia, and the
European Union. Understanding the availability and maturity of our deposits will accelerate
their investment and development. Understanding the requirements of international standards
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for the exploration of deposits will allow us to study quickly and efficiently own objects and
select interesting foreign objects.

The analysis of classification systems allows us to determine directions for further changes
and harmonization of the national evaluation system. Until recently, social and environmental
factors were rarely taken into account when classifying mineral reserves and resources. Their
importance has grown significantly over the past few years. Many projects have been delayed
or canceled because they did not meet social or environmental expectations, even if they met
all other requirements of quantity, quality, and profitability. The various factors involved in
the classification of resources do not exist in isolation but operate in a complex manner. In
particular, specific issues of property rights and use of the resource, licensing conditions, and
other legal issues, which as a result also create economic conditions, can be affected by social
and environmental risks. The delay caused by the resolution of these issues in connection with
socio-environmental problems can have a significant impact on the economics of projects and
even make them economically unprofitable [3].

2. Results
Until recently, social and environmental factors have rarely been considered in the classification
of natural resources. Their importance has grown considerably in the last few years. Many
projects have been delayed or canceled because they failed to meet social or environmental
expectations, even though they met all other requirements. The various factors involved in
resource classification do not exist in isolation, and the distinction between them is rarely black
and white. The related issues of ownership, contract terms, legal, regulatory issues, and in some
cases, financial conditions may be affected by social and environmental issues. A delay due to
the resolution of these as a result of socio-environmental issues can have a significant impact on
the economics of projects, even making them no longer economically viable.

Socio-environmental issues, typically described as a requirement for “social license” or “social
license to operate” (SLO), have attracted a significant amount of interest and attention in recent
years. A project cannot proceed unless the important social and environmental contingencies are
resolved, typically described as obtaining an SLO. UNFC is a tool for effective management of
national resource endowments needed for realizing the Sustainable Development Goals (SDGs).
UNFC applies to energy and mineral resources; injection projects for the geological storage
of CO2; and anthropogenic resources such as secondary resources recycled from residues and
wastes. UNFC aims to provide necessary specifications and guidelines for optimizing the
management and development of resources, with positive impacts on society, the environment,
local economies, and employment [3].

In 2022, the problems and risks of social licenses have become especially acute, which is
especially noted by the forecasts of global audit companies. Table 1 lists the Top 10 business
risks and opportunities for mining and metals. The risks of social licenses appeared in the lists
of top risks in 2015, but until 2022 they did not rise above 5th place.

With Ernst and Young’s (EY) data released at the end of 2022 [4], environmental, social, and
corporate governance (ESG) remains a top risk and challenge for mining and metals companies
in 2023. This issue is now widely included in corporate strategies due to its impact on almost all
aspects of operations – productivity, logistics, economics and finance, sales markets, etc. Some
of the biggest areas of ESG improvement are not new – ensuring diversity, equity, and inclusion
still remain challenges, and mine closures and rehabilitation require longer-term, more strategic
planning [4].

However, every year the demands on mining enterprises are becoming stricter and today,
water resources management and biodiversity are fast becoming urgent priorities in the face
of climate change. Stakeholders expect from companies a better assessment of risks and
opportunities to minimize them with the help of transparent studies and guarantees for their
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Table 1. Top 10 business risks and opportunities for mining and metals in 2017-2022 [4].
№ 2023 2022 2021 2019-2020 2017-2018
1 Environment

and social risk
Environment
and social risk

License to oper-
ate

License to oper-
ate

Digital effective-
ness

2 Geopolitics Decarboniza-
tion

High Impact
Risks/COVID-19

Digital effec-
tiveness

Competitive share-
holder returns

3 Climate change License to oper-
ate

Productivity and
Rising Costs

Maximizing
portfolio re-
turns

Cyber

4 License to oper-
ate

Geopolitics Decarbonization Cyber New world com-
modities

5 Productivity
and costs

Capital Geopolitics Rising costs Regulatory risk

6 Supply chain
disruption

Uncertain de-
mand

Capital Energy mix Cash optimization

7 Workforce Digital and in-
novation

Workforce Workforce Social license to
operate

8 Capital Workforce Volatility Disruption Resource replace-
ment

9 Digital and in-
novation

New business
models

Digital and Data
Automation

Fraud Access to and opti-
mization of energy

10 New business
models

Productivity
and costs

Innovation New World
commodities

Managing joint
ventures

results. Stricter reporting will be critical if companies are to meet growing stakeholder
expectations and avoid accusations of greenwashing. A bonus for companies that meet these
requirements is significant competitive advantages — from access to capital and resources to
obtaining a license to conduct activities and attracting highly qualified personnel [4].

Among the most significant for the extractive industry in the list of social and environmental
factors were the following (in descending order): water resource management problems,
compliance with the processes of decarbonization of production, reduction of the negative impact
on climate change, environmental friendliness of production and volumes of emissions that are
directly or indirectly related to enterprises, etc.

Classifications of mineral reserves and resources always reflect the most important features
of mineral projects that determine their effectiveness. From the beginning, these were basic
geological and mining technical characteristics, then economic and environmental factors. Now
such a sign is environmental, social, and governance, which directly affect the possibility of
project implementation. Next, we analyze existing system classifications to determine the direct
and indirect ways in which these systems account for these ESG factors.

The development of international reporting standards for the assessment of mineral resources
began at the end of the 20th century as a result of globalization processes in the extractive
industry (figure 1). The largest mining companies are developing international projects and
diversifying the regional risks of the mining business. This necessitated the development of
integrated assessment systems that create unified and understandable tools for assessing mineral
reserves and resources, regardless of the location of the assessment object itself.

This study analyzes and compares the classification features of various systems: Ukrainian
classification [1], UNFC [2], The Petroleum Resources Management System (PRMS) [5], The
Committee for Mineral Reserves International Reporting Standards (CRIRSCO) [6] in order
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Figure 1. Development of international and national standards for mineral assessment in the
period 1990-2020.

to establish features that allow determining the social and environmental risks of subsoil use
projects.

In the mining projects valuation, environmental and social risks, as well as ESG in general, are
often used in the context of investment attractiveness, although stakeholders include not only the
investment environment, but also customers, suppliers, company personnel, local populations,
and governments, who are increasingly interested in safe (in all senses), and stable development
of organizations and companies on their territory. The presence of these direct features in the
classification systems indicates the orientation of the assessment standards to the comprehensive
assessment of projects as such meeting the goals of sustainable development.

Below are comparisons of the basic parameters of classification systems (table 2): CRIRSCO
(by International reporting template for the public reporting of exploration targets, exploration
results, mineral resources, and mineral reserves [6], PRMS Petroleum resources management
system update 2018 [5], The Norwegian Petroleum Directorate’s resource classification system
(NPD) 2016 [7] Ukrainian Classifications of reserves and resources for minerals of the State
Subsoil Fund (SSF) [1]. The features of classifications are given in the order in which they are
considered in the system.

From the given comparison, it is fixed that the social and ecological viability of subsurface
and natural resources projects is used as a direct feature only in the UNFC. In 1997, the
UNFC was developed for solid minerals and conventional energy resources with the aim of
becoming an ideal tool for comparing different regional and national standards. Currently, this
classification has been expanded to include other types of resources. Today, the UNFC covers
energy resources, including oil and gas; renewable energy projects; atomic energy resources;
solid minerals; CO2 storage projects; underground water; and anthropogenic resources, such as
secondary resources recycled from production residues and wastes. An important feature is the
systematization of information not only for geological and mining enterprises but also for all
interested parties. Such parties are defined as international and regional organizations in the
field of international research of mineral resources and energy (to facilitate the formulation of a
consistent and visionary strategy of actions), national and local governments (for the sustainable
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Table 2. Comparison of the basic features of the mineral resources classifications.
№ Standard/

document UNFC CRIRSCO PRMS NDP Ukrainian
SSF

1 Main types of
mineral

Hydrocarbons
(HC), minerals,
water, nuclear
fuels

Solid minerals HC HC HC, Solid min-
erals

2 Unconventional
types of min-
erals, other
natural re-
sources

Solar, wind,
geothermal,
hydro-marine,
bioenergy,
injection for
storage

Mineralised Fill,
Remnants, Pillars,
Low Grade Mineral-
isation, Stockpiles,
Dumps and Tailings

Unconventional
resources CO2

(2017)

Partially un-
conventional
hydrocarbons

3 Object of classi-
fication and as-
sessment

Projects (devel-
opment or op-
eration)

Mineral projects
Resources and Re-
serves

Projects (ex-
ploration, ap-
praisal, develop-
ment) Resources
and Reserves

Projects
Resources
and Re-
serves

Subsurface area
Resources and
Reserves

4 Person who
carrying out a
classification
and evaluation

Competent
person

Competent person,
qualified person (NI
43-101)

Evaluator (in-
dependent
consultants,
employees)

Evaluator Expert Group

Main features of classification
5 1) Environmental-

socio-economic
viability

Level of geological
knowledge and con-
fidence

Project Status
and Chance of
Commerciality

Resource
classes
Petroleum
volumes

Level of level
of economic, so-
cial and indus-
trial importance

2) Project feasi-
bility

Modifying factors
(mining, process-
ing, metallurgical,
infrastructure, eco-
nomic, marketing,
legal, environmen-
tal, social, and
governmental)

Uncertainty Project ma-
turity

Stage of tech-
nical and eco-
nomic develop-
ment

3) Level of geolog-
ical knowledge

Level of geolog-
ical knowledge
Complexity
of geological
structure as ad-
ditional feature

6 Start date 1997 1989 (JORC), 1994
(CRIRSCO)

2007 2001 1997

7 Last updated
date

2019 2012 (JORC), 2019
(CRIRSCO)

2018 2016 2018

8 Main regions Global USA, Canada, Eu-
rope, Australia

USA, Europe Norway Ukraine

9 Implementa-
tion/ harmo-
nization in
Ukraine

Partially used
in the invest-
ment projects

Partially used in the
investment evalua-
tion of projects

Partially imple-
mented by oil
and gas compa-
nies

– Harmonized
with UNFC
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management of national resources), companies and industrial enterprises (for the development
of production and technologies, project management and financing), financial organizations
and funds (for project management and financing) [2, 3]. Thus, the UNFC itself is a tool
for the effective management of national resources necessary for the realization of sustainable
development goals, which enables all interested parties to find a common understanding of the
development of resources and territories, as well as to compare projects in different types of
resources and subsoil use. The development of the basic characteristics of the classification of
reserves and resources in the UNFC from 1997 to 2020 is shown in the following table 3.

Table 3. Development of Principal elements of the UNFC.

P
ri

nc
ip

le
E

le
m

en
ts

Year
1997 2004 2009 2016 2019

Solid Fuels and Minerals Previous Previous + Oil,
Gas, Uranium

Previous +
Renewable
project, incl.
Geothermal

Previous +
Bioenergy, An-
thropogenic
Resources

Economic axis Economic axis Socio-economic
viability

Socio-economic
viability

Environmental-
Socio-economic
viability

Feasibility axis Feasibility axis Project feasi-
bility

Project feasi-
bility

Project feasibil-
ity

Geological axis Geological axis Geological
knowledge

Geological
knowledge

Geological
knowledge

Other standards and classification systems have evolved in accordance with the more practical
and rational objectives of providing reliable valuations for investors of all levels. The CRIRSCO
standard notes that the extractive industry today is a global international business whose
financial and operational success depends on the trust and confidence of investors [6]. Unlike
many other industries, geology and mining deal with mineral resources that are exhaustible
and non-renewable. The main emphasis on the risks of mining projects in these standards is
made on geological risks, which depend on the reliability of information about objects from
the beginning of the geological study to the end of mining. Subsoil users are encouraged to
effectively and transparently assess the risks associated with investments to ensure the high level
of confidence necessary to sustain their activities [6]. ESG criteria are taken into account as part
of modifying factors that determine the possibility of converting mineral resources into reserves
that are designed and have individual technical, technological, and organizational solutions for
implementation, which forms their economic and environmental assessment in the relevant legal
and regulatory conditions. In the hydrocarbon resource assessment standards 2018, the social
and environmental component is also indirectly taken into account in the project success criteria
(“chance” for commercial implementation) and uncertainty parameters.

3. Conclusions
The paper presents a comparison of classification features in the exploration and evaluation of
mineral resources in domestic and international practice. This study analyzes and compares
the classification features of various systems: The Ukrainian Classifications of reserves and
resources for minerals of the State Subsoil Fund, The United Nations Framework Classification
for Resources, The Petroleum Resources Management System, The Norwegian Petroleum
Directorate’s resource classification system, the Classification of the Committee for Mineral
Reserves International Reporting Standards.
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As a result, the most common feature of classifications is the level of geological study. This
feature makes it possible to distinguish 4 groups of geological knowledge. Features of economic
viability and status of the project, as a rule, are used in international practice. Important
criteria, which are now reflected only in the UNFC, are the social and environmental viability of
projects. This determines the importance of accounting for ESG in our valuation and resource
accounting systems.

In recent years, social and environmental risks have become basic for the implementation of
mining projects. Their growth can lead to the postponement of projects in time or the complete
cancellation of decisions made because they did not meet social or environmental expectations,
even if they met the requirements of quantity, quality, and profitability. Such changes must
be reflected in classification systems for reserves and resources assessment that are used by all
stakeholders to make management and investment decisions. Today, the social and ecological
viability of subsurface and environmental projects is used as a direct feature only in the UNFC,
and its inclusion took place in 2009 in the part of social factors, and in 2019 – in the part of
environmental factors. This shows that the UNFC is a tool for the effective management of
national resources, necessary for the realization of the goals of sustainable development, which
enables all interested parties to find a common understanding of the development of resources
and territories, as well as to compare projects in different types of resources and subsoil use.

In other international standards, as well as in the domestic classification of the State Subsoil
Fund, the ESG criterion is taken into account indirectly, which is one of the key areas of
development of these mineral resource evaluation systems. Such development can take place
in two directions: 1) inclusion of social and ecological criteria of the direction as basic features,
while this is possible both in the form of complex parameters and individual classes/subclasses;
2) use and improvement of existing methods of resource valuation, taking into account the
environmental and social risks of the implementation of mining projects.
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Abstract. The modern achievements in the construction of small flying machines cause
the active development of remote monitoring, in particular geophysical airborne gamma-ray
spectrometer surveying. Such observations are important, since large amounts of man-made
radioactive materials get into the environment, especially during accidents like at the Chornobyl
or Fukushima nuclear plants. On the other hand, the natural distribution of radioactive sources
is inhomogeneous and can provide us with useful information about the soil structure. One of
the problems appearing at the handle of information collected with unmanned aerial vehicles
concerns the correction of readings to identify the peculiarities of gamma-ray fields. To perform
this, the analytical method based on the solution of the inverse problem formulated in terms of
integral relation is used. In this research, to reconstruct the surface distribution of the gamma-
ray field, the Tikhonov and Landweber techniques are applied. It is shown that these algorithms
allow one to distinguish radioactive hot-spots located closely.

1. Introduction
To support the sustainable development of economies and human societies, the effective
implementation of innovative technologies, methods of rational nature management, and safety
components should be realized. To a large extent, this applies to handling the radioactive
materials which can provide significant benefits and at the same time can cause substantial
damage. To organize the effective control of radioactive materials accompanied by ensuring
radiation safety, the novel achievements in the fields of remote sensing and information
technologies [1–4] can be useful. There are many different means for gathering and processing
information on observed objects including satellites, manned aviation, ground observation, and
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etc. [5]. Among them, the small flying machines or so-called unmanned aerial vehicles (UAVs)
should be noted, the use of which has developed rapidly due to their advantages [1,6–9] including
the possibility to reveal the size-limited gamma-ray anomalies [10].

Nevertheless, the collected data undergo the influence of different effects, i.e. UAV velocity
and high, detector’s properties, attenuation, natural radiation, and require further processing
and corrections. To improve the quality of UAV measurements, it is utilized the approach [11–15]
which is based on the use of a solution of inverse problem. This problem involves a multiple
integral relation, approximation of which, in turn, causes well-known problems. However, the
main obstacle relates to the construction of a solution to the inverse problem, since we deal
with an ill-posed problem that produces strong instability, oversmoothing effects, and etc. To
overcome this difficulty, many techniques have been developed including the Tikhonov and
Landweber algorithms, which we used in these studies.

2. Research aim and objectives
In this research, we consider the adaptation of algorithms for the inverse problem which
arises during the remote monitoring of distributed radioactive (namely gamma-ray) fields. In
particular, restoration of the gamma field, distributed over the ground surface, and identification
of its peculiarities (local intensities) are performed.

3. Statement of the problem
As known from numerous experiments [15–17], the readings of airborne detector require some
corrections. One of the possible ways to do this is the inversion of airborne data using the
algorithm of the proper inverse problem. The mathematical statement of this problem involves
the integral relation describing the attenuation of the gamma radiation with distance from
the ground surface, the distribution of radioelement sources in the ground, and the detector’s
properties. The UAV velocity also should be taken into account.

Thus, consider the simplified scheme (figure 1(a)) of remote sensing, continuing our studies
presented in [6]. A small flying machine is equipped with a detector providing us the counting
of gammas emitted from the ground surface. UAV moves along the axis Ox with the velocity v.
It is marked by the point D with the coordinates (xd, yd) and the altitude hd in figure 1(a).

Let us assume that the detector’s eyeshot is formed by the collimator with a rectangular
cross-section and the aperture 2θ rad. Then the view window appearing on the ground surface
is almost rectangular. The size of this window depends on the detector’s altitude hd and
θ. The elementary geometric reasoning leads us to the simple relation for the window side
2∆x = 2∆y = 2(hd − h) tan θ, where h(x, y) stands for the relief altitude. Dealing, for instance,
with the detector with θ = π/3 rad located at a height of 55 m above the ground surface, the
view window size is 2∆x = 190 m.

During a flight, the detector collects gammas and fixes the number of gamma quants W (ti)
at discrete moments of time ti, i = 1, 2, . . . , N . For the sake of simplicity we will assume that
all time intervals [ti−1; ti] are of the same length and, therefore, the detector’s exposure time is
ti − ti−1 = τ = const. Thus, if we fixed τ = 1 s and v = 27 m/s (about 100 km/h), then UAV
flying L = 4000 m provides us with L/(τv) ≈ 140 ≡ N values of W .

Thus, in general, to evaluate the number of trapped gamma rays at a time moment ti, it can
be used the following integral [3, 11–13,15,16] equation

Λ

ti∫
ti−1

dt

∫
Ω

σ (X) Φ
(
Xd, X

)
dΩ = W (ti), i = 1, . . . , N, (1)

where σ is the density of gamma sources; Xd = (xd, yd) ∈ R2 is the detector’s position and
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(a) (b)

Figure 1. The simplified scheme of remote sensing (a) and the surface of the function σ(x, y) –
the density of gamma sources (b).

X = (x, y) ∈ R2 is a point in the domain Ω representing a radioactive material; Λ is the scaling
factor depending on the geometric and physical properties of detector.

The quantity

Φ = φ
(
Xd, X

) e−rµ
4πr2

,

where µ is the coefficient of attenuation in air; the function φ = (hd − h)/r coincides with
the cosine of angle between the vertical and the direction from the detector to the point X;
r =

√
(hd − h)2 + (xd − x)2 + (yd − y)2 is the distance between detector and the point X lying

on the surface.
Thus, the problem arises: to restore the surface distribution σ(x, y), when the data W are

given. This is a well-known inverse problem.

4. Construction of the algorithms for the inverse problem
Before solving the inverse problem, we prepare the test data W for checking the quality of the
algorithm’s work. In fact, evaluating the quantities W (ti), the forward problem is solved. Thus,
we specify the function of radioactive sources density

σ(x, y) =20
(

cos
[ x

400

]
+ 1.1

)
+ 20UnitBox

[
x− 3500

50

]
+ 20UnitBox

[
x− 3250

50

]
+

+ 20UnitBox

[
x− 1000

50

]
+ 20UnitBox

[
x− 1250

50

]
,

(2)

where UnitBox[z] stands for the in-built Mathematica package function, equal to 1 for |z| ≤ 1/2
and 0 otherwise.

Using the function UnitBox[z], we model the localized sources of high radioactivity. In other
words, four peaks on the density function σ can represent, for instance, trenches containing
radioactive waste. Actually, in this research, the function (2) doesn’t depend on y and its graph



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012099

IOP Publishing
doi:10.1088/1755-1315/1254/1/012099

4

is depicted in figure 1(b). The model (1) also requires the parameter µ = 0.001 1/m; relief profile
h(x, y) = 20 m; UAV altitude h = 75 m. Although we can incorporate in relation (1) the UAV
specified velocity vi at each interval [ti−1, ti], but in this research we neglect small deviations
of UAV velocity and it is assumed that the UAV moves all flight time with the mean constant
velocity v = const. Since the UAV’s movement is performed along the axis Ox, its coordinate
yd = 0.

Then, substituting the new variable u = vt and other parameters and functions into relation
(1), we get

Wi =
Λ

v

iτv∫
(i−1)τv

du

iτv+∆x∫
iτv−∆x

dx

∆y∫
−∆y

dy σ(x, y)
(hd − h)

4πr3
e−rµ, i = 1, . . . , N, (3)

where ti = τi, r =
√

(hd − h)2 + (xd − x)2 + (yd − y)2. In Mathematica package, the relation
(3) is evaluated by means of the function NIntegrate[].

For convenience, we take Λ = σ(0, 0)/W1, in order to normalize data and to compare with the
parent distribution σ. Figure 2(a) represents the comparison of the exact graph of the density
function σ and data W .

0 500 1000 1500 2000 2500 3000 3500
x, m0

10

20

30

40

50
σ/σ0 , W

100 200 300 400
i

10-20

10-15

10-10

10-5

1

λ

(a) (b)

Figure 2. The comparison of the profile of the function (2) and data W evaluated by the
formula (3).

Now, to develop the algorithm for the inverse problem solution, we discretize the integral
relation (3) using the rectangle method:

b∫
a

f(x)dx = ∆0

n∑
k=1

f

(
a+

2k − 1

2
∆0

)
, ∆0 =

b− a
n

. (4)

Applying formula (4), the approximation of integral (3) can be cast in the following form

Wi =
δxδdδy
v

N2∑
k=1

N1∑
j=1

σ (x)

Ny∑
`=1

Φ
(
x, y, xd, yd

)
;

x = (i− 1)τv +
2j − 1

2
δd +

2k − 1

2
δx −∆x; y = −∆y +

2`− 1

2
δy;

xd = (i− 1)τv +
2j − 1

2
δd; yd = 0,

(5)
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where δx = 2∆x/N2, δd = τv/N1, and δy = 2∆y/Ny.
Before using relation (5), we transform the argument x of σ in such a way that it will be

multiple of the spatial step δx. Thus, let us assume that τv = qδx, δd = pδx, ∆x = εδx, where q,
p, ε are natural numbers. Assuming that q = [τv/δx] ≡ N1, r = 1, ε = [∆x/δx] ≡ N2/2, where
the function [·] returns an integer part of its argument.

Next,

x = (i− 1)τv +
2j − 1

2
δd +

2k − 1

2
δx −∆x =

δx
2

[2(i− 1)q + (2j − 1)p+ (2k − 1)− 2ε] .

Since i, q, j, p, k, ε are natural numbers, then the set of unknown values σ(x) is defined for the
multiple values δx.

Then, putting σ( δx2 [2(i− 1)q + (2j − 1)p+ (2k − 1)− 2ε]) = σf , where f = 2(i−1)q+ (2j−
1)p+ (2k − 1)− 2ν are natural, the relations (5) can be presented in the form

Wi =
δxδdδy
v

N2∑
k=1

N1∑
j=1

σf

Ny∑
`=1

Φi,k,j,`, (6)

which is the linear system of algebraic equations with respect to σf .
This system can be written in the matrix form

w = Kg, (7)

where w = (W1, . . . ,WN )>, g = (σ2−2ε, σ4−2ε, . . . σ2(Nq+ε−1))
>.

For instance, if we fix δx = 9 m, then q = 3, ε = 10, τ = 1 s, v = 27 m/s, N = 144, then
structure of the system (6) can be understood from the first two equations

W1 = K1,1σ−18 +K1,2σ−16 +K1,3σ−14 +K1,4σ−12 +K1,5σ−10 + · · ·+K1,22σ24,

W2 = K2,4σ−12 +K2,5σ−10 + · · ·+K2,25σ30.

We see that the system is the set of coupled equations. The matrix K is multi-diagonal and
not square, in general. This means that the system does not possess the unique solution and as
a rule it is ill-conditioning. To obtain the proper solution in this case, the regularized algorithms
are used. In this research, we apply the Tikhonov and Landweber algorithms [18].

4.1. Tikhonov method
Let us recall shortly that the Tikhonov regularization technique is based on the singular value
decomposition (SVD) procedure applied to the matrix K and elimination of singular elements
from the system’s solution which produce the solution’s instability. As shown in [18], using the
SVD presentation of the m× n real-valued matrix K in the form K = UΣV >, where U and V
are the m×m and n×n unitary matrices respectively, Σ = diag(λi) is the m×n diagonal matrix
with diagonal nonnegative entries λi called singular values of K. Then the solution of system
(7) can be cast in the matrix form g = V · diag(λ−1

i ) ·U> ·w. To get rid of small singular values

of the matrix diag(λ−1
i ), the Tikhonov filter function transforming the small singular values is

used. Thus, instead of exact system’s solution we have

g ≈ gα = V · diag((λ2
i + α)−1) · U> · w.

Using the identity K>K + αI = V · (λ2
i + α) · V >, where I is the unit matrix, the preceding

relation reads as follows
gα = (K>K + αI)−1K> · w, (8)
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Figure 3. The comparison of the profile of the function (2) and the restored data gα evaluated
by formula (8). Here α = 10−3 (a) and α = 0.5 · 10−8 (b).

where α is a regularization parameter.
Thus, at first consider the properties of matrix K used in this research. Instead of direct

evaluation of K’s singular values, it is simpler to evaluate eigenvalues of K>K using the in-built
Mathematica function Eigenvalues[]. The resulting distribution of eigenvalues λ2

i is presented
in figure 2(a) (here the semilogarithmic plot is used) and shows the presence of small singular
values for large i. Finally, putting α = 10−3, the solution (8) is evaluated and after rearranging
((−20+2j)hx/2; (gα)j), j = 1, . . . , N the figure 3(a) is plotted. When α decreases up to 0.5·10−8,
the solution (8) is depicted in figure 3(b) and the growth of spurious fluctuations is observed.
It means that α is too small.

In these studies we also are interested in the solution when the components of system (7)
are desturbed by noise modeled with the random normally distributed numbers ξ. Thus, we
consider the system (7) in the form w = (K+ξ)g, where ξ ∼ Norm(0, b). If we take the standard
deviation b = 5 · 10−4, the Mathematica function RandomVariate[NormalDistribution[0, b], Nq ]
generates Nq random numbers. The random data histogram is depicted in figure 4(b) and
tells us about a good approximation of normal distribution. As expected, the corresponding
solution of inverse problem plotted in figure 4(a) shows more irregularity in comparison with
the non-noised solution from figure 3. When b = 0.001 and random numbers undergo a greater
deviations from their mean value (figure 4(d)), the solution (8) drawn in figure 4(c) becomes even
greater irregularity, so that doublet structures become faintly visible against the background of
fluctuations. The similar solution’s behaviour is observed, when noise is added to the vector w
in system (7) but at the smaller values of b.

4.2. Landweber method
This technique belongs to the iterative regularization methods and is written in the form of
iterative procedure [18]

(gα)ν+1 = (gα)ν − η · grad J((gα)ν), ν = 0, 1, . . . , (9)

where J = ‖K · g − w‖2/2, grad J = K> · (K · g − w), η is a scalar controlling the speed of
iteration convergence.

As shown in [18], the procedure (9) can be reduced to the matrix representation

(gα)ν = η
ν−1∑
j=0

(
I − ηK>K

)j
K> · w. (10)
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Figure 4. Tikhonov method. Inverse problem solution (8) when noise is added. Here the
standard deviations are b = 5 · 10−4 (b) and b = 0.001 (d).

Let us first fix not large iteration number ν = 50. Then the corresponding solution (10) is
shown in figure 5(a) and represents a good discrimination of the doublet pairs.

When the number of iterations are sufficiently large, i.e. ν = 500, the solution (9) is plotted
in figure 5(b). We see that the difference between exact solution and its approximation becomes
smaller. It should be noted that the development spurious oscillations at the left edge of the
interval, whereas the solution at the right edge behaves well. The reason for this instability
requires additional studies, although this effect does not influence the hot-spot detection.
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Figure 5. The Landweber algorithm. The profiles of gν defined by (10) evaluated at ν = 50
(a) and ν = 500 (b). Here η = 0.4.
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5. Concluding remarks
Thus, the research outlined above dealt with the mathematical issues devoted to the remote
sensing areas contaminated by the highly radioactive materials. Nowadays the use of UAVs for
remote sensing grows rapidly, therefore, support and assistance of UAV technology are extremely
important. To do this, modern software and numerical methods are utilized. In particular, the
software Mathematica package offers the tools for constructing the solutions of forward and
inverse integral problems in a simple way.

Using this package, we adopted the Tikhonov and Landeweber algorithms for the inverse
problem and applied them to the test problem which takes into account the surface density
distribution of gamma sources with doublet structures, while other quantities were chosen as
simply as possible. It turned out that the algorithms for the inverse problem reconstruct the
close doublet structures quite well, remaining them separated.

Presented studies can be used for organizing the monitoring of the territories with man-made
radioactive waste, for instance affected by accidents at nuclear NPPs [14]. As is well known [6],
the territory of the Chornobyl Exclusion Zone contains huge amounts of spent nuclear fuel,
radioactive waste, and its temporary localization. These storage facilities consist of complex
“Vector”, radioactive waste disposal points “Buryakivka”, “Pidlisnyi”, “ChNPP Stage III”, nine
temporary radioactive waste confinement sites with a total area about 10 hectares and include
nearsurface disposal facility, trenches, and mound storages. In order to distinguish the contours
of lost trenches, the use of presented findings is promising.

The results obtained can be interesting for the experts in the fields of remote sensing of
radiation, homeland security, ecology, nuclear medicine, and etc.
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Abstract. The nature and properties of neutron radiation impose specific requirements on
the creation and operation of such materials. The presence of accompanying and induced
radiation, weather conditions, as well as the peculiarities of the location of functional layers
require a hierarchical approach to the development of such neutron-absorbing materials. It was
shown that the conceptual scheme of creating Gd-containing protective materials consists in
taking into account all factors of their operation. In particular, it is shown that the presence of
neutron-absorbing components is a necessary but not sufficient condition for their successful
application in environmental conditions. In this work, Gd-containing chitosan films were
prepared as an example of the proposed conceptual scheme for the creation of environmentally
friendly neutron-absorbing nanocomposites. The prepared Gd films were characterized and their
neutron permeability was estimated. The approach presented in this work contributes to the
development of sustainable and responsible production practices, supporting SDGs 9 and 12.

1. Introduction
The need for protection against neutron radiation is due to the increasing level of radiation
load. The growing level of radiation danger is associated with the rapid progress of science
and technology and the expansion of the spectrum of the use of radiation technologies in the
industry. Examples of such applications are non-destructive testing systems (cargo and car
scanners), high-energy particle detectors (CERN), creation of new radiation sources (subcritical
assembly “Neutron Source”, Kharkiv, Ukraine) and compact nuclear power plants.

The need for protection against neutron radiation is also urgent in space, where protection
against cosmic radiation (high-energy heavy particles) [1] during travel and equipment operation
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is important. The main task of neutron-absorbing materials is to cut off the neutron part of the
spectrum during the collision with high-energy particles, which reduces the radiation load.

2. Analysis of research and publications
Nowadays, nuclear technologies are widely used all over the world, in particular for environmental
protection [2], scientific research [3,4], medical imaging and therapy [5], neutrons in the field of
nuclear energy [6], agriculture [7], etc. Neutron radiation is one of the most dangerous types of
radiation and poses a real danger to radiation workers and the public. Its impact on biological
tissue leads to ionization of the material and, as a result, significant changes in the functionality
of the cell or loss of the ability to recover. Other chemical elements can also be formed, including
radionuclides that create induced radioactivity in the body. This problem is also relevant for
nuclear installations because, to neutron irradiation, the equipment becomes radioactive and is
unusable.

To solve the problem of exposure to neutron radiation, it is necessary to limit the duration
of exposure, maximize the distance from the radiation source, and use shielding material [8].
Over the past few years, several studies have been conducted on various protective materials
against the dangers of ionizing radiation [9]. According to scientific studies, shielding materials
usually consist of a matrix and a filler. Frequency the matrices used are hydrogen-enriched
polymers, cement and glass [10–13]. Examples of elements and their compounds that can be
used as fillers for neutron shielding are boron, cadmium, and selenium [14–16]. However, the
price of these fillers is relatively high. Concrete is not optimal because it is heavy, cracks easily,
and is prone to voids. Glass has a limited range of potential as a protective material [10].
Hydrogen-enriched polymers are widely used as matrix materials for nuclear shields due to
their lightweight, good manufacturability, and strong ability to slow down neutrons [13, 17].
However, cost-effective composite shields with hydrogen-rich polymer matrices should be further
investigated as shielding materials against the dangers of neutron radiation [8].

It is worth noting that epoxy resin is often used as a matrix in radiation shielding materials due
to its high hydrogen content, excellent processability, strong radiation resistance, and suitability
for adding a lot of inexpensive shielding fillers [13, 17]. The paper [13] presents the use of some
secondary metallurgical resources and epoxy resin for the preparation of composites for various
types of radiation. However, the shielding mechanism in these multiphase composites was never
been elucidated.

Natural isotopes of Gd have a high ability to capture neutrons. Two of the seven stable
isotopes 155Gd and 157Gd have very high neutron capture cross sections (55,000 and 255,000 barn,
respectively). 155Gd has the highest neutron capture cross section among all stable elements
of the periodic table. The neutron capture cross section of 155Gd is 65 times higher than that
of the widely known 10B [18, 19]. In figure 1 shows the cross-section of neutron capture by
boron and gadolinium isotopes depending on the neutron energy. When a neutron is absorbed
in the Gd nucleus, complex transformations occur, as a result of which γ-quants are generated,
which displace electrons from the inner levels. This leads to the emission of internal conversion
electrons, Auger–Koster–Kronig electrons, as well as photons and γ-quants. Computer modeling
of the Gd neutron capture reaction predicts the output of 1.83 γ-photons, 0.84 γ-quant, and
0.69 internal conversion electrons [20].

The latest achievements in the development of nano- and micro-composite materials for the
protection of workers and equipment from neutron irradiation are covered in the book [22]. In
particular, the use of powder fillers as neutron absorbers is considered. In particular, it has
been shown that the use of samarium (Sm) and Gd as fillers is effective in terms of the intensity
of their interaction with neutrons [23], but at high concentrations it can cause the release of
a significant amount of secondary gamma radiation. In this case, additional measures should
be taken to protect against gamma radiation. As an optimal solution, the use of mixed boron-
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Figure 1. Section of neutron capture by 155Gd, 157Gd and 10B isotopes [21].

gadolinium-containing fillers is proposed, which makes it possible to achieve optimal absorption
of neutrons for different energy spectra and, accordingly, the release of an “optimized” amount
of secondary radiation.

It is known from other literary sources that wood is a good adsorber of ionizing radiation [24].
In this regard, it can be assumed that the use of wood in combination with Gd-containing
materials is promising, since wood has good absorbing properties relative to secondary gamma
radiation and, in addition, good structural properties.

The use of thermoplastic composite materials for protection against neutrons in outer space is
covered in [25]. Also, to protect workers and equipment from neutron radiation, it was proposed
to use thermoset polymers filled with inorganic fillers. Methods of their production, properties
and neutron shielding characteristics were analyzed [26].

The goal of this scientific article is to develop a conceptual scheme for the creation of
environmentally friendly Gd-containing neutron-absorbing nanocomposites, and to validate
this scheme through the preparation and characterization of Gd-containing chitosan films as
a potential neutron shielding material.

This work, we believe, is contributing to sustainable development goals 9 (industry and
innovation) since it offers an innovative approach for neutron shielding and 12 (responsible
production) due to the possibility to develop environmentally friendly neutron-shielding
materials.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012100

IOP Publishing
doi:10.1088/1755-1315/1254/1/012100

4

3. Results and discussion
Neutron-shielding composite materials act as part of certain objects as components of protective
structures. In particular, neutron-shielding composites can act as components of coatings,
insulating, protective and structural materials, etc., to fulfill their functions. Accordingly, during
the operation of materials containing neutron shielding composites, it is important to take into
account the influence of various factors on them, including the environment [27]. Among the
factors that can have a direct (negative) impact, it is worth highlighting:

• weather conditions;

• accompanying radiation (gamma radiation, beta particles);

• induced radiation (caused by the interaction of neutrons with matter);

• the factor of material properties change due to aging and mechanical stress, etc.;

• others.

In this context, the use of Gd-containing composites as part of protective materials seems
most likely in two scenarios: indoor and in the open air.

Obviously, the use of neutron shields outdoors includes a set of parameters that are suitable
for the indoor applications, plus a protective coating against weather conditions (humidity, solar
radiation, temperature, etc.).

The basics of technologies and materials that are suitable for protection against weather
conditions are well studied and worked out, so their detailed coverage here is unnecessary.

In particular, in figure 2, a four-component scheme is proposed, which consists of a protective
coating (layer 1), an intermediate layer 2, a neutron protective layer 3, and a structural or main
layer 4. An example of the arrangement of protective layers is shown in figure 2 below.

Figure 2. An example of proposed scheme of the arrangement of protective layers for a neutron-
shielding composite material.

In addition to weather conditions, the impact of accompanying radiation is important, the
presence of which should be expected at facilities with increased nuclear danger. It is important
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that the protection against accompanying radiation is at the front of the composite, for example
as a protective paint, coating, varnish, etc. The radiation-resistant coating is applied to the
base, which should ensure its reliable fixation and, accordingly, resistance to weather conditions.
The basics of such technologies are well studied and worked out, so there is no need to cover
them in detail in this project.

The base can be any material that meets the technical requirements, such as wood. Wood has
good structural properties and is a sufficiently effective material for protection against gamma
radiation.

The next layer can be directly Gd-containing neutron-absorbing composite material. The
neutron protective layer should be located closest to the front of interaction with potential
radiation sources. The work resource must exceed the maximum one-time load by several
times. The thickness of the layer and the amount of neutron-shielding composite in it may
vary depending on the specific purpose.

Taking into account the accompanying factors present during the operation of such composites
in real conditions, it is also important to take into account other components of the interaction
of neutrons with matter. It is worth noting that it is important to provide the neutron-absorbing
composite material with a radiation-resistant shell several microns thick, made of a material that
prevents the propagation of secondary electrons and neutralizes free radicals. It is worth noting
that the formation of secondary electrons due to the interaction of neutrons with boron and
gadolinium can cause the breaking of chemical bonds on a micrometer scale, and that is why it
is important to “neutralize” such secondary electrons. Examples of such electron- and radical-
absorbing materials can be cross-linked polymer hydrogels (for example, based on lignin) and
surface-modified inorganic oxides (silica, magnetite, titanium oxide, etc.). The effective mileage
(thickness of the substance layer that stops almost all particles) is given in table 1.

Table 1. Thickness of the layer of substance that stops most of β−particles.

Substance Electron energy, MeV
0.05 0.5 5 50

mean free path, cm
Air 4.1 160 2000 17000
Water 4.7 · 10−3 0.19 2.6 19
Aluminum 2 · 10−3 0.056 0.95 4.3
Lead 5 · 10−4 0.02 0.3 1.25

The features of the structure of layer 3 and its interaction with neutron radiation are shown
in the figure 3.

Beta particles (electrons and positrons) interact with electrons and nuclei in matter to a
complete stop. The distance of beta particles depends on their energy.

When considering the use of neutron-shielding composite materials in protective structures,
it is important to take into account various factors that can negatively impact the materials,
such as weather conditions and accompanying radiation.

In this study, as chitosan films with and without Gd were prepared by a solution casting
method. The films were cast from a chitosan solution containing the appropriate concentration
of Gd salt, and then dried to obtain a thin film. The resulting films were characterized using
scanning electron microscopy and their stability to electron beam was evaluated at the first
stage.

The SEM micrograph in figure 4 shows the cross-sections of the chitosan film with and without
the Gd, as a model of the Gd-containing neutron-absorbing composite material. The thickness
of the film with Gd-containing composite material is 15 micrometers, while the thickness of the
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Figure 3. Radiation factors to be taken into account when developing a neutron shielding shell.

Figure 4. SEM micrograph of cross-sections of chitosan film with and without Gd-containing
neutron-absorbing composite material.

film without Gd is only 9 micrometers. The element analysis (EDS) confirms the presence of
Gd inside the film.

The results of this study suggest that chitosan, a natural polymer, can be used as a base
material for the development of Gd-containing neutron shielding composites. The addition of
Gd to the chitosan film increases its thickness and neutron shielding properties, making it a
promising material for further development and application in neutron shielding.
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The micrographs reveal the non-stability of the “just” chitosan film when exposed to the
electron beam, as evident from the irregularities and deformations observed in the image
(figure 5). In contrast, the Gd-containing chitosan film exhibits a more stable morphology
under the same conditions, highlighting the potential of Gd as a stabilizing agent for natural
polymer-based neutron shielding composites.

Figure 5. SEM micrographs of the cross-section of the chitosan film with and without Gd
under electron beam.

The table 2 below compares the thickness, Gd content, and neutron shielding efficiency of
the samples. The control sample (Chitosan) has a thickness of 9 µm and no Gd content. The
Chitosan-Gd samples have a thickness of 15 µm and varying Gd content ranging from 3 wt% to
8 wt%. The neutron shielding efficiency of the samples is also provided, with the Chitosan-Gd
samples showing increasing efficiency with increasing Gd content. This table helps to provide
a concise overview of the properties of the different samples and facilitates easy comparison
between them. This table helps to provide a concise overview of the properties of the different
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samples and facilitates easy comparison between them. The values for neutron permeability
vere calculated according to [28] and are in good agreement with the data obtained in [29].

Table 2. Thickness comparison, Gd content, and neutron shielding efficiency of the samples.

Sampler Thickness, (µm) Gd content, (wt%) Thermal neutron per-
meability, %

Control(Chitosan) 9 0 100
Chitosan-Gd 15 3 18.7
Chitosan-Gd 18 5 11.2
Chitosan-Gd 21 7 8
Chitosan-Gd 24 8 7

Further studies can be conducted to optimize the concentration of Gd within the film and to
explore the feasibility of scaling up the production of such composites for practical use. It should
be noted that the work described in this research paper represents only the beginning of the
development and preliminary testing of the Gd-containing neutron shielding composites based
on natural polymers such as chitosan and cellulose. Further research and testing are needed to
optimize the composition and manufacturing process of these composites and to evaluate their
performance under various environmental conditions and neutron radiation sources.

4. Conclusions
The nature and properties of neutron radiation impose specific requirements on the creation
and operation of such materials. In particular, it is shown that the presence of neutron-
absorbing components is a necessary but not sufficient condition for their successful application
in environmental conditions. The presence of accompanying and induced radiation, weather
conditions, as well as the peculiarities of the location of functional layers require a hierarchical
approach to the development of such neutron-absorbing materials. As a result of literary data
analysis, such an approach was proposed. It was shown that the principle scheme of creating Gd-
containing protective materials consists in taking into account all factors of their operation. The
approach, developed in this work is contributing to sustainable development goals 9 (industry
and innovation) due to offering a more advanced and innovative approach for neutron shielding.
Also, the development of environmentally friendly neutron-shielding materials contributes to
SDG 12 (responsible production) due to decreased risk of the contamination of nature by toxic
materials. The current study provides valuable insights into the potential of using chitosan as a
matrix for Gd-containing composites and demonstrates the successful incorporation of Gd into
the chitosan film as shown in the SEM images and EDS analysis. However, more extensive
testing and evaluation of the material properties and performance are necessary to determine
the feasibility and practical applications of these composites in real-world scenarios.
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Abstract. The paper presents a comprehensive analysis of potential scenarios for Shelter
Object transformation into an environmentally safe system after the commissioning of the New
Safe Confinement. The analysis of scenarios is based on the developed factor-criteria model,
which includes two groups of indicators in the scenario assessment: groups of factors and sets
of criteria for each factor. The assessment of a separate scenario is carried out using the global
value indicator. The global value of the scenario is determined taking into account the criterion
content of all assessment factors. Characteristics of groups of factors and their criteria were
determined by means of peer review. The assessment of the global values of scenarios allowed
us to rank them. Based on the analysis, the most reasonable and realistic strategy for the phased
removal/transfer to a controlled state of fuel-containing materials was proposed. The strategy
also includes processes for further management of these materials and associated radioactive
waste. As well as “Shelter” Object transformation processes in the process of its transformation
into an environmentally safe system and determination of its final state. Based on the results
of the comparative analysis of scenarios, it was found that the scenario that provides for the
removal of known accumulations of fuel-containing materials during the life cycle of the New
Safe Confinement is optimal if the activities on the phased retrieval of fuel-containing materials
are properly financed.

1. Introduction
Despite the completion of construction and commissioning of the New Safe Confinement (NSC),
the accumulation of fuel-containing materials (FCM) formed as a result of the beyond-design
basis accident at Unit 4 remains the main source of hazard of the “Shelter” Object (SO).
Moreover, the potential danger of FCM may increase over time due to the spontaneous
destruction of the surface of paw-shaped FCM with the formation of highly active dust. The
formation of such dust in the “Shelter” Object is a radio-ecological hazard not only of a local
but also of a global nature since the NSC is not a hermetic structure. The problem of FCM
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degradation and methods of their evaluation and subsequent removal is extremely important not
only for the SO but also for other facilities with similar conditions, such as the decommissioning
of damaged reactors of the Fukushima Daiichi NPP [1]. Therefore, it is extremely important to
remove or transfer to a controlled state FCM before the process of their destruction can acquire
a large-scale character.

Resolution of the Presidium of the National Academy of Sciences of Ukraine No. 141 dated
16.05.2018 [2] states that scientific research on the transformation of the “Shelter” Object into
an environmentally safe system is one of the priority areas of fundamental and applied research
of specialized institutions of the National Academy of Sciences of Ukraine.

In work [3], the main directions of such research were determined and the following works
were carried out:

• definition and analysis of factors affecting the choice of scenarios for the transformation of
the “Shelter” Object;

• assessment of the risks of adverse effects on the environment of each of the FCM
accumulations both during the life cycle of the NSC and after its decommissioning;

• analysis of possible options for the transformation of the “Shelter” Object;
• determination and substantiation of criteria for the final state of the “Shelter” Object;
• development of scenarios for the step-by-step transformation of the “Shelter” Object.

The ultimate goal of ensuring the nuclear and radiation safety of the “Shelter” Object – New
Safe Containment” system (SO-NSC) should be the removal of all FCMs, and the organization
of their safe storage and/or processing. An approach that considers the technological space
of SO as a system of interconnected zones of FCM extraction, which are significantly different
from each other, is promising. At the same time, for each extraction zone, one should consider
individual technological approaches or scenarios for the extraction of FCM and handling of
associated RAW.

At present [4], seven specific zones of FCM extraction in the future, using different
technologies, are considered (figure 1):

• 1st zone – the central hall (CH), premises above the 18,000 mark, including the southern
holding pool;

• 2nd zone – reactor shaft, sub-apparatus room (app. 305/2), etc. at marks from 9,000 to
18,000;

• 3rd zone – below the 9,000 mark: service corridor at the marks from minus 0.650 to 8.000,
steam distribution corridor (SDC) (approx. 210/5, 210/6, 210/7), pressure-suppression pool
(PSP):

– second floor – PSP-2 (app. 012/13, 012/14, 012/15, 012/16);
– first floor – PSP-1 (app. 012/5, 012/6, 012/7, 012/8);

• 4th zone – part of the hall within the SO;
• 5th zone – the space behind the pioneer walls;
• 6th zone – rubble under the cascade wall;
• 7th zone – local zone of the SO.

It is also necessary to take into account the guaranteed service life of the NSC, which is only
100 years, and the half-life periods of the nuclear materials contained in it are many orders of
magnitude longer, and therefore their danger to the environment will remain for more than one
millennium. This indicates that the problem of further transformation of the “Shelter” Object
into an environmentally safe system (ESS) remains relevant even after the commissioning of the
NSC and requires special scientific research.
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Figure 1. FCM extraction zones. Zone 1 – upper marks of the SO (Central Hall and other
rooms are above the mark 18,000); Zone 2 – intermediate grades of SO (utility room, other
rooms on the marks from 9,000 to 18,000); Zone 3 – lower marks of SO (premises below the
mark 9,000); Zone 4 – part of the Machinery Hall within the SO; Zone 5 – the space behind the
Pioneer walls; Zone 6 – rubble under the cascading wall; Zone 7 – local zone of the SO.
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Thus, as of 2022, the following scenarios for the transformation of the “Shelter” Object into
an environmentally safe system [5] have been determined, presented in table 1.

Table 1. Potential scenarios for the implementation of the strategy “staged removal of FCM”.

No Withdrawal during the
life cycle of the NSC

Deferred withdrawal after
decommissioning of the NSC Burial on site

1 Zones 1-6 Zone 7 –
2 Zones 1, 2, 3, 4, 6 Zones 5, 7 –
3 Zones 1, 2, 3, 4, 6 Zone 5 Zone 7
4 Zones 1, 2, 3 (SDC), 4, 6 Zones 3 (PSP), 5 Zone 7
5 Zones 1, 2, 3 (SDC), 4 Zones 3 (PSP), 5, 6 Zone 7
6 Zones 1, 2, 3 (SDC) Zones 3 (PSP), 4, 5, 6 Zone 7
7 Zones 1, 2, 3 (SDC) Zones 3 (PSP), 5, 6 Zones 4, 7
8 Zones 1, 2, 3 (SDC) Zones 3 (PSP), 6 Zones 4, 5, 7
9 Zones 1, 2 Zone 3 Zones 4, 5, 6, 7
10 Zones 1, 2 Zone 3 (SDC) Zones 3 (PSP), 4, 5, 6, 7

The object of the study is the SO-NSC system. The research object is a complex system in
which its technical, technological, security, financial, infrastructural, and other parameters are
connected. Therefore, the main method of his research is a systematic analysis of factors affecting
the solution of the problems of transforming the “Shelter” Object into an environmentally safe
system.

The subject of the research is a comprehensive analysis of the scenarios of transformation
of the “Shelter” Object into an environmentally safe system. The complexity of the analysis
processes is ensured by taking into account all the parametric and non-parametric component
characteristics of the scenarios, as well as their internal technical, economic, safety, technological,
etc. structure.

In work [6], a methodology for detailed assessment of nuclear power systems (NPS)
was developed, including key assessment areas: economy, infrastructure, waste management,
proliferation, resistance to proliferation, environment, etc. Comprehensive decision-making
support is necessary for the comparative evaluation of alternative options and the selection
of the most promising solution. But estimates according to the INPRO methodology [7] require
sufficiently detailed design information for NPS components. For the SO-NSC system, such
information is at the stage of development. The most adequate use of the multi-criteria
optimization technique for the comparative evaluation of the scenarios of the transformation
of the “Shelter” Object into an environmentally safe system is the work [8], using which it was
decided to apply the expert evaluation of the criteria that characterize the scenarios.

The main tasks of the research presented in the work are:

• complex analysis of scenarios based on the grouping of factors and the determination of
criteria relevant to them;

• the creation of a comprehensive evaluation model based on the global value of the scenario;
• practical use of the scenario evaluation model based on collegial expert evaluation of factors

and criteria for the studied scenarios.

The article aims to rank the scenarios by their global (complex) value. A comprehensive
analysis of the scenarios of step-by-step extraction of FCM after the commissioning of the NSC
is being carried out for the first time.
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2. Model of complex analysis of scenarios of transformation of the “Shelter”
Object
2.1. Formation of a data array for complex analysis of scenarios
According to the recommendations of the IAEA [9–12], the decision-making criteria include:

• radiation protection criteria, which are:
– implementation of anti-radiation protection of personnel, the population, and the

environment in accordance with the requirements of the Laws, norms, and rules in
force in Ukraine;

– implementation of anti-radiation protection of personnel in accordance with the
ALARA principle [13];

– assessment of radiation consequences for personnel, which takes into account exposure
caused both by activities during the implementation of the main task and by being in
the exclusion zone;

– assessment of radiation consequences of potential accidents for personnel, population,
and environment;

• criteria for handling RAW;
• general technical criteria, which are:

– creation of deep echelon defense;
– quality assurance;
– exchange of experience;
– consideration of the human factor;
– application of proven engineering and technical practice.

For the practical application and implementation of the environmental safety analysis of work
execution options in the implementation of scenarios of phased removal of FCM, the criteria given
in table 2 are defined.

The comparative analysis of the proposed scenarios for the phased removal of FCM is
performed based on expert evaluations of the values of an array of criteria, which reflect various
aspects of the condition of the “Shelter” Object and the specifics of its transformation into an
environmentally safe system. The key goal in determining expert evaluations is the indicator
of “achieving a given level of environmental safety”. A nine-point scale is proposed for expert
evaluation of criteria [14].

All the specified criteria are evaluated non-parametrically by a group of experts (in points),
collegially, with the definition of a jointly agreed point evaluation of the criteria for each scenario.

2.2. Formalization of the model of the comparative analysis of scenarios of the conversion of
SO
The array of criteria presented in table 2 can be grouped by factorial features, namely:

• factor 1 – security components of scenarios:
– risks of changes in properties (degradation) of FCM over time RD, %;
– risks of destruction of protective barriers around FCM accumulations over time RDPB,

%;
– radiological risks RRad, person/year;
– project implementation time (scenario) T, years;

• factor 2 – financial components of the scenarios:
– costs for creating protective barriers for containment and isolation of FCM after

decommissioning NSC OECPB, thousand UAH;
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Table 2. Criteria for the comparative analysis of scenarios of phased extraction of FCM.

No The name of the criterion Marking

1 Operating costs for ensuring the current security of the “Shelter” Object,
thousand UAH.

OEECS

2 Costs for the creation of protective barriers for containment and isolation
of FCM after decommissioning of the NSC, thousand UAH.

OECPB

3 Costs for the creation of additional infrastructure for the extraction and
further handling of FCM and other RAW after the decommissioning of the
NSC, thousand UAH.

OECAI

4 The degree of use of the infrastructure of the NSC for the extraction and
further handling of FCM and other RAW, %

LUI

5 Risks of unpreparedness of warehouses for intermediate storage of recovered
FCM, %

RUISF

6 Risks of the unpreparedness of the geological repository for the final
disposal of FCM, %

RUGR

7 Radiological risks, people/year RRad

8 Risks of changes in properties (degradation) of FCM over time, % RD

9 Risks of underfunding of works on the phased removal of FCM and their
subsequent handling, thousand UAH/year

RUFW

10 Risks of the destruction of protective barriers around FCM accumulations
over time, %

RDPB

11 Project implementation time (scenario), years T

– costs for the creation of additional infrastructure for the removal and further handling
of FCM and other RAW after the decommissioning of the NSC OECAI , thousand UAH;

– operational costs for ensuring the current security of the OEECS “Shelter” Object,
thousand UAH;

– risks of underfunding of works on the phased removal of FCM and their further handling
by RUFW , thousand UAH / year;

• factor 3 – infrastructural components of the scenarios:
– the degree of use of the infrastructure of the NSC for the extraction and further handling

of FCM and other RAW, LUI , %;
– risks of non-readiness of storage facilities for intermediate storage of recovered FCM

RUISF , %;
– risks of unpreparedness of the geological repository for the final disposal of the FCM

RUGR, %;

By analogy with [15], we will introduce the concept of “scenario values” SFi, (significance
function). For practical use in accordance with the purpose and objectives of the research, this
indicator is identically equal to the predicted level of environmental safety in the implementation
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of the i-th scenario with the corresponding groups of factors Φi and their constituent criteria:

SF1

...
SFp

 ≡



Φ1

RD,1 RDPB,1 RRad,1 T1

... ... ... ...
RD,p RDPB,p RRad,p Tp


Φ2

OEECS,1 OECPB,1 OECAI,1 RUFW,1

... ... ... ...
OEECS,p OECPB,p OECAI,p RUFW,p


Φ3

LUI,1 RUISF,1 RUGR,1

... ... ...
LUI,p RUISF,p RUGR,p




(1)

where:

• Φ1

RD,1 RDPB,1 RRad,1 T1

... ... ... ...
RD,p RDPB,p RRad,p Tp

 – safety factor of scenarios with its own criteria;

• Φ2

OEECS,1 OECPB,1 OECAI,1 RUFW,1

... ... ... ...
OEECS,p OECPB,p OECAI,p RUFW,p

 – the financial factor of the scenarios with

its criteria;

• Φ3

LUI,1 RUISF,1 RUGR,1

... ... ...
LUI,p RUISF,p RUGR,p

 – the infrastructural factor of the scenarios with its criteria.

Thus, the initial conditions for using the scenario evaluation method based on collective
expert evaluations are a set of factors Φ1, Φ2 and Φ3 with groups of criteria defined for them.

Then a separate i-th scenario will be represented by a complex or integral value criterion Wi,
which is determined based on the weight of factors and criteria that form them. This will allow
you to rank the scenarios according to their relative value:

W ∗ > ... > W 0 (2)

where W ∗
i = argmax(Wi),W

0
i = argmin(Wi).

2.3. Algorithm for determining complex values of scenarios based on group expert evaluation
Determining the complex values of scenarios based on group expert evaluation is a step-by-step
process.

At stage 1, arrays of scenario evaluation criteria are formed

Sci = (OEECS(i), OECPB(i), OECAI(i), LUI(i),

RUISF (i), RUGR(i), RRad(i), RD(i), RUFW (i), RDPB(i), Ti)
(3)

where: i is a separate scenario, i = 1, p, p is the number of scenarios.
As a result, we get an array of criteria with a definition of their characteristics.
At stage 2, criteria are grouped by qualitatively homogeneous factors Φj .
The result is the formation of three groups of factors for p scenarios with their own criteria

(1): Φ1 – security, Φ2 – financial, Φ3 – infrastructural.

Sc1 ... Sci ... Scp
Φ11 ... Φi1 ... Φp1

Φ12 ... Φi2 ... Φp2

Φ13 ... Φi3 ... Φp3
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At stage 3, a group expert evaluation of factors and criteria within the factors is carried out
according to point evaluations according to the proposed scale.

The result is the formation of point scores expert assessment matrices for factors and their
criteria for p scenarios:

Scenario 1 ... Scenario i ... Scenario p

factors
(points)

criteria
(points)

... factors
(points)

criteria
(points)

... factors
(points)

criteria
(points)

Φ11 RD(1),
RDPB(1),
RRad(1),
T1

... Φi1 RD(i),
RDPB(i),
RRad(i),
Ti

... Φp1 RD(p),
RDPB(p),
RRad(p),
Tp

Φ12 OEECS(1),
OEDPB(1),
OECAI(1),
RUFW (1)

... Φi2 OEECS(i),
OEDPB(i),
OECAI(i),
RUFW (i)

... Φp2 OEECS(p),
OEDPB(p),
OECAI(p),
RUFW (p)

Φ13 LUI(1),
RUISF (1),
RUGR(1)

... Φi3 LUI(i),
RUISF (i),
RUGR(i)

... Φp3 LUI(p),
RUISF (p),
RUGR(p)

At stage 4, the matrix of advantages for factors is formed based on the factor scores:

AΦ = (aΦi,j) (4)

where: aΦi,j – advantage of the i-th factor over the j-th. For the i-th scenario, the benefits matrix
looks like this:

AΦ
i =

 1 Φi1/Φi2 Φi1/Φi3

Φi2/Φi1 1 Φi2/Φi3

Φi3/Φi1 Φi3/Φi2 1

 (5)

The result is an estimate of the weight of the factors for the i-th scenario according to the
formulas:

ΩΦ1
i =

3

√
1 · (Φi1

Φi2) · (
Φi1
Φi3)

3

√
1 · (Φi1

Φi2) · (
Φi1
Φi3) +

3

√
(Φi2
Φi1) · 1 · (

Φi2
Φi3) +

3

√
(Φi3
Φi1) · (

Φi3
Φi2) · 1

(6)

ΩΦ2
i =

3

√
(Φi2
Φi1) · 1 · (

Φi2
Φi3)

3

√
1 · (Φi1

Φi2) · (
Φi1
Φi3) +

3

√
(Φi2
Φi1) · 1 · (

Φi2
Φi3) +

3

√
(Φi3
Φi1) · (

Φi3
Φi2) · 1

(7)

ΩΦ3
i =

3

√
(Φi3
Φi1) · (

Φi3
Φi2) · 1

3

√
1 · (Φi1

Φi2) · (
Φi1
Φi3) +

3

√
(Φi2
Φi1) · 1 · (

Φi2
Φi3) +

3

√
(Φi3
Φi1) · (

Φi3
Φi2) · 1

(8)

At stage 5, a preference matrix is formed for criteria based on point scores:

AKP = (aKP
i,j ) (9)
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where: aKP
i,j – advantage of the i-th criterion over the j-th. For the i-th scenario, the benefits

matrix looks like this:

• for the array of criteria grouped in “Factor 1 – security components of scenarios”

AKP
i (Φ1) =


1 RD(i)/RDBP (i) RD(i)/RRad(i) RD(i)/T(i)

RDBP (i)/RD(i) 1 RDBP (i)/RRad(i) RDBP (i)/T(i)
RRad(i)/RD(i) RRad(i)/RDBP (i) 1 RRad(i)/T(i)
T(i)/RD(i) T(i)/RDBP (i) T(i)/RRad(i) 1

 (10)

• for the array of criteria grouped in “Factor 2 – financial criteria of scenarios”

AKP
i (Φ2) =


1 OEECS(i)/OECPB(i) OEECS(i)/OECAI(i) OEECS(i)/RUFW (i)

OECPB(i)/OEECS(i) 1 OECPB(i)/OECAI(i) OECPB(i)/RUFW (i)

OECAI(i)/OEECS(i) OECAI(i)/OECPB(i) 1 OECAI(i)/RUFW (i)

RUFW (i)/OEECS(i) RUFW (i)/OECPB(i) RUFW (i)/OECAI(i) 1

 (11)

• for the array of criteria grouped in “Factor 3 – infrastructural criteria of scenarios”

AKP
i (Φ3) =

 1 LUI(i)/RUISF (i) LUI(i)/RUGR(i)

RUISF (i)/LUI(i) 1 RUISF (i)/RUGR(i)

RUISF (i)/LUI(i) RUGR(i)/RUISF (i) 1

 (12)

The result is an assessment of the weight of the criteria for the relevant factors for the i-th
scenario as a ratio of the geometric mean from a separate row of the matrices (9), (10), (11) to
the sum of the geometric means of all rows of the matrices:

WΦ1,2,3
i =

m
√
aij · ... · aim∑
m
√
aij · ... · aim

(13)

where: m – the number of criteria in the corresponding factor.
For the specified factors, we will obtain the vectors of the relative values of the criteria:

WΦ1
i =


WRD(i)

WRDPB(i)

WRRad(i)

WT(i)

 ,WΦ2
i =


WOEECS(i)

WOECPB(i)

WOECAI(i)

WRUFW (i)

 ,WΦ3
i =

 WLUI(i)

WRUISF (i)

WRUGR(i)

 (14)

At stage 6, a vector of complex indicators W (Ω, ω) is formed, containing evaluations of
the criteria that form them ωi

1, , ω
i
k and groups of factors based on determining their weights

{Ω1, ,Ωm}:
W = [〈(ω1

1, ..., ω
1
k),Ω

1〉; 〈(ω2
1, ..., ω

1
l )Ω

2〉; ...; 〈(ωm
1 , ..., ωm

z )Ωj〉] (15)

where: k, l, z – the number of criteria that form the relevant factor.
The result is the determination of the complex indicators of the weight (values) of the

scenarios W = 〈ω,Ω〉 taking into account the determination of the weight of the relevant criteria
ω based on the weight of the structural factors Ω. It is performed using a geometric weighted
multiplicative convolution of the form:

W(Scj) =
m

√
Πm

i=1[(ω
j
i )

Ωj ](Scj), j = 1, n (16)

where: SCj ∈ Sc – the array of scripts; ωj
i – weights of the criteria that form the factors of the

corresponding scenarios; Ωj – factor weights for scenarios.
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For expression (15), we obtain the vectors of the relative values of the scenarios defined by
(16):

W =


WSc(1)

...
WSc(i)

...
WSc(p)

 (17)

Scenarios are ranked by the value of their complex value according to (2):

W ∗ > ... > W 0

where: W ∗
i = argmax(Wi),W

0
i = argmin(Wi).

3. Practical implementation of a comparative analysis of scenarios for the
transformation of the “Shelter” Object into an environmentally safe system
According to clause 1 of the article, the comparative analysis of scenarios will be carried out
on the basis of factorial-criterion group expert evaluation (EE). A working group of experts
was created to perform the work according to the EE method, which meets the requirements
of qualification and competence, which will ensure the reliability of the implementation of the
EE. In the work of the group of experts on scenario evaluation, collective expert evaluations are
applied. The input conditions for EE scenarios are:

• number of scenarios – 10;
• all expert assessments for all stages of practical use of the model are carried out on a

nine-point scale (from 1 to 9 points).

Each factor or criterion within the scenario is assigned a collegial assessment in points, which
can be equivalent for different indicators and different scenarios. The process of collegial point
expert evaluation is carried out in two stages:

• stage 1 – scoring of three groups of FACTORS for ten scenarios;
• stage 2 – scoring of the CRITERIA, which are included in the relevant groups of factors,

for ten scenarios.

Based on the results of expert scoring for ten scenarios, the relative complex values of the
scenarios are determined according to the proposed model. Based on the determined relative
complex values of the scenarios, the scenarios are ranked according to their relative complex
value.

At the first stage of the model implementation, a group expert evaluation of defined groups
of scenario factors was carried out. The results of a collegial group expert survey and evaluation
of factor weights for the scenarios calculated according to formulas (6), (7) and (8) are given in
table 3.

At the second stage of the model implementation, a group expert evaluation of the criteria
for the relevant groups of scenario factors was performed. The results of the collegial group
expert survey are given in tables 4-6.

The determination of the complex indicators of the values of the scenarios taking into account
the determination of the weight of the relevant criteria based on the weight of the structural
factors of the type (15) was carried out according to the formula (16).

The results of the comprehensive assessment of the scenarios can be provided either in the
form of a vector or in a tabular format. T7 presents the results of calculations in tabular format.
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Table 3. Results of group expert assessment of scenario factors.

Scenario

Scenario factors
(in points

from 1 to 9)

Factor weights
for scenarios

Φ1 Φ2 Φ3 Ω(Φ1) Ω(Φ2) Ω(Φ3)
Scenario 1 9 7 9 0.360 0.280 0.360
Scenario 2 9 7 8 0.375 0.292 0.333
Scenario 3 8 6 8 0.364 0.273 0.364
Scenario 4 8 6 8 0.364 0.273 0.364
Scenario 5 7 6 7 0.350 0.300 0.350
Scenario 6 7 5 7 0.368 0.263 0.368
Scenario 7 6 5 6 0.353 0.294 0.353
Scenario 8 5 6 6 0.294 0.353 0.353
Scenario 9 4 7 5 0.250 0.438 0.313
Scenario 10 4 7 5 0.250 0.438 0.313

Table 4. Group expert evaluation of criteria for groups of scenario factors (safety factor).

Safety factors (in points from 1 to 9) Scenario criteria values
Scenario RD RDPB RRad T ω(RD) ω(RDPB) ω(RRad) ω(T )
Scenario 1 9 9 8 9 0.257 0.257 0.229 0.257
Scenario 2 9 9 8 7 0.273 0.273 0.242 0.212
Scenario 3 8 8 8 8 0.250 0.250 0.250 0.250
Scenario 4 7 8 7 7 0.241 0.276 0.241 0.241
Scenario 5 6 8 7 6 0.222 0.296 0.259 0.222
Scenario 6 6 8 7 5 0.231 0.308 0.269 0.192
Scenario 7 6 8 6 7 0.222 0.296 0.222 0.259
Scenario 8 6 8 6 8 0.214 0.286 0.214 0.286
Scenario 9 5 8 5 9 0.185 0.296 0.185 0.333
Scenario 10 5 7 5 9 0.192 0.269 0.192 0.346

The vector of complex relative values of the scenarios defined by (16):

W =



WSc(1) = 0.6642
WSc(2) = 0.6212
WSc(3) = 0.6369
WSc(4) = 0.6382
WSc(5) = 0.6429
WSc(6) = 0.6453
WSc(7) = 0.6461
WSc(8) = 0.6449
WSc(9) = 0.6333
WSc(10) = 0.6328


(18)

The results of the ranking of the scenarios by the value of the complex value:
W ∗

i = argmax(Wi) = 0.6642− scenario 1
W−1

i = 0.6461 – scenario 7
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Table 5. Group expert evaluation of criteria for groups of scenario factors (financial factor).

Financial factors (in points from 1 to 9) Scenario criteria values
Scenario OECPB OECAI OEECS RUFW ω(OECPB) ω(OECAI) ω(OEECS) ω(RUFW )
Scenario 1 9 8 7 3 0.333 0.296 0.259 0.111
Scenario 2 9 8 7 3 0.333 0.296 0.259 0.111
Scenario 3 8 8 7 4 0.296 0.296 0.259 0.148
Scenario 4 8 7 6 4 0.320 0.280 0.240 0.160
Scenario 5 8 6 6 5 0.320 0.240 0.240 0.200
Scenario 6 7 5 5 6 0.304 0.217 0.217 0.261
Scenario 7 6 6 4 7 0.261 0.261 0.174 0.304
Scenario 8 6 6 4 8 0.250 0.250 0.167 0.333
Scenario 9 5 5 3 9 0.227 0.227 0.136 0.409
Scenario 10 5 5 3 9 0.227 0.227 0.136 0.409

Table 6. Group expert assessment of criteria for groups of scenario factors (infrastructure
factor).

Infrastructure factors
(in points from 1 to 9) Scenario criteria values

Scenario LUI PUISF PUGR ω(LUI) ω(PUISF ) ω(PUGR)
Scenario 1 9 5 1 0.600 0.333 0.067
Scenario 2 9 5 1 0.600 0.333 0.067
Scenario 3 9 7 2 0.500 0.389 0.111
Scenario 4 8 7 2 0.471 0.412 0.118
Scenario 5 7 7 3 0.412 0.412 0.176
Scenario 6 6 7 3 0.375 0.438 0.188
Scenario 7 6 8 5 0.316 0.421 0.263
Scenario 8 6 8 5 0.316 0.421 0.263
Scenario 9 6 9 7 0.273 0.409 0.318
Scenario 10 5 9 7 0.238 0.429 0.333

Table 7. Complex factorial and criterion evaluation of scenarios.

Scenario Complex value of the scenario, W
Scenario 1 0.664214
Scenario 2 0.621247
Scenario 3 0.636855
Scenario 4 0.638161
Scenario 5 0.642854
Scenario 6 0.645337
Scenario 7 0.646057
Scenario 8 0.644912
Scenario 9 0.633337
Scenario 10 0.632818
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W−2
i = 0.6453 – scenario 6

W−3
i = 0.6449 – scenario 8

W−4
i = 0.6429 – scenario 5

W−5
i = 0.6382 – scenario 4

W−6
i = 0.6369 – scenario 3

W−7
i = 0.6333 – scenario 9

W−8
i = 0.6328 – scenario 10

W 0
i = argmin(Wi) = 0.6212− scenario 2

4. Conclusions
Thus, on the basis of the conducted research, the following conclusions can be drawn:

• collegial expert assessments conducted for factors and their criteria are competent and
consistent;

• calculated based on EE weights of the factors ΩΦj
i for the considered scenarios and the

weights of the criteria ωj
i for the corresponding Ωj factors for the scenarios based on

the comparison matrices are reliable and significant which is confirmed by the calculated
consistency indices that do not exceed 10%;

• the vector of relative complex values of scenarios (15) is the basis for making managerial
decisions;

• according to the argmax(Wi) principle the best scenario is “scenario 1” – the base scenario.
The value of the relative complex value is W ∗

i = argmax(Wi) = 0.6642;
• the worst scenario according to the argmin(Wi) principle is “scenario 2”. The value

of the relative complex value of which is the minimum among the estimates and is
W 0

i = argmin(Wi) = 0.6212;
• a series of scenario evaluations ranked by relative complex value:{
W ∗

i = W1 > W7 > W6 > W8 > W5 > W4 > W3 > W9 > W 0
i = W10

0.6642 > 0.6461 > 0.6453 > 0.6449 > 0.6429 > 0.6382 > 0.6369 > 0.6333 > 0.6328 > 0.621

Therefore, with proper financing of the step-by-step extraction of FCM, the priority is the
basic scenario – Scenario 1, which provides for the removal of all FCM accumulations (except
FCM localized in man-made soil under NSC structures) during the life cycle of NSC. When
implementing such a scenario, the NSC infrastructure is used to the maximum, the costs of
creating protective barriers to contain and isolate FCM are reduced, as well as the costs of
creating additional infrastructure for the extraction and further handling of FCM and other
RAW after decommissioning of the NSC.

Since the values of the values of the relative complex value of all scenarios do not differ
significantly, under certain circumstances (mostly due to the financial component) other
scenarios, which provide for the delayed removal of individual accumulations of FCM, may
become better.
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The formation of the carbonate system of
circulating cooling water of the Rivne NPP and its
influence on changes in the surface waters pH
levels of the Styr river

P M Kuznietsov and O O Biedunkova
National University of Water and Environmental Engineering, 11 Soborna Str., Rivne, 33028,
Ukraine

E-mail: kuznetpavel@gmail.com, o.o.biedunkova@nuwm.edu.ua

Abstract. The data on pH changes and corresponding equilibrium shifts of the carbonate
system of process and return waters of the circulating cooling system (RCS) of the Rivne NPP
during water treatment were analysed. In the additional cooling water previously clarified by
liming, there is no dissolved carbon dioxide and no residual free alkalinity. The effects that
occur during heating, cooling, and aeration in the RCS cause a shift in the equilibrium of the
carbonate cooling water system with a decrease or increase in the content of carbon dioxide,
bicarbonate, and carbonate ions, and pH level. The influence of the shift of the carbonate
system and the changes in pH level during the discharge of return water from the Rivne NPP
into a natural water body (Styr River) was analysed.

1. Introduction
The water is an essential component for the operation of nuclear power plants (NPPs), as it is
needed for cooling in the processes of the steam-water cycle [1]. However, wastewater discharges
into natural reservoirs can lead to changes in the chemical equilibrium of their components,
which is a potential technogenic hazard and requires constant monitoring in the operation of
nuclear power plants [2, 3]. Carbon dioxide, bicarbonate and carbonate ions are important
parameters for monitoring the water-chemical regime of the NPP cooling system.

These are the main components of the carbonate buffer system of natural waters providing
the ability to neutralize acids and determine the alkalinity of water. That is why, in water
treatment technologies of the circulating cooling system (RCS) of nuclear power plants, the
components of the carbonate system shall meet a number of environmental standards [2], which
is also essential in a view of the sustainable development of the entire energy sector [4].

1.1. Literature review
We know that in natural waters, the ratio of carbon dioxide, bicarbonate, and carbonate ions
is a forming factor in the pH level of the aquatic environment. Each of the components of the
carbonate system of water exists in a certain pH range. If any of these forms is in a given amount,
this determines a certain pH value of water, which in turn determines the presence of co-existing
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forms of carbonates. Dissolved carbon dioxide interacts with water and forms bicarbonate
and carbonate ions, and an increase in the water pH level, as an important component of the
carbonate equilibrium, leads to a shift in the carbonate equilibrium towards the formation of
calcium carbonate [5–7]. When studying river carbonate systems, it was found that in waters
with higher alkalinity, atmospheric equilibrium occurs more slowly, since part of the carbon
dioxide entering the river stream passes into bicarbonate ions [8]. The result of this direct
buffering is a constant preservation of pH, alkalinity index, and an increase in dissolved inorganic
carbon index. In addition, the components of the carbonate water system are influenced by the
hydrobiological processes. In particular, during the active vegetation season of the planktonic
organisms, due to the consumption of carbon dioxide during the aquatic plants’ photosynthesis,
the carbon dioxide is assimilated with the formation of bicarbonate ions, which is manifested in
the increase in water pH levels [9].

In the technological cycles of water cooling systems, the pH value of the water is also
influenced by such factors as water temperature, water movement speed, time spent in the
system, the intensity of aeration and evaporation of water, as well as the addition of chemical
reagents and metallurgy of the system components [10,11].

For example, in a model study of carbon dioxide release and changes in the carbonate system
when heated without aeration, with the formation of calcium carbonate scale, the conditions
of multi-stage RCS evaporation were reproduced. It was found that when evaporating without
aeration, the pH shifts to higher values and significantly affects the concentration of bicarbonate
and carbonate ions in cooling water [12]. The effect of concentration of soluble salts and
precipitation of calcium carbonate in return waters was also observed when the cooling water
was repeatedly heated in the turbine condenser, which indicated a shift in the equilibrium of
the RCS carbonate system [13]. It is also proved that the other chemical components present
in industrial cooling systems, after discharges into natural water bodies, make the chemical
composition of surface waters more complex and can change their pH value [14]. An important
element of safety is scientific studies and engineering achievements aimed at improving design
solutions and increasing the reliability of NPP systems and components. The essential service
RCS NPP whose reliability, safety, performance of functions and efficiency are influenced by the
established water chemistry [15].

1.2. Relevance and goals of research
It is obvious that when operating cooling systems of nuclear power plants, in each specific case
it is important to monitor the water-chemical regime of both the RCS itself and the natural
water bodies to which their discharge waters fall. This will improve the understanding of the
conditions to protect the natural surface waters, and therefore contribute to the environmental
safety of the operation of nuclear power plants.

That is why the goal of our research was to analyze the formation of the carbonate system
of the Rivne NPP and its influence on changes in the pH levels of the surface waters of the Styr
River in order to optimize the use of chemical reagents in water treatment technology minimizing
the ecological impact of discharged water on surface waters and improving the effectiveness of
the water and chemical regime RCS.

2. Object and methods of research
The carbonate system of process and return water of the Rivne NPP was the object of this
study. Water treatment of RCS cooling water is carried out by liming with bicarbonate regime
dosage, followed by stabilization treatment with sulphuric acid. The water balance of the RCS
of the Rivne NPP is given in (figure 1). Note that in accordance with the national standards of
Ukraine requirements regarding the composition and properties of drinking water objects usage,
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Figure 1. Cooling water balance of the Rivne NPP RCS.

the water of recreation areas reservoirs, as well as the water of fisheries reservoirs should not
exceed the values of 6.5-8.5 for pH levels.

The pH was measured with the “I-160” ionometer according to the standard method [16].
The analysis of the chemical control data of RCS was carried out in accordance with the reports
on the assessment of the impact of non-radiation factors of the Rivne NPP [17].

3. Results
The dynamics of changes in the pH levels of technological waters of the Rivne NPP and the
water of the Styr River are shown in the table 1 and at figure 2, figure 3, respectively. The data
shown in the table indicate that the pH level of Styr River meets the requirements of national
standards of Ukraine and this is determined by the content of bicarbonate ions.

During water treatment by liming, the pH level increases to 9.4-9.8 units, there is a shift
in the carbonate equilibrium with the formation of carbonate ions and precipitation of calcium
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Table 1. Descriptive statistics of the results distribution of average annual pH measurements
in the process water of the Rivne NPP and the water of the Styr River during water treatment
with constant and factorial dose H2SO4.

Year Statistical
parameters

pH
Styr River, before

water intake
Make up

cooling water
Return

cooling water
Styr River, after
water discharge

During water treatment with constant dose H2SO4

2012
M ± SE 8.34 ± 0.13 7.49 ± 0,06 8.55 ± 0.11 8.40 ± 0.15
Min–Max 8.13–8.55 7.42–7.60 8.35–8.67 8.17–8.67
CV 1.55 0.86 1.29 1.83

2013
M ± SE 8.40 ± 0.14 7.50 ± 0,08 8.60 ± 0.10 8.36 ± 0.15
Min–Max 7.95–8.44 7.33–7.65 8.45–8.78 8.11–8.61
CV 1.71 1.10 1.11 1.84

2014
M ± SE 8.44 ± 0,17 7.49 ± 0.06 8,63 ± 0,10 8.27 ± 0.18
Min–Max 8.11–8.65 7,44–7.61 8.45–8.81 8.05–8.42
CV 2.01 0.77 1.14 2.10

2015
M ± SE 8.27 ± 0.20 7.46 ± 0.03 8.71 ± 0.12 8.31 ± 0.13
Min–Max 8.05–8.42 7.45–7.51 8.48–8.81 8.08–8.51
CV 1.52 0.37 1.44 1.56

2016
M ± SE 8,17 ± 0.19 7.50 ± 0,07 8,64 ± 0.10 8,19 ± 0.19
Min–Max 7.85–8.42 7.44–7.65 8.45–8.88 7.90–8.19
CV 2.34 0.90 1.19 2.23

During water treatment with factorial dose H2SO4

2017
M ± SE 8.17 ± 0.23 9.11 ± 0.82 8.44 ± 0.19 8.22 ± 0.22
Min–Max 7.56–8.43 7.60–9.80 8.15–8.74 7.71–8.49
CV 2.83 9.00 2.29 2.63

2018
M ± SE 8.13 ± 0.25 9.20 ± 0.60 8.45 ± 0.13 8.24 ± 0.20
Min–Max 7.82–8.42 7.65–9.80 8.30–8.65 7.95–8.56
CV 3.05 6.57 1.58 2.48

2019
M ± SE 8.23 ± 0.205 8.80 ± 0.71 8.58 ± 0.24 8.30 ± 0.20
Min–Max 7.92–8.60 7.61–9.45 8.23–8.81 8.07–8.66
CV 2.49 5.86 2.80 2.41

2020
M ± SE 8.25 ± 0.21 9.08 ± 0.53 8.62 ± 0.12 8.31 ± 0.17
Min–Max 7.88–8.50 8.35–9.81 8.38–8.77 8.08–8.52
CV 2.56 5.86 1.45 2.01

2021
M ± SE 8.16 ± 0.265 9.21 ± 0.52 8.56 ± 0.13 8.21 ± 0.21
Min–Max 7.65–8.56 8.05–9.80 8.30–8.73 7.85–8.53
CV 3.25 5.68 1.56 2.62

Note: M is the arithmetic mean pH value; SE is the standard error; Min–Max are minimum
and maximum pH values; CV is the coefficient of variation for pH values.
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carbonate, the overall hardness is significantly reduced compared to incoming water, and the
free alkalinity is formed. During stabilization treatment with sulphuric acid, the alkalinity is
neutralized to form bicarbonates. The need for stabilization treatment with sulphuric acid is
determined by the quality indicators of RCS cooling water.

Within the work of Rivne NPP RCS, during the period of our research, there were periods
of recharge with additional water, neutralized or not neutralized with the sulphuric acid. When
feeding with water neutralized with sulphuric acid, an increase in pH level was observed in the
RCS cooling water, and the non-neutralized one has a decrease in pH level, which in both cases
is due to the accumulation of bicarbonate ions (figure 2, figure 3). Regardless of the method of
stabilization treatment, the stabilization of the pH values of RCS cooling water is observed in
the range of 8.3-8.7. In all cases, the variation coefficients of the pH change ranges were less than
10%, which indicates their low variability and, consequently, relative constancy of the values.

Figure 2. Change of pH in the process water of the Rivne NPP and the water of the Styr River
for 2012 – 2016 (diagram with accumulation).

The discharge of return water with a pH level of 8.3-8.7 of the Rivne NPP does not affect the
pH values of water in Styr River and compliance with the requirements of national standards of
Ukraine (figure 2, figure 3). The data of pH control of the Styr River given in the figure show
that the indicator is subject to seasonal fluctuations throughout the year. Thus, in winter, the
pH level decreases to 7.5-8.0 units, and in summer it increases up to 7.8-8.5 units.

4. Discussion
When operating RCS, it is important to ensure the water-chemical regime (WCR), in order to
prevent the formation of scale, corrosion, and biological interference [2]. According to the results
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Figure 3. Change of pH in the process water of the Rivne NPP and the water of the Styr River
for 2017 – 2021 (diagram with accumulation).

of our research, it was found out that in the technological cycle of the RCS of the Rivne NPP,
additional cooling water is completely devoid of carbon dioxide during the pre-liming, and the
formation of carbon dioxide occurs when neutralized with sulphuric acid and when heated in heat
exchangers by consumers with the release of calcium carbonate sediment. In the cooling tower,
when cooling and aeration of cooling water with pH level 9.6 ± 0.2, without pre-stabilization
treatment with sulphuric acid, occurs carbon dioxide absorption from the air can be observed
to establish the equilibrium of the carbonate system by neutralizing the residual free alkalinity
of the pre-limed water, which confirms the control data of cooling and additional water figure 3.

When using untreated inlet water to feed RCS, the scale formation calcium carbonate
cannot be prevented even at low levels degree of evaporation for cooling water [13]. Therefore,
pre-treatment methods are used, which may include physical, physico-chemical and chemical
methods of water treatment. Liming is one of the most common technological solutions for
water treatment [10]. The dose of lime used for water treatment determines the value of the pH
values of the additional cooling water.

According to the results of our research, during the stabilization treatment with constant
sulphuric acid (table 1, figure 2), the free alkalinity of pre-limed cooling water with pH 7.5-7.8
values is already neutralized, the absorption of carbon dioxide from the air with neutralization
of the residual free alkalinity in the cooling tower does not occur, when cooling in the cooling
tower, it is possible to release carbon dioxide formed during the deposition of calcium carbonate
by reaction with an increase in the hydrogen pH index, which is due to the concentration of
the sample during evaporation and accumulation of bicarbonate ions for cooling water that has
been limed and treated with sulphuric acid and does not contain free alkalinity.
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The properties of the carbonate system of water during the stabilization treatment with
factorial dosage sulphuric acid (table 1, figure 3) depend on the course of two competing reactions
that cause the dissolution of carbon dioxide during aeration with the formation of bicarbonate
ions, with a decrease in pH level, and, when evaporation in RCS by the decomposition of
bicarbonate ions and the formation of carbonate ions, which increases pH level [12]. That is,
the initial distribution state of the carbonate system components determined by the initial pH
level is the determining factor for shifting the equilibrium of reactions.

We have noticed seasonal fluctuations in the pH value in Styr River. In particular, a decrease
in its values in winter and an increase in summer can be explained by seasonal features of
the phytoplankton groups development and an increased manifestation of their photosynthetic
activity during the warm period [9]. That is, the change in the pH balance of the surface waters
of the Styr River during the year is primarily related to the natural factors.

5. Conclusions
In the study of the equilibrium of the carbonate system in the process waters of the RCS of the
Rivne NPP and the natural waters of the Styr river, it was found out that the use of stabilization
treatment with sulphuric acid in water treatment (solely to ensure environmental standards for
the pH value) is impractical.

Results of factorial and constant sulphuric acid dosing have comparable pH values of the
cooling water, therefore accumulation of bicarbonate ions and neutralization of carbonate ions
from an ecological point of view does not compensate for the artificial introduction of sulphate
ions into natural objects for the use of sulphuric acid only to reduce the pH level of water in
order to ensure environmental standards. It is advisable to use sulphuric acid only to normalize
the water-chemical regime. Taking this fact into account will optimize the RCS water treatment
technology of the Rivne NPP with a guarantee of compliance with the environmentally safe
water-chemical regime of the discharge water on the Styr river. RCS are widespread project
decision for cooling components and systems of power plants, these results of the study can be
also applied to any power plant with RCS, where the pre-treatment of cooling water by liming
and stabilization treatment with mineral acid is implemented.

ORCID iDs
P M Kuznietsov https://orcid.org/0000-0002-8263-0000
O O Biedunkova https://orcid.org/0000-0003-4356-4124

References
[1] Macknick J, Newmark R, Heath G and Hallett K C 2012 Environmental Research Letters 7(4) 045802 URL

https://doi.org/10.1088/1748-9326/7/4/045802
[2] Lim-Wavde K, Zhai H, Kauffman R J and Rubin E S 2018 Energy Policy 120 714–733 URL https:

//doi.org/10.1016/j.enpol.2018.05.067
[3] Argüelles R, Toledo M and Martín M 2021 Chemosphere 279 130532 URL https://doi.org/10.1016/j.

chemosphere.2021.130532
[4] Cole J J and Prairie Y T 2014 Dissolved co2 in freshwater systems Reference Module in Earth Systems and

Environmental Sciences (Elsevier) URL https://doi.org/10.1016/b978-0-12-409548-9.09399-4
[5] 2017 FACT SHEET: Clean Energy Incentive Program URL https://archive.epa.gov/epa/

cleanpowerplan/fact-sheet-clean-energy-incentive-program.html
[6] Osadchaya N N and Osadchiy V I 2002 Issues of Chemistry and Chemical Technology (5) 250–254 ISSN

0321-4095
[7] Mitchell M J, Jensen O E, Cliffe K A and Maroto-Valer M M 2009 Proceedings of the Royal Society A:

Mathematical, Physical and Engineering Sciences 466 1265–1290 URL https://doi.org/10.1098/rspa.
2009.0349

[8] Stets E G, Butman D, McDonald C P, Stackpoole S M, DeGrandpre M D and Striegl R G 2017 Global
Biogeochemical Cycles 31(4) 663–677 URL https://doi.org/10.1002/2016gb005578

https://orcid.org/0000-0002-8263-0000
https://orcid.org/0000-0003-4356-4124
https://doi.org/10.1088/1748-9326/7/4/045802
https://doi.org/10.1016/j.enpol.2018.05.067
https://doi.org/10.1016/j.enpol.2018.05.067
https://doi.org/10.1016/j.chemosphere.2021.130532
https://doi.org/10.1016/j.chemosphere.2021.130532
https://doi.org/10.1016/b978-0-12-409548-9.09399-4
https://archive.epa.gov/epa/cleanpowerplan/fact-sheet-clean-energy-incentive-program.html
https://archive.epa.gov/epa/cleanpowerplan/fact-sheet-clean-energy-incentive-program.html
https://doi.org/10.1098/rspa.2009.0349
https://doi.org/10.1098/rspa.2009.0349
https://doi.org/10.1002/2016gb005578


ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012102

IOP Publishing
doi:10.1088/1755-1315/1254/1/012102

8

[9] Ramos e Silva C A, Monteiro N S C, Cavalcante L M, Junior W T, Rocha Carneiro M E, Soares de
Souza F E, Borges Garcia C A, Damasceno R N and de Araújo Rocha A 2022 PLOS ONE 17(7) URL
https://doi.org/10.1371/journal.pone.0271875

[10] Khoruzhyi P D, Khomutetska T P and Khoruzhyi V P 2008 Resource-saving water supply technologies (Kyiv:
Agrarian Science)

[11] Meier D A, Chen B and Myers C 2022 Cooling water systems: An overview Water-Formed Deposits (Elsevier)
pp 239–267 URL https://doi.org/10.1016/b978-0-12-822896-8.00020-0

[12] Al-Rawajfeh A E, Glade H and Ulrich J 2005 Desalination 182(1-3) 209–219 URL https://doi.org/10.
1016/j.desal.2005.04.013

[13] Si Z, Xiang J and Han D 2022 Chemical Engineering and Processing - Process Intensification 171 108734
URL https://doi.org/10.1016/j.cep.2021.108734

[14] Sharma S and Bhattacharya A 2016 Applied Water Science 7(3) 1043–1067 URL https://doi.org/10.1007/
s13201-016-0455-7

[15] Kuznietsov P and Biedunkova O 2023 Nuclear and Radiation Safety 1(97) 30–40
[16] 2007 MVI No. 081/12-0317-06 Surface, underground, return water. The method of measuring the pH indicator

(pH) by the electrometric method URL http://online.budstandart.com/ua/catalog/doc-page?id_
doc=76469

[17] Reports on the assessment of the impact of non-radiation factors of SS “Rivne NPP” SE “Energoatom” on
the environment for 2013-2021

https://doi.org/10.1371/journal.pone.0271875
https://doi.org/10.1016/b978-0-12-822896-8.00020-0
https://doi.org/10.1016/j.desal.2005.04.013
https://doi.org/10.1016/j.desal.2005.04.013
https://doi.org/10.1016/j.cep.2021.108734
https://doi.org/10.1007/s13201-016-0455-7
https://doi.org/10.1007/s13201-016-0455-7
http://online.budstandart.com/ua/catalog/doc-page?id_doc=76469
http://online.budstandart.com/ua/catalog/doc-page?id_doc=76469


IOP Conference Series: Earth and Environmental Science

PAPER • OPEN ACCESS

Neural network model of investment process of biogas production
To cite this article: V V Dzhedzhula and I Yu Yepifanova 2023 IOP Conf. Ser.: Earth Environ. Sci. 1254 012103

 

View the article online for updates and enhancements.

This content was downloaded by semerikov from IP address 193.151.14.31 on 30/10/2023 at 13:38

https://doi.org/10.1088/1755-1315/1254/1/012103
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsv5k8Kr_14x7vwt61vvkuYd60b5ANCX9jeTazN9B1qOnabjXV05y3uhfbaanrnfFIlrGIgzJugSCV2u-0QtF-oClcXBufNWJn9QYPKF9yo2q6lQcBM-emQaCoduABDaTXBvI_a53YVVYUue7sWFAzxt4KEoq0w8z6zw8eZxfzznu6sfWups8CLRi5Y6fLw4Q6HSfRMqeVCsHKm5sy2nUcSDsz4omQ4J8khuicV8A_Q-IGYzdV0Bp4g7Y_kxqX_JbcTneMYXcEm5075X8piRiusUylWxAyJZiWKUuIwFiB7u5K03cz_I&sai=AMfl-YRQKB3G1S8oOX8CFeqfjPApbtfh_EASz3wFxTWB4ITbz1Vo0w-ylRHcQNbTHqPLGkicxTUCb0W88oHTMWs&sig=Cg0ArKJSzHydku1tvlPX&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/245/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DJournals%26utm_campaign%3D245Abstract%26utm_id%3D245


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012103

IOP Publishing
doi:10.1088/1755-1315/1254/1/012103

1

Neural network model of investment process of
biogas production

V V Dzhedzhula and I Yu Yepifanova
Vinnytsia National Technical University, 95 Khmelnytsky Hwy., Vinnytsia, 21021, Ukraine

E-mail: djedjula@vntu.edu.ua, yepifanova@vntu.edu.ua

Abstract. The paper forms a neural network model of the investment process of biogas
production, which allows increasing the efficiency of the management decision-making process
on the feasibility of investing in biogas plants. Biogas plants are becoming widespread in
the world, although natural climatic conditions are not favorable for biogas production. But
modern technological solutions for insulation of bioreactors, their automation and thermal
stabilization, allow obtaining biogas in different latitudes. The construction of biogas plants
requires significant capital investment. Therefore, these investments require a detailed feasibility
study, including consideration of both technical and economic aspects of biogas production.
The authors propose to use the mathematical apparatus of shallow neural networks and create
a ten-neuron shallow neural mathematical model with the MATLAB mathematical package,
which can serve as a tool to support investment decisions in the implementation of the biogas
plant project. The proposed model, in contrast to existing approaches, allows us to take into
account both quantitative and qualitative factors, which are obtained analytically, expertly and
experimentally. In addition, the proposed model allows combining both economic and technical
criteria that affect the decision-making process for investing in the process of biogas production.
The calculation of investment attractiveness of introduction of biogas utilization unit for the
researched enterprise is given. According to the simulation results, it is determined that the
investment attractiveness of the introduction of a biogas plant for the given set of input factors
indicates the feasibility of implementing a biogas plant.

1. Introduction
In today’s world of economics, humanity faces several important issues related to sustainable
development, among which the important goals are to increase the production of energy from
renewable sources around the world and ecological production. Permanent increase in energy
prices causes a constant increase in production costs and reduces profits. One of the ways to
ensure energy saving measures is to use biogas as an alternative energy source. This issue is
especially relevant for agricultural producers and the food industry, as they regularly receive
a significant amount of organic waste, which should be transformed into biogas. The use of
biogas as a way to overcome the energy crisis in developing countries is considered [1]. Yu
et al [2] analyzed the complex productivity of single-phase and two-phase anaerobic digestion
using a hybrid method and determined that the decisive factors are the yield of biogas, electricity
consumption and biofertilizers.

The results of research by Nwokolo et al [3] allow us to conclude that the use of biogas
plants provides benefits such as reducing greenhouse gas emissions into the environment and
improving energy security. In addition, the use of produced biogas leads to a reduction in
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purchased energy and waste disposal in the biogas plant based on the system of sewage sludge
treatment at treatment plants.

In Europe, biogas is produced in a large number of countries, including Poland [4], Finland [5],
Germany [6], Hungary [7]. In particular, more than 1,000 biogas plants were built in Germany
from 2000 to 2014 [8]. Some questions connected with the state of biofuel in Ukraine are
considered by Stanytsina et al [9], Bogoslavska et al [10].

The construction of biogas plants requires significant capital investment. Therefore, these
investments require a detailed feasibility study, including consideration of both technical and
economic aspects of biogas production. Nurgaliev et al [11] proposed to assess the efficiency of
investing in biogas plants by calculating the classic performance indicators of investment projects
with and without discounting, given the rapid change in variables.

Taking into account quantitative and qualitative factors, which are obtained analytically,
expertly and experimentally, requires a specialized mathematical apparatus. The best
mathematical apparatus, in our opinion, is either the theory of fuzzy logic and linguistic variables
or the theory of neural networks.

The aim of the work is to form a neural network model of the investment process of biogas
production, which allows us to increase the efficiency of the management decision-making process
on the feasibility of investing in biogas plants.

Fuzzy logic theory uses a limited information base, within which fuzzy logical equations are
formed and the result is calculated [12–15]. Fuzzy logic theory works in a closed information
environment, which is limited by knowledge bases. Neural networks are used for processing
large data sets, universal approximation and further training of mathematical models. The
neural network is a universal approximator, which is an example of artificial intelligence
and allows you to support decision-making based on the results of processing large arrays of
quantitative and qualitative information. It is proposed to use the mathematical apparatus of
shallow neural networks and create a ten-neural shallow neural mathematical model with the
MATLAB mathematical package, which can serve as a tool to support investment decisions in
the implementation of the biogas plant project.

2. Results and discussion
The production of agricultural products is accompanied by the constant accumulation of organic
waste from animal life, crop products, wood processing, etc. Ukraine produces more than 57,000
tons of organic waste annually [16], the vast majority of which simply pollutes the environment.
All these wastes require proper and safe disposal, preferably with the simultaneous production
of products necessary for agriculture. One of such directions of ecologically safe utilization of
organic waste is biogas production. The process of anaerobic fermentation in bioreactors allows
you not only to dispose of environmentally hazardous waste, but also to process it into biogas
and valuable organic fertilizer.

Biogas plants are becoming widespread in the world, although natural climatic conditions
are not favorable for biogas production. But modern technological solutions for insulation of
bioreactors, their automation and thermal stabilization, allow us to obtain biogas in different
latitudes. A biogas plant is a complex set of interconnected technological elements of the process
of utilization of organic waste with their processing into biogas and biofertilizers. The central
element of the biogas plant is a bioreactor, that is an insulated tank with a heating element,
stirrer, devices for loading the substrate and removing it, gasholder, process control devices. The
process of anaerobic fermentation takes place in a bioreactor, but before the raw material enters
the reactor, it must go a long way of collection and preparation. First of all, organic waste must
be delivered to the site, then crushed and mixed with water, fed at a certain temperature to the
reactor. The output of biogas from different types of organic waste is also different (table 1).

The process of anaerobic fermentation is also significantly influenced by the temperature of
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Table 1. Biogas yield and methane content when using different types of waste [3].

Output raw materials Biogas yield per 1 kg of dry matter Methane content,%

Waste from cattle 200–300 50
Waste from pigs 340–480 60…75
Horse waste with straw 250 56…60
Potato tops 420 60
Maize stalks 420 53
Wheat straw 342 58
Sunflower husk 300 60
Silage 250 84
Fresh grass 360 52
Beet 430 84
Carrot waste 250 60
Wood sawdust 220 51
Solid sewage sludge 570 70
Fecal sediment 250 – 310 60
Household waste and rubbish 600 50

the fermentation regime, thermal stabilization in the volume of the bioreactor, the fineness of
raw materials, etc. In addition to complex technical requirements for the implementation of
the waste processing process, the investment process of such a decision is subject to significant
restrictions on financial, economic and operational requirements.

Biogas can be burned directly, but taking into account the large number of impurities (about
40% CO2 + other gases 1..3%), it is better to clean it first. From 1 m3 of biogas with a methane
content of 60%, you can get about 2.5 kWh of electricity, or 2.6 kWh of heat.

The process of implementation of the investment decision on the implementation of the
disposal plant requires the assessment of many factors of influence, which have both quantitative
and qualitative characteristics. Biogas plants require significant capital investment, stable supply
of the reactor with heat and electricity, continuous supply of raw materials, maintenance of
temperature in the fermentation environment, etc. The decision to implement a biogas plant at
the enterprise must be made comprehensively using modern advances in science and technology.
In our opinion, in this case, the optimal method of intellectual decision support is the theory
of neural networks [17, 18]. This theory allows us to combine into a single mathematical model
quantitative and qualitative factors of the technological process of fermentation, as well as
financial, economic and operational components of the process of disposal of organic waste as an
investment object. The decision to implement a biogas plant must be made taking into account
a large number of influencing factors. Significant cost of installations requires careful analysis
of all risks and features of the technological process. In addition to the complex technological
requirements for the process of anaerobic fermentation related to the quality of raw materials,
temperature and humidity of the substrate, there are a number of human factors related to
qualifications, motivation and other factors. In general, we propose to determine the degree of
feasibility of implementing a biogas plant by the values of investment attractiveness. For this
indicator D, we have proposed ranges of values of factors in which it acquires a certain content
saturation. If D belongs to the range of values [0…2], then the implementation of the project for
the construction of a biogas plant is impractical. In the range [2…4] the investment attractiveness
of the construction process biogas plant is below average, in the range (4…6) it is average, in the
range (6…8) it is above average; in the range [8…10] it is the maximum investment attractiveness
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of the process of implementing biogas plant.
The investment attractiveness of the introduction of biogas disposal plant can be considered

in the form of the ratio:
D = f(X,Y,Z), (1)

where X is a set of financial and economic factors; Y is a set of technical factors; Z is a set of
operational factors.

In turn, the above sets of factors can be deployed in the following dependences:

X = f(x1, x2, x3, x4, x5), (2)

Y = f(y1, y2, y3, y4), (3)

Z = f(z1, z2, z3, z4). (4)

Detailed characteristics of factors influencing the investment process, their universal set of
variations and linguistic terms for evaluation are given in table 2.

Group of financial and economic factors:

• Factor x1 – linguistic variable (LV) “Qualification level of personnel” characterizes the level
of qualification of personnel that will service the biogas plant. Linguistically, we decided to
evaluate this factor in terms of “insignificant, medium, high”. It is clear that the higher the
qualification level of staff is, the more attractive the process of implementing this decision
is.

• Factor x2 – LV “Dependence on external financing entities” characterizes the degree of
borrowed capital in total investment capital and the cost of borrowed capital. The higher
the share of borrowing is and the higher the cost of such capital is, the less attractive the
investment is.

• Factor x3 – LV “Level of raw material costs” characterizes the level of raw material costs
for a biogas plant. Raw materials can be provided free of charge; raw materials utilization
can be paid for or they have to be bought. Purchasing raw materials for biogas production
is the least advantageous option when considering alternatives.

• Factor x4 – LV “Level of capital costs” characterizes the amount of capital investment for
the construction of a biogas plant in terms of 1 kWh of electricity produced from biogas.
According to research results, depending on the type of raw material and temperature
regime, this factor may be in the range of 2…10 thousand euros/kWh. It is clear that the
higher the level of capital expenditures is, the riskier the investment is.

• The last factor from the financial and economic block is x5 – LV “Complexity of logistics”
characterizes the complexity of delivery of raw materials for the operation of biogas plants
and transportation and storage of fermentation products – biogas and biofertilizers to
consumers. The volume of processed biomass is slightly different from the input volume
of raw materials, and it can be applied to the fields only in spring or autumn. Therefore,
the rest of the time the processed biomass must be stored somewhere. Most of the above
factors are estimated in conditional points expertly as it is almost impossible to quantify
them.

Group of technical factors:

• Factor y1 – “Type of raw material”. Raw materials play an important role in the process
of biogas production. The best raw material is sugar pulp or waste, which contains a
large proportion of fat. Potato tops, corn stalks, cattle and pig waste are more difficult to
decompose in the bioreactor. The “worst” ones are silage and sawdust.
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Table 2. Influencing factors as linguistic variables.

Designation and name of the variable Universal set Linguistic terms
for evaluation

Financial and economic factors (X)
x1 – LV – “Qualification level of personnel” U(x1) = {1…10} insignificant,

(points) medium, high
x2 – LV “Dependence on external financing U(x2) = {0…10} insignificant,
entities” (points) medium, high
x3 – LV “Level of raw material costs” U(x1) = {1…10} low, medium,high

(points)
x4 – LV “Level of capital costs per 1 kWh U(x4) = {2…10} small, medium, high
of electrical energy” (thousand euros)
x5 – LV “Complexity of logistics” U(x5) = 1 … 10 low, medium, high

(points)
Technical factors (Y)

y1 – LV “Type of raw material” U(y1) = 1…10 acceptable, satisfactory,
(points) optimal

Y2 – LV “Crushing of raw materials” U(y2) = 1…10 insignificant, medium,
(points) high

y3 – LV “Temperature mode” U(y3) = 20…55 cryophilic, mesophilic,
(degrees, ◦C) thermophilic

Y4 – LV “Thermal stabilization of the U(y4) = 20…3 insufficient, medium,
fermentation process” (degrees ◦C) high

Operational factors (Z)
Z1 – LV “Technical complexity of the U(z1) = 10�90 insignificant, medium,
operational process” (percent) high
Z2 – LV “Level of purification of U(z2) = 0�99 low, medium, high
biogas from impurities” (points)
Z3 – LV “Level of automation of the U(z3) = 10�90 low, medium, high
production process” (percent)
Z4 – LV “Degree of reduction of U(z4) = 10�90 low, medium, high
harmful emissions into the environment” (percent)

• Equally important is the crushing of raw materials, which is described visually by experts in
the range of {1…10} points – factor y2. The intensity of the anaerobic fermentation process
is directly dependent on the ambient temperature.

• There are three main temperature regimes: “cryophilic” (Topt = 20◦C); “mesophilic”
(Topt = 3242◦C); “thermophilic” (Topt = 4851◦C). Factor y3 – LV “Temperature mode”
characterizes the temperature regime in the reactor in the range 20…55◦C. The temperature
in the environment should be uniform. This is quite difficult to achieve, given the large
volumes of the reactor, the presence of stagnant zones under the heating elements, the
technological limitations of the mixing speed of the substrate. Thermal stabilization of
the fermentation process is estimated by the value of the temperature difference between
the hottest and the coldest zone of the reactor volume. It is generally accepted that the
temperature difference in the reactor zone should not exceed 3 ◦C.

Main operational factors:
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• The technical complexity of the operational process is assessed by experts and is in the
range from [10…90]%.

• The level of purification of biogas from impurities is estimated in the range [0… 99]% and
is determined by technological calculations.

• The level of automation of the production process and the degree of reduction of harmful
emissions into the environment are estimated in the same range.

To develop a mathematical model of intellectual support of decision-making to assess the
investment attractiveness of a biogas plant project, there is a need to form a knowledge matrix –
concentrated coded information determined by technological calculations, expert evaluations,
analytical calculations. The knowledge matrix is a table where the numerical value shows the
results of various types of research. The fragment of the knowledge matrix is given in table 3.
The sample size for building the model was more than 200 data rows.

Table 3. The fragment of the knowledge matrix.

x1 x2 x3 x4 x5 y1 y2 y3 y4 z1 z2 z3 z4 D

10 0 1 2 1 10 10 55 3 10 99 90 90 10
8 2 3 3 2 8 8 55 5 20 85 80 80 9
9 3 2 4 3 7 7 35 7 30 70 70 70 8
. . . . . . . . . . . . . .
. . . . . . . . . . . . . .
. . . . . . . . . . . . . .
4 7 6 7 7 4 3 35 12 60 30 25 25 4
3 8 7 8 8 3 4 20 15 80 20 20 20 3
2 9 8 9 9 2 3 35 18 70 10 15 15 2
1 10 10 10 10 1 1 20 20 90 0 10 10 1

To build a neural network that would solve the problem with some accuracy, we propose to
use a shallow neural network, the block diagram of which is shown in figure 1.

Figure 1. Block diagram of a two-layer neural shallow network.

A two-layer network of direct feed with hidden sigmoid neurons and neurons of linear
output can quite successfully solve the problem without excessive accuracy and complexity
of calculations (figure 2). This network can also be called a Multilayer Perceptron (MLP) as it
is a two-layer neural network with a nonlinear hidden layer that can be used for classification
and regression tasks.

The network will be studied according to the Levenberg-Marquardt backpropagation
algorithm. The Levenberg-Marquardt algorithm is an optimization method used for adjusting
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Figure 2. Histogram of errors.

Figure 3. Regression and value of the coefficient of determination.

the weights of a neural network during training. This algorithm is an iterative method based
on gradient descent and is designed to solve optimization problems with nonlinear constraints.
After loading the data into the MATLAB mathematical package, we performed calculations and
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determined the calculation errors (figure 3), as well as made a regression graph and determined
the coefficient of determination, which in our case was R = 0.91, indicating a high connection
density.

For practical use of the proposed model, it is best to create a Simulink model in the MATLAB
package. This model has only three blocks: the constant block, where the input values are
entered in the form of a vector; the block of the neural network and the visualization block.

In our case – the monitor, where the simulation result is shown as a number (figure 4).

Figure 4. Fragment of the window of the Simulink package of the MATLAB program with the
program of neural network modeling.

The decision-making on the feasibility of investing in the construction of a biogas plant is
as follows: analytically, expertly or experimentally, the input values are entered into the table.
Then their values are loaded into the vector column of the program.

After the calculation, the program displays on the block the value of the investment
attractiveness of the introduction of biogas disposal plant (table 4).

According to the simulation results, it is determined that the investment attractiveness of the
introduction of a biogas plant with a given set of input factors is D = 7.54, which corresponds
to the range “above average”, i.e. the plant can be implemented.

3. Conclusions
Thus, the paper proposes a neural network model of the investment process of biogas production.

Taking into account quantitative and qualitative factors, which are obtained analytically,
expertly and experimentally, requires a specialized mathematical apparatus. The best
mathematical apparatus, in our opinion, is either the theory of fuzzy logic and linguistic variables
or the theory of neural networks.

It is proposed to use the mathematical apparatus of shallow neural networks and create
a ten-neuron shallow neural mathematical model with the MATLAB mathematical package,
which can serve as a tool to support investment decisions in the implementation of the biogas
plant project.The proposed model, in contrast to existing approaches, allows us to take into
account both quantitative and qualitative factors, which are obtained analytically, expertly and
experimentally.
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Table 4. Values of input and output variables.

Designation and name of the variable Universal set
Input

values of
variables

The value of
the output
variable D

Financial and economic factors (X)
x1 LV – “Qualification level of U(x1) = {1…10} 7
personnel” (points)
x2 – LV “Dependence on external U(x2) = {0…10} 3
financing entities” (points)
x3 – LV “Level of raw material costs” U(x1) = {1…10} 6

(points)
x4 – LV “Level of capital costs U(x4) = {2…10} 5
per 1 kWh of electrical energy” (thousand euros)
x5 – LV “Complexity of logistics” U(x5) = 1 … 10 3

(points)
Technical factors (Y)

y1 – LV “Type of raw material” U(y1) = 1…10 8
(points)

Y2 – LV “Crushing of raw materials” U(y2) = 1…10 3 D=7.54
(points)

y3 – LV “Temperature mode” U(y3) = 20…55 50
(degrees, ◦C)

Y4 – LV “Thermal stabilization of the U(y4) = 20…3 8
fermentation process” (degrees ◦C)

Operational factors (Z)
Z1 – LV “Technical complexity of the U(z1) = 10�90 20
operational process” (percent)
Z2 – LV “Level of purification of U(z2) = 0�99 60
biogas from impurities” (points)
Z3 – LV “Level of automation of the U(z3) = 10�90 50
production process” (percent)
Z4 – LV “Degree of reduction of U(z4) = 10�90 70
harmful emissions into the environment” (percent)

In addition, the proposed model allows us to combine both economic and technical criteria
that affect the decision-making process for investing in the process of biogas production.
The calculation of investment attractiveness of introduction of biogas utilization unit for the
researched enterprise is given.

According to the simulation results, it is determined that the investment attractiveness of
the introduction of a biogas plant for the given set of input factors indicates the feasibility of
implementing a biogas plant.
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Abstract. A brief analysis of the mining industry impact on the environment is provided.
It is proposed to assess the ecological situation of water bodies on the territory of Iron
Ore Dressing Works (GOK) according to the magnitude of ecological risk (e.g. Iron Ore
Dressing Works (Northern GOK)). Calculations of ecological risk values based on the content
of microcomponents in the water were carried out for man-made (tailings storage) and natural
water bodies (the Saksahan river, a pond in the Nedayvoda stream). It was concluded that over
time (from 2014 to 2020) the ecological risk of most water bodies is increasing from 0.17 in the
Saksahan river to -2.53 in tailings storage. The complex ecological situation on the territory
of the Northern GOK proves the need to implement more effective environmental protection
measures in order to achieve the criteria of sustainable development.

1. Introduction
The growth of humanity’s needs set the global task of providing food with the necessary caloric
content and composition, water of an acceptable quantity and quality, territory that provides
many aspects of human activity, energy that does not cause global geo-ecological crises, and
products of industrial activity that do not lead to an unacceptable level of environmental
pollution. These needs are steadily growing, moving the ecosphere from a crisis, but still stable
state to an unstable one and with further development of instability – to a global catastrophe.

The mining activity of the regions significantly affects their sustainable development. It can be
a source of employment for local residents, a source of state income, an engine of economic growth
and development of remote areas. However, significant environmental impacts and inequitable
distribution of economic benefits can exacerbate instability and cause conflict.

Each problem of the mining industry is local, but the fundamental issues of mining in the
relevant format are international in nature.

Sustainable mining is a theoretical and highly unlikely goal to achieve. Metals and minerals
are non-renewable resources, and their use can only be sustainable if consumption declines, and
the rate of decline is going to be greater than the rate of depletion. From a practical perspective,
achieving sustainability in the mining industry is a distant prospect, but many mining companies
and industry associations are moving towards more economically, environmentally and socially
responsible business practices.

Mining invariably benefits people and harms the environment. At the stages of their
extraction and processing, numerous environmental problems arise.
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First of all, during the extraction and processing of minerals, a large geological cycle is
disrupted, in which various systems are involved. As a result, there is a great impact on the
ecology of the mining region, and such an impact has negative consequences.

Impact of mining on the lithosphere [1]
1. The development of deposits of dense rocks is accompanied by significant extraction of

forested and agricultural lands. Mining leads to significant changes in the landscape: the
creation of anthropogenic forms of meso-relief – quarries, dumps.

2. Possible activation of geological processes (karst, landslides, scree, subsidence and
displacement of rocks). During underground mining, subsidence pits and sinkholes are
formed.

3. Mechanical disturbance of soils and their chemical pollution.

Impact of mining on the atmosphere [1,2]:
As a result of the processes of primary processing of mined ores, large volumes of mine methane,
sulfur, and carbon are emitted into the air. In addition, a large amount of dust enters the air
during mining. When 1,000 tons of explosives are used, about 40 million m3 of atmospheric air
is polluted, exceeding the limit of permissible concentrations tenfold, and its spread is possible
over 15 km. As a result of mass explosions in quarries, from 0.027 to 0.170 kg of dust is formed
per 1 m3 of rock.

Every day, up to two kilograms of dust falls on the territory adjacent to the quarries, as a
result, the soil remains buried under a half-meter layer for many years, and often forever, and,
accordingly, loses its fertility.

It should also be noted the negative impact and composition of explosives used in open pit
development. Harmful gases produced as a result of the explosion are released into the air for
10–15 hours [2].

Impact of mining on the hydrosphere
The development of mineral deposits by an open method causes not only the degradation of the
earth’s surface in the area of mining operations, but also a sharp change in hydrological and
hydrogeological conditions, which lead to a change in the quality of surface and underground
waters [1]. As a result of the extraction of natural raw materials, reservoirs and underground
waters are depleted, swamps are drained.

Surface waters suffer from pollution as a result of mineral extraction and processing. As in
the atmosphere, a large amount of salts, metals, toxic substances, and wastes get into the water.
As a result, microorganisms living in water bodies and fish die. If people use polluted water for
their economic needs and for food, it leads to deterioration of the health of the population.

2. Methods
Assessment of the ecological situation of a certain region or the entire country is an urgent
task today [3]. Environmental risk has an important place in the environmental assessment of
the current or projected situation. Environmental risk – at all levels: from local to global –
assessment of the likelihood of negative changes in the environment caused by anthropogenic or
other influences. It is important to note that any economic activity always has an environmental
risk.

There are four main directions in risk assessment: engineering, modeling, expert and social. In
the modeling direction, mathematical models of processes that lead to undesirable consequences
for humans and the environment when using harmful chemicals and compounds are developed.
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The theory of probability and the means of mathematical statistics are used for the
quantitative analysis of environmental risk. A peculiarity of the assessment of environmental
risks is their dynamism, that is, there is a need to monitor the state of the environment as a
whole and its individual components.

For water bodies, ecological risk is the probability of undesirable consequences in water
ecosystems and their components as a result of anthropogenic and natural factors, including a
decrease in water quality. Several methods of ecological risk assessment have been developed
and used both for individual regions and river basins, as well as for certain sections of rivers
subject to anthropogenic pressure.

This study used the method of environmental risk assessment [4] according to the formulas:

Risk = − ln(P ), (1)

where:

P =

∑
i
ni

N
, (2)

where: ∑
i

ni =
∑
i

Ci

TLV
, (3)

where Ci is the concentration of the different pollutant (DP) that exceeds the threshold limit
value (TLV) [5]; N is the total number of DP analyzed (content greater than TLV and less).

3. Results
The results of hydrochemical observations on the territory of the Northern GOK (Kryvyi Rih),
which were conducted by the State Enterprise “Ukrchormetgeology”, were used to assess the
environmental risk.

The water objects of the natural-technogenic complex of Northern GOK include the tailings
storage facility and the section of the Saksahan river, ponds and man-made water objects
(figure 1).

The Northern GOK tailings pond has been in operation since 1963. The main dam of the
Northern GOK tailings pond is located at a distance of 2.5 km from the mouth of the Petrykov
creek, which flows into the Saksahan River. Also, in Petrykov creek along the outer contour
of the right-bank enclosing dam, tailings, two emergency tanks were created: the first – in the
western part and the second – in the northern part of the tailings. The area of the tailings
pond is 1295 ha (of which the tailings pond itself is 980.0 ha, the circulating water pond is
315.0 ha). The length of the tailings pond is 17.3 km (tailings pond – 11.0 km, circulating water
pond – 6.3 km). The contour of the tailings pond is closed by a 1.2 km long dividing dam, which
separates the circulating water supply pond from the tailings pond itself. In addition to sludge
pulp, quarry water (2.5 million m3 / year), mineralization mine water (5.5 million m3 / year),
wastewater from treatment plants (36.15 thousand m3 / year), and precipitation are discharged
into the tailings pond, and surface filtration waters that were made from drainage systems built
around the storage [6].

Preliminary studies have established that a persistent geochemical and hydrochemical
anomalies has formed on the territory of the Northern GOK.

The center of the anomalies is a tailings, which pond’s water has an elevated content
of microcomponents: lead, cadmium, vanadium, bromine [6]. The content of some
microcomponents also has an increased in the water of the river Saksahan and in the water
of the pond Nedayvoda.

The results of the ecological risk calculations of water bodies on the territory of the Northern
GOK are presented in figure 2.
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Figure 1. Map of Northern Iron Ore Dressing Works in Kryvbas with observation points for
chemical composition of water (downstream) № 1 – Tailings dam NorthernIron Ore Dressing
Works; № 2 – the first water meter post, the Saksahan River; № 3 – the second water meter
post, the Saksahan River; № 4 – pond in the beam Nedaivoda.

According to the results of the calculations, it can be concluded that in general the ecological
situation in the water bodies of the Northern GOK is deteriorating. The greatest concern is the
too high content of bromine, both in the water of the tailings pond and in the water of water
bodies. Let me remind you that bromine belongs to the second class of danger [5]. Bromine is
a chemical element that is energetically accumulated by plants, animals in landscapes [7]. An
excess of bromine in the human body leads to a decrease in the concentration of iodine in the
hormones of the thyroid gland (hyperthyroidism), and also contributes to the rapid release of
chloride ions by the kidneys.

The main symptoms of excess bromine are: memory impairment, insomnia, skin rashes,
indigestion, bronchitis, rhinitis, as well as possible neurological disorders. Since this trace
element is considered a very poisonous substance, the ingestion of a large amount of it into
the human body causes serious consequences, even fatal. [8]

As mentioned earlier [6], the main source of bromine in the tailings pond is mine water.
Among the heavy metals, an increased content of lead and vanadium is always noted, which
enter the water of the tailings pond and the water of surface water bodies from the enrichment
tails.

Among the studied natural and man-made water bodies, the greatest ecological risk is noted
in the tailings stogare (-2.53) as of 05/04/2020. It should be noted that over time the ecological
risk increases in the tailings stogare and in the pond Nedayvoda. In the Saksahan River, changes
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– date 19.03.2014

– date 18.05.2015

– date 04.05.2020

Figure 2. Environmental risk schedule for water bodies on the territory of the Northern GOK
by observation points: 1 – Tailings dam Northern Iron Ore Dressing Works; 2 – the first water
meter post, the Saksahan River; 3 – the second water meter post, the Saksahan River; 4 – pond
in the beam Nedaivoda (2014, 2015, 2020).

in environmental risk values over time do not have a clear dependence. This is due to the fact
that the hydrochemical regime of the river is formed under the influence of not only man-made
but also natural factors.

It should also be noted that information for assessing the environmental situation in Kryvbas
is not publicly available. This is also noted in the report [9, 10] and is a significant drawback
of mining and blasting enterprises. Thus, the Metinvest company received zero marks for the
Hannivskyi and Pervotravnev quarries, as it did not provide evidence to verify the information
or did not provide information at all. Therefore, in order to achieve world standards in the field
of mineral extraction according to the criteria of sustainable development, Ukrainian companies
still need to pay a lot of attention to the issues of openness of information about nature protection
in all main directions: protection and rational use of land, atmosphere, water resources, subsoil,
managing of production waste.

4. Conclusions
The mining industry has a significant effect on the ecological state of water bodies, which is
confirmed by the calculated value of ecological risk. It was determined that the water of the
tailings storage has the greatest environmental risk (-2.53 on 05/04/2020), the Saksagan River
(0.17 on 03/19/2014) has the lowest. The magnitude of ecological risk increases over time in
almost all water bodies. The proposed method of calculating environmental risk for water bodies
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can be used to analyze the effectiveness of environmental protection measures and sustainable
development of mining areas.
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Abstract. An increase in the population and an increase in the negative impact on the
environment requires a review of the business organization model. Particular attention is paid
to agriculture, which faces the task of solving the food problem on a global scale. At the same
time, this industry is one of the leading polluters of the environment. The analysis of statistical
data proves the low level of value added that is created in agriculture. The proposed agribusiness
ecosystem model allows for a balanced development of agriculture and related industries based
on four areas: economic, social, environmental, and innovative. Innovative solutions for all
participants in the business ecosystem are based on the transition to a circular economy model
using Industry 4.0 tools at all levels of system management: raw material suppliers, agricultural
manufacturers, processors, customers, and government.

1. Introduction
A significant increase in the population, industrial and agricultural production, the use of
vehicles, and other factors in recent decades have affected the deterioration of the environment,
the increase in social and environmental problems, etc. In particular, agriculture is faced with
the important task of solving the food problem. According to Agritech Tomorrow [1], population
growth and food demand require an increase in crop production of at least 23% to meet the
current standard of living.

Traditional production methods and technologies used in this industry cause the aggravation
of such global problems of humanity as pollution of the atmosphere and hydrosphere, land
degradation, and destruction of biodiversity [2]. Over the last decade, there has been a reduction
in the world’s forest cover by a third, a significant loss of biodiversity. The rate of growth in
the volume of freshwater use exceeds the rate of population growth. There is a high level of soil
pollution due to the intensive use of chemical fertilizers and synthetic pesticides. According to
experts, about a quarter of global soils have undergone degradation [3]. In addition, agriculture
and land use lead to more than 30% of global greenhouse gas emissions that cause climate
change [4]. The war in Ukraine has not only socio-economic but also large-scale environmental
consequences. Today, there are a number of studies on possible options for the ecological
reconstruction of our country [5]. The problem of revising the system of production organization
and business processes requires an immediate search for solutions. Since agriculture makes up a
significant share of Ukraine’s GDP, it is important to introduce innovative methods of organizing
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production processes in this industry. The European Union has adopted the Green Deal [6],
which contains a number of requirements and obligations for manufacturers to comply with
the transition to a circular economy model. In contrast to the traditional linear economy,
the circular economy involves a closed cycle regarding production, consumption, and recycling,
thus reducing the amount of resource consumption, waste, and emissions. Since Ukrainian
agricultural enterprises supply a significant part of their products to EU countries, they must
comply with the requirements of this agreement and reorient their organizational chains. In turn,
this requires the introduction of innovative technologies and management methods to ensure the
balanced development of agriculture and related sectors of the national economy.

2. Literature review
The rationale for the need to move from a linear to a circular economy model has been actively
considered in the scientific literature in recent years [7–9]. The transition to a circular economy
will help keep the value of resources and products at a high level, as well as minimize the
production of waste. Government policies of different states based on public-private partnerships
to implement the 3R (reduce, reuse, and recycle) model will help improve the efficiency of natural
resource use and take a step forward toward achieving sustainable development goals [10].

The need to build supply chains based on the principles of a circular economy is substantiated
in [11]. The authors prove that, despite the various external problems that affect the adoption of
a particular decision of each company, the inclusion of a transition strategy to a circular economy
allows companies to provide environmental advantages in the competition. The relevance of
finding ways to solve environmental problems is substantiated in [12, 13], where the authors
proposed a number of innovative solutions to solve this problem. At the same time, ensuring
a balanced development of society requires taking into account not only environmental factors
when building a model for further development [14]. Both when working in the domestic market
of the country, and when entering foreign markets, it is necessary to take into account the social
factor. In [15], a team of scientists proved the strengthening of social capital and the promotion
of responsible research and innovation when a company enters the international level.

The transition to a circular economy, taking into account social indicators, contributes to the
formation of the company’s reputation and efficiency, and also allows it to enter the so-called
circle of charity. At the same time, the existence of a gap between theoretical approaches and
practical aspects of the implementation of the circular economy model is noted by scientists in
the study []. A conscious choice is needed for all participants in the economic system in the
transition to a circular economy, which will ensure their cooperation in a more holistic way.
When defining the basic principles of the circular economy, some scientists distinguish between
3R (reduce, reuse, and recycle) [10], 4R (reduce, repair, remanufacture and recycle) [] or 5R
(rethink, reduce, reuse, repair, recycle) [16, 17]. The development of innovative technologies
allows the introduction of new tools to achieve the principles of a circular economy. In particular,
work [18] examines the expected contributions of the introduction of Industry 4.0 tools for
the implementation of the circular economy model. For an effective transition to a circular
economy model, it is advisable to understand the essence of this process and the interests of all
participants: government, suppliers, consumers, international organizations, etc [19].

The purpose of this study is to improve the scientific and methodological foundations for the
implementation of the circular economy model based on the ecosystem approach, taking into
account the innovative solutions of Industry 4.0.

3. Application of a systematic approach to creating a sectoral economy
Population growth increases the urgency of finding ways to solve the food problem of mankind.
Ukraine is one of the key suppliers of agricultural products on the world market. Moreover,
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in recent decades, there has been a clear trend of reorientation of our state from industrial to
agrarian (figure 1).

Figure 1. Structure of Ukraine’s GDP, 2016 – 2021 (according to [20]).

As seen in figure 1, the share of agriculture is growing and is 10% of GDP in 2021. In turn,
the share of the processing industry is gradually declining.

Comparing the share of agriculture in the country’s GDP with European countries, this
indicator is higher in Ukraine, and it is also higher than the world average (figure 2).

The problem of domestic agriculture is the low value added. For comparison, in European
countries, the added value is several times higher (figure 3). In 2019, value added per worker in
Ukraine amounted to USD 4,888 against USD 25,476 in European countries.

Value added is determined by the amount of value added at each stage of production, which
increases its consumer properties. The added value is determined by the added value of the
goods (products), which is formed in the process of procurement, processing, storage, and sale
of products at the enterprise [23]. Thus, value added includes labor costs, depreciation, taxes,
and profits. The low level of value added in the country indicates a low level of processing of
input raw materials (materials), as a rule, is associated with a low level of science intensity of
the industry.

In agriculture, value added is created by growing plants or animals. Technologies used in
domestic agriculture have a relatively low level of innovation. Leading European countries have
a significantly higher level of the added value of agricultural products due to the introduction
of an integrated approach, namely: not primary raw materials, but processed products are sold,
including for export. Thus, by developing the processing industry within the country, the state
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Figure 2. The share of agriculture in the country’s GDP, 2000 – 2021 (according to [21]).

Figure 3. Agriculture, forestry, and fishing, value added per worker (constant 2015 USD)
(according to [22]).

simultaneously stimulates the growth of the share of value added of the corresponding products
(sector of the economy). To increase the level of the added value of domestic products, we
consider it expedient to support the development of processing industries, which will allow us
to reorient the country’s economy from a supplier of raw materials to foreign markets to a
supplier of finished products. This applies not only to agriculture but also to other industries,
including metallurgy, which is the main exporter in Ukraine. At the same time, it is necessary
to apply a systematic approach to building a sectoral economy. In the conditions of a circular
economy, which provides for coordinated supply chains, sectoral relationships should be clearly
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built, taking into account the purely economic interests of individual economic agents, and
taking into account the general economic effect. This approach will simultaneously reduce the
country’s import dependence since domestic manufacturers will come to replace foreign suppliers
of the same household goods. This is especially true at the time of the post-war recovery of the
Ukrainian economy.

4. An ecosystem approach for organizing a model of a circular economy on the
example of agriculture
A feature of the introduction of the circular economy model in agriculture is not only individual
steps to close the circle (processing of consumer waste), but the possibility of involvement in
mutual supplies at the stage of production and use. To implement a circular economy in the
agricultural sector, it is proposed to use an ecosystem approach. For the first time, the concept
of an ecosystem in the economy was introduced by Moore, who proposed considering a company
not as a separate economic player in the market, but as an element of a business ecosystem that
takes into account several industries [24]. To date, there are various approaches to determining
the essence and characteristics of a business ecosystem, taking into account the type of activity,
its scale, and management methods. In the course of the study, an ecosystem agribusiness
model was developed (figure 4), which includes both direct producers of agricultural products
and resource suppliers, consumers, and other economic agents.

Figure 4. Agribusiness ecosystem model based on the circular economy (based on [25]).
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Based on the degree of manageability and influence on the final result, we propose to
distinguish between the internal and external environment of the agribusiness ecosystem. The
internal environment should include elements that directly interact with each other in the
process of creating added value. In particular, the internal environment of the agribusiness
ecosystem built on the principles of a circular economy includes the main participants –
Customers (C), Agricultural manufacturers (AM), and Suppliers (S), as well as additional,
further contributing to the implementation of the circular economy model in the ecosystem –
sharing centers, recovery centers, collection/ inspection centers, located centers. Depending
on the purpose of the acquisition, Customers (C) are divided into two types – trade and
processing. Sales of agricultural products can be carried out on external markets C1 (export)
and on the domestic market C2 through intermediaries C2.1 (trade networks, retail trade) and
directly to end consumers C2.2. The processing sector is also included among the consumers
of agricultural products, namely: manufacturers of food, beverages, tobacco products (C3),
manufacturers of textiles, clothing, leather products (C4), wood products, paper, printing (C5),
manufacturers of chemicals (C6), pharmaceutical manufacturers (C7), furniture manufacturers
(C8), biofuel producers (C9). Agricultural manufacturers (AM), depending on the form of
business organization, are divided into legal entities and households, in accordance with the
legislation of Ukraine. Farms can also be registered as legal entities or individuals. As a rule,
household farms include family farming, producing products for themselves, and the surplus can
be sold on the market. Depending on the type of products produced, agriculture is also divided
into crop production and animal husbandry. Suppliers (S) of agricultural resources, which can be
national or foreign. Depending on the type of resource, suppliers are divided into the following
groups: melioration (S1), technologies (S2), land S3), personnel (S4), machinery (S5), fertilizers
(S5), plant protection products (S6), breeding (S7), packaging (S8), feed (S9), veterinary drugs
(S10). As in any system, there are certain relationships between its elements. As seen in figure 4,
customers show demand for agricultural products (arrows 1). After analyzing the demand for
products, agricultural producers will determine the demand for the inputs which they need for
production (arrows 2). Depending on the cost of the resource, the period of its use, and the
use of its financial capabilities, agricultural producers buy them (arrow 3), lease them, or share
them. In particular, according to the basics of the circular economy, users can not only buy but
also rent or share the necessary non-current assets. For agricultural producers, such assets are
machinery, equipment, and land. Sharing centers act as an intermediary between the supplier of
these resources and agricultural manufacturers (arrows 3a, 3b, 3c). According to experts, this
type of service in agriculture is expected to grow in the coming years (figure 5).

Next, the production process is carried out using the necessary resources, and the products
are sold to customers (arrows 4). Depending on the type of agricultural product, the production
cycle can last for different times, for example, when growing plants, trees, and animals. The
transition to environmentally friendly, organic production using the circular economy model
makes it possible to almost completely eliminate waste to be disposed of at all stages. In
particular, waste generated at the stage of selling finished products to end consumers, for
example, spoiled or expired products (arrow 5) or processors of agricultural raw materials,
such as production waste or unused raw materials and related products (arrow 6), fall into
collection/inspection centers. Also, waste generated by agricultural producers can be directly
redistributed between different producers. Crop waste can be used as animal feed. Also, animal
waste can be used as fertilizer for crop production (arrow 8). Some scientists propose to apply the
concept of mixed crop and livestock production, that is, a combination of two types of activities
within one production unit – crop production and animal husbandry. The use of local feed and
manure instead of imported and chemical fertilizers, for example, can help reduce agricultural
CO2 emissions [3]. The rest of the agricultural manufacturers’ waste will be transferred to
collection/inspection centers for further sorting (arrow 7). Waste generated during the supply
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Figure 5. Size of the agriculture technology-as-a-service market in 2020 and 2025, by service
type (in million USD) [26].

of resources to agricultural manufacturers (spoiled during transportation and delivery) will also
fall into the collection/inspection centers (arrow 9). National suppliers (S) and agricultural
processing (C3 – C9) are also mutual suppliers to each other through waste processing. The
task of collection/inspection centers is to sort waste with subsequent distribution for processing
(arrow 11) and recovery – for equipment and other components of the production process (arrows
10 and 13) with subsequent launch into production (arrows 12 and 14). For example, crop and
livestock waste can be used as raw materials for some types of production (in the production of
biofuels, textiles, furniture production, etc.). Thus, a much smaller volume is sent to the located
centers (arrows 15 and 16).

All elements of the agribusiness ecosystem interact with external actors. The external
environment of the agribusiness ecosystem includes state institutions, partners in foreign
countries, international organizations and governments of other countries. The state, as a
regulatory body, also influences the development of the agribusiness ecosystem (through the
development of legal documents, regulations, the provision of permits, etc.). On the other
hand, the state can act as a supplier and client through the activities of state enterprises
and organizations, that is, acting as a component of the internal environment. In order not
to complicate the logical chains of relationships between the participants in the agribusiness
ecosystem, figure 4 does not display the settlement flows between them. For effective
management of the agribusiness ecosystem, we consider it expedient to use the CATWOE
method [27, 28]. This method is one of the tools for solving system management problems.
The name of the method comes from the abbreviation: Customers – Actors – Transformation –
Worldview – Owners – Environmental constraints, meaning key variables. As part of the
agribusiness ecosystem, these components will be:

• Customers – stakeholders related to the product created by the system (customers,
customers, end users);

• Actors – stakeholders directly involved in the processes (manufacturers, processors,
intermediaries);

• Transformation is a business process that includes the processing process (production of
agricultural products, their processing, waste processing processes, repair work, etc.);

• Worldview – a systematic vision of the problem and its potential solution with a preliminary
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assessment of the consequences and future prospects (a preliminary assessment of the
feasibility of making a decision based on a balanced assessment in four areas: economic,
environmental, social, and innovative);

• Owners – stakeholders who are most interested in solving the problem and have the
authority to allocate resources for transformation (government bodies, business owners,
investors, etc.);

• Environmental constraints – factors or conditions external to the solution of the problem
that affects the implementation of the decision (market capacity, legal requirements,
international conditions, environmental risk factors, etc.).

By analyzing the impact of each component of the CATWOE analysis, it is possible to
maintain optimal conditions for the functioning of the agribusiness ecosystem as a single
organism.

5. Innovative tools for balanced business ecosystem development
Circular agriculture was widely practiced in pre-industrial societies. At the same time, due
to the industrialization of production, it was gradually pushed aside by the modern model of
organizing production processes in this industry, which made it possible to significantly increase
its economic efficiency through the widespread use of chemical fertilizers, mechanization, and
automation, specialization in growing monocultures, etc. This approach, as we know, has led
to negative environmental consequences. Long-term consequences of the negative impact on the
environment and humans will be felt for a long time [7].

The development of modern technologies and the application of an ecosystem approach to
the organization of business processes in the agricultural sector will ensure decent economic
results while maintaining a balanced development. By balanced development, we mean a
balance between four components: economic, environmental, social, and innovative. These
development vectors should be basic for all participants in the agribusiness ecosystem. According
to the concept [29], sustainable development involves taking into account three components:
economic, social, and environmental. However, at present, given the rapid development
of innovations, in particular, in the era of Industry 4.0, information and communication
technologies can significantly optimize business processes, including the agricultural sector
[25,30]. Innovations are new and (or) improved competitive technologies, products, or services, as
well as organizational and technical solutions [31]. Innovations occur at all stages of interaction
between participants in the agribusiness ecosystem: from the stage of supplying resources to the
stage of final processing or waste disposal. When taking into account the innovative component,
it is important to use a systematic approach, since the agricultural products themselves contain
a relatively low degree of innovation, compared with the products of knowledge-intensive sectors
of the economy. At the same time, innovative solutions of an individual participant in the
business ecosystem will bring a synergistic effect in related industries and at adjacent levels of
interaction between participants.

Innovative solutions that will contribute to the effectiveness of the agribusiness ecosystem
can occur at three stages: the development (selection) of agricultural products, the production
(cultivation) of agricultural products, the consumption and processing of waste, business
processes and products of related industries that are part of the agribusiness ecosystem. To
improve the performance of the agribusiness ecosystem, we consider it expedient to implement
the following measures [1, 3]:

Agricultural manufacturers:

• Mixed farming (mixed farming) – a combination within the same agricultural producer of
crop and livestock, which will reduce the amount of waste from each of the individual types
of production, as well as mutually provide the necessary resources.
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• Shift from mono-crop agriculture to growing a set of interrelated crops, where the cultivation
of some creates favourable conditions for others on the same land, which will improve the
quality and fertility of the land without the use of chemicals.

• Agroforestry – planting trees in combination with crops or pastures that will help
restore biodiversity in agricultural landscapes, increasing soil fertility by increasing the
accumulation of organic matter from decaying nature.

• Water recycling and wastewater use – recycling and reuse of irrigation water in agriculture.
According to experts, the use of wastewater in agriculture can irrigate an additional 40
million hectares, or 15 percent of all irrigated land [3].

• The use of innovative technologies in crop production – bee vectorization technologies,
indoor vertical farming using hydroponics, aeroponics, micro-drip irrigation, laser
scarecrows to scare away birds and rodents, the use of minichromosomal technologies
without the use of genetically modified products that have allergic and others, etc.) for
organic farming.

• Implementation of innovative technologies of Industry 4.0 – precision farming based on Big
Data processing, remote sensing, the use of aircraft, robotics, and automation to improve the
condition of plants and optimize resources, increase productivity; automated dairy plants,
automated cleaning systems, automated feeders, and non-antibiotic treatment of animals
with acoustic impulses, as well as the application of robotics, artificial intelligence for animal
welfare and agricultural productivity; introduction of real-time kinematic technology (RTK)
to reduce soil damage by machinery. Experts estimate that the market value of precision
farming will grow from about 7 billion USD in 2021 to 14,5 billion USD by 2027 [32]. The
size of the global smart farming market will grow from approximately 12,4 billion USD in
2020 to 34,1 billion USD by 2026 [26].

• Registration on international platforms and promotion of the national manufacturer in the
international market.

• Application of modern management methods based on the analysis of world experience
and advanced technologies (automation of production and management operations with
a combination of agricultural machinery, computer systems, electronics, chemical sensors
and data management into a single system in order to improve equipment operation and
decision-making, reduce human impact and errors).

Intermediate and end users:

• Transition to responsible consumption of resources, providing for the reduction of food
waste, waste sorting, preference for organic products to stimulate and materially support
organic production.

Government:

• State support for organic production and the use of new technologies (drip irrigation,
precision farming, rainwater harvesting, crop productivity, closed water cycle, green energy,
etc.) by providing subsidies, tax incentives, concessional lending, etc.

• Stimulating the development of processing industries operating on domestic raw materials.

Suppliers:

• Development of new varieties and hybrids of plants and animal breeds, strains of
microorganisms, brands and modifications of agricultural machinery, technology, chemical
and biological preparations (vaccines).

• Development and implementation of new technologies and new types of machinery and
equipment.
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The innovative smart agriculture approach to agribusiness, which is actively spreading around
the world, is based on the use of technologies and solutions of the Internet of Things, which
improves operational efficiency, increases yields, and minimizes costs through processing realtime
data, their analysis and the use of digital production management systems.

Smart agriculture is introducing a range of programs and digital solutions such as precision
farming, variable rate technology, irrigation, and smart greenhouses. Today, precision farming
has become the most important innovative agricultural direction in the developed countries of
the world. Other promising areas in smart farming include: variable speed technology (VRT),
unmanned drones, soil monitoring systems, and precision animal husbandry. The main factors
driving the need for the transition from agribusiness to smart agriculture are the current realities
of climate change, the need to conserve water and other types of resources, and a focus on
improving efficiency through cost optimization [33]. Given the trends, the agricultural sector is
the driving force behind the innovative development of the national economy.

6. Conclusions
The application of the proposed concept of agribusiness ecosystem will allow to obtain a
synergistic effect in related industries, which, within the framework of this development, will
provide the agricultural sector with raw materials, machinery, and other resources. Such
an approach will help to increase the level of value added created with the participation of
agriculture. Separation of the internal and external environment allows all participants in the
business ecosystem to minimize the risks and threats to their own business, reducing the degree
of dependence on external influences.

The proposed approach to the formation of a model for a balanced development of a business
ecosystem is to take into account four areas of development: economic, environmental, social,
and innovative. Taking into account the innovative component of development at all levels
of ecosystem management makes it possible to take into account the potential for further
development, as well as to balance the interests of all participants. This approach contributes to
the optimization of economic results at the system level, while reducing the negative impact on
the environment. The innovative technologies of Industry 4.0 reduce economic costs and conquer
the consumption of resources, providing the maximum return on them, taking into account the
supply chains within the ecosystem.
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Abstract. The existing problems of energy, water, and food crises and climate changes
determine the need to implement appropriate adaptive measures to improve the ecological
and reclamation state of drained mineral soils. For the application of deep loosening of the
soil as an adaptive agromelioration measure, a transition from traditional crack loosening of
the soil and strip loosening of the soil to improved technologies of continuous layer-by-layer
loosening of the soil based on energy-efficient and moisture-regulating principles is proposed.
Their comparative evaluation according to the main indicators of overall efficiency was carried
out on drained mineral soils of a representative object in the Western Polissia zone of Ukraine.
According to the results of the evaluation of various technologies of deep soil loosening, it was
determined that the technologies and technical means of continuous deep loosening of the soil
have an advantage in all main indicators: agrotechnical, water-physical, energy, technological,
ecological, and economic. In particular, the moisture availability of the soil increased by 27
% due to better accumulation of atmospheric precipitation, the yield of cultivated crops also
increased by 20-30 %, and the aftereffect period increased to 4 years. This is a cost-effective
and investment-friendly adaptive measure to ensure a satisfactory ecological and reclamation
state of drained mineral soils (with an investment payback of 1 year). This provides modern
principles of adaptive land use in changing climatic conditions and can be an effective alternative
to expensive reconstruction and modernization of existing drainage systems.

1. Introduction
The current problems of energy, water, and food crises, as well as climate changes, determine
the need to implement appropriate adaptive measures to improve the ecological and reclamation
state of drained mineral soils.

In the zone of drainage reclamation, this is possible based on the development of a complex
of adaptive, including agro-reclamation, measures. They are aimed at effective regulation of the
water regime, regulation and accumulation of moisture in the soil profile and within the system,
and improvement of technologies, and means of deep soil loosening according to energy-efficient
and resource-saving principles. This will make it possible to effectively accumulate moisture in
the soil profile and on the massif to be drained, to increase its moisture supply [1].
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2. Analysis of previous studies
The positive aspects of using deep loosening as an effective agromelioration measure on sod-
podzolic soils in the Western region of Ukraine have been shown in many studies. At the same
time, it was noted the presence of negative agroecological and man-made components of impact
on the soil by technical means for its implementation [1].

Some functional advantages of applying deep layer-by-layer loosening on over-moistened
mineral soils using strip technology were noted and used by Kozhushko based on the
developments of Kravets regarding a trenchless multi-tier soil loosener [2].

Depending on the hydrological, soil, and other conditions, continuous, strip, or crack loosening
(cracking) is traditionally considered and used [1].

Traditional deep loosening of drained soils using slit or strip technologies is used only as an
auxiliary measure to increase the efficiency of drainage using deep looseners mainly of the riser
type. At the same time, only local influence is actually carried out on the active part of the
soil massif (the active root layer and the aeration zone of the drained soil) with the formation
of vertical filtration channels for the intensification of drainage of surface runoff. This really
contributes to the strengthening of the technological effect on drainage, but at the same time, it
strengthens the washing water regime in the soil, which over time leads to the impoverishment
of the fertile layer and causes a negative ecological effect.

At the same time, the designs of traditional deep looseners actually perform rather coarse
loosening, which does not provide the necessary quality of soil structure in accordance with
agrotechnical recommendations. They compact the soil of the walls of the incised cracks, require
significant energy expenditure during loosening, and have insufficient loosening completeness and
the duration of its aftereffect [3].

Therefore, the use of deep loosening as an effective adaptive measure is restrained by the
imperfection of existing technologies and means that do not provide the necessary quality and
effectiveness of loosening in accordance with modern conditions and requirements.

Research methodology. For a comparative evaluation of the effectiveness of the application
of various variants of deep loosening of drained mineral soils on a representative object for the
conditions of the Western Polissia of Ukraine, experimental studies were carried out using the
main methods of the general theory of the experiment (analytical, experimental and statistical),
mathematical modeling and a machining experiment using modern information and computer
technologies.

According to the obtained experimental results, predictive calculations were made based on
the use of an appropriate complex of forecasting and simulation models, which includes a local
climate model, models of the water regime and water regulation technologies of drained lands, a
model of the development and formation of the crop of cultivated crops, which are implemented
on the basis of a long-term forecast [4].

For an approximate assessment of the ecological sustainability of the researched measures, the
degree of consideration of the factors of ecological reliability of their operation and to maintain
favorable natural and reclamation and soil regimes within the project term, the calculation of the
coefficient of ecological reliability (kn) of the operation of the reclamation system was carried out
based on the set of relevant physical indicators of ecological efficiency (indicators water regime,
indicators of salt regime and productivity of drained lands). The ecologically optimal option
is considered to be the one for which the coefficient of ecological reliability is in the interval
of values kn = 0.5...1.0, in addition, the coefficient of ecological reliability indirectly reflects the
ecological and melioration state of drained mineral soils [4].

3. Research results
On the basis of the generalization of existing and our research, we scientifically substantiated the
need and possibility through improved energy-efficient and moisture-regulating technologies and
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technical means of deep loosening to influence the improvement of the technical, technological,
and economic efficiency of the use of drained mineral soils.

Deep loosening changes the macrostructure of drained mineral soils and affects the
macroaggregate state of soils, their density and porosity, water-physical properties, and,
accordingly, the ecological and melioration state of drained mineral soils and the conditions
for the development of cultivated crops and productivity (figure 1).

To ensure the implementation of the necessary improvement of deep loosening for modern
conditions and requirements, a transition from the traditional widely used crack and strip
loosening technologies to continuous layer-by-layer deep loosening of the soil differentiated by
depth is proposed. This soil loosening method has been improved according to energy-efficient
and moisture-regulating principles, and according to tiered technical means [5].

The improved technology and means of deep continuous loosening make it possible to improve
the structure of the soil, which is developed in each horizon, layer by layer. At the same time,
it makes it possible to differentiate the value of its loosening by a depth of up to 0.6 m.

Implementation of continuous deep loosening with mechanical reformatting of the
macroaggregate and granulometric composition of the soil massif with its layer-by-layer
distribution according to agrotechnical recommendations affects the water-physical properties
of the soil. It is also decisive for the technological and physical prerequisites for the creation
of favorable water-air and natural-ameliorative regimes, and, therefore, the provision of the
necessary economic and ecological effects [1].

The formation of a granular and fine-grained structure makes it possible to effectively use
the moisture-accumulating potential of the soil. This is done by the formation of a large surface
area of soil particles and small gaps between them in the zone above the plow sole, where the
root systems of most agricultural crops are potentially located.

The formation of a large- and medium-granular structure to the depth of the drainage makes
it possible to quickly remove excess fluid. This excess is removed through the increased gaps
between soil particles and simultaneously accumulates in the soil due to the formation of a
sufficient surface area of soil particles. The formation of a medium-granular structure in the
upper quarter of the upper layer protects the accumulated moisture from excessive evaporation
from the surface and weathering.

As a result, a moisture-accumulating structure is obtained in each of the soil layers. This
structure is appropriate for the purpose of each layer: with maximum moisture accumulation
potential in the upper part of the soil and sufficient water permeability with simultaneous
moisture accumulation in the lower part of the soil profile.

The proposed design of the deep loosener for improved loosening is a frame with bearing
risers. Soil-loosening working bodies are attached to them in the form of the conjugation of a
plowshare with a concave arrow-shaped soil-loosening element of variable curvature. The shape
and parameters of the surface of this element determine the necessary deformation, stress, and,
therefore, crushing of the soil layer. The general layout of the deep loosener is determined by
the spatial distribution of the soil-loosening working bodies in three perpendicular directions
(figure 2) [6].

Comparative field production tests of various technologies and means of deep loosening were
performed at the facility of the Private Agricultural Enterprise “Myrne” in the Kostopil district
of the Rivne region (Ukraine) on an area of 25 hectares [6].

Soil conditions: sod-podzolic clayey sandy soils with a content of physical sand in the arable
horizon of 58.3 % (0...20 cm) and in the subsoil layer – 79.8%, with a filtration coefficient of the
arable horizon – 0.13... 0.4 m/day, and at a depth of 20 cm or more – 0.13...0.003 m/day.

Depth of laying drainage – 0.8...1.2 m; the distance between the drains is 10...20 m.
The study of the influence of various technologies and deep loosening means on the water-

physical properties and agro-melioration state of drained mineral soils was solved by conducting
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Figure 1. Structural and hierarchical scheme of the necessary principles of improving
technologies and technical means of deep loosening of draining mineral soils based on
consideration of the interaction between the parameters of heterogeneous elements.

comparative production tests according to the following options: 1 – crevice loosening of the
soil; 2 – band loosening of the soil; 3 – improved continuous loosening of the soil; 4 – control
option without soil loosening.
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Figure 2. Tiered deep loosener: a) – construction, b) – loosening of the cross profile of the
soil; c) – action on the element of the soil layer, d) – the principle of soil grinding; 1 – structural
loosening; 2 – loosening by chipping; 3 – soil layer; 4 – working bodies.

The indicator of the quality of soil loosening was determined in the form of the coefficient
of completeness of loosening. It was reduced to the volume of soil on an area of 1 hectare
(100×100 m) with a power of 1 m for the objectivity of the assessment by different loosening
technologies.

Table 1 presents a generalized comparative characteristic of the values of the main indicators
of water-physical properties in the 0.6 m soil layer averaged over time (by the after-effect period)
and plane (by the soil profile) and by different types and variants of its loosening.

Table 1. Comparative characteristics of the water-physical properties of the 0.6 m soil layer
according to loosening options.

Variants of soil loosening Soil density1 Soil cracking1 Soil water permeability1

γ, t/m3 A, % kf , t/day

Without soil loosening 1.45 42.2 0.12
Crack soil loosening 1.41 (0.04 t/m3 /2, 9%)2 46.1 (3.9%/9.2%)2 0.25 (0.13 t/day /206%)2

Strip soil loosening 1.32 (0.13 t/m3 /8.9%)2 47.3 (5.1%/12%)2 0.36 (0.24 t/day /296%)2

Continuous soil loosening 1.15 (0.30 t/m3 /21%)2 54.9 (12.7%/30%)2 0.53 (0.41 t/day /443%)2

1 absolute value, 2 deviation from control

The term of effective technological aftereffect of the considered methods of deep loosening of
drained mineral soil was: crevice soil loosening – 1 year; strip soil loosening – 3 years, continuous
soil loosening – up to 4 years.

Table 2 presents a generalized comparative characteristic of the averaged values of the main
agromelioration indicators of a layer of loosened soil of 0.6 m with a change in the supply
of productive moisture and according to the most universal indicator of the productivity of
cultivated crops for variants of its loosening.

The best results of deep loosening of mineral soils are achieved when using continuous
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Table 2. Comparative characteristics of the main agromelioration indicators of the 0.6 m soil
layer according to loosening options.

Variants of soil loosening Productive moisture reserve 1 Productivity of crops according
Wh, m3/ha to the coefficient of efficiency 1

PAR, %

Without soil loosening 316 0.80
Crack soil loosening 594 (278 m3/ha /49.0%)2 0.88 (0.08%/10.0%)2

Strip soil loosening 655 (339 m3/ha /51.0%)2 0.99 (0.19%/24.0%)2

Continuous soil loosening 711 (395 m3/ha /55.5%)2 1.16 (0.36%/45.0%)2

1 absolute value, 2 deviation from control

loosening based on the use of a multi-layer deep loosener. At the same time, the density of
the soil in the arable soil layer decreased to 1.1...1.15 t/m3, and in the sub-arable soil layer –
to 1.2...1.3 t/m3. In addition, the possibility of predicting and obtaining the structure in any
horizon of the vertical profile of loosened soil due to the possibility of adjusting the parameters of
the working body of the deep loosener was proven. At the same time, unlike other technologies,
the optimal structure of loosened soil was achieved: in the arable layer, 55...60% by weight
of soil aggregates with a diameter of 10...50 mm; the remaining 40% – by the total weight of
aggregates with a diameter of less than 10 mm and greater than 50 mm, and in the sub-arable
horizon with a diameter of 20...50 mm – 70...80%, and in total aggregates with a diameter of
less than 20 mm and larger than 50 mm – 20 ... 30%.

According to research results, deep loosening also has a positive effect on the temperature
regime of the soil, especially the arable horizon, where when the air temperature increases, the
maximum temperature in the loosened soil becomes lower than without loosening.

Under the action of deep loosening, the depth of soil freezing decreases by 8...12 cm, and
thawing is accelerated by 2-3 days in the spring. This is especially characteristic of the first year
after the effect.

Moisture evaporation is related to temperature and water conditions. Deep loosening,
breaking the capillary connection in the upper horizons, reduces the intensity of capillary
nutrition and, accordingly, reduces its evaporation from the soil surface.

According to [7], deep loosening can be a mechanism that contributes to reducing the
evaporation of other greenhouse gases from the soil surface by stimulating their accumulation
and absorption deep in the soil mass rather than in the upper soil layer. At the same time, loose
soil macroaggregates with a diameter of 2...8 mm are characterized by 51% better-absorbing
properties (over a total 20-day period) than soil macroaggregates with a diameter of up to 2
mm.

In addition, the deep loosening carried out accordingly will contribute to the translocation
processes of moving soil organic carbon into the depth of the massif, which are one of the
methods of its sequestration. The measured rates of carbon sequestration by the soil range from
50 to 1000 kg/ha/year. The global carbon sequestration potential is 0.9...10.3 Pg/year, which
can offset from one quarter to one third of the annual increase in atmospheric carbon dioxide,
which is 3.3 Pg/year. The cumulative potential of soil carbon sequestration for 25–50 years is
30–60 Pg [8, 9].

Table 3 shows the comparative efficiency of using different variants of deep loosening on
drained mineral soils according to the results of field experiments.

The obtained results of the harvest of cultivated crops adequately describe the achieved
indicator of the improvement of their growing conditions and ensure their increase on average
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Table 3. Comparative effectiveness of deep loosening on drained mineral soils.

Variants of Year of effect Cultivated crops Crop increment Payback period,
soil loosening years

1 Crack soil 1 sugar beets 13.1 c/ha / 4.5% 1
loosening 2 winter cereals 1.8 c/ha / 6.1% 1

3 spring cereals 1.4 c/ha / 5.3% 1
2 Strip soil 1 sugar beets 51.6 c/ha / 18.1% 1

loosening 2 winter cereals 4.6 c/ha / 15.9% 1
3 spring cereals 2.5 c/ha / 9.4% 1

3 Continuous soil 1 sugar beets 93.25 c/ha / 32.3% 1
loosening 2 winter cereals 6.5 c/ha / 22.3% 1

3 spring cereals 5.1 c/ha / 19.3% 1

according to the options of deep loosening of drained mineral soils: crevice loosening of the
soil – 5...10%; strip loosening of the soil – 10...20%; continuous loosening of the soil (improved) –
20...35%.

The results of the analysis show that the method of continuous loosening of the soil provides
a greater increase in the yield of cultivated crops than with crackted or strip loosening of the
soil. This not only compensates for the cost of its implementation, but also creates a profit.

According to the results of predictive and simulation modeling using the appropriate set of
models [4, 10], the effectiveness of the application of improved continuous loosening of the soil
during the growing season was determined. This was carried out in combination with various
methods of water regulation of drained mineral soils on the example of the studied object (soil –
sandy loam, area – 10 ha, cultivated crop – perennial grasses for hay) for the estimated dry
growing season under the conditions of heat and moisture supply (p = 70%).

Table 4 shows fragments of the generalized results according to the following options: 1 –
preventive sluicing (PS); 2 – preventive sluicing with continuous deep loosening (PS+DL); 3 –
preventive sluicing with continuous deep loosening with an aftereffect in 1 year (PS+DL+1
year); 4 – moisture sluicing (MS, subsoil moisturing).

The presented data show that the application of improved continuous loosening of drained
mineral soils against the background of preventive sluicing in the estimated dry growing season
increases the accumulation of precipitation by more than 90% and increases the moisture
availability of the soil according to the n(IW ) indicator by 27%. At the same time, the positive
effect is partially preserved after 1 year after the action with sufficient environmental reliability.

The efficiency of the technology of water regulation of drained lands (PS + DL) is similar
to the moisturizing sluicing (MS, subsoil moistening) according to a set of technological and
ecological indicators. At the same time, this method does not require additional costs of
irrigation water for moistening the soil massif with lower material costs.

The summarized results of determining the economic efficiency of investments in the
reconstruction and modernization of drainage systems using various technologies and means of
deep loosening according to the appropriate methods and models [11] are presented in table 5.

The calculations performed to determine the comparative economic efficiency and investment
evaluation of various options for deep loosening of drained mineral soils confirm the sufficient
feasibility of their use in projects of reconstruction and modernization of drainage systems in
the Western Polissia zone of Ukraine.

Thus, all considered technologies of deep loosening of the soil are profitable and economically
beneficial. At the same time, the most technologically, economically, and ecologically effective
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Table 4. Comparative characteristics of indicators of technological and environmental efficiency
according to research options.

Options WPh0 WP n(IW ) OR EF Ky Ya H kr
m3/ha m3/ha m3/ha m3/ha c/ha m

PS 355 117 0.22 2937 3997 0.46 17.3 1.047 0.49
PS + DL 545 227 0.28 2957 4027 0.49 18.4 1.036 0.51
PS+DL+1y 420 136 0.22 2944 4038 0.48 17.8 1.043 0.5
MS 355 204 0.28 2934 4743 0.61 22.9 0.908 0.49

Change in the values of the indicators relative to the PS, %

PS + DL 53.5 94.0 27.0 0.7 0.8 6.5 6.4 1.1 4.1
PS + DL + 1y 18.3 16.2 0.0 0.2 1.0 4.3 2.9 0.4 2.0

WPh0 – productive moisture reserve in the calculated soil layer, m3/ha; WP – weighted average
productive moisture reserve in the estimated soil layer for the growing season, m3/ha; n(IW )
the duration (part) of the optimal moisture supply of the estimated soil layer for the growing
season; OR – amount of effective atmospheric precipitation during the growing season, m3/ha;
EF – value of the effective value of the total evaporation during the growing season, m3/ha; Ky –
crop yield reduction factor; Ya – actual yield, c/ha; H – weighted average level of groundwater,
m; kr – the coefficient of ecological reliability.

Table 5. Comparative characteristics of indicators of technological and environmental efficiency
according to research options.

Indicator Without soil Crack soil Strip soil Complete soil
loosening loosening loosening loosening

1 Profitability index 0.59 1.03 1.95 3.06
2 Net discounted profit, UAH/ha -4908 377 11369 24708
3 Discounted payback period, years - 27 9 5

is the improved continuous deep loosening of the soil.
The technology and means of deep continuous loosening of the soil, which has been improved

according to energy-efficient and moisture-regulating principles, make it possible to improve the
macrostructure of the active layer of drained mineral soils layer by layer to a sufficient depth.
This is done in order to influence their water-physical properties, water, air, heat, and other
ecological components of the natural-ameliorative regime of the soil massif, which is positively
reflected in the conditions of the development of agricultural crops and their productivity.

4. Conclusion
According to the results of the evaluation of various technologies of deep soil loosening, it was
determined that the technologies and technical means of continuous deep loosening of the soil
have an advantage in all main indicators: agrotechnical, water-physical, energy, technological,
ecological, and economic. In particular, the moisture availability of the soil increased by 27% due
to better accumulation of atmospheric precipitation, the yield of cultivated crops also increased
by 20-30%, and the aftereffect period increased to 4 years.
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This is a cost-effective and investment-friendly adaptive measure to ensure a satisfactory
ecological and reclamation state of drained mineral soils (with an investment payback of 1
year). This provides modern principles of adaptive land use in changing climatic conditions
and can be an effective alternative to expensive reconstruction and modernization of existing
drainage systems.
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Abstract. The assessment of the impact of hostilities on the environment remains an
important issue for predicting changes resulting from military-technogenic activities and
assessing the losses incurred by ecosystems in Ukraine. This article proposes an integrated
approach for predicting the possible level of hostilities’ impact by utilizing aggregated
environmental information on ecosystem composition, indicators of military-technogenic load,
organization of trophic networks in relevant biogeographic zones, and biodiversity composition.
The concept of environmental safety of hostilities is introduced as a projection into the
military technosphere of the ecosystem sustainability concept, where the target function is
the conservation of the natural biota of operational zones and areas of hostilities. The article
presents a block diagram of the procedure for assessing the state of ecosystems in war zones
and proposes a classification of levels of military-technogenic disturbance of natural ecosystems
based on the state of edifier sinusia.

1. Introduction
One of the unresolved problems in the field of military ecology is the development of appropriate
methods for assessing the damage caused by warfare to natural ecosystems, which is one of the
major issues in this field. In Ukraine, an undeclared war with the Russian Federation is ongoing
in Polissya and the southeastern industrial regions (Donetsk, Dnipro, Zaporizhzhia, Luhansk,
and Mykolaiv). This area is a technologically advanced and industrial region of Ukraine, where
pollution of the environment through the conduct of hostilities (HS) and the possible defeat of
potentially hazardous objects (PHO) is directly related to the formation of a military-technogenic
load (MTL) as a result of the operation and combat use of weapons systems and military
equipment at the facilities of industrial-urban agglomerations and on the territory of natural
ecosystems.

To conduct a detailed environmental assessment of the impact of HS on natural ecosystems
in the practice of forecasting in precision military ecology, it is necessary to determine the
relative importance of military-anthropogenic factors influencing the environment, which have
qualitative uncertainty, and evaluate the values of the parameters of the natural system, which
have quantitative certainty. Today, it is necessary to determine the key factors influencing
MTL from HS in natural ecosystems. Unfortunately, the current quantitative uncertainty in
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predicting the impact of MTL on the components of the ecosystem indicates that our knowledge
and information resources are not yet sufficient to predict changes in natural ecosystems under
the influence of HS in operational areas.

Recent studies have highlighted the importance of developing appropriate methods for
assessing the impact of hostilities on the environment. For instance, studies [1,2] focused on the
environmental impact of military activities in Ukraine and proposed an approach for assessing
the ecological status of the areas affected by military operations. Another study [3] evaluated
the impact of military activities on the state of natural ecosystems in Ukraine and proposed a
system for monitoring the environmental situation in the areas affected by military operations.
Furthermore, studies [4, 5] examined the impact of military activities on the environment in
Ukraine and proposed a set of measures to reduce the negative impact of military activities on
the environment. These studies suggest that developing appropriate methods for assessing the
impact of hostilities on the environment is crucial for mitigating the negative effects of military
activities on natural ecosystems.

2. Related works
Comparative analysis of several publications on the assessment of anthropogenic changes in
various types of ecosystems [1–4] allowed us to formulate the following methodological principles
for assessing the MTL from warfare:

1. Differentiated consideration of the reaction of different ecosystems to the same impact of
the MTL.

2. In each ecosystem, an artificial change in the environment of the abiotic environmental
factors of the military natural-technogenic geosystem (MNTG), which has the greatest
indication value, is adopted as criteria for assessing its changes.

3. Integral assessment of the level of MTL on land and ecosystems and in general is carried
out in conditional indicators on an appropriate point scale based on an assessment of
quantitative data on changes in individual components of ecosystems (for example, due
to the ratio of affected and unmodified ecosystem areas).

4. The specificity of military ecosystems determines the development of methodological
methods for assessing their ecological state.

5. From the point of view of the possibilities of using empirical data in the study of the system
of interaction “military-anthropogenic influence – biota reaction” to predict the state of
MNTG, the idea of regulating the effect on biota through its “critical link”, which can be
a group of species or even one indicator species, seems expedient.

The basis of a comprehensive environmental assessment of the state of natural ecosystems is
a joint analysis of biotic and abiotic environment-forming factors that characterize ecosystems
in conditions of dynamic military-technogenic load from HS. It is known that a biogeocenosis,
ecosystem or biological community that has existed in unchanged form for a long time has a
certain intrinsic ability to withstand perturbing natural influences. This ability of the ecological
system is often called “resilience” or “stability” by biologists [6].

There is an approach based on trying to link the resilience of a community with some
measurable characteristics of it. Among ecologists, it is considered almost an axiom that
communities which are more complex in structure and richer in the number of species are more
stable [7–10]. As a characteristic of community stability in biology, the information measure
of diversity is most often used the Shannon and Simpson indices [11]. However, the direct use
of indicators of species diversity as a criterion characterizing the sustainability of ecosystems
makes sense only for communities that do not have a quantitative hierarchy. Therefore, in real
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biogeocenoses that have a pronounced hierarchical structure, the use of diversity indicators to
quantify the measure of stability is hardly justified [12].

Recent research has focused on developing comprehensive assessment procedures to evaluate
the impact of warfare on natural ecosystems. One such study proposed a methodology for
assessing the ecological state of ecosystems in areas affected by military activities using the
structural and functional organization of biotic communities [13]. The study emphasized the
importance of considering the specific characteristics of different ecosystems and their responses
to military-technogenic loads. Another studies proposed a methodological approach for assessing
the impact includes both qualitative and quantitative indicators [5,14]. The study [5] highlighted
the importance of analyzing changes in vegetation cover at different spatial scales to better
understand the impact of military activities on natural ecosystems. The study [15] shows a tool
to monitor environmental dynamics and plan military training activities, but its limitation lies in
that the obtained values of the indicator vary and are subjective to the experts’ knowledge and
experience. Thus, further advancing this approach is needed by developing a scientific method
to derive the weights of environmental variables.

The peculiarities of the above-mentioned areas of research on the development of a
method for assessing losses for the territories of hostilities require the development of
comprehensive assessment procedures, for the development of which it is necessary to have
reliable environmental information about the components of the ecosystems of the territories of
the operational zones of HS.

The purpose of the publication is to develop a comprehensive scientific and methodological
approach to assessing losses in natural ecosystems due to the influence of MTL factors during
hostilities in Ukraine. Recent research in this area has emphasized the need for a differentiated
approach that considers the specific characteristics of different ecosystems and their responses
to MTL. This approach should include both qualitative and quantitative indicators and analyze
changes in ecosystems at different spatial scales to better understand the impact of military
activities on natural ecosystems.

Military Training Areas (MTAs) cover at least 2 percent of the Earth’s terrestrial surface.
These areas are potentially important for biodiversity conservation. The greatest challenge
in managing MTAs is balancing the disturbance associated with military training and
environmental values. These challenges are unique as no other nature use is managed for these
types of anthropogenic disturbances in a natural setting.

3. Results
It should be noted that almost all the existing approaches to assessing the sustainability of
ecosystems have considered this problem in natural ecosystems in relation to natural extreme
actions, which for a considerable period of time are familiar to these ecosystems and very rarely
are complex. The problem of the stability of ecological systems to the military-technogenic
impact of the HS looks completely different. Here dealing, as a rule, with actions that are not
peculiar to the natural environment, and are a complex conglomerate of mechanical, physical
and chemical factors, combined in different ratios when using certain means of destruction and
military equipment on the battlefield.

An equally important circumstance is that when assessing the interaction of natural and
MNTG, the stability of the ecosystem has a twofold meaning. On the one hand, the stability
of the ecosystem is its property, which characterizes the ability to withstand external military-
technogenic loads. But on the other hand, if some ecosystem is resistant to a specific military-
technogenic factor, then this factor is safe for this ecosystem. Thus, the concept of environmental
safety of hostilities is a projection into the military technosphere of the concept of ecosystem
sustainability. Given that the target function in studying the interaction of the military
technosphere and the biosphere is the level of preservation of the natural biota of operational
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zones and areas of HS, then both previously mentioned concepts are tied together through the
achievement of these goal, but each of them has its own purpose.

The study of the sustainability of ecosystems should quantify the permissible, according to
the conditions of ecosystem conservation, the level of militarytechnogenic load, and the study
of causal relationships in the process of its formation should determine the technological ways
to achieve a biologically determined threshold for each military-technogenic factor.

An indicator of natural equilibrium is the ability of natural ecosystems to develop with
the achievement of reaching the maximum during cyclic succession. Maintaining a HS in
an ecosystem changes its abiotic component, which, through the mechanism of homeostasis,
influences certain species, usually suppressing them. Therefore, the ecosystem is out of balance
and, according to the principle of Le Chatelier-Brown [16], its equilibrium shifts in the direction
in which the effect of external action factors and HS weakens. In practice, this means a decrease
in the number of species, that is, the degradation of the biocenosis to some new, equilibrium,
but lower level. Determining the mechanism of homeostasis in the presence of external action
of the HS for all levels of the organization of ecosystems is of great importance for predicting
its behaviour at one level or another.

According to the general ideas of classical ecology [17, 18], the stability of ecosystems is
associated not only with the very fact of preserving the species’ composition but also with the
ability to return to the primary equilibrium state after external actions [19]. Thus, with regard
to the specifics of the HS, the ecosystem is resistant to MTL as long as its biota retains the
ability for self-healing, that is, to return to the path of evolution according to the laws of cyclical
succession after the removal of the MTL.

In order to determine the degree of MTL influence factors on the environment and to
develop proposals for the decision-maker, a search and development of scientifically based
models and indicators for the environmental classification of MTL factors from HS maintenance
in operating areas is underway [20, 21]. During the study of the problems of environmental
assessment of MTL, a number of issues arise related to the justification of the methodology for
its implementation, which is specific to the field of military ecology [22,23].

Due to the fact that in our time ecosystems are not purely natural, but naturalanthropogenic,
it becomes necessary to isolate the factors of MTL in a whole group of other anthropogenic loads
associated with industrial and agro-technical activities.

By projecting this condition into the military technosphere, its possible to formulate the
concept of environmental safety for the operational zones of HS: hostilities are environmentally
safe if the military-technogenic perturbation of the abiotic component of the ecosystem does not
exceed the level at which its biota retains the ability to self-healing (that is, to return to the
path of evolution according to the laws of cyclical succession after the removal of the MTL).

Thus, the stability of the ecosystem, as the ability to withstand military-technogenic pressure
with a limited duration of validity (limited terms of HS), is nothing more than a biologically
justified measure of the value of MTL, which, when using various types and systems of weapons
and military equipment, makes combat operations environmentally safe.

But earlier it has already been emphasized that any biological restriction can perform
regulatory functions in relation to the military technosphere only when it has a quantitative
assessment. Therefore, in general, the requirements that must be met by a biologically significant
criterion limiting the level of influence of the militarytechnogenic load on the ecosystem is as
follows:

• complexity – the ability to integrally characterize military-technogenic changes in the
natural ecosystem;

• objectivity – the possibility of determining on the basis of real natural parameters the state
of the natural ecosystem;
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• concreteness – the presence of the numerical value of the corresponding indicator;

• purposefulness – the application of the criterion should ensure the preservation of the natural
ecosystem.

For an integral assessment, an ecosystem approach can be applied when there is a whole edifier
sinusia or trophic network of vertebrates observed in this territory as an indicator [24,25].

To form the basic prerequisites for the development of a comprehensive procedure for
ecosystem indication of the state of the natural environment of the HS area, will limit ourselves
to considering the balance equations of terrestrial ecosystems of military facilities, which are
based on the laws of mass and energy storage and describe the mass-energy exchange between
the main biotic components of the ecosystem: producers (P), substrates (S) and consumers (Q)
(figure 1).

Figure 1. Block diagram of the militarynatural-technogenic geosystem (MNTG).

According to the hierarchical structure of natural geosystems, this scheme identifies the
position of MNTG as a subject of study at the landscape and ecosystem levels. By biomass of
an ecosystem, means the amount of functioning living matter, expressed in units of mass and
related to unit area or volume (it is possible to say that talking about the average density of
biomass).

Phyto-mass, zoo-mass, and microorganism mass are distinguished. Producers with biomass

Pi(i =
−

1, ζ), ζ ∈ N ; P T = (P1, . . . , Pζ ] are autotrophic organisms (primarily green plants)
capable of creating food from simple inorganic compounds; substrates with biomass Sk (k =
(1, ξ)), ξ ∈ N ; ST = [S1, . . . , Sξ] microorganisms develop; consumers with biomass Qj(j =
1, η), η ∈ N ;QT = (Q1, . . . , Qη] are heterotrophic organisms (animals (macro-consumers),
bacteria and fungi (micro-consumers)) that consume ready-made organic substances but do
not break down organic matter into simple mineral components, and feed on producers and
other organisms. First-order consumers (those that consume plants) and second, third, etc.
order consumers (predators) are distinguished.

The units of measurement of the biomass of the above-mentioned components of ecosystems
are:
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• for producers – phytomass: the weight of autotrophic organisms (green plants) per unit
area or volume. For example, 200 kg of grass cover per 1 km2, 80 kg of leaves per 1 tree,
and so on.

• for consumers – zoomass: the number of heterotrophic organisms (individuals, bacteria, and
fungi) per unit area. For example, 69 individuals of green lizards per 1 km2, 10 common
woodpeckers per 5 km2, and so on.

• for substrates – the weight of organisms per unit area.

The ecosystem model of the polygon will be described by aggregated coordinates P, Q, S
(figure 2). To take into account the impact of HS measures and the restorative (rehabilitation)
impact of nature conservation measures in the balance relationships adopted in mathematical
ecology to describe the functioning of ecosystems [26–28], will add the functions W and U :

dPi
dt =

(
Lip −Di

p

)
Pi −

η∑
j=1

aijQj +
ξ∑

k=1

bikSk + Ωpi + UPi +WPi , i =
−

1, ζ, ζ ∈ N

dQj
dt =

(
LjQ −D

j
Q

)
Qj −

η∑
l=1

djlQl + UQj +WQj , j =
−

1, η, η ∈ N

dSk
dt =

η∑
j=1

ekjQj −
ζ∑
i=1

ckiPi + USk +WSk , k =
−

1, ξ, ξ ∈ N

(1)

where:
LiP , L

j
Q – coefficients of natural growth of producers and consumers, respectively;

Di
P , D

j
Q – coefficients of mortality of producers and consumers, respectively;

aij – the rate of biomass consumption of the producer species (i) by the consumer species
(j);
bik – the rate of conversion of biomass of the substrate species (k) to biomass of the producer

species (i);
djl – the rate of consumption of the consumer species (j) by the consumer species (l);
ekj – reproduction of the substrate species (k) by the consumer species (j);
cki – the rate of consumption of the substrate species (k) by the producer species (i);
ΩPi – a function characterizing the transformation of solar energy by the i-th producer species

(weather and climatic impact);
WPi ,WQj ,WSk – a function characterizing the direct harmful impact of HS on the

corresponding components of the ecosystem. Modeled by an impulse impact, which abruptly
shifts the system to a new position along the corresponding coordinate;
UPi , UQj , USk – a function characterizing the direct restorative (rehabilitation) impact of

nature conservation measures on the corresponding components of the ecosystem. It consists of
the sum of natural (external migration and succession) and artificial restoration measures.

The coefficients L,D, a, b, c, d, e (indices are omitted) are complex functions of the vector
of natural-climatic factors of the polygon ℵ, the nature, type, intensity of pollution, internal
(related to military activities), background, and externally introduced (from technogenic
hazardous objects located outside the polygon) pollutants, i.e., components of the generalized
pollution vector Z and the rhythm (chronology) and activity of military activities. The rhythm
and activity of military activities are determined by the vector of military activity parameters
V .

The generalized pollution vector Z consists of concentrations of pollutants (compounds)
present in the given territory. The vector of military activity parameters V includes data on the
volume, intensity, duration, and periodicity of military activities.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012107

IOP Publishing
doi:10.1088/1755-1315/1254/1/012107

7

It is particularly important to emphasize that the impact of pollution occurs slowly and
manifests itself after a certain time following the accumulation and “assimilation” of these
pollutants by the environment.

Thus, the coefficients of equations (equation (1)) (indexes are omitted) are complex functions
of ℵ, Z, V : L = L(K), D = D(K), a = a(K), b = b(K), c = c(K), d = d(K), e = e(K), where
K = {ρ(ℵ),Λ(z), θ(V )} is a tuple of scalar functions. The form of the functions of natural-
climatic factors ρ(ℵ) and their parameters are determined by special observations of climate
changes in the region. During the time interval of assessment and forecasting of the state of
the ground ecosystems of the military training ground (T ∼= 10 years), it is assumed that the
values of the function ρ(ℵ) are equal to the averaged values over a period of approximately
50 ÷ 100 years, since the function of climate parameter changes includes periodic fluctuations
with periods that exceed several hundred and a thousand years [29]. It should be emphasized
that seasonal weather deviations from the mean value are considered as random parametric
disturbances, the characteristics of which can be identified based on multi-year observations and
taken into account in the corresponding algorithms.

The pollution function Λ(Z) is determined algorithmically. The measurement results of the
components of the Z vector are recalculated into a generalized pollution index I (see above).

The function of HS parameters θ(V ) controls the structure of the system of equations (1)
and logically coordinates the direct influence of W and the action of pollution Z.

Finally, the dependence of the coefficients in equations (1) on the pollution index takes the
form f(t) = f0 + f1 × exp(f2 × I(t)), where f is replaced accordingly by L,D, a, b, c, d, e with
their subscripts, and coefficients f0, f1, f2 are subject to current identification.

In assessment tasks, the pollution index I is calculated for the current time t of observation
of the pollution vector Z. In problems of assessing the pollution index I, it is calculated at the
current observation time t of the pollution vector Z. In the problem of predicting the pollution
index I, it is calculated at a future time t based on the knowledge of the function θ(V ), which is
given in the form of a military operation plan.

By linearizing equations (1) near the stable equilibrium point of the polygon mesoecosystem
(a mesoecosystem unaffected by human activity), obtain a system of equations in the deviations
of the biomass of producers, substrates, and consumers:

Ẋ(t) = A(t)X(t) + ∆Ω(t) + ∆W (t) + ∆U(t)

where:
X(t)T = (∆P1, . . . ,∆Pζ ; ∆Q1, . . . ,∆Qη; ∆S1, . . . ,∆Sζ ];
A(t) – is a square matrix of size n × n(n = ζ + η + ξ), n – the number of components in

the system), whose elements depend on the time-varying level of pollution caused by HS at the
landfill (or external landfill pollution);

∆ΩT (t) = [∆ΩP1(t), . . . ,∆ΩPζ (t); 0, . . . , 0︸ ︷︷ ︸
η

; 0, . . . , 0︸ ︷︷ ︸
ξ

] , ∆W T (t) =
[
∆WP1 , . . . ,∆WPζ

]
;

(
∆WQ1 , . . . ,∆WQη ; ∆WS1 , . . . ,∆WSξ

⌋
∆UT (t) =

=
(
∆UP1 , . . . ,∆UPζ ; ∆UQ1 , . . . ,∆UQη ;

(
∆US1 , . . . ,∆USξ

⌋
– matrices of size n×1 composed of deviations of the corresponding components

ΩPi ,WPi , UPi ,WQj , UQj ,WSk , USk , i =
−

1, ζ; j =
−

1, η; k =
−

1, ξ.
Therefore, it is proposed to decompose such an ecosystem into a series of subsystems

of homogeneous biocenosis and to aggregate the components of the model to the maximum
extent possible (minimizing its dimension) by using corresponding summary indicators (indices)
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regarding the state of producers, consumers, and substrate. System ecologists determine which
specific indicators to use for building the aggregated model systems (equation (1)) based on
objective observations [30].

Thus, the entire terrestrial ecosystem of military action is divided into subsystems, for each
of which an individual aggregated simulation mathematical model is developed.

Mathematical models (MM) of ecological subsystems are aggregated three-dimensional MMs,
which differ in that first-type models are linear (stable), and second-type models are nonlinear
(logistic).

At the core of the hierarchy of complex geosystems and their diversity lies a clear and
implicit division of two main ways of perceiving information about the environment [30]: biology-
ecological, where the hierarchical series is structured according to the scheme: of location and
community – ecosystem – biome; ecological and geographical: landscape element – landscape –
ecoregion. However, this classification cannot be considered unambiguous. For instance,
habitats are often interpreted through abiotic characteristics (environment-forming factors) that
determine the conditions for the existence of a species in a specific territory of the HS. However,
in relation to animals, vegetation is usually considered as a characteristic of the habitat and
a criterion for its selection. As a result, the location becomes comparable in volume to the
ecosystem of the HS territory.

If consider one of the blocks or elements of the natural environment in MNTG (figure 2), it
is in a quasi-stationary state with internal equilibrium. However, at the border of homogeneous
media, there are observed mutually exchange flows of mass transfer that can be activated by
ingredients of military origin and military-technogenic energy fields.

Figure 2. Scheme of interaction of the HS with the components of the environment in the
MNTG (for an explanation of the designations, see table 1 [1].
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4. Discussion
The general boundaries of MNTG are rather arbitrary, blurred, and determined by the level of
natural or altered geochemical background. The flows associated with the “Hostilities in the
Military Areas” block are marked with digital indices. The classification of these streams is
given in table 1.

The considered scheme of MNTG has a general structural character. In some specific cases,
the location of military objects may result in some streams being zero, and the blocks may be
transformed or excluded altogether from consideration. The generalized vector index consists of
integral pollution indicators according to the corresponding hazard classes (I1

Σ, I2
Σ, I3

Σ, I4
Σ )

or integral pollution indicators according to the corresponding components of the abiotic
environment of the MNTG (IΣA IΣG IΣLp IΣLg)

T . The impact of pollution occurs sometime
after its deposition in the abiotic and biotic components of the MNTG, when the formation of
mobile forms in the “soil-plant” system or on the surface of plants begins.

Consider the indicators of MTL, which, by being captured from UAVs and satellite images
of remote sensing, make it possible to determine the level of damage to the natural ecosystem’s
territory caused by HS factors. A classification of the relevant indicators was developed, which

Table 1. Classification of flows between MNTG blocks [1].

Blocks

C
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m

b
a
t

tr
a
in

in
g

A
tm

o
sp

h
e
ri

c
a
ir

L
it

h
o
sp

h
e
re

S
u

rf
a
c
e

w
a
te

r

G
ro

u
n

d
w

a
te

r

Main processes
Mass transfer

Hostilities in the MA (1)

– 1.2 – – –
Molecular and convective
diffusion, filtering,
sorption

– – 1.3 – –
– – 1.4
– – – 1.5

Atmosphere (2)

2.1 – – – – For the needs of the HS
– – At-Lt – – Deposition, sorption
– – – At-Sw – Same
– – – – Infiltration

Lithosphere (3)

3.1 – – – – For the needs of the HS
– Lt-At – – – Weathering
– – – Lt-Sw – Leaching
– – – – Lt-Gw Same

Surface water (4)

1.4 – – – – For the needs of the HS
– Sw-At – – – Evaporation, desorption
– – Sw-Lt – – Sorption, precipitation
– – – – Sw-Gw Filtering

Groundwater (5)

5.1 – – – – For the needs of the HS
– Gw-At – – – Evaporation, desorption
– – Gw-Lt – – Sorption, precipitation
– – – Gw-Sw – Unloading into erosion bases
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is presented in table 2.

Table 2: Characteristics of factors MTL.

Classes of HS
territories

Types of disorders
in the natural ecosystem

Indicator

Mechanical impact

I, II, III Extraction and replacement of the
humus layer with artificial soils during
the placement of planar localization
fortifications

The ratio of the area of these plots
to the area of the disturbed tract

II, III Drainage ditches Length, depth, density
I, II, III Military facilities Share of paved surface area,

height and density of buildings
and structures BO

I, II, III Unpaved roads without hard surface The width of the carriageway,
the prevalence of erosion furrows,
thermokarst and other formations

I, II, III Highways with backup notches The width of the carriageway, the
power of covering the sand and
gravel litter, the power and area
of the intersection of the recesses

II Compaction of the upper layers of
the soil during the indiscriminate
movement of wheeled and tracked
military equipment with a change in
the species composition of vegetation

Density of traces of the movement
of military equipment

II Channels Depth, width on the upper eye-
brows, water level, flow flow rate

II, III Deflections Area, deflection power, ground-
water level rise power

II Pits Area, depth, water level
II Dams and dams Length, height, leakage of leaked

moisture, water flow mode
II Linear communications that impede

free movement on the ground
Height, prevalence of erosion

II, III Shafts formed as a result of the
construction of underground utilities

Length, depth, density

III Soil contamination with metal waste
in the form of sleeves and other
fragments of shots at the starting
positions for firing

Area

III Contamination of soils in artillery boil-
ers with shrapnel from the explosion of
ammunition of various sizes, explosives
that did not fully burn, and ammuni-
tion that did not explode.

Area, depth.

Continued on next page
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Continued from table 2

Classes of HS
territories

Types of disorders
in the natural ecosystem

Indicator

III Destruction of soil cover in artillery
boilers

Area

III Trenches and starting positions for
shooting

Length, depth, width along the
upper eyebrows, volume

III Formation of the so-called recesses
produced in the form of craters from
explosions of ammunition

Area, deflection power, ground-
water level rise power

III Formation of bulk landforms as a
result of fortification works

Length, height, width along the
upper eyebrows

II, III Formation of so-called “revived”
ravines, landslides, soil sedimentation

Depth length, width along the
upper eyebrows

II Waterlogging of terrain on tracks in
areas of movement of military wheeled
and tracked vehicles

Area

Chemical exposure

I, II Air pollution as a result of the
emission of exhaust gases from internal
combustion engines

Concentration of pollutants
in the environment, excess of
MPC by certain components
of pollutants, volumes of
emissions and discharges into
the appropriate environment

I, II, III Air pollution as a result of the
emission of exhaust gases from internal
combustion engines, powder gases
from firing and gaseous substances of
explosive conversion of ammunition

I, II, III Contamination of surface and ground-
water as a result of pollutants due to
sedimentation, filtration and surface
runoff

I, II, III Soil pollution due to pollutants

Physical impact

II, III Thermal pollution of the environment
due to changes in the thermal balance
of the environment from working
military equipment, shooting at firing
positions, explosions and fires from the
ignition of forest and litter

Heat flow power

II, III Acoustic pollution of the environment
from working military equipment as
a result of firing and explosions of
ammunition

Pressure drop, sound pressure
level, sound intensity level, propa-
gation speed and sound frequency

II, III Vibrational pollution of the environ-
ment from working military equip-
ment, shooting at firing positions and
explosions

Vibration speed level

Continued on next page
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Continued from table 2

Classes of HS
territories

Types of disorders
in the natural ecosystem

Indicator

II, III Electromagnetic pollution from radar
and radio communications on military
equipment

The intensity of electromagnetic
field radiation, the intensity of
the electromagnetic field, the
oscillation frequency of the waves

Biotic effects

I, II, III Complete destruction of forests due to
deforestation

Cutting area, productivity of the
destroyed phytocenosis

I, II, III Cutting deforestation with a change
in the direction of land use for the
military

Length and width of the cuts, the
ratio of the cutting area to the
area of the disturbed tract

I, II, III Depletion (destruction) of animal
species populations as a result of their
fishing

Species, population size

II, III Displacement of animal species popu-
lations as a result of depletion of food
supply

Species, population size

II, III Depletion (destruction) of hydrobiont
populations as a result of violation
of the thermic and hydrodynamics of
water bodies

Species, population size

III Depletion (destruction) of animal
species populations as a result of am-
munition damage

Species, population size

Based on the main provisions of the theory of biocenology, a working hypothesis can be
put forward that a necessary and sufficient condition for the self-healing of the biota of the
ecosystem in operational zones of HS is the preservation of the viability of the edifier sinusia of
its phytocenosis [3, 4].

Several full-scale studies have shown that the degradation of ecosystems is almost irreversible
when the population density of edifier group of species (the main forest-forming species in
forest ecosystems) decreases by two or more times [3, 26]. The disadvantage of using ecosystem
productivity as an indicator characterizing the degree of military-anthropogenic damage to the
natural environment is its ambiguity due to its change under the artificial action of various
factors. Military-technogenic factors usually lead to degradation of ecosystems and a decrease
in their productivity. However, some types of anthropogenic influences can destroy the balance of
the natural ecosystem by causing a sharp increase in biological productivity (e.g., the process of
eutrophication of reservoirs when mineralized or biologically enriched liquid waste is discharged
into them). Therefore, it is advisable not to use the absolute value of the change in productivity
or its relation to the basic value of the productivity of the primary (background) ecosystem to
assess the degree of impact on the ecosystem.

MTL on the environment makes changes in the mechanism of homeostasis due to the
deformation or destruction of feedback, which leads to the gradual replacement of primary
ecosystems with less productive ones. Since the existence and functioning of any ecosystems are
determined by the leading (edifier) role of a rather limited number of species, mainly plants,
military-anthropogenic action on edifiers leads to violations and changes in other components of
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ecosystems [26,27,30]. From the outside, this process is expressed in the reduction and rupture
of the ranges of edifier species in primary ecosystems and the transfer of the main role in creating
the bioenvironment and drawing up the structure of the biocenosis to other species. Conversely,
any violations of ecosystems not associated with the death of edifiers do not lead to a noticeable
degradation of the ecosystem or its components. With this approach to assessing the state of
the ecosystem, a quantitative change in the population density of autochthonous edifier species
could become an indicator of the degree of military-anthropogenic damage to the ecosystem, and
the time of action could be attributed to the indicator of its speed. Considering the significant
analogy between pyrogenic processes and military-anthropogenic action in the structure and
nature of the biota violation, it is possible to classify zones of military-anthropogenic destruction
in the zone of HS according to the state of edifier sinusia and give a point assessment of the
ecosystem’s ability to self-heal (table 3).

Table 3. Classification of levels of military-technogenic disturbance of natural ecosystems.

The value of
the criterion,
violation on a
5-point scale

The degree
of ecosystem
disruption

The degree of
artificial
violation

Share of
reduction
of types of

edifiers

Characteristics of the state of the
ecosystem and the possibility of
self-healing after the removal of
the military-technogenic load

I Background Too Small
Up to 10
average 5

Rapid self-healing

II Weak Small
11−25

average 18

The oppressed state of most species,
the ability to self-healing is fully
preserved

W Moderate

Action on
the verge of
preserving

biota

26−50
average 38

Changing the ratio and role of
dominant species in the community.
The time of self-healing is very long;
the possibilities of self-healing are
uncertain

IV Strong
Destructive

action
51−80

average 65.5

Changing the qualitative composition
of the self-healing community is
impossible. The inevitable emergence
of new technogeosystems

V Very strong
Catastrophic

effect
80−100

average 90

The complete destruction of the
indigenous community and the
removal of land from natural
circulation for a long time

Under the military-anthropogenic influence (I and II class), effective and constant monitoring
of the density of populations of edifier species is necessary, and work on the reclamation of these
territories (especially in class III) should be aimed primarily at restoring the edifier sinusia that
formed the basis of the ecosystem before the start of the HS.

5. Conclusion
The biologically justified permissible threshold value of technogenic changes in the phytocenosis
edificator sinus of the ecosystem is of paramount importance for determining development paths
and selecting database management in the face of inevitable military and technological intrusion
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into the natural equilibrium ecosystem. Experimentally determined indicators should influence
the choice of nature conservation and restoration measures in planning databases, but they do
not allow for an integrated characterization of the degree of military-technological disturbance
of the ecosystem as a whole.

In this article, a mathematical model (equation (1)) has been developed that:

• adequately reflects the impact of combat operations on biocenoses of educational facilities;

• can be used as a mathematical model of phenomena, the parameters of which, with sufficient
experimental data, are identified (calibrated) using identification algorithms with the model;

• after identification (calibration), it can be included in algorithms for complex assessment
and prediction of the state of terrestrial ecosystems affected by combat operations.

Of the existing indicators in modern mathematical ecology, productivity indicators are
the most suitable for this purpose. For natural equilibrium ecosystems, the productivity of
the biocenosis correlates well with its complexity and species composition. Therefore, the
suppression or destruction of any species as a result of the impact of combat operations inevitably
affects the productivity of the biocenosis, and thus, it can serve as a quantitative assessment of
the depth of the military-technogenic impact on the ecosystem.

To assess the corresponding level of changes, the system of indicators presented in table 2
can be used, which is interrelated with the levels of military-technogenic violations (table 3).

With sufficient accuracy for engineering assessments, the primary productivity indicator
(biomass produced by producers per unit area per unit time during the growing season) can
be used. By applying biology-accepted methods and conducting regular observations using
remote sensing satellites or unmanned aerial systems to monitor changes in this indicator over
time and space, it is possible to determine both the overall dimensions of military-technogenic
impact zones and the dynamics and pace of this process when using various weapons systems
and military equipment.
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Naeem S, Schmid B, Setälä H, Symstad A J, Vandermeer J and Wardle D A 2005 Ecological Monographs
75(1) 3–35 URL https://doi.org/10.1890/04-0922

[18] Pimm S L, Jenkins C N, Abell R, Brooks T M, Gittleman J L, Joppa L N, Raven P H, Roberts C M and
Sexton J O 2014 Science 344(6187) 1246752 URL https://doi.org/10.1126/science.1246752

[19] Faber M H, Miraglia S, Qin J and Stewart M G 2020 Sustainable and Resilient Infrastructure 5(1-2) 102–124
URL https://doi.org/10.1080/23789689.2017.1417348

[20] Lawrence M J, Stemberger H L, Zolderdo A J, Struthers D P and Cooke S J 2015 Environmental Reviews
23(4) 443–460 URL https://doi.org/10.1139/er-2015-0039
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//doi.org/10.32838/2663-5941/2022.4/17

https://doi.org/10.1016/j.ecoser.2021.101367
https://doi.org/10.1007/978-3-030-74950-7_7
https://doi.org/10.3390/land9100348
https://doi.org/10.1016/j.landusepol.2021.105712
https://doi.org/10.1016/j.biocon.2008.02.001
https://www.researchgate.net/publication/246010067
https://www.researchgate.net/publication/246010067
https://apps.dtic.mil/sti/citations/ADA302406
https://apps.dtic.mil/sti/citations/ADA302406
https://doi.org/10.1007/s00267-020-01260-1
https://doi.org/10.1007/s00267-012-9873-y
https://doi.org/10.1016/j.physa.2007.04.001
https://doi.org/10.1890/04-0922
https://doi.org/10.1126/science.1246752
https://doi.org/10.1080/23789689.2017.1417348
https://doi.org/10.1139/er-2015-0039
https://doi.org/10.2307/1312122
https://doi.org/10.2307/1312122
https://www.defmin.fi/files/1256/Guidebook_final_printing_version.pdf
https://www.defmin.fi/files/1256/Guidebook_final_printing_version.pdf
https://publications.gc.ca/collections/collection_2018/mdn-dnd/D2-377-2017-eng.pdf
https://publications.gc.ca/collections/collection_2018/mdn-dnd/D2-377-2017-eng.pdf
https://doi.org/10.1111/rec.13035
https://doi.org/10.1126/sciadv.abn4345
https://doi.org/10.1126/sciadv.abn4345
https://doi.org/10.1126/science.1228026
https://doi.org/10.1126/science.1228026
https://doi.org/10.32838/2663-5941/2022.4/17
https://doi.org/10.32838/2663-5941/2022.4/17


IOP Conference Series: Earth and Environmental Science

PAPER • OPEN ACCESS

Perspectives of nuclear energy development in Ukraine on the global
trends basis
To cite this article: O O Popov et al 2023 IOP Conf. Ser.: Earth Environ. Sci. 1254 012108

 

View the article online for updates and enhancements.

This content was downloaded by semerikov from IP address 193.151.14.31 on 30/10/2023 at 13:38

https://doi.org/10.1088/1755-1315/1254/1/012108
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsv_s8P4wFAGWab006tiDtls5IS-fz66zZ_fEg7cautpx4sxF6AFI7BkCuyO0fOBnIt13JMIdYIWNNJo-hhrsIV7QjHn7qBOHTVlVt21qlbK6CijN049TvxpIJtYdx-UrgyH3bkW0rz_eRjElaACoZD8mD34J-TX0NFmNKNcOG7ClImFsxzxAuoH9QAGGmybmp32Gzmo_DMjSdAqS7a9Jf8s7bMJy1CuY7U7sUlyq8cJk_NVJSi8Doa7KLCiAG_VukyWObBMdiL_5ybdgXLo3w3tLnb-_TUC8e3yzc3NBfHI0rHT9q5z&sai=AMfl-YQUSJDg94B-svb5inpWjhPgB7kQneds4RukcGzTmj3ewT-KHxk5SFNKOrl3IrKaw07G1s3eMErZKZAY3oY&sig=Cg0ArKJSzOx0Q7h4qiSh&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/245/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DJournals%26utm_campaign%3D245Abstract%26utm_id%3D245


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012108

IOP Publishing
doi:10.1088/1755-1315/1254/1/012108

1

Perspectives of nuclear energy development in

Ukraine on the global trends basis

O O Popov1,2,3,4, Anna V Iatsyshyn2,5,6, M A Deineha7, T S Novak7

and D V Taraduda8

1 Center for Information-analytical and Technical Support of Nuclear Power Facilities
Monitoring of the NAS of Ukraine, 34a Palladin Ave., Kyiv, 03142, Ukraine
2 State Institution “The Institute of Environmental Geochemistry of National Academy of
Sciences of Ukraine”, 34a Palladin Ave., Kyiv, 03142, Ukraine
3 G.E. Pukhov Institute for Modelling in Energy Engineering of the NAS of Ukraine,
15 General Naumov Str., Kyiv, 03164, Ukraine
4 Interregional Academy of Personnel Management, 2 Frometivska Str., Kyiv, 03039, Ukraine
5 State Scientific Organization “Ukrainian Institute of Scientific Technical and Expertise and
Information”, 180 Antonovycha Str., Kiev, 03150, Ukraine
6 Institute for Digitalisation of Education of the NAES of Ukraine, 9 M. Berlynskoho Str.,
Kyiv, 04060, Ukraine
7 National University of Life and Environmental Sciences of Ukraine, 15 Heroiv Oborony Str.,
Kyiv, 03041, Ukraine
8 National University of Civil Defence of Ukraine, 94 Chernyshevska Str., Kharkiv, 61023,
Ukraine

E-mail: sasha.popov1982@gmail.com, anna13.00.10@gmail.com, marinad@meta.ua,

tomanovak1980@gmail.com, taraduda dv@ukr.net

Abstract. The article examines global trends in the development of the nuclear power
industry. It includes the following: extending the operating life of nuclear power units;
development of atomic energy in the context of the Paris Agreement; development of nuclear-
hydrogen energy; synergistic interaction of renewable energy sources and nuclear power plants;
introduction of new reactor technologies. The attitude of different countries of the world
to atomic energy is described. It is determined that China and India are the leaders in
developing nuclear power. It was determined that small modular reactors are considered
transformative reactors that will contribute to the further development of atomic energy in
the world. The advantages of small modular reactors in comparison with reactors of large
capacity are described, and recommendations for selecting small modular reactors for Ukraine
are formulated. Installation of small modular reactors at the operational sites of the NPPs of
Ukraine can reduce the financial costs of their construction. Therefore, it will contribute to the
sustainable development of the nuclear energy industry of Ukraine.

1. Introduction
The complex problem should be solved to ensure the long-term development of humankind. The
issue includes the maintenance of energy and economic and environmental security. Therefore,
it is necessary to unite world efforts in the search for innovative directions of technological
development that ensure a stable and secure future to solve the outlined problems [1]. Currently,
the international energy community emphasizes the global revival of nuclear energy and the rapid



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012108

IOP Publishing
doi:10.1088/1755-1315/1254/1/012108

2

development of renewable energy sources. The situation is evidenced by the active construction
of new and modernization of existing nuclear power plants (NPP) in many countries [2].

Further digital transformation of society is essential to ensure the sustainable development of
humankind. Such change requires an increase in energy consumption due to the need to process
ever-increasing volumes of data. At the same time, growth in energy consumption leads to:

1) depletion of energy sources (problem of energy conservation and diversification of energy
production types);

2) climate change (the problem of reducing carbon footprint involves transforming the
electricity generation sector against the background of reducing the operational resource
of existing energy capacities).

Azarov and Zadunaj [1] indicates various international initiatives in the global field of
nuclear energy aimed at developing new projects to combine the efforts of many countries in
creating innovative nuclear energy technologies. These initiatives are designed to ensure energy
security, reduce atomic materials’ distribution risks, and solve the problem of radioactive waste.
Also, these ideas became the basis of the international project INPRO operating under the
International Atomic Energy Agency (IAEA).

Interest in small modular reactors (SMRs) and their applications is growing worldwide. The
main driver for SMR development is to meet the need to produce electricity for a broader range of
users and applications, replace aging large-capacity reactors, and improve safety. SMRs include
new-generation reactors designed to produce electricity up to 300 MW according to the accepted
definition of the IAEA. Their components can be manufactured at the factory and transported as
modules to the installation site. SMRs can be deployed as a single or multi-module installation.
In addition, many SMRs have increased protection properties and safety functions [3].

Hussein [4] emphasized that SMRs are the next stage in developing nuclear reactors and
are transformative by many criteria. SMRs are seen as a way to overcome cost overruns and
construction delays where sizeable atomic power reactors were supposed to operate. SMRs can
play an essential role in addressing climate change by providing a low-carbon source of electricity.
They can also help alleviate the problem of nuclear waste disposal by burning spent fuel and
nuclear waste.

Examining government documents regarding the regulation of nuclear energy issues in
Ukraine for 2018-2019, we see the following:

1) SE “NAEK “Enerhoatom” and Holtec International signed a Memorandum of
Understanding on cooperation in the use of SMR-160 in Ukraine. The Memorandum states
that it is planned to license SMR-160 technology in Ukraine further to build these reactors
at Ukrainian nuclear power plants and to localize production of SMR-160 equipment at
Ukrainian enterprises partially;

2) SE “NAEK “Enerhoatom”, State Scientific and Technical Center for Nuclear and Radiation
Safety and Holtec International signed an agreement on the creation of an international
consortium for “introduction of the small modular reactor (SMR) SMR-160 technology in
Ukraine” [2, 5].

Therefore, we state that SMR use is also lobbied at the state level in Ukraine.
It was planned to end the operation period of some power units of the NPP of Ukraine

between 2030 and 2040. Such power units already had an extended operation period. The
fastest choice of the reactor type technology for the construction of replacement and new NPP
power units is relevant [6], taking this into account and taking into account the duration of the
creation of a nuclear installation.

Four nuclear power plants in Ukraine (15 power units with water-water power reactors) were
operating in Ukraine at the beginning of 2022. Their capacity was 13,835 GW. Zaporizhzhya
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NPP (6 power units, the largest nuclear power plant in Ukraine) is still under the control of the
invaders in the occupied territory for the end of 2022 due to military operations on the part of
Ukraine. The construction of SMR on the territory of Ukraine is still updated by the need for
a stable electricity supply for the post-war reconstruction of Ukraine and its economy.

2. Literature review
Azarov and Zadunaj [1] analyzed nuclear energy development in the world and the impact of
large-scale accidents at nuclear power plants (“Fukushima-1”) on it. The need to improve the
security of nuclear power plants is emphasized. Innovative technologies of the III-generation
reactors are described. It was noted that atomic energy is the most critical component of the
world’s energy balance, and there is no severe alert.

Analysis of the materials of international organizations (International Project on Innovative
Nuclear Reactors, International Atomic Energy Agency, Nuclear Energy Agency, etc.) [7–9] and
scientific literature showed that only a few countries in the world started construction of SMRs
by the end of 2022. Various concepts and project licensing are still discussed in other countries.

Nosovskyi [10] determined that there currently needs more technical, economic, and scientific
justification for the SMR’s operation. SMRs are only being developed worldwide, and their
operation benefits still need to be confirmed in practice. Furthermore, the analysis showed that
SMR technologies used for electricity production are more expensive than power units with a
500-1000 MW capacity.

The report [11] describes the main problems that should be overcome for the large-scale
implementation and achievement of economic competitiveness of SMR. An overview of financial
and technical aspects, issues of licensing, and legal regulation are presented. Expanding
international cooperation in all directions is essential to create a sustainable global SMR market.

Features of SMR modularity and design are described in [4]. The economic advantages of
SMRs and flexibility allow them to be used for various purposes. SMRs are considered a means
to reduce greenhouse gas emissions. SMR designs incorporate features that were tested and
proven in early reactors. They are also relatively safe for the surrounding population.

Azarova and Zadunaj [1] considered existing plans and programs to develop promising “IV
generations” reactor technologies. It is necessary to consider several additional factors: principles
development for ensuring the acceptability, efficiency, and economic competitiveness of nuclear
energy, stability, nuclear and radiation safety, non-propagation, and physical protection.

Currently, SMR concepts can be conditionally divided into five main groups [11]:

1. Single-module light-water reactors. Their design uses the proven technology of light-water
reactors (LWR) and appropriate types of fuel to create autonomous units suitable for
deployment within the concept of distributed generation or capable of replacing small power
units operating on fossil fuels;

2. Multi-module light-water reactors. They are based on the LWR technology and can be
operated as sources of electricity within the framework of the concept of distributed
generation or replace medium-sized power units that provide base load;

3. Mobile/movable reactors. They are based on LWR technology and allow easily implemented
installation movement from one site to another. This category includes reactors of floating
power units;

4. “IV generations” SMRs. They are based on modern technologies that differ from those
used in LWR;

5. Micromodular reactors. Their capacity is at most 10 MW. Such reactors can operate in
semi-automatic mode, as a rule. Also, they have characteristics that facilitate easily realized
transportation compared to larger SMRs; Micro-modular reactors are designed primarily
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for off-grid operation in remote areas where they can be competitive with mainstream
electricity sources.

Demianiuk [12] defines the characteristics of SMR and the synergy of SMR with renewable
energy sources. Progress of SMR projects in the short term and an overview of leading in
technical and economic indicators of SMR are described. Finally, a list of priority measures for
implementing SMR in Ukraine is outlined.

Classification of SMR projects depending on the novelty of their technical solutions was
proposed by Dybach and Plachkov [13]. In addition, a comparative analysis of SMR (SMR-160
Holtec International project) with NPPs operating in Ukraine was made.

Currently, the most developed type is LWR installations with pressurized water among the
existing SMR projects. Steam generators are one of the main elements of them. The preferred
design is a functional-flow steam generator with functional body movement in tubes with coiled
surfaces [14].

Niearonov et al [6] describes the algorithm for choosing reactor technology type based on a
comparative evaluation of existing and promising reactors. Adaptation of the KIND-ET toolkit
of the IAEA INPRO project on a multi-criteria comparative assessment of nuclear power plants
was carried out for the obtained results ranking. Proposals for reactor technology type choice for
constructing NPP power units in Ukraine after 2035 are described. Finally, recommendations
for optimal reactor technology choices for creating NPPs in Ukraine for 2050 are defined.

The energy of Ukraine, will be endangered unless the country has time to replace NPP power
units with new ones within 2040-2050. At the same time, a significant share of the country’s
human capital will be lost because nuclear energy is a high-tech industry. It requires specialists
with a high level of training in various scientific fields. Therefore, developing and implementing
programs to transfer nuclear technological knowledge at the state level is essential. The outlined
understanding is a vital resource that will determine Ukraine’s political and economic realities
shortly. Renewal of Ukraine’s nuclear power plants is possible in the following directions:
construction of SMR and new “large” NPPs [2].

We analyzed the websites of international organizations dealing with nuclear energy issues
and scientific literature during working on this research. Functioning of nuclear fuel cycle
facilities are considered in publications [1, 2, 4, 15–18], issue of developing mathematical and
software tools for assessing the impact t of energy facilities on the environment is considered in
works [19–31]. Specifics implementing of alternative and renewable energy sources are described
in publications [32–40]. Advanced training of specialists in nuclear energy is discussed in
publications [41–44]. The literature review was performed based on open sources and the
websites of international organizations [7–9].

Aim is to consider world trends regarding the development of the nuclear power industry
and to substantiate the possibilities of building SMR in Ukraine, given their environmental
friendliness and safety.

3. Results
We support the opinion of Kilnytskyi [45] that the principles of sustainable development
have determined mainly the evolutionary directions of world energy since the beginning of
the 21st century. Bet on energy efficiency, energy security, and low-carbon energy with the
active construction of renewable energy sources allowed the industry to enter its development’s
revolutionary and innovative stage. Everything is changed dynamically on the energy map of
the planet: the structure of generating capacities, the configuration of energy systems, and the
arrangement of national energy markets.

Investments in nuclear energy were stable and promising for a long time. However, the
accident at the Japanese NPP “Fukushima 1” (2011) made the world think about security and
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question the future of atomic energy. Later, talks about global climate change began, and
advanced countries took a course on renewable energy. The question arose: will there be a place
for nuclear energy in the new “green” world? NPPs do not emit CO2 and fully fit the carbon
bond neutrality policy. At the same time, atomic power plants leave harmful nuclear waste, and
the risk of accidents still makes people distrust even high-tech reactors. Therefore, the USA,
Germany, Japan, South Korea, and other world powers gradually reduced investments in this
industry; the gas crisis occurred in 2021. So, nuclear energy received a chance for revival and a
new future [46].

Currently, 440 nuclear reactors are operating in 32 countries. Another 50 are under
construction, mainly in Asia. However, the IAEA does not give precise predictions role of
nuclear power plants in electricity production worldwide. It depends on whether it will be
possible to build new capacities to replace the stations that will be decommissioned. More than
half of the active reactors in the world have been operating for more than 30 years. Today,
nuclear energy accounts for 10% of global electricity production. According to the low forecast
of the IAEA, this share will decrease to 6% by 2050. According to the high estimates, the
percentage of nuclear electricity will increase to 12% [47].

Nuclear energy has two advantages over other sources. First, it can provide heat for
production processes and cheap and reliable electricity without releasing greenhouse gases.
Secondly, nuclear energy currently avoids emissions of 200 million tons of CO2 annually
(equivalent to removing 400 million cars from all world’s roads) [48].

Currently, nuclear energy is in trend again. Let’s consider how the views of different countries
of the world on nuclear energy were changed. Materials for analysis are taken from open sources
of information: scientific publications, websites of international organizations, and analytical
and reporting materials. Finally, continents and countries grouped the results of the analysis.

3.1. Europe
The EU still needs to make a final decision on the status of nuclear energy. There is an ongoing
debate regarding including atomic energy in the “green” taxonomy. Taxonomy is a list of
environmentally friendly activities. The European Union needs it to show “useful” companies
and encourage investors to finance them. Companies with such markers will attract more loans
and be supported by the EU authorities. In 2020 scientists from the European Commission
recognized nuclear power plants as a safe, low-carbon energy source. But in 2021, the commission
refused to include nuclear power plants in the “green” taxonomy due to the problem with nuclear
waste disposal. However, the energy crisis in the EU intensified this debate. At the same time,
12 EU countries called the European Commission to recognize nuclear energy as “green” [46].

More than half of Poland’s energy depends on coal. So, there is also a search for a stable
alternative to reduce carbon emissions.

Germany decided to decommission its nuclear power plants after the Fukushima accident.
However, seven reactors remain in operation and provide 12% of Germany’s electricity. At the
same time, renewable energy is successfully developing in the country [47].

Spain has gradually reduced its share of nuclear energy. Seven reactors remain in operation
and supply about 20% of electricity. According to government directives, all reactors should
be shut down between 2025 and 2035. It is planned to be replaced by stations with renewable
energy sources. However, this may affect the timing of the planned shutdowns [47].

France is the informal leader in nuclear energy production in the world. The country’s
government is most interested in the approval of atomic energy. France operates 56 nuclear
reactors. They provide more than 70% of electricity needs. The country is also the world’s
largest exporter of nuclear power. It also helps build atomic reactors around the globe. At the
same time, 12 reactors coming to an end of service life are planned to be turned off.

Along with this, the construction of a new power unit at the Flamanville NPP is underway.
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This will be the country’s first EPR – a pressurized water nuclear reactor of the third generation
with a capacity of 1,650 MW. Construction was delayed for ten years. Flamanville-3 is expected
to be launched in 2023 [47,48].

Slovakia is the country that is building new nuclear power plants in Europe. Four reactors
provide half of the country’s electricity, and two more are under construction. The situation with
two new reactors at the Mohovets NPP demonstrates the general problem of NPP construction.
The 2019 opening was delayed due to pressure from neighboring Austria and safety concerns
for the power units, which were initially built to Soviet design and modified using “Western”
elements [47].

Great Britain ranks tenth in the world for nuclear energy production. “Electricite de France
SA (EDF)” began constructing the Hinkley Point C plant in Somerset in 2016. It is expected to
be operational in the middle of this decade. Hinkley Point C is expected to supply around 7%
of the UK’s electricity once connected to the grid. In addition, it is currently underway for the
3,200 MW Sizewell C power station in eastern England. EDF plans to build it in partnership
with China General Nuclear Power Group [48].

3.2. North America
Ninety-five reactors are actively operating in the USA, providing 30% of the world’s nuclear
electricity and remaining its largest producer. NPPs generate about 20% of electricity for the
country’s needs. From 1978 to 2013, new NPPs were not built. Only in 2012 were permits issued
for constructing two new reactors at the Vogtle NPP in Georgia. It happened for the first time
in 30 years. New projects began to appear in 2016 when the second power unit of the Watts
Bar NPP in Tennessee opened. However, significant delays and rising construction costs led to
the closure of two reactors at the V.C. Summer station in 2017 in South Carolina [47]. The
development of nuclear power plants in the United States is part of the fight against climate
change. The government allocated $1.85 billion to support the nuclear power industry in 2022.
This value is 23% more than in 2021. Another $6 billion will be used to extend the service life of
the NPP; 2.5 billion will be spent on the construction of experimental reactors [46]. President
Biden spoke in favor of nuclear energy and emphasized the expansion of jobs and opportunities
that will be created through the development of innovation and investment in the latest small
modular reactors [48].

3.3. Asia and the Middle East
China plans to significantly increase the share of nuclear generation in the energy system from
3% to 7.7% in 2035. The country has 49 reactors, and 16 more are under construction. Preference
is given to nuclear energy in the country due to excessive air pollution by coal-fired power plants.
China is developing and planning to introduce new reactors and increase the number of plants
and their capacity. For example, the first SMR may start operating on Hainan Island as early
as 2025 [47]. China is ready to build many nuclear power plants on its territory and 30 reactors
abroad, competing in this market with France and the USA [46]. In 2021 the President of China
was directly present at the foundation laying ceremony of four new nuclear power units in the
PRC. Power units 7 and 8 of the Tianwang NPP and 3 and 4 of the Xudapu station will be
built using domestic equipment [48].

South Korea announced plans to withdraw from nuclear energy by 2040. As a result, the
life of atomic power plants will remain the same, and new facilities will not be built [48].

Japan sees nuclear power as the key to achieving decarbonization goals and reducing
greenhouse gas emissions. Therefore, Japan is also considering using nuclear energy by
introducing small modular reactors. This is outlined in the country’s Green Growth Strategy
[48].
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The Indian government plans to launch nine reactors in three years. The construction of
another 12 was approved in 2020. This is the first time a nuclear power plant has been built in
the country on such a scale [46]. It is planned to increase the number of nuclear power plants in
India within the framework of large-scale infrastructure development programs. Currently, 23
reactors are operating in the country. In addition, 21 new reactors with a total capacity of 15
GW may be installed [48] up to 2031.

The United Arab Emirates launched the first Baraka NPP in 2020. It is planned that all
four power units of the station, with a total capacity of 5.6 GW, will work already in 2023 and
will provide up to 25% of the country’s electricity needs [48].

Turkey is building its first Akkuyu nuclear power plant. One of the reasons is a desire to
reduce energy dependence. The country imports about 75% of its electricity. The station will
have four power units with a total capacity of 4.8 GW. Its first reactor is planned to be launched
in 2023 [48].

So, we conclude that China and India became leaders in developing the nuclear energy
industry based on the analysis above. Based on the analysis of scientific literature [14,45,47,48],
the main problems of the development of nuclear energy in the world are outlined:

• decrease in the competitiveness of nuclear energy and premature shutdown of power units;

• exceeding terms and cost of construction of new NPPs;

• aging of operating power units and need for decommissioning;

• the negative attitude of society against the background of Fukushima and other nuclear
accidents;

• the difference in licensing of nuclear reactor projects;

• the need to solve the problem of spent nuclear fuel and radioactive waste;

• the inability of energy markets to attract long-term investments.

We agree with the Lutska [47] that today’s security issue remains the most crucial reason
for refusing to build new nuclear power plants. It got tougher every time after the accidents
at the Chornobyl and Fukushima stations. In 2011 anti-nuclear protests intensified significantly
in Europe, where plants are often located near borders with neighboring countries. The next
problem is the complex process of nuclear power plant construction. It is often delayed and
stopped causing the cost of power units to rise. Also, the issue of handling atomic waste
remains relevant. At the same time, some countries see nuclear energy as an opportunity to
diversify energy sources, reduce dependence on other energy sources and replace coal-fired power
plants [47].

An outline of the world trends in the development of nuclear energy is essential. The research
was prepared based on the analysis of various sources [4, 14,16,45,47–50]:

• an extension of the operating periods of nuclear power units;

• development of nuclear energy in the context of the Paris Agreement;

• development of nuclear-hydrogen energy;

• synergistic interaction of renewable energy sources and nuclear power plants;

• introduction of new reactor technologies.

Let’s briefly describe the trends outlined above. The critical disadvantage of nuclear energy
today is the high capital costs for constructing large atomic power units. Therefore, many
countries with operating nuclear power plants are forced to extend the operating periods of
their power units. The leading technologies that will ensure the fulfillment of the goals of the
Paris Agreement include those with low levels of greenhouse gas emissions. Hydropower, wind,
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and nuclear power will play an important role. They produce the least amount of greenhouse
gas emissions. Every year amount of hydrogen consumption increases. So, the development of
hydrogen energy is taking place. Many countries developed their own “Hydrogen Strategy”.
The world public and scientists predict a significant effect from the operation of hybrid energy
systems for the synergistic interaction of renewable energy sources and nuclear power plants.
Such hybrid systems will make it possible to generate electricity and provide low-carbon thermal
energy for the industry at a price lower than a traditional thermal generation (figure 1).

Figure 1. An example nuclear-renewable hybrid energy system configuration [51].

Let’s analyze the trend regarding the “introduction of the new reactor technologies” in more
detached new reactor technologies caused by the following factors: risk of accident at the nuclear
power plant and difficulty of disposal of radioactive waste. The publication [46] indicated that
the factors listed above could be leveled by using new reactor technologies. One of the progressive
ideas is thorium reactors. Uranium-233 is used for the operation of these systems. The substance
is obtained through the irradiation of thorium-232. These reactors are predicted to leave behind
less toxic waste. At the same time, there are more thorium reserves in nature than uranium,
which is safer to produce. Currently, China decided to build an experimental thorium reactor
that will work on an alloy of salts. The reactor will be filled with an alloy of salts. So, it will
have a much lower risk of melting or exploding, making the leakage of radioactive components
almost impossible. However, thorium is associated with the risk of nuclear propagation. It is
hotly debated.

The TerraPower company plans to launch an experimental nuclear reactor in the remote
town of Kemmerer (USA). The reactor will be cooled by liquid sodium. There will be no
increased pressure in the reactor, So it minimizes the possibility of an explosion. The system
will not require external energy sources for cooling. The creators of TerraPower promise to solve
the problem of nuclear waste. Now they are stored in concrete containers. Spent fuel from
TerraPower will take up two-thirds less space than waste from conventional reactors. Also, the
construction of such an object costs much less than usual due to greater use efficiency. This
reactor is small in size. It, in turn, reduces capital costs. It produces three times less energy
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than the average reactor, so it is more profitable to build it [46].
Today, companies and startups worldwide develop new models of nuclear power plants. They

should be simpler and cheaper to build, safer, use less fuel, and operate more flexibly. They
may influence global trends in the development of atomic energy [47] if the new reactors meet
all these criteria.

NPPs with high-power reactors are designed to operate in the base mode. Therefore, it limits
the possibilities of using nuclear potential due to the need for daily regulation of loads in the
power grid. This drawback can be avoided by switching to SMRs (figure 2). SMRs are cheaper
to operate, can be used in shift mode, do not require the construction of powerful underwater
power lines, and have higher levels of safety [45].

Figure 2. Example of BWRX-300 Small Modular Reactor [52].

Miroshnychenko [46] indicated that SMRs will produce three to four times less energy than
conventional ones and will be affordable for underdeveloped countries. In addition, their low
cost will make it possible to replace large nuclear power plant reactors that with ending their
service life [45].

Dybach and Plachkov described several potential advantages of SMR [13]:

1) higher protection of SMR from undue external influences of natural and artificial nature
(possibility of underground placement of the reactor installation). Figure 3 shows this
placement of Canada’s first SMR;

2) high level of internal self-protection and wide use of passive systems. It allows reviewing
(reducing) a set of technological systems necessary for safety, operating in standby mode;

3) modular principle ensures serial production, the possibility of complete factory production
of the module and its delivery to the NPP site;

4) operation in power tracking mode (power shift) allows combining SMR with other renewable
energy sources.
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Figure 3. Example of underground placement of SMR [53].

SMRs can find applications in many areas of nuclear energy use. The steady development
of SMRs was revealed as a result of the analysis of the current trends in the development of
atomic energy. Currently, the most developed type is LWR installations with pressurized water
among the existing SMR projects. Steam generators are one of the main elements of them. The
preferred design is a functional-flow steam generator with functional body movement in tubes
with coiled surfaces [14].

OECD [11] indicated that worldwide policy-making bodies, enterprises of the nuclear sector,
and energy analysts show growing interest in the potential of SMR as a competitive element
of low-carbon technologies used in integrated energy systems of the future. In addition, SMRs
embody hopes for inherent safety, simplification, and standardization properties. All of this can
significantly facilitate and make nuclear power more cost-effective.

SMRs can be placed directly in energy consumption centers. It eliminates the need for
external power lines and maintenance in difficult climatic and terrain conditions. Significant
reduction in network infrastructure costs allows for increased efficiency and competitiveness of
SMR technologies [54].

Gaspar [55] emphasizes that SMRs are smaller and use innovative technologies with many
built-in safety features. An important element of their design is minimizing accidents and
radioactive emissions. A similar opinion was expressed by Zhou [14]: “SMR possess better
safety characteristics and lower amount of radioactive materials (less potential for radioactive
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release); it is expected that iodine prophylaxis, shelter, evacuation will not be needed to protect
public from the SMR”.

Considering SMR according to various criteria characterizing their advantages, we will
describe the “safety” criteria and its indicators based on [11]:

• reducing the level the severity of emergency modes (a combination of increased levels of
simplification and structural integrity is expressed in a smaller number of emergency modes);

• efficiency of passive safety systems (need for active systems decreases, which in the long
run simplifies safety assessment, reduces the number of emergency modes, and improves the
reactor cooling mode using natural circulation. All this contributes to increasing the time
provided for emergency response);

• reduced protective zone outside the site (less need for shielding means and a smaller area
of the zone for planning protective measures).

Table 1, table 2 and table 3 compares SMR and high-power reactors according to the criteria
“Operational safety,” “Infrastructure,” and “Personnel resources.” This tables was compiled
based on publications [6, 12,54,55] and open sources.

Ukraine promised to abandon coal burning by 2035. Consequently, the number of thermal
power plants will decrease over the years, and domestic energy will gradually lose 30% of its
capacity. The decline of thermal power plants will stimulate the development of nuclear power
plants and renewable energy facilities. The problem is that 13 out of 15 reactors will become
unusable by 2040. Therefore, fourteen power units should be built in the coming decades for the
energy transition and replacement of old reactors. Three should be located at the Khmelnytskyi

Table 1. Comparison of SMR and high-power reactors (“Operational safety” criterion).

Indicators SMR High-power reactors

Physical safety Possibility of hidden placement under-
ground, underwater on the territory of
military bases, etc. There needs to be
more infrastructure, personnel, and length
of heating lines.

Risks associated with the ex-
tensive infrastructure and ter-
ritory of the station.

Energy secu-
rity, infras-
tructure risks

Integration into the local power system.
Flexibility to build up generating capacity.
Low distance to the consumers.

Extensive network and con-
sumer life support system
risks.

Nuclear and
radiation
safety

Reduction of the risks and magnitude
of caused damage. Absence of “serious
accident” consequences.

Probabilistic methods esti-
mate them.

Energy stabil-
ity

There are no power unit stops due to
common causes.

However, the power unit
stop occurred due to familiar
grounds.

Human factor We make technical decisions on modular-
ity, quality, and reliability – a minimum
number of personnel, a personnel training
system, and a department management
structure.

The high number of personnel
at all stages of the object’s life
cycle and workshop manage-
ment structure.
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Table 2. Comparison of SMR and high-power reactors (“Infrastructure” criterion).

Indicators SMR High-power reactors

Reliable en-
ergy supply

Organization of ensuring effective naviga-
tion of transit and sea routes, military fa-
cilities, etc.

Limited. It is possible with a
developed structure of energy
networks.

Technical com-
petencies and
infrastructure
development

Development of competencies within the
territory’s economy. An educational cen-
ter, scientific and technological complex,
prospective studies of habitats. I am stop-
ping the outflow and employment of the
population, particularly the youth.

We were limited by the tech-
nology of the power unit (elec-
tricity production).

The wide con-
tour of energy
conversion and
tariff stability

Electricity, heat, fresh water, steam, and
hydrogen are modules for the region’s
infrastructure needs and a reliable life
support system.

Limited to electricity produc-
tion only.

Creation and
provision of
reliable hybrid
energy systems

Ensuring stability, reliability, and quality of the energy carrier, design of
hybrid energy systems in local areas, a wide range of capacity changes, and
creation and development of industrial nuclear-hydrogen energy.

Insurance It is possible for various infrastructure
objects.

Not available in its entirety.

NPP, one at the Zaporizhzhya, Rivne, and South Ukrainian NPPs, and eight at new stations. SE
“NAEK “Enerhoatom” signed a memorandum with the American company Westinghouse which
will participate in constructing five power units worth about 25 billion dollars. Cooperation with
Westinghouse SE “NAEK “Enerhoatom” is positive. It is believed that Ukrainian specialists
have enough experience to build power units [46].

The first energy cooperatives appeared in Ukraine: several community members united to
provide themselves with energy resources. This practice is widespread worldwide, especially
in the USA and Germany. In these countries, the total number is calculated in hundreds and
thousands, and they unite millions of people. For example, in Germany, 47% of solar energy
is produced by citizens and cooperatives. Energy cooperatives are common in Great Britain,
Australia, the Netherlands, and Denmark. A Cooperative is also cheaper to administer than
a joint-stock company or an investment fund. The primary meaning of energy cooperative for
citizens is not to expect mercy from the state or industry monopolies in solving energy supply
problems but to develop their energy businesses and earn money independently [45].

The country’s energy security and the possibility of further digital transformation of the
economy will be endangered if Ukraine does not have time to replace the existing NPP units
with new ones during 2040-2050. Also, a significant share of the country’s human capital will
be lost. Nuclear energy is a high-tech industry and requires specialists with a high level of
training in various scientific fields. The “nuclear energy knowledge of Ukrainian specialists” can
be classified as a national strategic resource. Therefore, at the state level, it is necessary to
develop and implement programs to preserve and transfer nuclear technological knowledge as a
resource that will determine Ukraine’s political and economic realities shortly [2].

Activities on analyzing prospects for the introduction of SMR technology in Ukraine were also



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012108

IOP Publishing
doi:10.1088/1755-1315/1254/1/012108

13

Table 3. Comparison of SMR and high-power reactors (“Personnel resource” criterion).

Indicators SMR High-power reactors

An alternative
approach to
reloading nu-
clear fuel

The zone is active for 10-15 years. Filling
together with a radioactive installation at
notable enterprises. Absence of dose loads
on personnel.

Reload every two years.
Availability of spent nuclear
fuel and radioactive waste
infrastructure. Radioactive
waste removal. Dose load.

Risks at the
decommission-
ing stage

Large modular dismantling. Reducing the
likelihood of exposure to personnel at risk.

Large modular disassembling.
They are reducing exposure
probability to personnel.

Environmental
safety

Local energy system transformation into
an ecologically clean system. Signifi-
cant reduction of emissions (liquid, solid,
gaseous) and oxygen combustion. Reduc-
tion of environmental consequences.

Placement and assignment re-
strictions.

Application
of waste-free
technologies

Development of unavailable resources.
Deep processing of minerals, water desali-
nation, waste disposal, etc.

Limitation by purpose.

Social accep-
tance.

Possibility of visual proof of increased
security.

Psychological barriers (af-
ter the Chornobyl and
Fukushima accidents).

started: working cooperation with potential SMR suppliers (NuScale Power) was established,
and work on studying the technical and economic aspects of these reactors is ongoing. In
addition, SE “NAEK “Enerhoatom” and “Holtec International” signed a “Memorandum of
Understanding” on cooperation in the use of SMR-160 in Ukraine (figure 4).

The work of Demianiuk [12] contains a generalization of SMR safety indicators: frequency
of damage to the active zone, the frequency of early/significant release, and the size of the
emergency planning zone. In addition, a combination of SMR and renewable energy sources is
considered.

Niearonov et al [6] emphasized that using SMR in Ukraine is the most promising direction for
developing nuclear energy in Ukraine. At the same time, it is necessary to conduct additional
research on determining the optimal ratio of SMR and PWR reactor technologies, considering
prospects for deploying renewable energy sources. Priority measures for SMR implementation
in Ukraine are described [12]:

1) in-depth strategic analysis of the United Energy System of Ukraine according to
international methods (IAEA, OECD);

2) detailing needs of the United Energy System of Ukraine in balancing (maneuvering)
capacities and developing technical requirements for SMR;

3) execution of preliminary technical and economic substantiation of SMR construction;

4) development of optimal financial models for the implementation of SMR projects in Ukraine
based on public and private partnership.

It is essential to take into account the following aspects [6] during the comparative evaluation
of reactor technologies:
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Figure 4. Holtec SMR-160, a 160 MW Electric Nuclear Power Plant [56].

• compliance of reactor technology with international safety standards, criteria of IAEA,
WENRA3, EUR4, and comparability with requirements of regulatory documentation of
Ukraine on nuclear and radiation safety;

• economy, reliability, the possibility of NPP power units operating in different modes;

• involvement of NPP power units in ensuring conditions of reliable functioning of the unified
energy system of Ukraine;

• the possibility of reliable provision of nuclear fuel taking into account own uranium reserves,
diversification of suppliers and manufacturers;

• ensuring a non-propagation regime by the legislation and international obligations of
Ukraine;

• the possibility of serial construction, further operational support of power units, and
production localization of their systems and components.

We agree with the opinion of Vyshnevskyi and Mykytenko [2] that it is impossible to give
absolute priority to SMR construction to meet the needs and conditions of functioning of the
nuclear energy industry of Ukraine. It is essential to stimulate the entrepreneurial initiative of
businesses with the necessary technology and capital. The state’s role should remain leading and
adequately respond to the existing risks related to the main aspects of private nuclear energy:
safe operation of nuclear facilities, countering propagation of atomic weapons, and disposal of
nuclear waste.

4. Author contributions
The research results provided in the publication are presented in the aggregate of the joint
contribution of individual authors:

• Oleksandr O. Popov:

– Idea and preparation of the draft article.
– Organization of the authoring team’s work and task assignment for article preparation.
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– Analysis and synthesis of global trends in nuclear energy development.
– Description of the advantages of small modular reactors (SMR) compared to large

reactors.
– Justification of the possibilities of small modular reactors construction in Ukraine

considering their environmental friendliness and safety.
– Formulation of article conclusions.

• Anna V. Iatsyshyn:

– Justification of the research relevance and article project preparation.
– Analysis of scientific publications and websites of international organizations dealing

with nuclear energy issues.
– Analysis of literature sources on the training and qualification improvement of

specialists in the energy sector.
– Identification of important aspects regarding the specialized training of personnel for

SMR operation and maintenance.
– Substantiation of the possibilities of small modular reactors construction in Ukraine

considering their environmental friendliness and safety.
– Formulation of article conclusions.

• Maryna A. Deineha:

– Analysis of literature sources on the operation of nuclear fuel cycle facilities.
– Examination of how different countries’ views on atomic energy have evolved, the

results of the analysis are grouped by continents and countries (Poland, Germany,
Spain, France, Slovakia, Great Britain, China, South Korea, Japan, Indian, United
Arab Emirates, Turkey).

• Tamara S. Novak:

– Analyzed state documents on the regulation of nuclear energy issues in Ukraine.
– Reviewed how the views of different countries on nuclear energy have evolved. The

results of the analysis are grouped by continents and countries.
– Conducted a comparison of SMRs and large-scale reactors based on the criteria

of “operational safety,” “infrastructure,” and “human resources” using scientific
publications and open sources.

• Dmytro V. Taraduda:

– Analyzed materials from international organizations (International Project on
Innovative Nuclear Reactors, International Atomic Energy Agency, Nuclear Energy
Agency, etc.).

– Conducted a comparison between SMRs and large-scale reactors based on the criteria
of “operational safety,” “infrastructure,” and “human resources” using scientific
publications and open sources.

5. Conclusions
We analyzed scientific publications and websites of international organizations dealing with
nuclear energy issues and concluded that nuclear energy is again in trend. Also, the attitude
of governments of different countries of the world to atomic energy was considered. It was
determined that China and India are the leaders in developing nuclear power.

Global trends regarding the development of the nuclear power industry were considered as a
result of the research. They include an extension of the operating life of nuclear power units;
the development of atomic energy in the context of the Paris Agreement; the development of
nuclear-hydrogen energy; synergistic interaction of renewable energy sources and nuclear power
plants; introduction of new reactor technologies.
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SMRs are considered transformative reactors that will contribute to the further development
of nuclear energy globally. The advantages of SMR compared to high-power reactors include
lower time and financial costs for construction and implementation; significant potential for
maneuvering energy capacities; higher safety indicators for the environment and personnel;
quick response to the needs of the energy market; synergy with renewable energy sources and
increasing their efficiency within the framework of a hybrid energy system, etc.

At the same time, SMRs are still under discussion regarding the feasibility of such
construction. Only a few countries started their construction. Another vital aspect is the
special training of personnel to manage and maintain the SMR.

Military operations on the territory of Ukraine since the beginning of 2022 have confirmed the
importance and expediency of the construction of SMR to ensure the energy needs of the state
and opportunities for post-war reconstruction and restoration of various sectors of the economy.
At the same time, Ukraine’s tragic experience with the accident at the Chornobyl NPP requires
ensuring environmental safety [57]. Therefore, it uses safe, energy- and resource-saving, low-
and zero-waste technologies. Also, preference should be given to light-water (evolutionary)
SMR projects. Their technical solutions use the accumulated experience of operation and safety
analysis of operational NPPs with VVER. Furthermore, SMRs that can already be installed
at the active sites of the NPPs of Ukraine should be chosen. Such actions will contribute to
the reduction of financial costs for the construction of SMR and contribute to the sustainable
development of the nuclear energy industry of Ukraine.

Therefore, the construction of SMR on the territory of Ukraine will make it possible to reach
a new level of development of nuclear energy, ensure a faster transition to the digital economy,
and contribute to occupying a key position among countries in the modern atomic energy world
space.
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Abstract. The effective functioning of the radiation monitoring network is an all-important
task for all countries worldwide because the health of personnel working at radiation-hazardous
facilities and the population living in the affected areas depend on it. A critical analysis
of the functioning of radiation monitoring systems of various countries worldwide (Ukraine,
United States of America, France, Sweden, Germany, South Korea, Switzerland, and China)
was valid and showed their advantages and disadvantages. Criteria for displaying data on the
electronic map about the state of radiation pollution and criteria for reports on the functioning
of the radiation monitoring network have been determined. To improve the functioning of the
radiation monitoring system of Ukraine, some recommendations for their improvement have
been provided.

1. Introduction
Nowadays, many institutions and organizations worldwide use hazardous radiation technologies
and sources of ionizing radiation in their activities (about 10 thousand enterprises in Ukraine, as
of the end of 2021, were operating). Such objects include nuclear power plants (NPP), research
reactors, specialized plants for processing and storing radioactive waste, enterprises extracting
and processing uranium ores, and medical facilities using radioisotopes. Oil, gas, coal industry,
and heat energy enterprises also participate in the radiation situation formation. During their
operation, there is a noticeable redistribution of natural radionuclides (uranium, thorium, decay
products, potassium, etc.) in the environment. In addition, fuel for nuclear power plants and
spent fuel assemblies are transported through many territories. All these objects are objects
of increased danger because emergencies related to their activities can lead to highly complex
consequences for the present and future generations due to uncontrolled (accidents) or controlled
(terrorist act) release of a significant number of radioactive substances into the environment.
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Therefore, one of the most critical components of the country’s national security is the provision
of nuclear and radiation safety.

In the territories where radiation-hazardous objects are in Ukraine, either non-automated
sampling or stationary automated systems for monitoring the radiation situation are used for
radiation monitoring. However, such approaches have some disadvantages: fieldwork is carried
out, which poses a threat to humans in conditions of a significant level of radiation in the research
territory; not equipment mobility of automatic systems doesn’t allow assessment of radiation
pollution levels across all studies territory. Furthermore, the non-automated sampling and
stationary monitor posts don’t allow to spend continuous environmental radiation monitoring in
the part of a large square, resulting in information about the radiation situation in the research
territory being released with a delay.

One of the main aspects of nuclear and radiation safety is radiation monitoring in the
territories where hazardous radiation facilities are located, which various legal acts regulate.
From that place, the effective functioning of radiation monitoring networks is an essential task
for every country of the health of personnel working at hazardous radiation facilities and the
population living in contaminated areas.

The legal acts regulate science publications, and information resources were analyzed in the
research of the functionality of radiation monitoring networks. The result of analyzing showed
that the problem outlined by us was considered and described in the following directions:
• construction of environmental monitoring networks [1–5];
• development equipment for radiation monitoring networks [6–10];
• development software for analysis and visualization monitoring data [11–14];
• using monitoring data for solving management by the radioactively contaminated territory

[15–19].
Therefore, issues of ensuring nuclear and radiation security are looked up worldwide.
The aim is to determine the main advantage and disadvantages of radiation monitoring

networks and to provide recommendations for their improvement in Ukraine.

2. Results
Radiation monitoring is an information and technical system of observation, assessment, and
forecast of the radiation state of the biosphere. Radiation monitoring is a system of long-term
repeated monitoring to assess the state of the radiation situation. Environmental radiation
monitoring is a system of regularly monitoring the radiation state of the environment, migration,
and accumulation of radionuclides, potentially dangerous phenomena, etc. The primary purpose
of monitoring is to provide information to decision-makers.

We will list the main tasks of radiation monitoring [20,21]:
• observation and control of the state of the territory contaminated with radionuclides, its

hazardous parts, and the development of ways to reduce the danger from contamination;
• assessment of the state of objects in the environment according to the parameters that

characterize the radioecological situation both in the zone of pollution and outside it;
• identification of trends in changes in the state of radioactive contamination of the

environment in connection with the operation of radiation-dangerous objects, as well as
during the implementation of radiological protection measures carried out in pollution
territories;

• elucidation of possible trends to changes in the state of health of the population living in
radionuclides-contaminated areas;

• information provision of the forecast of the radioecological situation in the radionuclides
pollution territories and the country in general.
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Next, we will analyze the existing monitoring system in Ukraine and compare it with similar
systems in other countries. This will allow us to identify shortcomings and determine directions
for its improvement.

2.1. Ukraine
To date, non-automated sampling or stationary automated systems for monitoring the radiation
situation are used for radiation monitoring in the territories where radiation-hazardous objects
are in Ukraine. However, the disadvantage of such approaches and means is, firstly, the need
for physical participation of a person in sampling, which creates a significant risk for his health
in conditions with a substantial level of radiation in the research territory, and secondly, the
lack of mobility of the equipment of automated systems, which does not allow to assess the level
of radiation pollution in the entire studied area. They must provide an opportunity to quickly
respond to complex radiation environment conditions of limited access to the research object
(fire, destruction of the thing, rugged terrain, significant vegetation). Also, non-automated
sampling and stationary posts do not allow for continuous environmental radiation monitoring
of large areas, for example, such as the Chornobyl Exclusion Zone (CEZ).

Today, radiation monitoring in Ukraine is carried out by various entities – SE “NAEK
“Enerhoatom”, the State Agency of Ukraine on Exclusion Zone Management (SAUEZM),
the State Space Agency, the National Academy of Sciences, and the UkrHydromet Center
(UkrHMDs) under the State Service of Ukraine for Emergency Situations (SSUES). However,
their systems provide only sectoral observations of the radiation environment.

All received information about radioactivity is open to the public through the Integrated
Network of Radiation Monitoring of the Environment (figure 1). You can find out with the help
of the map: the radiation level, the location of the measurement point, and who provided the
information.

Figure 1. Map of the radiation background in Ukraine [22].

The Ukrainian Hydrometeorological Center of the SES of Ukraine (UkrHMC) monitors
radioactive atmospheric pollution through daily measurements of gamma radiation exposure



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012109

IOP Publishing
doi:10.1088/1755-1315/1254/1/012109

4

dose, deposition of radioactive particles from the atmosphere, and the content of radioactive
aerosols in the air.

The UkrHMC measures radioactive contamination of surface water CS-137 and soil
contamination and monitors gamma radiation exposure doses at ten automated points near
NPPs. Furthermore, the UkrHMS monitors the concentration of radionuclides, radionuclides
in atmospheric precipitation, and the concentration of ‘hot’ particles in the air within the 30-
kilometer zone around the Chornobyl NPP (exclusion zone). In addition, the International
Radioecological Laboratory of the Chornobyl Center for Atomic Safety, Radioactive Waste, and
Radioecology Slavutych monitors the impact of radiation on biota in the exclusion zone [1].

The SAUEZM implements the state policy in the exclusion zone management, the zone
of unconditional (compulsory) resettlement, overcoming the consequences of the Chornobyl
disaster. The SAUEZM provides work on determining the radiation status of the exclusion zone,
including the industrial site of the Chornobyl NPP, and the area of unconditional (mandatory)
resettlement, compliance with radiation safety standards, conducting radioecological monitoring
and radiation control in the territories and objects located within them; carry out a general
assessment of the radiation situation in the region of zones that have experienced radioactive
contamination, environmental radiation monitoring in this territory. At all NPPs, research is
conducted on the content of radioactive substances in ecological objects in the areas where the
NPP is located in the water of surface reservoirs, the atmospheric air, and the soil of nearby
settlements.

2.2. The USA
The nationwide RadNet system was generated to observe environmental radiation pollution
levels. System RadNet has tracked radiation levels from testings nuclear weapons and nuclear
reactor accidents at Chornobyl NPP (Ukraine) and Fukushima NPP (Japan). During a
radiological incident, government officials use RadNet data to help make science-based decisions
about protecting the population. Besides, scientists use the RadNet state of radioactive air
pollution monitoring data to help estimate the potential radiation dose to humans. Also, use
metrological data during the estimated quantity [23].

RadNet has 140 stationary air monitors that run 24 hours a day during the week and
collect data near-real-time gamma radiation measurements. Figure 2 shows RadNet static air
monitoring locations and precipitation and drinking water sampling locations that reported data
in 2020.

Under standard conditions, air monitors RadNet operates continuously, and samples of air,
precipitation, and drinking water are analyzed on a planned schedule (table 1) [24]. In addition,
during a radiological emergency, the United States Environmental Protection Agency (EPA)
can deploy teams to conduct air monitoring and the environment.

Table 1. Sampling frequency of the system RadNet.

Medium Sampling frequency Testing frequency

Air filters Continuous (real-time) Continuous (real-time)
Precipitation As rainfall, snow or sleet occurs Monthly analysis of a composite sample
Drinking water Quarterly Quarterly

RadNet system data are available in databases and reports. In addition, EPA publishes
analytical and monitoring results after checking to ensure they meet high-quality standards.

Envirofacts RadNet Database includes laboratory analysis results from air monitor filters,
precipitation sampling, and drinking water. Also, this database is historical data about sampling
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Figure 2. RadNet stationary air monitors [23].

milk. Finally, this database includes the current and historical data needed to estimate long-term
environmental radiation trends [26].

As well United States Nuclear Regulatory Commission implements radiation pollution
monitoring continuously in states in the USA, such as a sample of bioassay, alpha scans, a
physical survey of the disposition of the materials and equipment, sampling or assessment levels
to monitor air, surface water, and groundwater, soil, and sediment, equipment, and personnel [6].

2.3. France
On the national level, monitoring the dose equivalent rate is carried out on all territories of
France (figure 4) laboratory in the Institut de radioprotection et de sûreté nucléaire (IRSN).
The automated detectors represent proportional counters manufactured by BITT Technology
(figure 5) [26].

The measurement of the monitors transmitted through a multiprotocol label switching virtual
private network (MPLS VPN) or a direct contract between the IRSN and a telecommunications
operator, or under the agreement between the IRSN and the Gendarmerie Nationale. The
monitoring system ensures receiving of the measurement data in a Microsoft SQL Server
database. Each measurement result is automatically compared to a sliding reference average of
one week’s data. In addition, the measurement automatically checks if it is within the acceptable
variation range ±40 nSv/h of this average indicator. Nevertheless, in other cases, size has to be
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Figure 3. Filters air radiation monitoring [25].

manually validated by the Téléray remote sensing system [26].
The monitoring system operates in real time. It includes redundancy, a recovery plan, and an

agreed service commitment from the network operator. Monitoring of the public radiation dose
(passive dosimetry) is carried out using about a hundred dosimeters. However, today monitoring
is carried out more and more frequently using radio-photoluminescence (RPL) dosimeters
(manufactured by the IRSN’s dosimetry laboratory) [6]. The dosimeters are exchanged every
three months.

The facility from nuclear fuel processing Orano La Hague has mobile equipment for
monitoring discharges and the environment, whether on a routine basis or in other emergencies.
Four autonomous trailers are equipped with the following sampling and measurement equipment:

• system for sampling aerosols with continuous alpha/beta measurement;
• probe for continuous measurement of the ambient gamma dose rate;
• mobile sampling equipment allowing samples pf bio-indicators (grass, soil, water).

The measurement data and report are sent in real-time to the correspondent department.
Each trailer has an electrical generator and a lighting system.

2.4. Sweden
The Swedish Radiation Safety Authority (SSM) manages two telemetric networks for monitoring
external gamma dose rates. A nationwide network consisting of 28 monitoring stations (figure 6)
and a network comprised of 30 monitoring stations near nuclear power plants (figure 7) [27].

The monitoring stations operate autonomously and transmit data continuously to the network
servers SSM. SSM manages the monitoring stations via special software and ensures supporting
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Figure 4. Locations of the IRSN [26].

Figure 5. BITT Technology detectors [26].

operations through collaboration with the administration in the NPP.
The prim y purpose of the nationwide network is to alarm if there is a significant increase

above the natural background gamma radiation level and provide an instant overall picture of
the radiation situation in Sweden. In addition, the purpose of monitoring networks NPP is
to give an early indication of gamma radiation levels and plume direction following a nuclear
accident with the release of radioactivity to the environment.

Both networks monitor ambient dose equivalent rate using monitoring probes equipped with
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Figure 6. Location of the nationwide network of monitoring stations [27].

Figure 7. Location monitoring stations near NPPC [27].

three compensated Geiger-Muller tubes, enabling a measuring range of 10 nSv/h – 10 Sv/h for
every monitoring station.

All monitoring stations use GammaTRACER XL2-3 (Bertin GmbH12, Germany) as a
measuring device. The monitoring probes of the nationwide network are mounted on
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metrological stations, which are managed by Swedish Metrological and Hydrological Institute
[28].

2.5. Germany
The German nationwide monitoring network (ADER) includes ∼1800 stationary probes equally
distributed over the German territory with a typical distance of 20 km between them (figure 8).
Their density is increased in the 25 km emergency planning zone around NPP. These additional
probes are installed and operated by complementary networks from federal states. Data are
exchanged between das Bundesamt für Strahlenschutz (BfS) and the local government and
are carried out on a bilateral agreement. In the emergency regimen, data from all stations
can be accessed almost in real-time, enabling the population’s information to be efficient and
prompt [29].

Figure 8. Probes location of radiation monitoring network [30].

The monitoring network is a part of the German “Integrated Measuring and Information
System for the Surveillance of Environmental Radioactivity” (IMIS) and German national
response plan, which considered the consequences of large-scale radioactive pollution of the
environment. Moreover, data was transmitted to the European radiological data exchange
platform (EURDEP) to aggregate a complete picture of European persons who accept decisions
[31].

Ideally, monitoring stations ADER should be located on extensive flat grassland on
undisturbed natural ground. In practice, two rules are used for the selection of new places
for the installation of detectors. Firstly, probes must be installed at a height of 1 m on the
flat natural ground (grassland) without disturbing buildings at a distance of 20 m. Secondly,
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considering neighboring stations, necessarily choose aimed at an almost homogeneous coverage
of the German territory [31].

2.6. South Korea
The country operates 25 nuclear power reactors, a nuclear research reactor, nuclear fuel
fabrication facilities, and radioactive waste disposal facility. Korean Institute of Nuclear Safety
(KINS) is the only atomic safety regulatory expert organization that protects the public and the
environment from the harmful effects of radiation. KINS, on behalf of the Korean government,
conducted radiation monitoring around nuclear facilities and analyzed the relevant samples.
Furthermore, local government around nuclear facilities have operated their radiation monitoring
system [32].

The received information about radioactivity is open to the public via the Integrated Network
of radiation monitoring of the environment (IERNet) (figure 9) [33].

Figure 9. Integrated Network of radiation monitoring of the environment [33].

KINS introduced a mobile monitoring system mounted on vehicles to compensate for the
mobility limitations of a fixed monitoring post. Monitoring systems monitor the surrounding
areas where nuclear installations are located. That monitoring system can be used to monitor
the radioactive plume formed during emergencies of various origins during the operation of these
installations. The local government constantly compares the received data for reliability with
the results of KINS. All local governments on the territory of which NPPs are located carry out
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weekly radiation monitoring using a mobile monitoring system. The resulting data are open to
the public and are provided as core data for plans for identifying environmental radiation across
the nation (SIREN).

2.7. Switzerland
National Emergency Operations Centre (NEOC) has its radioactivity monitoring network –
NADAM. It consists of 76 stations, placed on the metrological stations MeteoSwiss in all territory
of Switzerland (figure 10), that transmitted the measured values at ten-minute intervals to the
NEOC [34].

Figure 10. Swiss radiation monitoring system [35].

If the threshold value excessed 1000 nSv/h, an alarm is automatically raised. Depending on
locations, the average daily values veer from 80 to 260 nSv/h. This is generally due to differences
in the level of natural radiation.

At all stations NADAM, the part of artificial radiation amounts to only a few percent. The
fake part mainly comes from the Chornobyl reactor accident in 1986 and the nuclear weapons
test in the 1960s. The beginning of rain can lead to a temporary increase in the measurement
values due to the natural radioactivity being rinsed from the air. The precipitation intensity and
duration of the previous dry period are decisive here. In winter, the snow cover can decrease the
part of ground radiation to such an extent that the measured values are below those observed
in the long term [34].
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2.8. China
Mainland China is building and exploiting 56 nuclear power units as of 31 March 2022; 38 are
operating units. All data about NPP and environmental radiation monitoring can receive at the
website http://spi.mee.gov.cn:8080/spi (figure 11).

.

Figure 11. Information about the Chinese NPP location.

3. Discussion
To analyze and compare the nationwide monitoring systems of different countries, the criteria
for displaying data on the electronic map about the state of radiation pollution were determined.
The authors of the publication attributed to such measures (table 2):

1. Interface in national and English languages.
2. Meteorological data (direction, wind speed, humidity, air temperature, and atmospheric

pressure).
3. The speed of updating the display of radiation monitoring data on the map.
4. Number of radiation monitoring networks posts.
5. Coverage density of the radiation monitoring network, m2.
6. Availability of mobile radiation monitoring stations.
7. Coordinates of locations of stationary posts.
8. Coordinates of locations of radiation-hazardous facilities: NPP, research reactor, specialized

plants for the processing and storage of radioactive waste, uranium ore mining and
processing enterprises, medical facilities that use radioisotopes.

9. Availability and coordinates of radioactive monitoring stations of water bodies.
10. Availability of these stationary monitoring stations for atmospheric air pollution by chemical

substances and dust of various fractions.
11. Ability to export monitoring data for a certain period to a separate file for an independent

analysis.

http://spi.mee.gov.cn:8080/spi
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Table 2. Criteria for a report on the functioning of the radiation monitoring networks.

Crit
er

ia Countries

The USA Sweden France Germany South
Korea China Switzerland Ukraine

1. + + + + + – + +
2. – – – – – – + +

3. daily daily daily daily daily daily daily daily for
most posts

4. 140 58 no data 1800 no data around 29 76 no data
5. 70243 9111 - 199 - 330931 543 –

6. Quantity
unknown

Quantity
unknown 4 Quantity

unknown
Quantity
unknown

Quantity
unknown

Quantity
unknown

Quantity
unknown

7. + + + + + + + +
8. – – – – + + + –
9. + + + + + + + +
10. – – – – – + + +
11. –- – – – – – – –

Each monitoring network is specific to a particular country, considering all its factors. Each
country has information on the coordinates of the locations of stationary posts, and data on
radiation pollution is updated daily. Unfortunately, the China map needs an interface in English,
which complicates the data analysis process. We want to note that the highest coverage density
of the radiation monitoring networks is in Germany; however, in some countries, information on
the number of stationary posts was unavailable. As shown in table 2, all the studied countries
have mobile radiation monitoring posts, but their number still needs to be determined, except
for France. The availability of meteorological data and stationary monitoring stations for
atmospheric air pollution by chemical substances and dust of various fractions was available
in Sweden, Ukraine, and China. Also, exporting monitoring data for a certain period cannot be
exported into a separate file for an independent analysis.

We also analyzed the availability of various reports on the functioning of the radiation
monitoring networks of the countries mentioned above, which were found in public access.
Accordingly, criteria were developed for the following reports (table 3):

1. Availability of materials in English.
2. Frequency of updating the report on the functioning of the radiation monitoring networks

in the country.
3. The year of publication of the last general report on the functioning of the radiation

monitoring networks in the country
4. Availability of information about radiation pollution from radiation-hazardous objects.

We want to note that over half of the countries have publicly available outdated reports
(from 3-5 years). Notices provided by the International Atomic Energy Agency were public in
English, while other pieces were available only in the national language and on other sites. In
connection with the military actions in the territory of Ukraine, information about the actual
state of operation of the radiation monitoring network is not displayed in open sources on the
Internet, including at the NPP.
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Table 3. Criteria for a report on the functioning of the radiation monitoring networks.

Criteria Countries
The USA Sweden France Germany South Korea China Switzerland Ukraine

1. + + – + – – + –
2. Quarterly Quarterly Quarterly Quarterly Quarterly Quarterly Quarterly No data
3. 2022 2019 2018 2017 2018 2021 2022 2021
4. – – – – – – – –
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5. Conclusions
One of the main aspects of nuclear and radiation safety is radiation monitoring in the territories
where hazardous radiation facilities are located, which various legal acts regulate. Therefore,
the effective functioning of radiation monitoring networks is an essential task for every country
of the health of personnel working at hazardous radiation facilities and the population living in
contaminated areas.

A critical analysis of the functioning of nationwide monitoring systems of various countries of
the world showed that these systems have differences in their organization (density of coverage,
technological and scientific support, transmission, processing, and display of data).

The criteria for displaying data on the electronic map about the state of radiation pollution
and for reporting on the functioning of nationwide radiation monitoring networks, which showed
the advantages and disadvantages of such systems, were defined.

Several recommendations are given for improving Ukraine’s radiation monitoring systems for
monitoring entities, which will increase their efficiency for information usefulness.

To improve the radiation monitoring systems of Ukraine, the authors suggest the following:
• to improve and optimize the notification system for receiving daily information;
• increase the coverage area of monitoring network posts to obtain more accurate information

about radiation pollution;
• increase the number of mobile surveillance posts;
• on the electronic map, which displays the state of radiation pollution, indicate the

coordinates of the locations of radiation-hazardous objects (NPP, research reactors,
specialized plants for processing and storing radioactive waste, enterprises extracting and
processing uranium ores, and medical facilities using radioisotopes);

• make it possible to export monitoring data for a certain period into a separate file for
independent analysis;

• implement an interface of maps and reports in English to provide information to the broader
masses;

• to update quarterly publicly available reports on the radiation status of the territory of
Ukraine, including on the websites of relevant international organizations;

• to prove information on radiation pollution from radiation-hazardous objects.
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Abstract. Every year, the world sees an increase in the volume of hazardous goods transported
by road. However, emergencies may arise related to the depressurization of containers (tanks,
containers, cylinders, etc.) during the transportation of dangerous goods under various
circumstances (traffic accidents, natural disasters, acts of terrorism, etc.). Furthermore, it
can cause the ingress of hazardous chemicals into the environment and create significant risks
for the population of the surrounding areas and habitat. The existing methods for assessing
chemical accident consequences need to be revised. Therefore, they are not practical tools for
solving problems of prompt response to emergencies associated with accidents while transporting
dangerous substances by road transport. Unlike the existing ones, the authors developed new
mathematical tools that consider all the main factors. They allow for determining the area
of the affected zone, forecasting changes in its scale, and assessing risks to public health due
to such emergencies. Comparison of the simulation results with the field measurements data
showed high accuracy of the developed mathematical support.

1. Introduction
Hazardous materials are flammable, explosive, poisonous, corrosive, infectious, or radioactive
products, for example, gasoline, fuel oil, oil, and chemicals. The most harmful substances are a
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fundamental part of our daily life and industrial development despite the characteristics of these
materials [1].

Approximately 4 billion tons of harmful substances are transported worldwide annually,
according to [2]. The demand for hazardous materials in the United States is 3 to 4 billion
tons each year. These materials are widely used in manufacturing, agriculture, medicine, and
other industrial areas. In China, approximately 95% of hazardous substances are transported
from manufacturers to customers by road transport [1]. Between 77.000 and 88.000 million
tons of dangerous goods were transported by road within the European Union from 2009 to
2013 [3]. The authors [4] investigated 1932 accidents that occurred worldwide while transporting
hazardous substances by road and rail from the beginning of the 20th century to July 2004. They
showed that more than half of the accidents occurred on roads.

Danhighwayss traffic accidents are still considered low-probability compared to more frequent
and highly unpredictable natural hazards despite the above facts. In addition, this type of
accident is classified as an accident with significant consequences which can seriously affect the
population and environment.

Analysis of the sources shows that several incidents during the transportation of harmful
substances are deficient. Nevertheless, accidents occur, and some of the consequences are very
serious. For example, in November 2005, there was an accident in Sinaloa (Mexico) with a truck
transporting ammonia.Thirty-nine9 people died as a result of the accident [5]. More than 30
accidents related to the transportation of dangerous substances by road occur annually in China,
according to statistics A truck [6]. Truck with liquefied natural gas crashed on the highway in
front of the tunnel and overturned in Hunan Province on October 6, 2012. Five people died,
and two more were injured, including three firefights, due to the explosion. In 2013, a truck
carrying fireworks ahead of Chinese New Year celebrations exploded and destroyed part of an
overpass in China’s Henan province and killed several people.

It is necessary to consider population density, traffic jams, and road closures while
transporting harmful substances in urban areas. City traffic accidents can cause catastrophic
human losses due to the high population density. Truck with chlorine collided with another
vehicle in a metropolitan area of Nanjing, China, on March 29, 2005. It caused the death of
29 people and the evacuation of more than 10000 people. In October 2020, an 18-wheeler with
5000 gallons of sodium hydrosulfide (an extremely corrosive and toxic substance) overturned
downtown Birmingham, England [7] (figure 1). In figure 2 shows a tanker truck accident in New
Jersey that spilled 3000 gallons of fuel onto the roadway (February 2019).

Therefore, emergencies may arise related to the depressurization of containers (tanks,
containers, cylinders, etc.) during the transportation of dangerous goods under various
circumstances (traffic accidents, natural disasters, acts of terrorism, etc.). Furthermore, it can
cause the ingress of hazardous chemicals into the environment and create significant risks for
the population of the surrounding areas and habitat.

The studies [9,10] consider the risk of dangerous substances transportation as a measure of the
probability and severity of damage to the population’s health and components of the surrounding
natural environment due to potential undesirable events. The risk from transporting harmful
substances can be divided into two parts: the probability of an accident and the consequences
if it occurs. Reniers et al [11] developed a risk assessment methodology for moving hazardous
materials. They divided routes into smaller segments using multi-criteria analysis and assessing
the likelihood of accidents involving dangerous vehicles leading to fatalities. The work [12] is
aimed at determining the impact of hazardous traffic accidents on people with disabilities. It
is done to provide the knowledge base necessary for creating competent disaster preparedness
procedures. The article [1] contains a model built to reduce risks of transportation of harmful
substances and transportation costs, considering several restrictions. This model was tested on
a realistic example of transporting hazardous substances in the densely populated metropolitan
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Figure 1. Accident in Birmingham (October 2020) [7].

Figure 2. Tanker truck crash in New Jersey [8].
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area of Shanghai (China).
Popov et al [13, 14] considered several methods used to assess the situation in the case of

accidents related to the spill (emission) of dangerous chemicals from technological containers on
road transport. Their shortcomings were identified. It was also established that these methods
are not practical decision-making support tools for the prevention and rapid elimination of the
consequences of such emergencies. Therefore, developing new mathematical and software tools
better than existing analogs in all leading indicators is an urgent and essential scientific problem.

The research aims to develop mathematical tools for assessing the consequences of accidents
while transporting dangerous substances by road transport.

2. Development of mathematical means
The developed mathematical means of risk assessment should take into account the realities of
the current situation during transporting of chemically hazardous substances (CHS) by road
transport, possible types of accidents or partial depressurization, for example, as a result of
terrorist acts. We used studies [15–17] to build such tools. Those studies most adequately
describe the consequences of forecasting chemical accidents during transportation by road
transport of the CHS.

Potential chemical risk in the vicinity of an accident of a mobile chemically hazardous object
and the settlement zone near such an object is determined by the formula:

Rx =

m∑
i

Q∗ × Pi × Ri, (1)

where,
Q∗ – case frequency during the year;
Pi – the probability of a person living in the i -th habitat (tables 1, 2);
Ri – conditional probability of injury to a person in the i -th habitat.

Table 1. Average daily distribution of the urban population by place of residence [16].

Time of day,
hour

Residential
and

public
buildings

Production
buildings

In transport Outside
Cities with a population (million people)

0.25...
0.5

0.5...
1.0

More
than 1.0

0.25...
0.5

0.5...
1.0

More
than 1.0

1...6 0.94 0.06 - - - - - -
6...7 0.74 0.06 0.07 0.09 0.12 0.13 0.11 0.08
7...10 0.22 0.5 0.09 0.11 0.17 0.19 0.17 0.11
10...13 0.28 0.52 0.06 0.07 0.1 0.14 0.13 0.1
13...15 0.45 0.37 0.04 0.04 0.07 0.14 0.14 0.11
15...17 0.27 0.49 0.08 0.09 0.13 0.15 0.15 0.12
17...19 0.45 0.24 0.1 0.12 0.15 0.2 0.18 0,15
19...24 0.77 0.14 0.04 0.04 0.06 0.05 0.05 0.03

Currently, the occurrence frequency of dangerous event Q∗
j is calculated by the methods of

risk theory or according to statistical data.
The occurrence frequency of dangerous event Q∗

j can be determined using the theory of expert
evaluations. Expert assessments of the frequency of technogenic accidents are carried out taking
into account their distribution into five levels:
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Table 2. Average daily distribution of the rural population by place of residence [16]

Time of day, hour
Field and agricultural

production
Residential buildings

During the day At night During the day At night

1...6 0.25 0.1 0.75 0.9
6...7 0.6 0.4 0.4 0.6
7...10 0.75 0.75 0.25 0.25
10...13 0.8 0.8 0.2 0.2
13...15 0.85 0.75 0.15 0.25
15...17 0.85 0.5 0.15 0.5
17...19 0.8 0.4 0.2 0.6
19...24 0.5 0.2 0.5 0.8

– frequent failure: > 1 year−1;

– probable failure: 1 . . . 10−2year−1;

– possible failure: 10−2 . . . 10−4year−1;

– rare failure: 10−4 . . . 10−6 year−1;

– almost impossible failure – expected frequency of occurrence < 10−6 year−1.

The probability of people being in the i -th environment Pi is determined based on the
production activity of personnel. Therefore, calculation of the conditional probability of damage
or mathematical expectation of injuries from the negative impact of CHS presents specific
difficulties. These difficulties are related to the toxic effect on humans of different types of
CHS. It is based on their physical and chemical properties and other exposure times depending
on the presence in the zone of possible chemical damage.

The conditional probability of damage in the case of being in the zone of chemical injury is
mainly determined by the location of damage, considering the height of the cloud rise. The site
is formed due to the spread of the affected cloud to the residential part of the settlement in
the braking area and the area of the emergency stop of transport from CHS and can be defined
as [15]:

R =
SB + SF

SS
, (2)

where,
SB – area of the threshold chemical damage in the braking zone, km2;
SF – area of the threshold chemical damage in the size of the emergency stop of transport

with CHS, km2;
SS – area of the settlement, km2.
The area of the threshold chemical damage in the braking zone and the size of the emergency

stop is determined by the depth of the threshold damage in these areas.
The area of chemical damage in the braking zone can be calculated by the following formula

taking into account the rise of the affected cloud [15]:

SB =

n∑
i=1

SBi ×
HC

HB
, (3)

where,
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SB – an area of chemical damage in the i -th braking zone, It is defined as:

SB =
πϕ

360◦
[DB + (Dli −DB)× km]2 −D2

B, (4)

where,
DB – distance from the building beginning to the road, m;
Dli – depth of the threshold lesion at the i -th braking zone, m;
l – is corresponded to the section of the final braking route to the emergency stop, m;
l = 1 – is compared to the braking route area when Dl = DB,, m;
km – coefficient of spread reduction of the affected cloud depending on the building and

number of floors of the buildings. It is defined in the paper [15].
The area of chemical damage in the emergency stop zone can be calculated by the formula

taking into account the growth of the affected cloud,

SF =
πϕ

360◦

[
[Db + (Dni −Db)× km]2 −D2

B

]
× HC

HB
, (5)

where,
Dni – depth of the threshold damage in the emergency stop zone;
ϕ – spread angle of possible chemical damage. It is determined according to table 3.
HC – the height of the cloud threshold elevation, m;
HB – the size of buildings in the settlement, m.

Table 3. Angular dimensions of zones of actual chemical damage

Degree of vertical stability Inversion Isometry Convection

ϕ, degree

Steady wind
11.5 14.5 48.5

Unsteady wind
47 48 69

Thus, determining the threshold depth, lethal chemical damage, and height of their cloud
rise are essential in calculating the conditional probability of damage during such events.

The formula determines the length of the spill section before the damaged vehicle stops:

LS = VDtrd + Lmn, (6)

where,
VD – speed of transport at the moment of depressurization, km/h;
trd – driver reaction time (0.3–1.7 sec);
L – braking distance. It is defined as [16]:

Lmn = VDtb + V2
D/2αmax, (7)

where,
tb – brake system activation time 0.3-0.5 sec;
αmax – maximum acceleration (deceleration) of transport, m/s2, αmax=gKg (g=9.81 m/s2)
Kg – coefficient of tire adhesion of transport with the road surface. For vehicles in dry weather

conditions, Kg≈0.5; during the rain Kg≈0.25.
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Assessment of the reliable width of the CHS spill and its height (thickness) of the spill hl
in the braking zone has great importance. In addition, the amount of CHS will determine if it
spilled in this area, ultimately affecting the depth of chemical damage.

The accepted assumption in the existing methods is that determination of the CHS spill
width is equivalent to the spill of petroleum products (1 liter of liquid is spilled on 0.15 m2

of the road). A statement that hl=0.05 m is incorrect in emergency braking due to the small
amount of spilled CHS with a small depressurization on a relatively long braking distance. Based
on this, it is necessary to determine the height of the CHS spill on the underlying surface, taking
into account the spill area’s width and length and the CHS’s density. However, this is different
based on the various physical and chemical properties of CHS.

One of the main parameters affecting the depth of the secondary damage cloud as an accident
result at the chemically hazardous facility with a CHS spill is the area of the spill, the height of
the liquid layer (thickness of the spill film), and degree of infiltration of CHS into the underlying
surface. However, determining the actual spill area of CHS is somewhat complicated due to
the wide range of CHS. In addition, such substances have different physical properties. So, the
liquid layer’s thickness may differ and depend on the type of underlying surface [18].

The correction coefficients of the spreading surface Kn.xy and infiltration Kin are one of the
ways to solve the problem of the influence of the nature of the CHS spill and the degree of its
penetration into the underlying surface. Such coefficients were obtained experimentally.

Prompt determination of the spill area plays a crucial role in the decontamination
(disinfection) of the territory in the case of an accident with the CHS spill. The spill area
of CHS Sl xy can be defined by the formula taking into account the experimentally determined
Kn.xy:

Sl xy = π
(
3.018V0.393

y ϑ−0.116
y t0.115l Kn.xy

)2
, (8)

where,
Vy – the volume of spilled CHS of y-the type, m3;
ϑy – kinematic viscosity coefficient CSH of y-the kind, m2/s;
tl – fluid spreading time, min.
The height of spilled CHS y-the type on the underlying surface of the x -the type hl xy(m)

can be defined taking into account Sl xy using the formula:

hl xy =
my

ρly · Sl xy
, (9)

where,
my – mass of spilled CHS on the underlying surface of a y-th type, kg;
ρly – CHS density y-the type, kg/m3.
The formula determines the evaporation time (striking action) of CHS:

Tνd =
hl · ρl

K2K4K7
, (10)

where,
K2, K4, K7 – coefficients according to [15].
The amount of liquid CHS in the braking zone mb is determined by the formula taking into

account the fraction of infiltration during the shedding to stop the damaged transport:

mb =

tnm∫
0

G(t)dt = Kin

(
G0 · tnm −

ρly · g · µ2 · S2
ot

2Ss
· t2nm

)
, (11)



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012110

IOP Publishing
doi:10.1088/1755-1315/1254/1/012110

8

where,
Kin – infiltration coefficient;
G0 – mass consumption at the initial point in time (kg/s) is determined by the formula [19]

for small quantities of depressurization area:

G0 = µ · ρl · Sot
√

2g(h0 − hot), (12)

the = trd+Lnm/Vb – CHS spilling time from the moment of depressurization of the capacity
to stopping damaged transport;

Vb – averaged braking rate that is defined as VD/2, m/s;
µ – spilling coefficient 0.6 – 0.8;
Sot – hole area, m2;
Ss – cross-sectional area;
h0 – the initial height of the liquid column in the vessel, m;
hot – hole height, m.
Stop of transport leads to a spill of CHS rest contained in the tank: or until it is over at

hot = 0, or partially (at hot > 0), or up to the time of sealing the hole.
The amount of spilled CHS is defined by the formula taking into account the proportion of

infiltration m2 after stopping the damaged transport:

m2 = Kin

(
µ · ρl · Sot

√
2g(h

′
0 − hot) · tF −

ρl · g · µ2 · S2
ot

2Ss
· t2F
)
, (13)

where,
t0 – time of CHS spill after vehicle stops, min;
h0

′
– the initial height of the liquid column in the tank from the moment of stopping the

transport is defined by the formula [20]:

h
′
0 = h0 −

µ · Sot
Ss

√
2g(h0 − hot) · tnm +

g · µ2 · S2
ot

2S2
s

· t2nm, (14)

Generally, SS can be calculated as follows [5]

SS =

tnm∫
0

2l
√

h
′
0(t) ·

[
D − h

′
0(t)dt

]
, (15)

At short-term spill it can be defined as:

SS = 2l
√

h0(D − h0), (16)

A long-term spill can be defined as:

SS = l

[√
h0(D − h0) +

√
h

′
0(D − h

′
0)

]
, (17)

where,
h0

′
– values of the liquid column in the tank for a specific time of the spill, m;

l – tank length, m;
D – tank diameter, m.
The formula defines the time of entire spill through a small hole nm:

tnm =
−b±

√
b2 − 4ac

2a
(18)
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The amount of spilled CHS in the emergency stop area with the complete ending (destruction)
of the capacity taking into account the fraction of infiltration, is defined as:

mF = Kin · (Q0 −mb) (19)

The following formula calculates the depth of chemical contamination:

Dc = min(Dn(DD); Dfr), (20)

where

Dn = 0, 95 · l+b+d

√
m

0, 13(2π)
3
2 · a · c · Cn

KB ·Kt, (21)

For lethal cases

DD = 0, 95 · l+b+d

√
m

0, 13(2π)
3
2 · a · c · CD

KB ·Kt, (22)

where
m – CHS mass taking into account the fraction of infiltration, kg;
Cn, CD – the value of the threshold and fatal cases for CHS is considered respectively, g/m3;
KB, Kt – dependence of depth damage on wind speed and coefficient of exposure to air

temperature to the depth;
a, b, c, d – coefficients of the steppe variance models determined according to [5];
The formula defines Dfr:

Dfr = Un · Tνd, (23)

where
Un – transfer rate of the cloud front at the given wind speed data and degree of vertical

stability of the air, km/h, is determined according to [15];
Tνd – time of the dramatic action determined by the formula 10.
The height of the lifting cloud for the limited degree of damage, taking into account sheltering

of the population in buildings, is determined by the formula:

Hn = c ·Dn

√
2ln

m · ρa(1− e−k1·tloc)

ρg · 0, 13 · (2π)
3
2 Cn · a · c ·D1+b+d

n

, (24)

for lethal cases

HD = c ·DD

√
2ln

m · ρa(1− e−k1·tloc)

ρg · 0, 13 · (2π)
3
2 Ccm · a · c ·D1+b+d

D

, (25)

where,
pa,pg – air and gas density of the appropriate type of CHS respectively, kg/m3;
tloc – time of localization of the accident;
k1 – a multiplicity of air exchange in premises of the building, h−1;
k2 – coefficient of the wind speed value;
kT – ambient air temperature coefficient.
Estimated air temperatures and air exchange requirements in the premises are described in

detail in [21].
It should be noted that the disadvantage of the proposed mathematical means is in finding

input data. It requires depressurization area to calculate the mass of the spilled CHS by the
formula 6.
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Calculations were made and compared with full-time measurements to evaluate the accuracy
of the proposed mathematical means with the results of other techniques used on the example of
an accident occurring in October 2020 at the Birmingham Center (England) [7,22]. Input: there
was a tanker depressurization with sodium hydrosulfide, 5000 gallons = 22.73 m3, the hole was
0.04 m2 in the bottom, the initial height of the liquid column was 1.5 m, the speed of movement
of vehicles was 60 km/h, there was no precipitation inversion, the air temperature was +15oC,
the wind speed was one m/s, elimination time was 450 min. Results of calculations of the CHS
spilled area on the underlying surface and depth of chemical damage are presented in table 4.

Table 4. Comparison of the calculations results of the CHS spilled area on the underlying
surface and the depths of chemical levels defined in various ways.

Method
[23]

Method
[24]

Method
[25]

Model
[15]

Model
[16]

Author
model

Field
measurement

Spill area, m2 268 280 482 436 323 347 370
δ, % 28 24 30 18 13 6 -
Depth of chemical
damage, m

952 985 1476 1347 1130 1158 1246

δ, % 24 21 18 8 9 7 -

The table shows that mathematical models of pollution of the earth’s surface and air as
a result of the accident during CHS transport by road allow us to determine the necessary
parameters of the damage zone with high accuracy. A significant advantage of such models is
that, unlike other methods, they take into account: the nature of the underlying surface; the
absorption of hazardous chemicals in case of an accident; the parameters of the spill area for
various hazardous chemicals.

Subsequently, it is planned to develop a software-modeling complex based on the results
obtained. The complex will become an effective tool for supporting management decisions on
a prompt response to such situations to ensure a high level of protection of the population and
environment, minimize the extent of damage, and ensure the effective elimination of appropriate
consequences.

3. Author contributions
The research results presented in this publication are a collective effort of the individual authors:

• Andrii V. Iatsyshyn contributed to the conception and design of the study, analyzed the
literature, reviewed incidents in Birmingham (October 2020) and New Jersey (February
2019), determined the quantity of chemically hazardous substances in the braking area,
and assessed the reliability of the proposed mathematical tools.

• Liudmyla M. Markina evaluated the potential chemical risk in the vicinity of the
accident and settlement zone, determined the average daily distribution of urban and rural
population by place of stay, and assessed the reliability of the proposed mathematical tools.

• Olha O. Tiutiunyk determined the main parameters affecting the depth of secondary
damage cloud as a result of an accident at a chemically hazardous facility, determined the
initial height of liquid column in the tank at the moment of transport stoppage, and assessed
the reliability of the proposed mathematical tools.

• Vadym V. Tiutiunyk determined the area and extent of chemical damage in the braking
area, analyzed the angular dimensions of actual chemical damage zones, and determined the
depth of chemical damage and height of striking cloud rise for limiting degree of damage.
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• Elnur Shukurlu determined the spill area of chemically hazardous substances, determined
the height of spill on underlying surface, determined evaporation time (impact effect) of
chemically hazardous substances, and determined quantity of spilt chemically dangerous
substances in emergency stop area.

4. Conclusions
Every year there is an increase in the transportation of dangerous materials by road worldwide.
It is accompanied by emergencies related to the depressurization of containers (tanks, containers,
cylinders, etc.) in various circumstances (road accidents, natural cataclysms, terrorist acts, etc.).
In such cases, dangerous chemicals can get into the environment and create significant risks to
the population of surrounding areas and the environment.

Existing methods of effects evaluating chemical accidents cannot be used to solve the task
due to their significant disadvantages (non-considering nature of the underlying surface; CHS
absorption; parameters of spilling area of different CHS; use of mathematical apparatus obtained
only empirically; use stationary chemically hazardous objects; they do not allow calculate risks
of such emergency events for the population health).

New mathematical means of accident assessment were developed to transport hazardous
substances in road transport. They, unlike existing ones, take into account the parameters of
the car, speed of the driver’s reaction, parameters of the depressurization of the tank, nature
of the underlying surface, and parameters of construction in the area place of stay. The high
accuracy of the proposed mathematical means is confirmed by comparing it with data from field
measurements and results of calculations by other techniques.

Further implementation of the developed mathematical support in the form of software will
be an effective tool for solving problems of preventive forecasting and prompt response to
emergencies related to the entry of such substances into the environment while transporting
them by road.
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[4] Oggero A, Darbra R M, Muñoz M, Planas E and Casal J 2006 Journal of Hazardous Materials 133(1) 1–7
URL https://doi.org/10.1016/j.jhazmat.2005.05.053

[5] Verter V and Kara B Y 2008 Management Science 54(1) 29–40 URL https://doi.org/10.1287/mnsc.1070.

0763

[6] Yang J, Li F, Zhou J, Zhang L, Huang L and Bi J 2010 Journal of Hazardous Materials 184(1) 647–653
URL https://doi.org/10.1016/j.jhazmat.2010.08.085

[7] Helean J 2020 Parts of interstates closed in Birmingham after a truck car-
rying toxic chemicals overturned URL https://abc3340.com/news/local/

overturned-18-wheeler-on-interstate-in-birmingham-contains-toxic-chemical

[8] 2019 Tanker truck crash, fuel spill shuts down New Jersey highway URL https://abc7ny.com/

tanker-truck-new-jersey-marlboro-crash/5151216/

https://orcid.org/0000-0001-5508-7017
https://orcid.org/0000-0003-3632-1685
https://orcid.org/0000-0002-3330-8920
https://orcid.org/0000-0001-5394-6367
https://orcid.org/0000-0002-9364-8273
https://doi.org/10.1016/j.trd.2014.11.009
https://doi.org/10.1016/j.cor.2005.06.004
https://doi.org/10.1016/j.trd.2015.12.001
https://doi.org/10.1016/j.trd.2015.12.001
https://doi.org/10.1016/j.jhazmat.2005.05.053
https://doi.org/10.1287/mnsc.1070.0763
https://doi.org/10.1287/mnsc.1070.0763
https://doi.org/10.1016/j.jhazmat.2010.08.085
https://abc3340.com/news/local/overturned-18-wheeler-on-interstate-in-birmingham-contains-toxic-chemical
https://abc3340.com/news/local/overturned-18-wheeler-on-interstate-in-birmingham-contains-toxic-chemical
https://abc7ny.com/tanker-truck-new-jersey-marlboro-crash/5151216/
https://abc7ny.com/tanker-truck-new-jersey-marlboro-crash/5151216/


ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012110

IOP Publishing
doi:10.1088/1755-1315/1254/1/012110

12

[9] Alp E 1995 INFOR: Information Systems and Operational Research 33(1) 4–19 URL https://doi.org/10.

1080/03155986.1995.11732263

[10] Van Raemdonck K, Macharis C and Mairesse O 2013 Journal of Safety Research 45 55–63 URL https:

//doi.org/10.1016/j.jsr.2013.01.002

[11] Reniers G L L, Jongh K D, Gorrens B, Lauwers D, Leest M V and Witlox F 2010 Transportation Research
Part D: Transport and Environment 15(8) 489–496 URL https://doi.org/10.1016/j.trd.2010.07.001
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Abstract. On the analysis basis of Ukraine fuel and energy complex priority problems, the key
role of the introduction of international standards ISO 14000, ISO 9000 series and HSE policy
to create conditions for the prevention of technological effects on environmental components
and the formation of prerequisites for a safe environment, both for personnel and for the
population of the surrounding territories, are determined. Deterioration of natural resources
quality and ecosystems degradation and possible levels of natural environments pollution are
used as parameters for environmental risk assessing in the conditions of the fuel and energy
complex operation. The concept of environmental risk management in this field is presented.
The biomonitoring uses to assess the factors influence of the industry enterprises is proposed.
Biomonitoring of the territory around the Burshtyn thermal power plant is carried out,
taxonomic characteristics of phytoobjects are given, and the indicative prospects of plants, their
diversity and classes of permanence are evaluated. A literature analysis is carried out regarding
the convenience, ease of use and phytoindicative suitability of plants under the conditions of the
man-made environment complex impact. The highest species representativeness in Asteraceae
family, represented by 17 species, Fabaceae and Poaceae – by 5 plant species, is established
within the study area. The highest phytoindicative potential of Cichorium intybus L. and
Achillea millefolium L. under the influence of Burshtyn thermal power station is revealed, which
indicates the possibility of effective use of these plants as sensitive monitors of the fuel and energy
complex enterprises ecological state.

1. Introduction
The facilities of the fuel and energy complex include thermal, hydro and nuclear power plants,
the oil and gas and coal industry enterprises, oil and gas pipelines, transformer substations
and power transmission lines. Electric power is one of the priority industries of Ukraine, which
provides the country’s needs in electric energy and exports a significant amount of electricity.
Every year there is an increase in the consumption of oil, natural gas and electricity in the world
due to constant urbanization and technogenesis. In particular, only in Ukraine for domestic
needs by 2030, oil consumption is predicted to increase by 1.5 times, coal – by 2 times, and
electricity – by 2.2 times.
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Each element of the fuel and energy complex belongs to the category of environmentally
hazardous and has a negative impact on the environment, including a direct or indirect impact
on the health of personnel. These objects are a source of chemical and physical pollution
of local, regional and global levels of air, soil, surface and underground water, the cause
of climate change – the greenhouse effect, acid rain, smog, global warming, as well as the
reduction of biological diversity. The reasons for the increase in the chemical and physical
pollution levels during the activities of oil and gas industry and energy facilities are outdated
equipment and technologies for extraction, transportation, processing and use of natural fuel
resources. In addition to a number of chemicals toxic to the environment, such as heavy metals,
petroleum products, acid oxides, the level of electromagnetic, noise and vibration pollution in
the environment increases during the operation of fuel and energy complex facilities. In this
respect, power plants and power lines pose a particular danger, the physical pollution from
which in most cases significantly exceeds the permissible levels [1–3]. Therefore, establishing an
environmental management system based on modern standards ISO 9000, ISO 14000, Health,
Safety, Environment policies (HSE) with the use of effective methods of monitoring the ecological
state of the environment under the influence of complex pollution from energy and fuel industry
facilities is an urgent task ensuring environmental safety of the industry.

2. Literature review and problem statement
The implementation of the ecosystem approach in sectoral policy and improvement of the of
integrated environmental management system is one of the tasks of the State Environmental
Policy Strategy of Ukraine for the period up to 2030. Thus, one of the principles of this policy
is the prevention of emergencies of a natural and man-made environment, which involves the
analysis and forecasting of environmental risks, which are based on the results of a strategic
environmental assessment, the environmental impact assessment, as well as comprehensive
monitoring of the natural environmental state [4–6]. By ratifying the Protocol on Accession
to the Treaty on the Energy Community Establishment, Ukraine undertook to implement
the regulatory framework of the European Community on energy, environmental protection,
competition policy and renewable energy sources [7, 8].

One of the essential steps in gradually achieving compliance with EU technical regulations
and standardization and metrology systems was the ratification by Ukraine of the Association
Agreement between Ukraine, on the one hand, and the European Union, the European Atomic
Energy Community and their member states, on the other hand [4, 9]. According to this
Agreement, our country undertakes to adhere to the principles and practices set forth in current
EU decisions and regulations. Also, Ukraine undertook the gradual implementation of European
standards (EN) as national standards. At the same time, conflicting national standards, in
particular the application of interstate standards (GOST/GOST) developed before 1992, are
canceled [10].

Thus, the enterprises policy should be based on the principle of preventing the occurrence
of dangerous ecological consequences for the environment, personnel and the population of the
surrounding territories, while one of the main tools is the monitoring and assessment of the
existing environmental state.

There are a number of conceptual approaches for an environmentally safe production process,
which are used at the facilities of the fuel and energy complex [8, 11].

The specified principles require appropriate tools that will allow making environmentally
safe management decisions at the early stages of designing the planned activity. The task of
obtaining a group quantitative expert assessment taking into account the coefficients of the
estimated indicators relative importance of the planned activity impact on the environment
is currently solved by the criterion-expert weighting methods, which form the basis of the
information support of life cycle assessment (LCA) methodology, which is widely used in the
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environmental design practice in Western Europe and America countries [4]. The theoretical
foundations of this approach are approved in international standards of the ISO 14040-14049
series “Life cycle analysis methodology” [8].

An important tool for managing environmental safety, preventing health impacts and creating
a safe production environment is the policy “Health, Safety, Environment (HSE)” – these are
separate issues, each with its own technology, but they are often combined into the same
functional groups in fuel and energy companies. The main principles of this policy at fuel
and energy facilities are [4, 12]:

• to aim at creating a safe, encouraging working environment;

• to warn about danger and take measures to prevent it;

• to provide education and training in order to ensure compliance with laws and regulations
related to occupational H&S and to maintain and develop H&S workplaces and management
systems;

• to lead efforts to address environmental issues on a global scale and for local communities
by recognizing environmental measures as a pressing issue towards the creation of green
and sustainable energy systems.

The creation of a favorable production environment from the point of environmental
protection view and safe working conditions is based on the environmental components
monitoring and their changes under the influence of man-made factors. Among the
environmental monitoring methods biological monitoring deserves attention, and in particular,
one of the most promising methods is phytomonitoring – the use of plant organisms that exist
in a certain territory as a population and respond to ecological changes in the environment
with a number of appropriate reactions [13]. Plant organisms are widely known for their
phytoremedial and phytoindicative properties, and their ability to exhibit wide ecological
plasticity in accordance with the genetically programmed capabilities of the reaction norm
[14, 15]. A large number of publications are devoted to the study of indicative parameters
of the vital state of plants in conditions of anthropogenic pollution [16–18].

However, there are relatively few works dealing with the role of herbaceous phytocenoses as
objects of biological monitoring of the territories around the enterprises of the fuel and energy
complex.

3. Objectives and methods
During the activity of the fuel and energy complex enterprises, in addition to the toxic substances
influence, there is the electromagnetic, noise and vibration pollution influence, which creates
conditions for disturbing the balance in natural systems and the human body. Creating
conditions for its prevention and researching possible consequences on the environment is an
urgent scientific task. The main tasks of this article are:

• to establish the environmental policy principles of the fuel and energy complex, which should
create conditions for preventing the consequences of its influence;

• to propose the concept of environmental risk management for the fuel and energy complex
objects;

• to analyze literature data on the possible of chemical and physical pollution impact of fuel
and energy complex objects on the vital plants state, as well as on animal biodiversity and
human health;

• to conduct a taxonomic and biomorphic plants characterization under the pollution
conditions from the Burshtyn thermal power station;
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• to evaluate the types of vegetation cover diversity, its vital state, distribution in the territory
around one of the largest industrial enterprises of the fuel and energy complex of Ukraine –
the Burshtyn thermal power plant;

• to identify the most promising plants-indicators of the territories ecological state around
the Burshtyn Thermal Power Station with the aim of introducing them into the system of
ecological monitoring of territories located near powerful energy facilities.

In the course of environmental management research, the analysis, deduction and system-
structural methods are used. Detection of environmental impacts of the fuel and energy
complex is based on the life cycle assessment method. The establishment of monitoring plots
in the territory around the Burshtyn power station is carried out according to the author’s
methodology [19]. The establishment of life forms is based on biomorphological classification,
the species composition of the phytocenoses of the experimental area is recorded using the
Plant Snap mobile program, the phytocenotic diversity, the permanence class of each species is
established according to the generally accepted methodology [19].

4. Research results
4.1. Environmental risk management of the fuel and energy complex facilities
The current priorities of the world community demand comprehensive control and reduction
of environmental pollution. Effective management of environmental safety requires constant
monitoring to identify the “weaknesses” of the existing management system.

At this stage, the system of environmental management in Ukraine is at the stage of
formation, this also applies to the fuel and energy industry. The lack of an effective environmental
policy of the fuel and energy complex of Ukraine in previous decades caused the accumulation
of problems, the solution of which requires the regulatory documents appropriate base creation
and a scheme for their implementation. At this stage, the pollution created by the fuel and
energy complex increases the level of environmental and social risk in the spatial context.

According to the data of the Department of Labor Protection, Environmental and Industrial
Policy of Naftogaz of Ukraine, intensive work is currently underway in the direction of integration
into the European Energy Community. Among the important tasks is the implementation
of EU Directives, international and European standards, including environmental protection
management issues. The specified activity will minimize environmental risks during production
activities and increase the level of environmental safety. Such positive trends will provide an
opportunity to improve the company’s international image and increase investment attraction.
In 2018, the company received ISO 14001:2015, OHSAS 18001:2010 and ISO 50001 certificates
from the authoritative international certification body TÜV SÜD Management Service GmbH,
and in 2017, it passed a third-party surveillance audit for compliance with ISO 9001:2015
requirements. At present, Naftogaz has implemented the “VISION ZERO” vision – the HSE
(Health, Safety and Environment) vision, according to which injuries, deaths, accidents and
other negative consequences from operational activities are unacceptable [20, 21]. The spheres
of influence considered within the framework of the HSE policy are of primary importance
for the fuel and energy industry, and compliance with the guiding principles of safety and
environmental protection is mandatory and dictated by the internal policy of most corporations.
The implementation of the HSE policy makes it possible to define the principles by which
operations are carried out and risks are controlled throughout the industrial cycle. Figure 1
shows the process of risk assessment and management in the HSE system.

The basis for building an environmental management system in the fuel and energy sector is
the ISO 14000 series international standards and the corresponding national standards [8].

The trends of the modern environmental policy of the fuel and energy complex of Ukraine
allow us to conclude that specialized companies strive to improve the environmental management
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Figure 1. Risk assessment and management process [20].

system in order to meet the requirements of the EU and strengthen their stable positions on
the European market. Solving the tasks is based on the comprehensive implementation of
the environmental management system, the basis of which is laid in the international quality
standards of the ISO 14000 series [7]. The ISO 9000 series international standards provide
ideas for a systematic approach to management, decision-making based on factual material,
and continuous improvement of the organization as a whole [10]. The specified principles
require appropriate tools that will allow making ecologically safe management decisions at the
early stages of man-made activities designing. Therefore, there is a need to use effective tools
for assessing and monitoring the existing impacts consequences on the environment for the
possibility of improving the eco-efficiency indicators of fuel and energy enterprises.

There are a number of methods for determining the environmental safety level based on
environmental risk assessment [22,23].

This approach is considered one of the promising tools for making managerial decisions.
Along with the environmental safety assessment of naturall components, it is appropriate to
assess the level of environmental safety based on biomonitoring.

One of the environmental risk definitions is the probability of adverse consequences for the
environment, any changes in natural objects and factors, occurrence of extraordinary events in
a certain period of time, expressed by quantitative parameters. Such parameters can be the
following values:
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• possible natural indicators of damage, that is, the number of victims and destroyed objects,
the amount of the lost harvest;

• the possible dimensions of the quality deterioration of natural resources, degradation of
ecosystems;

• the possible level of natural environments pollution.

Environmental risk assessment, which is predictive in nature, is carried out by three main
methods:

• the method of analogy, i.e. comparison with other similar objects, and the comparison is
made according to the same parameters;

• according to statistical data based on similar phenomena that have already happened;

• in a theoretical way, that is maintained by mathematical modeling.

In order to determine the optimal method of environmental risk assessment, it is necessary to
take into account the origin of negative impact factors (phenomena), processes in the ecological
system that suffered damage, the final state of the ecosystem (consequences of the negative
factor of the environment and public health components). Depending on the level, there are
features of environmental risk analysis (table 1).

The above indicates the need for an integrated approach to ecological and economic risk
assessment at the cross-border level. The risk assessment methodology in the spatial context
should be based on the compliance of its principles with European directives and be oriented

Table 1. Peculiarities of environmental risk analysis at the micro and macro levels [24].

Components
of the

analytical
procedure

Levels of environmental risk analysis objects research

Micro level Macro level

Aim Assessment of direct damage from
man-made phenomena.

Consequences determination of en-
vironmental damage for the natural
territorial complex components.

Model of the an-
alyzed system

Deterministic matching functions. The function of probabilistic char-
acteristics.

General ap-
pearance of the
model

Risk=M(x), where M(x) – mathe-
matical expectation of a negative
phenomenon.

Risk = P (x) ·M(x), where P(x) –
the probability of a negative impact
on the natural-territorial complex
components.

Quantitative
analysis

Risk = 1
CL50

n∑
i=1

Ci
MPCi

, where

CL50 – the lethal concentration of
the toxicant in the waste as a crite-
rion of toxicity, Ci – the content of
toxic substances in the components
of the environment, MPC – maxi-
mum permissible concentration.

Risk = −Pi · ln(Pi), where Pi –
the probability of a negative impact
on the i -th component of the
environment: Pi = 1√

2π·σmin·K
·

exp
[
− x

2·σ2
min

]
, where K – hazard

class value, σmin – normalized
indicator.
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Figure 2. Risk management of fuel and energy complex facilities.

towards the transformation of national environmental protection legislation. In figure 2 presents
the proposed concept of risk management of the fuel and energy complex [25].

An important role in the risk management implementation belongs to the choice of
implementation methods of the stages indicated in figure 2. In this work, attention is paid
to the environment quality assessment under the influence of complex chemical and physical
pollution from the Burshtyn thermal power station on the vital state of plant communities. The
diversity types, constancy and bioindicative potential of plants that exist under the influence of
an industrial enterprise are analyzed.

4.2. Biomonitoring in conditions of complex environmental pollution by the fuel and energy
enterprises
The research was carried out under the influence of the Burshtyn thermal power station, located
in the Ivano-Frankivsk region at the intersection of power lines connecting Ukraine with Hungary,
Romania and Slovakia.

Within a radius of up to 1 km from the source of pollution, seven monitoring sites with
an area of 25 m2 have been laid. The species composition of phytocenoses, abundance, family
membership and life forms are analyzed within each site. A biomorphological analysis of the
flora is carried out by assigning each type of plant to a specific biomorph and expressing the
number of species of each biomorph in percentages. A taxonomic characterization of plants
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is carried out at each monitoring site and the phytocoenotic diversity of plants is calculated.
Phytocoenotic diversity is determined as a percentage, taking as 100% the diversity of plants
in the monitoring area with the largest number of plant species. Accordingly, phytocoenotic
diversity is calculated in all other points, having the total species number of plants of these
points.

To identify dominant and diagnostic species in the monitoring system, plant lists are compiled
and the number of monitoring points where each plant species is present is analyzed. If the
species is present in all monitoring points, its persistence coefficient is taken as 100%, if in some
of the points, then the persistence coefficient is calculated proportionally. For example, if 25
points are entered in the table, and the species is present in 10 points, then the coefficient of
constancy is equal to: C = 10 · 100/25 = 40%, if in 5 descriptions – 20%, etc.

All types of plants are divided into three groups depending on the constancy coefficient
value. With values of the coefficient constancy over 60%, the species belong to the group of high
constancy; with values of the coefficient constancy 20-60% – medium stability; with values of
the coefficient constancy less than 20% – low constancy. The constancy class of each species is
determined according to the scheme:

I class – less than 20%;

II class – 21-40%;

III class – 41-60%;

IV class – 61-80%;

V class – 81-100%.

The main environmental pollutants entering the atmosphere as a result of the power plant
operation include acid oxides, which cause acid rain and cause tissue necrosis in plants and their
subsequent death. In addition, a change in the natural value of pH in soil ecosystems inhibits
the growth and development of plant seeds and causes the death of invertebrates [26,27]. Heavy
metals present in industrial Burshtyn thermal power station emissions led to the biosynthetic
processes blocking in plant tissues, inhibit cell division, photosynthesis and cause premature
aging of plants.

According to the literature, low-frequency electromagnetic radiation leads to a decrease in
the biomass of earthworms, blocking the mitochondrial activity, gene expression disruption
and lipid and protein metabolism changes in Caenorhabditis elegans [28, 29]. Electromagnetic
radiation causes changes at the level of informational relations between individuals in insect
populations, disrupts physiological indicators, metabolism, growth and development, and leads
to the appearance of mutations. Electromagnetic influence manifests itself in the disruption of
intraspecific communications in birds, fish and reptiles [23,30–32].

The consequences of short-term exposure to electromagnetic radiation on the human body
include headache, general weakness, increased fatigue, sleep disturbances, irritability, and
slowing of motor and speech reactions [33]. Long-term electromagnetic influence leads to
a decrease in pulse frequency, a decrease in blood pressure, changes in blood composition,
intensification of cell proliferation, reduced work capacity, changes in the activity of the internal
secretion glands, circulatory, digestive, cardiovascular and nervous systems disorders, hair loss,
fragility nails, skin diseases [31, 34]. It is known that electromagnetic radiation inhibits the
growth and development processes of plants, causes changes in the shape and size of flowers,
leaves, stems, the appearance of extra petals, and a decrease in plants dry weight [26,27,35]. The
phytocoenotic diversity of the territory is an indicator of the ecological system environmental
state, therefore, the study of the plant community’s species composition makes it possible to
identify the most promising species in terms of phytoindication [36,37].

Under the influence of Burshtyn thermal power station 45 species of herbaceous plants and 1
tree species belonging to 18 families are recorded in the monitoring areas (table 2). The dominant
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family is Asteraceae represented by 17 species, Fabaceae and Poaceae – by 5 species each. The
family Hypericaceae is represented by three species of plants, Rosaceae, Plantaginaceae and
Apiaceae – by two species, the rest of the families in the monitoring areas have one representative
of the plant species each.

Table 2. Species diversity of phytocenoses at monitoring points of the complex impact of the
Burshtyn thermal power station.

Monitoring
sites

Coordinates Plant species

1 49°10’36.35”N
24°41’74.55”E

Artemisia vulgaris L., Centaurea jacea L., Achillea millefolium
L., Hieracium umbellatum L., Bellis annua L., Cichorium
intybus L., Prunus cerasifera Ehrh., Crataegus monogyna
Jacg., Hypericum perforatum L., Lotus corniculatus L.,
Molinia caerulea (L.) Moench., Daucus carota L.

2 49°10’27.68”N
29°41’06.39”E

Medicago sativa L., Trifolium repens L., Lotus corniculatus
L., Centaurea jacea L., Achillea millefolium L., Tanacetum
vulgare L., Erigeron annuus (L.) Desf., Cichorium intybus
L., Hypericum perforatum L., Calamagrostis epigejos (L.)
Roth., Agrostis capillaris L., Molinia caerulea (L.) Moench.,
Agrimonia eupatoria L., Pastinaca sativa L.

3 49°12’02.38”N
24°40’02.99”E

Delphinium consolida L., Erigeron annuus (L.) Desf., Sonchus
arvensis L., Erigeron canadensis L., Arctium tomentosum
Mill., Cichorium intybus L., Vicia villosa Roth., Trifolium
pratense L., Lotus corniculatus L., Medicago sativa L.,
Persicaria lapathifolia L., Lamium album L., Daucus carota
L., Pastinaca sativa L., Papaver rhoeas L.

4 49°12’02.34”N
24°39’66.22”E

Artemisia vulgaris L., Cirsium arvense (L) Scop., Centaurea
jacea L., Achillea millefolium L., Tanacetum vulgare L.,
Crepis capillaris (L.) Wallr., Cichorium intybus L., Erigeron
annuus (L.) Desf., Oenothera biennis L., Convolvulus
arvensis L., Vicia villosa Roth., Hypericum perforatum L.,
Calamagrostis epigejos (L.) Roth., Linaria vulgaris Mill.,
Daucus carota L., Silene latifolia Poir.

5 49°12’13.6”N
24°40’01.0”E

Lactuca serriola L., Achillea millefolium L., Solidago
canadensis L., Hieracium umbellatum L., Tussilago farfara
L., Artemisia vulgaris L., Cichorium intybus L., Anthemis
arvensis L., Salix purpurea L., Rorippa sylvestris (L.) Besser.,
Trifolium pratense L., Daucus carota L., Puccinellia distans
L., Silene latifolia Poir., Deschampsia cespitosa (L.) P. Beauv.

6 49°15’30.3”N
24°37’59.3”E

Cirsium arvense (L) Scop., Achillea millefolium L., Lactuca
serriola L., Arctium tomentosum Mill., Artemisia vulgaris
L., Cichorium intybus L., Verbena officinalis L., Trifolium
pratense L., Lotus corniculatus L., Medicago sativa L., Daucus
carota L., Plantago lanceolata L., Dipsacus fullonum L.

7 49°12’09.59”N
24°40’66.00”E

Verbena officinalis L., Achillea millefolium L., Arctium
tomentosum Mill., Artemisia vulgaris L., Cichorium intybus
L., Trifolium pratense L., Lotus corniculatus L., Medicago
sativa L., Daucus carota L., Plantago lanceolata L.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012111

IOP Publishing
doi:10.1088/1755-1315/1254/1/012111

10

In the conditions of the monitoring sites, a relatively uniform diversity of plant cover is noted
with the lowest phytocenotic diversity – 63% (table 3). The number of plant species varies
between 10-16, the number of families – between 5-9.

Phytocoenotic diversity under Burshtyn thermal power station influence is represented by all
classes of constancy (table 4).

The V class of permanence includes two species of Achillea millefolium L. and Cichorium
intybus L., which are expedient to use in phytomonitoring of complex pollution areas from the
fuel and energy complex facilities (figure 3, figure 4).

Table 3. Taxonomic characteristics of phytocenoses at monitoring points of the Burshtyn
thermal power station complex impact.

Monitoring
site

Number
of plant families

Number
of species

Phytocoenotic diversity,
%

1 6 12 75
2 6 14 88
3 7 15 94
4 9 16 100
5 8 15 94
6 6 13 81
7 5 10 63

Table 4. Persistence of plant species in the phytocenoses composition under the conditions of
Burshtyn thermal power station complex impact.

Species Constancy, %
Constancy

class

Cichorium intybus L. 100 V
Achillea millefolium L. 86 V
Artemisia vulgaris L., Lotus corniculatus L., Daucus carota L. 71 IV
Medicago sativa L., Trifolium pratense L. 57 III
Centaurea jacea L., Erigeron annuus (L.) Desf., Arctium
tomentosum Mill., Hypericum perforatum L.

43 III

Hieracium umbellatum L., Tanacetum vulgare L., Cirsium
arvense (L.) Scop., Vicia villosa Roth., Molinia caerulea (L.)
Moench., Calamagrostis epigejos (L.) Roth., Pastinaca sativa L.

29 II

Bellis annua L., Sonchus arvensis L., Erigeron canadensis
L., Crepis capillaris (L.) Wallr., Lactuca serriola L., Solidago
canadensis L., Tussilago farfara L., Anthemis arvensis L.,
Agrimonia eupatoria L., Prunus cerasifera Ehrh., Crataegus
monogyna Jacg., Trifolium repens L., Agrostis capillaris L.,
Puccinellia distans L., Deschampsia cespitosa (L.) P. Beauv.,
Delphinium consolida L., Persicaria lapathifolia L., Lamium
album L., Papaver rhoeas L., Oenothera biennis L., Convolvulus
arvensis L., Plantago lanceolata L., Linaria vulgaris Mill., Silene
latifolia Poir., Salix purpurea L., Rorippa sylvestris (L.) Besser.,
Verbena officinalis L., Dipsacus fullonum L.

14 I
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Figure 3. Achillea millefolium L. under
Burshtyn thermal power station influence.

Figure 4. Cichorium intybus L. under
Burshtyn thermal power station influence.

The species Artemisia vulgaris L., Lotus corniculatus L., Daucus carota L. have medium
bioindicative potential, and the species Medicago sativa L., Trifolium pratense L., Centaurea
jacea L., Erigeron annuus (L.) Desf., Arctium tomentosum Mill., Hypericum perforatum L. have
a low monitoring capacity. Half of the species belong to the I class of permanence, so they
cannot be used for bioindicative purposes.

5. Discussion
The implementation of the ISO 14000, ISO 9000 series standards and the introduction of the HSE
policy at the enterprises of the fuel and energy complex involves the constant improvement of
processes and technologies to reduce the impact on the environment and prevent the occurrence
of man-made impacts on the environment. In this aspect, an extremely important role is played
by improving the qualifications of personnel regarding safe work within specialized enterprises.

Among the 45 species of herbaceous plants Achillea millefolium L. and Cichorium intybus L.
have the highest representativeness on the monitoring sites, which indicates their phytoindicative
potential and the possibility of being used as ecological state biological monitors of the territories
around industrial and energy enterprises. In the absence of the specified species in the
experimental area Artemisia vulgaris L., Lotus corniculatus L., Daucus carota L. can also be used
for phytoindication. The remaining species around the Burshtyn power station are characterized
by low prevalence and are not appropriate as phytoindicators of the specified industrial facility
ecological state.

6. Conclusions
1. The concept of environmental risk management in this field is presented. Among the

environmental risk assessment parameters in the conditions of the fuel and energy complex,
the deterioration of the natural resources quality and the ecosystems degradation and the
pollution possible levels of natural environments are highlighted.

2. It is proposed to use biomonitoring to assess the factors influence of this complex enterprises
on the environment components. The bioindicative potential of Achillea millefolium L. and
Cichorium intybus L. under the influence of pollution from the Burshtyn thermal power
station is established. It is proposed to use species as biological monitors of the territories
ecological state affected by the fuel and energy complex enterprises.

3. It was established that only 10% of all phytocenoses types that exist under the influence of
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the industrial enterprise show high resistance to pollution under the operation conditions
of the Burshtyn thermal power station. The significant diversity of plant species in the
area of the enterprise influence indicates the natural potential of this ecosystem vegetation
for self-preservation, however, the small representativeness of plant species indicates a
significantly weakened reproductive potential in stressful existence conditions. In general,
in unfavorable growth conditions, plants direct their energy resources to self-maintenance,
and the processes of self-reproduction in these conditions of existence are suppressed.

ORCID iDs
N I Glibovytska https://orcid.org/0000-0002-6050-9664

T M Yatsyshyn https://orcid.org/0000-0001-7723-2086

G M Gritsylak https://orcid.org/0000-0003-2463-4772

References
[1] 2006 DSTU ISO 14041:2004. Ekolohycheskoe upravlenye otsenka zhyznennoho tsykla. Opredelenye tsely

y sfery prymenenyia y analyzyrovanye ynventaryzatsyy (ISO 14041:1998, IDT) URL http://online.

budstandart.com/ru/catalog/doc-page?id_doc=51326

[2] 2006 DSTU ISO/TR 14049:2004. Ekolohycheskoe upravlenye. Otsenyvanye zhyznennoho tsykla. Prymery
prymenenyia iso 14041 dlia opredelenyia tsely y sfery prymenenyia y analyz ynventaryzatsyy (ISO/TR
14049:2000, IDT) URL http://online.budstandart.com/ru/catalog/doc-page?id_doc=51327

[3] Lysychenko G, Weber R, Kovach V, Gertsiuk M, Watson A and Krasnova I 2015 Environmental
Science and Pollution Research 22(19) 14391–14404 ISSN 1614-7499 URL https://doi.org/10.1007/

s11356-015-5184-1

[4] Bakulin E M, Yavorsky M M, Svitlitsky V M, Kryzhanivskyy Y I and Karpash O M 2007 Naftohazova
enerhetyka (1) 5–11 URL http://elar.nung.edu.ua/handle/123456789/1289

[5] Verkhovna Rada of Ukraine 2019 Law of Ukraine “About the Basic principles (strategy) of the state
environmental policy of Ukraine for the period up to 2030” URL https://zakon.rada.gov.ua/laws/

show/2697-19#Text

[6] Popov O O, Kyrylenko Y O, Kameneva I P, Iatsyshyn A V, Iatsyshyn A V, Kovach V O, Artemchuk V O,
Bliznyuk V N and Kiv A E 2022 CTE Workshop Proceedings 9 306–322 URL https://doi.org/10.55056/

cte.122

[7] Berzina S V 2009 Environmental management systems Reference guide for the implementation of
international standards series ISO 14000 (Kyiv: Aiva Plus Ltd) URL https://podil.kyivcity.gov.

ua/files/2015/11/27/SysEco.pdf

[8] Berzina S V, Buzan H S, Vakarash V M, Kniazkova T V, Vorfolomeiev A V, Haidaienko Y V, Kravchenko
B M, Tkach O V, Chaikovskyi O A, Khokhotva O P, Tsybka M M and Shylovych I L 2017 Environmental
management systems: current trends and international standards (Kyiv: Institute of Environmental
Management and Sustainable Environmental Management) URL https://www.ecolabel.org.ua/images/

page/dovidnyk_ssp.pdf

[9] Verkhovna Rada of Ukraine 2014 Association Agreement between Ukraine, on the one hand, and the
European Union, the European Atomic Energy Community and their member states, on the other hand
URL https://zakon.rada.gov.ua/laws/show/984_011#Text

[10] 2014 DSTU ISO 14040:2013 Ekolohichne upravlinnia. Otsiniuvannia zhyttievoho tsyklu. Pryntsypy ta
struktura (ISO 14040:2006, IDT) URL http://online.budstandart.com/ua/catalog/doc-page?id_doc=

70997

[11] Yatsyshyn T M 2019 Prospecting and Development of Oil and Gas Fields 3(72) 83–92 URL https:

//doi.org/10.31471/1993-9973-2019-3(72)-83-92

[12] Kovalko O M, Khomyk P M, Andriyevs’kyy A V and Trusova M V 2016 Naftohazova haluz’ Ukrayiny 2 5–8
URL http://elar.nung.edu.ua/handle/123456789/3844

[13] Capuana M 2020 iForest - Biogeosciences and Forestry (2) 139–151 URL https://doi.org/10.3832/

ifor3242-013

[14] Treesubsuntorn C, Setiawan G D, Permana B H, Citra Y, Krobthong S, Yingchutrakul Y, Siswanto D and
Thiravetyan P 2021 Science of The Total Environment 794 148779 URL https://doi.org/10.1016/j.

scitotenv.2021.148779
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Abstract. The general aim of this research is to analyze spatial-temporal changes of air
quality, which are the consequences of the military invasion of the Russian on the territory
of Ukraine based on open remote sensing data, geoinformation and cloud technologies. The
density of NO2, SO2, CO and HCHO as well as the density of O3 and the absorbing aerosol
index (AAI) extracted from the Sentinel-5P satellite using Google Earth Engine (GEE) showed
reduced emission of primary air pollutants and a high level of atmospheric restoration compared
to 2021, the year before the war. At the same time values of the AAI increased significantly,
indicating the presence of smoke and dust in the air. Obtained results showed one more aspect of
the drastic effect of the war on the economic and social processes and environmental conditions.
The consequences of this ecological effect can have a long-term negative impact on the health
of populations.

1. Introduction
The full-scale war unleashed by Russia on Ukraine’s territory caused irreparable loss of
population, damage to the infrastructure and destruction of the economy, but also caused a
significant deterioration of the environment and the formation of significant ecological problems.
Thus, as preliminary estimated [1], 900 protected natural territories of Ukraine have been
affected and more than 1.2 million hectares (30% of all protected areas of Ukraine) suffer from
the effects of the war. As a result of shelling, uncontrolled forest fires occur, and the amount of
waste has increased catastrophically. As a result of damage to the water supply infrastructure,
1.4 million people in Ukraine currently have no access to safe water.

The state of atmospheric air is an important indicator of the ecological situation [2]. The
direct and indirect impact of active military operations through the bombing and burning of
forests and industrial and energetic objects causes the formation of large volumes of pollutants
in the atmospheric air. According to the data of the Ministry of Environmental Protection and
Natural Resources, as of January 11, 2022, estimated losses due to air pollution amounted to
UAH 1,000 billion [3]. It is obvious that for a general analysis and assessment of the impact of
military operations on air quality, it is necessary to use background monitoring data to display
an entire perspective of air quality changes during the war. The solution to this problem is
complicated by the difficult or completely closed access to environmental data due to security
issues or the lack of funding for systematic monitoring.

The purpose of this study is to assess the change in the volume of the main atmospheric
air pollutants over the territory of Ukraine compared to the pre-war period using open data of
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remote monitoring and geoinformation and cloud technologies.

2. Data and methodology
Global monitoring results with a spatial resolution near 1 km2 which were obtained with the
Sentinel-5P TROPOMI satellite instruments during 2021 and 2022 were used as input data
for the study. The overall results of the previous studies [4, 5, 6] confirmed the capability of
Sentinel-5P data to be used in monitoring the air quality.

The offline (OFFL) versions of air quality datasets of TROPOMI products, including the
density of nitrogen dioxide NO2, sulfur dioxide SO2, ozone O3, formaldehyde HCHO, carbon
monoxide CO in the unit of mol/m2 and unitless aerosol absorbing index (AAI), which represent
pollution by the absorbing aerosols were used in this study. The general characteristics and
sources of the input data are shown in the table 1.

Table 1. List of datasets used in the study.

Variables Observation period Earth Engine Snippet

NO2 2021-2022 COPERNICUS/S5P/OFFL/L3-NO2
SO2 2021-2022 COPERNICUS/S5P/OFFL/L3-SO2

(data are N/A in Jan and Dec)
CO 2021-2022 COPERNICUS/S5P/OFFL/L3-CO
HCHO 2021-2022 COPERNICUS/S5P/OFFL/L3-HCHO
O3 2021-2022 COPERNICUS/S5P/OFFL/L3-O3
AAI 2021-2022 COPERNICUS/S5P/OFFL/L3-AER-AI

Google Earth Engine, a cloud computing platform, which is a modern powerful open tool for
solving environmental monitoring problems, was used as an environment for data preparation
and analysis [7, 8, 9]. This platform has been successfully used in various scale research
[10, 11, 12, 13, 14] to analyze changes in atmospheric air quality during the lockdown due
to the COVID pandemic in 2020-2021.

Additionally, for the territory of Ukraine it was investigated the changes in NO2, CO, O3,
SO2, and PM2.5 atmospheric pollution during the first months of the full-scale war, compared
to the similar periods of 2019, 2020 and 2021 [15]. The aforementioned study found a high
correlation between NO2 and PM2.5 with the intensity of hostilities, an increase in CO and O3

levels, and a significant decrease in SO2 concentrations as the war intensified.
Therefore, taking into account previous research experience, Google Earth Engine is chosen

as the optimal tool for working with large-scale observational data.
Visualization of the obtained analysis results were carried out using QGIS 3.22.14

“Białowieża”.
This study included the following stages:

• downloading observed data;
• filtering and clipping data for the research area (the whole Ukraine);
• calculation and mapping of generalized monitoring results (average annual values) for 2021

and 2022;
• calculation of average monthly values of air pollutants for 2021 and 2022;
• construction of time series;
• Loading and saving spatio-temporal data for further research.
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3. Results and discussions
The spatial distribution of the air pollutants is shown in figure 1.

The obtained results showed a decrease in the average annual density value for NO2 (1.99%),
CO (11.72%), HCHO (1.54%), and SO2 (32.77%) in 2022 compared to 2021.For the average
annual value of O3 density, an increase of 1.55% is observed (figure 2).

Figure 1. Spatial distribution of air pollutants over Ukraine in 2021 and 2022.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012112

IOP Publishing
doi:10.1088/1755-1315/1254/1/012112

4

Figure 2. Spatial distribution of O3 density over Ukraine in 2021 and 2022.

Figure 3. Spatial distribution of AAI values over Ukraine in 2021 and 2022.

The average annual value of AAI in 2022 also increased by 55.84% compared to 2021 (figure 3),
which is evidence of a huge concentration of aerosols, smoke and dust in the atmosphere, resulting
from explosions and fires.

Average monthly values were calculated separately for 2021 and 2022 using JavaScript
language tools in Google Earth Engine to evaluate and compare the temporal dynamics of
the considered variables. The created time series of the seasonal dynamics of the air quality are
presented in figure 4. It is obvious that with a general tendency to decrease the amount of the
considered pollutants, the seasonal patterns of its variability were preserved during 2022.

Evidently, the decrease in emissions of pollutants into the atmosphere, and therefore their
content in the air, is connected with the shutdown of enterprises and is a reflection of the
negative impact of military aggression on the Ukrainian economy. It should also be realized
that pollution has become more dispersed in space. Emissions of specific substances occur as
a result of explosions, which settle in soils, surface waters, migrate into bottom sediments and
groundwater[16, 17, 18]. Thus, a necessary step will be to conduct a diagnostic assessment and
analysis of the specific pollutants content (in particular, heavy metals, carcinogens, etc.) with
the involvement of the developed investigated methods of individual environmental components
[19, 20, 21, 22].
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Figure 4. Monthly average density of pollutants, O3 and AAI over Ukraine (2021-2022).

4. Conclusions
The study of changes in the values of NO2, CO, O3, SO2, HCHO density in atmospheric air
and the absorbing aerosol index (AAI) as a result of military operations for the territory of
Ukraine were conducted using the Google Earth Engine cloud geoinformation platform and
remote sensing data of the Sentinel-5P TROPOMI.

The study of the distribution of pollutants showed declining annual mean values of NO2,
CO, SO2, and HCHO in 2022 compared to the 2022 year. In contrast, overall higher O3 was
observed. The AAI increasing significantly.

The obtained results are a clear indication of the armed conflict’s impact on air quality, the
health of the population and the environment in general. They are important for conducting
audits and designing an environmental monitoring system for assessing losses due to military
aggression and post-war environmental restoration.
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Abstract. This paper presents the results of detailed geological and structural surveys
within the Orikhovo-Pavlograd suture zone of the Ukrainian shield. In the northern part of
the Orikhovo-Pavlograd suture zone of the Ukrainian shield, dislocation structures of several
generations are identified, which differ from each other in spatial placement and R-T values of
material filling. The structures of the first five generations are formed by mineral parageneses
from granulite to green shale facies of metamorphism; their age is connected to the time range
of 3.6–1.8 billion years. Later dislocation structures are postmetamorphic. At the micro-
meso levels of the organization, the selected structures are represented by striation, shale,
linearity, cleft, cracks, etc.; at the macro level, they are represented by viscous and brittle faults.
Systematized data on the structural and material organization of U-, Th-containing Pivnichno
Tersyansk folded shape according to the principle of hierarchy of geological structures. It is
shown that this U-, Th-perspective object is a highly ordered propulsion structure. That is, its
formation was provoked by Paleoproterozoic displacements and occurred synchronously with the
formation of containing geological bodies by turning up existing Precambrian formations with
the creation of new structural and material parageneses. An idealized model of forming a single
U-, Th-perspective structure is created, this will contribute to the search for uranium-thorium
mineralization and the expansion of the mineral resource base of nuclear energy in Ukraine.

1. Introduction
The Orikhovo-Pavlograd suture zone crosses the Ukrainian shield (US) in a submeridional
direction and traces beyond its borders. It has a deep structure in the form of a package of
tectonic plates of subvertic fall. Within the US, this suture zone can be traced at a distance
of up to 200 km with a width of 40 to 4 km and separates the Serednioprydniprovsky and
Pryazovsky Megablocks of the US. The Orikhovo-Pavlograd suture zone differs from adjacent
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Megablocks in the nature of the manifestation of the Moho interface surface – within the zone
it is fixed in the depth range of 42-46 – 53 km, in Megablocks – at the level of ∼ 40 km [1]. But
the zone is most clearly distinguished relative to Megablocks as a deep linear zone of increased
electrical conductivity [1].

According to [2], the depth of the sole of the “Granite” layer of the Earth’s crust within the
studied part of the gorge is ∼ 10-15 km.

The depth of the sole of the transition layer for the Orikhovo-Pavlograd zone is 25-30 km;
the depth of the erosion section is determined at 17-20 km [2].

The zone is filled with an association of crystalline rocks, generally similar to such adjacent
Megablocks, at the same time, it is characterized by characteristic (suture) structural and
material features [1, 3, 4]. The following age figures are known for geological bodies of the
zone: 3.6, 3.2, 3.0, 2.8, 2.0, 1.9 billion years [1, 3, 5–8].

The Orikhovo-Pavlograd zone is identified [1] with the zone of collision of the Pryazovsky and
Prydniprovsky microcontinents at the archaea Proterozoic boundary and is interpreted, together
with the adjacent edge parts of Megablocks, as regions of permanent stretching-compression
of the crust. In other words, these are areas of more intensive processing of the epiarchean
foundation, compared to the central parts of Megablocks.

The western border of the zone is considered to be the Orikhovo-Pavlograd deep fault, which
runs far beyond the US (to the Kursk magnetic anomaly area), because it is clearly expressed
in physical fields. According to deep seismic sounding data, a ledge of the Moho section with an
amplitude of 8 km is recorded in the fault zone (at Chapter 44-46 km). Gabbro-peridotites of the
Novopavlivsky section and the Malotersnyansky alkaline massif are associated with this fault.
The Orikhovo-Pavlograd fault has an inclined-stepped displacement surface, which is formed
from structures of higher orders with an easterly fall. The angles of incidence vary from 70-80°
in the near-surface part of the foundation to 40° in the upper mantle. The eastern boundary
of the zone is considered to be the West-Azov (Azov-Pavlograd) fault, it is also well expressed
in physical fields and is fixed by the gravitational step. The fall of the fault offset in the upper
parts of the crust (0-3 km) is subvertic, and with depth it becomes more inclined with a fall to
the West [1].

According to Gintov [9], the kinematics of the Pavlograd fault zone is determined as follows:
the zone was formed as a right horizontal shift (σ1−20/0, σ3−290/0, σ2−⊥) and activated as a
left Skido-zdvig (σ1−275/30, σ3−35/50, σ2−155/45). The age of this fault zone is considered by
Gintov as neoarchean, since it intersects and deforms by the Devladovsky fault zone; according
to the latter, neoarchean hyperbasites took root in the Earth’s crust.

According to Kruglov et al [4], The Orikhovo-Pavlograd zone, like other suture zones of the
gorge, differ sharply in formation content, but usually only in dislocation intensity and other
features from one of the adjacent Megablocks, while at the same time they have many common
features with the other. That is, according to the authors [4], suture zones are not peer-to-
peer with Megablocks and independent structural-formation zones. In particular, the Orikhovo-
Pavlograd zone (synclinor zone) occupies the westernmost part of the Priazovsky megablock and
borders the West Priazovsky anticlinor zone along the Korsatsky and Pavlograd deep faults.

Within the Orikhovo-Pavlograd suture zone, known uranium (thorium-uranium) mineraliza-
tion is represented by a small number of ore occurrences of uranium (thorium-uranium) hy-
drothermal in mineralized zones of crushing of crystalline rocks of the ore formation. It mainly
tends to its western parts within the Orikhovo-Pavlograd deep fault, these are the Pivnichno
Tersyansk, Vasynivsky, Novopavlivsky ore occurrences, etc. [8].

2. Results and discussion
The authors of the article carried out detailed geological and structural works in the northern
part of the Orekhovo-Pavlograd seam zone (River Vovcha Basin , next to the village Vasylkivka),
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where feldspar quartzites, Garnet-biotite gneisses, tonalites–tonalito-gneisses, and granitoids
were studied in quarries. It is established that deformation formations of 7 generations are
manifested in all the studied rock varieties. These are banding, slitting structures, shale
formation, several generations of mineral linearity, and brittle cracks. The actual material on
the placement of metamorphogenic structures was processed using the StereoNett 2.46 program;
the Pivnichno Tersyan folded shape was also characterized in accordance with the principle of
hierarchy of geological structures.

Generation structures-1 expressed as relict lenticular subtiles among later dissection
planes. Such bodies of various sizes – from several see up to the first meters; the ratio of
their long axis to the short one (a: C) reaches 7. Axis a obliquely submerged in azimuth 330-0
(1 in figure 1).

For quartzites, these are close to massive bodies of essentially quartzite composition, which
are distinguished by shades of colors ranging from dark gray to light gray, almost white (L1 in

Feldspar quartzites Garnet gneisses-biotiaceae

Tonalites-tonalito-gneisses Amphibolites

Granites

Figure 1. Stereograms of the poles of the planes of striation and shale formation and immersion
of linearity along mineral aggregates and folded axes for conducting petrotypes of the Orikhovo-
Pavlograd suture zone. Projection on the lower hemisphere. Gradation of isolines: 1-2-3-4-5-
6-7-8-9-10-11-12-13-14-15. Arrows – directions of action of tectonic stresses (for simplification
shown by one Arrow): Black straight lines – compression, white lines – stretching; rounded
lines – rotation, crosses – their axes. The numbers next to it are the stage index. n – number
of measurements.
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figure 2).
For geological bodies of Garnet-biotite gneisses, relict formations are poorly diagnosed by

shadow linearity in the separation planes, which is expressed as the division of rock into dark
and light gray fractions (L1 in figure 3). In tonalites–tonalites-gneisses, the structures of this
generation are represented by elongated massive bodies of the tonalite composition (figure 4
marked – t), enderbites, and amphibolites.

Generation structures-2 they are most clearly expressed in tonalito-gneisses and are
represented by striation, which is due to variations in the mineral composition. Banding has a
dip azimuth of planes of ∼ 70, < 80-90. The thickness of the strips does not exceed 1 cm (2 in
figure 1 A and Y2 in figure 4).

In Feldspar quartzites, the structures of this generation include one of the shale formations
formed by rock-forming minerals and their lenticular aggregates (figure 2); it has elements of
occurrence similar to banding in tonalito-gneiss. The structures of this generation also include
linearity, which sinks at angles of ∼ 45° in both quartzites and biotite gneisses (L2? in figure 2,
figure 3).

Generation structures-3 it is represented by striation and shale with steeply falling mineral
linearity. The banding of this generation is most clearly distinguished in geological bodies of
the composition of tonalites–tonalites-gneisses and Garnet-biotite gneisses. In tonalito-gneiss,
these are Lenses strips with capacities of several cm (3 in figure 1, Y3 in figure 4) granite
composition, which are secant to the structural elements of previous generations in several
degrees. In garnet-biotite gneisses, these are leuco- and melanostripes. The first of them are
quartz-feldspar composition, the second correspond to gneiss proper (figure 3). The shale content
of this generation is well expressed in Feldspar quartzites; it is formed by rock-forming minerals
and their aggregates (figure 2).

Mineral linearity of Generation-3 in tonalito-gneisses is weakly expressed; it is most clearly
distinguished in geological bodies of the composition of Feldspar quartzites by elongated
aggregates formed by feldspar, biotite and garnet; in bodies of the composition of Garnet-
biotite gneisses, linearity is relatively moderately expressed by elongated aggregates of biotite
and Garnet (3 in figure 1; L3 in figure 2, figure 3). The size of such units is from several to 8
mm, a: c – 5-7, their placement reproduces subvertic chains several tens of centimeters long.

Generation structures-4 for all the studied breed varieties, they are represented by
separation. They are expressed by a shale matrix (actually dissociation zones), which contains
lenticular bodies subordinate to it with a relatively massive structure. The separation planes
are formed by single-system placement of flat grains and aggregates of rock-forming minerals.
Dip azimuth of planes shale/slotting planes ∼ 70 at angles of about 40. For quartzites, the
dissection structures are expressed as alternating shale feldspar quartzites and close to massive
quartzites (figure 2). For Garnet-biotite gneisses, the dissection structures are represented by
separate gneiss dissection zones that distinguish the striped gneisses themselves. The capacities
of such zones are the first see, the distance between them reaches several tens of centimeters –
the first meters. For tonalites–tonalites-gneisses, the shale Matrix corresponds to gneisses of the
tonalite composition (tonalite-gneisses). Packages of shale tonalito-gneiss reach capacities from
several meters to several tens of meters (figure 4). Such packages contain lenticular bodies of the
composition of tonalites and enderbites and striped tonalites, as well as folded-lenticular bodies
of the composition of amphibolites with dimensions of tens see – first meters.

In the shale planes, there is a mineral linearity that sinks obliquely to the Southeast (4 in
figure 1). In Feldspar quartzites, this linearity is formed by Muscovite aggregates; in garnet-
biotite gneisses-Muscovite and biotite (L4 in figure 2, figure 3); in tonalites – tonalites-gneisses,
linearity is represented by hinges of folded bodies of amphibolites and elongated spindle-shaped
aggregates of quartzite composition. The dimensions of the latter along the long axis reach 20
cm, a: C exceeds 10 (figure 5).
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a

b

c d

e f

Figure 2. Multi-stage structure of Feldspar quartzites of the Orikhovo-Pavlograd suture zone.
a – general view in the vertical plane – b: c Y4 (exposure South), visible lens L1; b – in the plane
a: b Y4, where you can see several generations of linearity (underlined with lines; vertical slice,
eastern exposure. Scale – coin 10 kopiyok); c, d – a larger image in the plane b: c Y4, where c
is a photo, d is a schematized sketch (for the scale – pomegranate seeds with dimensions of 2 –
5 mm). The frame highlights the part shown in figures e, f 1 – 5-metamorphogenic dislocation
structures of the corresponding generations.
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a b

c d

Figure 3. Multi-stage structure of Garnet-biotite gneisses of the Orekhovo-Pavlograd suture
zone. a, b – linearity (underlined by lines) of several generations in subvertic planes of separation:
L1 − 5 – mineral linearity, L6 – behind the barbs of sliding (a – exposition eastern, B –
Western). B-striation (Y3) in the vertical plane transverse to it and subsequent generations
of shale formations (Y4,5). d – enlarged part to figure in, where it is clearly visible that shale is
formed by rock-forming minerals; concentric aggregates corresponding to the roles of the third
stage are also visible (southern exposure). Scale – 2 kopiyok coin.

Generation structures-5 they are represented by single planes of separation (5 in figure 1;
Y5 in figure 4), which fall relatively steeply to the West. They are also formed by rock-forming
minerals. The distances between such planes are measured in tens of centimeters. They carry
a mineral linearity that sinks obliquely to the northwest (L5 in figure 2,3). In quartzites, it is
expressed by sericite scales.

Generation structures-6,7 to varying degrees, they are manifested in all the studied
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a b

c

d

Figure 4. Multi-stage structure of tonalito-gneisses of the Orikhovo-Pavlograd suture zone:
a – striation of two generations-Y2,3 and shale formation Y5. In the center of the outcrop is a
lenticular body close to a massive one (L1) composition of tonalite-T (vertical cut in the plane b:
c, northern exposition); b – flaking/de-lensing-Y4, T-lenticular bodies of tonalite composition
(sub-horizontal section, western exposure); c – linearity (L1) along the axes of folded bodies of
amphibolites, singranitization striation (Y2,3), lensing and building (Y4b-internal lined structure
of the amphibolite structure with leucocratic secretions in the form of asymmetric lenses and
hooks. This structure indicates the formation of amphibolite bodies by shear transformations
(the plane is close to horizontal)).

varieties of breeds. These are fragile cracks, narrow (with several capacities mm – the first
ones see) zones of crushing, cataclysm and milonitization of rocks. Within such formations, no
dynamometamorphic changes in rocks are recorded, so they are not displayed on stereograms,
but they are visible in figure 2, 4. The elements of occurrence of structures of this generation
are as follows: dip azimuth of planes ∼ 0, < 45, 80; dip azimuth of planes ∼ 190, < 0 – 45;
dip azimuth of planes 270, < up to 40; dip azimuth of planes ∼ 70, < 80-90. The latter planes
contain beard and linearity in sliding strokes. The first of them sinks obliquely, the second up
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a b

Figure 5. Linearity (L4) formed by aggregates of quartzite composition in a shale matrix of
tonalito-gneiss composition: a – vertical section in the plane a: b Y4 (western exposure); b –
vertical cross-section in the plane b: c (transverse to shale, southern exposure).

Figure 6. Two generations (L6,7) linearities (underlined by lines) in the submeridional planes
of the separation of tonalito-gneiss, represented by striations, and sliding strokes. Western
exposure
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to 45 in the southern points (figure 6).
Geological bodies of granites and amphibolites also have a hybrid structure similar to that

of tonalito-gneisses and garnet-biotite gneisses (figure 1, figure 7). The amphibolites are
found as very dispersed lenticular-house bodies of various sizes among the shale matrix of
the tonalito-gneiss composition (figure 4). We have not recorded geological bodies of granite
composition in the form of single manes and their immediate boundaries with formations of a
different composition. But these “manes” of granite composition in the transverse (up to the
leading shale) cross-section have an inhomogeneous, striped-folded internal structure (figure 7).
The latter is expressed by lenticular subtiles with internal drawing folds and resistances that
reproduce the right-wing structural pattern. The base of this pattern is formed by white granites,
the contours of lenses, folds and feather are formed by red ones. At the same time, the ribbon-
like bodies of red granites are not injections, the boundaries between them and white granites
are gradual, and the shale of white granites is subordinated to the structural pattern formed by
the striation of red granites.

The latter is often divided into quartz and feldspar fractions, and the cores of folded forms
contain sickle-shaped clusters of dark-colored minerals.

A B

Details for figures a, b, which are framed in figure A.

Figure 7. Internal structure of granitoid bodies: a – a photo where the details shown in the lower
part of the figure are framed; b – the same thing – a sketch where (for simplicity) only ribbon-
shaped bodies of red granitoids are displayed. Arrows – restored directions of displacements
during the formation of reflected granitoids. The cut is vertical, the exposure is northern.
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All this indicates that the formation of both types of granites occurred simultaneously due
to synshifts structural and material transformations.

From time to time, fairly dispersed shale planes can be traced within the granitoids, falling
to the northeast and west – southwest. That is, shale is similar to that of generations 4
and 5 in other types of rock bodies. Therefore, it can be assumed that folding with material
transformations in granitoids occurred at the third stage of structural-material transformations
of the studied part of the suture zone.

Thus, in all rock varieties of geological bodies within the part of the studied zone, the same
structural and material paragenesis was manifested. They are the same in terms of spatial
position, the number of generations of structural elements, and R-T implementation conditions.
Consequently, all the studied rock varieties of the Orikhovo-Pavlograd zone were formed
similarly and gradually, structural and material transformations in their volumes occurred
cooperatively/simultaneously, in several stages under significantly shifted tectonic conditions
against the background of regressive changes in the R-T parameters of the medium. Moreover,
such transformations took place together in the entire volume of the suture zone fragment
under study – from the micro - to macro-level of its petro-structural organization. The latter is
evidenced by the self-similarity of structural forms at all levels of subordination for all geological
bodies studied. That is, the studied volume of crystalline rocks is the only dislocation system
that was formed during at least five stages of structural and material transformations of the
crystal base.

The formation of the studied dislocation structures occurs in a shift environment [9–11], that
is, their shape and placement are subordinated to the directions of action of tectonic stresses.
At the micro level, these structures are formed using diffusion, filtration and other mechanisms
of substance movement. Accordingly, their material filling reflects the conditions of formation
of the studied structures. According to [5–7], the degree of metamorphism of the substance of
dislocation formations reached granulite and amphibolite facies. Therefore, with age ranges 3.6;
3.4-3.3; 2.8-2.7, 2.0 billion years [5–7] and 1.9 [8] billion years we associate the formation of the
metamorphogenic dislocation structures described above. According to Goryainov et al [12], we
link the structures of generation-3 to the timestamp ∼ 2.8 billion years ago, generation-4 ∼ 2.0,
generation-5 ∼ 1.9-8 billion years ago.

Pivnichno Tersyansk folded form of the Orikhovo-Pavlograd suture zone as its around shift
component
Under tectonically active conditions, which are recorded in variations in the spatial position and
P-T values of the creation of the studied structures, the ore substance could not be unused to
the above-described transformations of the Precambrian Foundation. And ore bodies within the
suture zone could be created only under tectonic conditions, under which both the containing
rocks and the entire part of the foundation under study were formed. This is evidenced, for
example, by the data systematized for Pivnichno Tersyansk folded shape, based on the materials
of works [1, 8]. They are listed below in paragraphs 1-5, starting from the macro level of the
petro-structural organization of the object (point 1), ending with the micro level (point 5). For
such systematization, the Pivnichno Tersyansk folded form was chosen because it was relatively
well studied by previous researchers due to the fact that this structure contains a deposit of
ferruginous quartzites, ore occurrences of uranium and thorium, and manifestations of other
mines [1,8]. In addition to the above, the Pivnichno Tersyansk folded form is composed of rock
associations similar to those that we studied within the Vasylkivska site.

1. The Pivnichno Tersyansk folded form at the macro level is expressed by two components-
linear (plate – shaped) and sub-ring-shaped. The elements of the first of them are
subordinated to the following elements of the Orikhovo-Pavlograd suture zone as a whole
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(figure 8). Namely, the linear component has an dip azimuth to the southeast at an angle
(<) of 80-85° with an extension of up to 2 km and a power of ∼ 0.5 km [1,13]. It is traced
to a depth of ∼ 0.5 km. The sub-ring component (brachisincline according to [13]) reaches
a diameter of 1.0 km. Its axis has a near – latitude direction, the fall of the wings in
the southern part of the brachisincline is close to vertical, in the northern part-a fall to the
south at < 50-60° [13].

Figure 8. Schematized diagram of the placement of planar and linear structural elements for
the Pivnichno Tersyansk folded shape, according to data from [1, 13] in the projection on the
lower hemisphere. a – the pole of a linear (plate – like) macro-component; b-metamorphogenic
linearity (tensile axes), respectively, of the above (in figure 1) data; c – projections of rotation
axes. Digits – numbers of structure generations.

If we start from the fact that the linear and sub-ring components of the Pivnichno Tersyansk
folded form were formed interrelated, in several stages (as well as the contained geological
bodies of figure 1-figure 7), then the linear component is the zone of secondary striation and
separation of stages 3-4; its pole is the point of application of tectonic compression forces.
The placement of the rotation axes of generations-4 and 5, however, is close to vertical
(even if the tension axes are placed sub-wide, according to the placement of the axis of
the sub-ring component). That is, it follows from these data that the sub-ring component
of the Pivnichno Tersyansk folded shape was formed due to the propulsion rotation of
metamorphogenic strata. Accordingly, in this component, relative to the linear one, petro-
structure formation occurred at lower R-T indicators of the medium. The elongated tail
of the sub-ring component indicates a left-hand rotation, which we associate with the fifth
stage of structural and material transformations of the studied part of the foundation; this
is about 1.9-8 billion years ago. In the tail section, as a marker of relative compaction,
there is a granite massif. The model of formation of such structures is recorded in natural
models of structure formation (figure 7).

2. At the meso-level, both components, linear and sub-ring, of the Pivnichno Tersyansk
folded shape are formed by consistent stratal-lenticular geological bodies with elements
of occurrence that are similar to those for macro-composite ones. Mesotil capacities range
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from a few meters to 70 m with a horizontal length of tens of meters to several kilometers.
That is their a: c (the ratio of the long axis to the short axis) reaches 10.
Material, within the linear macro-component, geological bodies of the meso-level are
represented by amphibolites, modified to varying degrees by ultramafic rocks, chloritized
amphibol-magnetite quartzites and quartz-magnetite shales. Within the sub – ring
component-biotite, biotite-garnet, biotite-silymanite gneisses, feldspar and glandular
quartzites.
According to the studies [10,14], as well as ours, which are given above, the formation of the
above-described structure of the Tersyansk folded shape is possible due to the involvement
of the primary crystal base in repeated deformations of shear-stretching and scrolling of its
individual fragments. That is, it is a secondary stratification – tectonostratification of the
geological environment a: c it is an expression of the degrees of elongation of geological
bodies under such deformations; the degree of metamorphism is an indicator of the P – T
conditions of the dislocation process. In this case, in the linear macro-component of the
Tersyansk folded form relative to the sub-ring form, the degree of metamorphism is higher,
which is one of the confirmations of increased strain pressures within the linear component
at the time of formation of the Tersyansk form as a whole.

3. Geological bodies of the meso-level, both in linear and sub-ring components Tersyansk
folded shape, striped and slate [1, 13]. The striping is caused by changes in the mineral
composition and dimensions of mineral grains; the capacities of pronounced banding in this
way range from a few millimeters to several centimeters. Shale formation is caused by the
single-system placement of flat minerals and their aggregates.
As shown above, we have identified several generations of striation, shale, and mineral
linearity. All of them are more or less manifested in all varieties of breeds. But the most
intense is the shale formation and linearity of generation-4, which actually creates a mutual
agreement of all geological bodies.
Striation and shale formation and their coherence are expressions of the shear/stretch
process at the micro level. At this level it is realized due to syndeformational
recrystallization in the direction of relatively reduced strain pressures [15,16].

4. Accordingly, [8] uranium-thorium mineralization within the Orichovo-Pavlograd suture zone
is localized in layers of schistose and mylonitized chlorite-mica quartzites among micaceous
quartzites of the Vovchansk Formation. According to our data, such “layers” in quartzites
are the result of at least the fourth stage of structural and material transformations of the
studied zone fragment.

5. In the mineral composition of the studied geological bodies, there are mineral parageneses
from the granulite to green-shale degree of metamorphism [1,7,13]. Within the Vasylkivska
site, depending on the degree of separation, the chemical composition of minerals changes
[7].
According to isotope studies [5–8], for tonalites and biotite gneisses, the age figures in 3.6;
3.4-3.3; 2.8-2.7, 2.0 for quartzites 2.8-2.7, 2.0 and for rare earth mineralization 1.9 billion
years.

So, from all the above data, it follows that all the structural, material and age attributes
of the northern part of the Orikhovo-Pavlograd suture zone are highly consistent. This is a
consequence of tectonic-metamorphogenic transformations of this fragment of the crystalline
basement in several stages. The transformations of the Fourth of the selected stages, which we
link to the timestamp of 2.0 billion years ago, were most intensively implemented.
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3. Conclusions
The Orikhovo-Pavlograd suture zone is a complex dislocation formation, because it was formed
in several stages of tectonic-metamorphogenic transformations of the crystal base. The first five
of them appeared under P-T conditions from granulite to greenschist facies of metamorphism,
the next ones – at low temperatures. Despite the multi-stage and multidirectional deformation
processes within the zone, its structure is dominated by submeridional anisotropy. This is due to
the submeridional linearization of heterogeneous and multi-age Geological objects in the same
direction [10]. Such a structure as a whole can be defined as a subvertic secondary monoclinal,
reinforced with melange.

The Pivnichno Tersyansk folded form is a highly coordinated dislocation structure that
was formed under significantly shifted tectonic conditions. It takes the position of a motor
roll structure, which was finally created at the 4th and 5th stages of structural and material
transformations of the Precambrian basis. This is about 2.0 and 1.9 billion years ago. We
have attempted to restore such transformations in the form of a step-by-step model of the
evolution of the structural-material pattern of the studied crystal base fragment (figure 9).
Based on similar data on the structural and material organization of megablocks adjacent to the
Orikhovo-Pavlograd zone [17], we form the basis of the scheme in figure 9 the vision that the
Precambrian basis, within the limits of these components, at the initial stages of their formation
(I – III in figure 9) had a single structural plan (the same both within the suture zone and within
adjacent Megablocks). At the final stages (IV-V in figure 9) development within the suture zone
was dominated by significantly shifted geological and dynamic conditions (relative to adjacent
megablocks).

Figure 9. Schematized step by step (I-V) model of formation of the structural and material
pattern of the studied part of the Orikhovo-Pavlograd suture zone. Arrows – restored directions
of application of tectonic forces (in modern coordinates). 1 – 5-generation of planar structures to
the appropriate stages of development of the structural plan. Gray bodies (rectangles, ovals, and
irregular ones) are ore formations. 3.2, 2.,8, 2,0 – isotopic age according to their predecessors.

An idealized model of the formation of a single U-, Th- promising structure has been created,
which will contribute to a more targeted search for uranium-thorium mineralization and expand
the mineral resource base of the nuclear power industry in Ukraine according to the final result.
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Abstract. Knowledge about current state of the trees in urban areas may be important for
foresting and green planting of city landscapes and for improving environmental quality in
these areas. The object of this study were to screen a range of morphometric, physiological
and biochemical parameters among species of the genus spruce (Picea A. Dietr.) in urban
areas of Kryvyi Rih City and to assess the ecological adaptations among species of the genus
spruce (Picea A. Dietr.) along an environmental gradient in urban areas of Kryvyi Rih City.
During 2017-2021, the 7 research plots in Kryvyi Rih City urban areas along an environmental
gradient (low, moderate and high levels of the environmental impact) and 1 research plot in
the background area (control) were established. The 30–40-year-old trees of indigenous spruce
species (Norway spruce (Picea abies (L.) Karst.)) and non-native spruce species (Colorado blue
spruce (Picea pungens var. ‘Glauca’ )) were investigated. The morphometric characteristics of
trees, vitality of trees and chlorophyll a, chlorophyll b content in needles were studied. The
results showed that in background area the tree height (14.5-15.1 m and 11.7-12.5 m for Norway
spruce and Colorado blue spruce), diameter at breast height (25.3-28.1 cm and 24.6-27.2 for
Norway spruce and Colorado blue spruce), chlorophyll a content (0.75-1.04 mg/g of wet weight
and 0.96-1.24 mg/g of wet weight for Norway spruce and Colorado blue spruce) and chlorophyll
b content (0.33-0.41 mg/g of wet weight and 0.42-0.50 mg/g of wet weight for Norway spruce
and Colorado blue spruce) were typical of mature 30–40-year-old spruce trees. In Kryvyi Rih
City urban areas the ecological stress along an environmental gradient decreased the values
of growth, vitalyty and photosynthetic activity of the trees by 15-50%. Colorado blue spruce
trees (non-native species) exhibit greater ecological tolerance and ecological adaptations than
Norway spruce trees (indigenous species). Colorado blue spruce is less sensitive to environmental
impact and have a better ecological adaptive balance of pigment content than Norway spruce.
Our results confirm that from a sustainable development of the urbane areas perspective it is
necessary to using the Colorado blue spruce for greene planting.

1. Introduction
Today, the state of the environment in industrial cities is very critical, causes concern and
requires practical measures to improve it [1–5]. The trees play an important role in improving
the quality of the urban areas. Landscaping of these areas with woody plant species is an
important practical measure for the implementation of sustainable development in current
cities [5–9]. Among the assortment of plants, preference is given to those with high phytoncide
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properties [6, 10, 11]. In particular, such plants are conifers, which clean the air of harmful
substances all year round, absorbing almost all types of chemical compounds entering the
atmosphere with emissions from industry, energy, motor vehicles [12–15]. However, improving
environmental conditions, coniferous plants themselves suffer from the negative effects of air
pollutants, which leads to changes in their biological parameters, biochemical characteristics
and, in general, to a decrease in their viability [6, 11, 16]. Due to this speed of reaction to
pollutants substances, plants of conifers are used as environmental indicators [5, 6, 10,13].

In Kryvyi Rih, one of the largest industrial cities of Ukraine, the level of atmospheric air
pollution significantly exceeds the limits [10, 17]. Emissions from industrial enterprises and
intensive traffic lead to the formation of harmful substances in the air, among which are noted:
nitrogen oxides, sulfur dioxide, carbon monoxide, etc. [13–15]. The negative impact of pollution
is enhanced by adverse natural and climatic conditions, which in the steppe zone are exacerbated
due to climate change, which causes global warming [17,18]. It is difficult for introduced conifers
to adapt to the urbotechnogenic environment of a large industrial steppe city.

Among the widespread assortment coniferous plants of Kryvyi Rih excrete out trees of spruce
species, which grow all over the city in different types of plantings. In addition, they are
characterized by high phytoncide activity, year-round decorativeness, attractive color of the
needles [5, 6, 11]. Considering on it, the objectives of the study were (1) to screen a range of
morphometric, physiological and biochemical parameters among spruce species in urban areas
of Kryvyi Rih City, (2) to assess the ecological adaptations among spruce species along an
environmental gradient in urban areas of Kryvyi Rih City.

2. Material and methods
2.1. The study area
The urbane areas of Kryvyi Rih City (central part of Ukraine) was chosen for the present study.
It is situated between 47°53’54” and 48°8’52” north latitude and 33°19’52” and 33°33’38” west
longitude. The climate of this area is characterized by short springs, hot and dry summers
and cold winters with little snowy. The monthly mean air temperature ranged from -5.1°C (in
January) to 22.2°C (in July). The mean annual precipitation was from 400 to 450 mm [2,3,16].
Kryvyi Rih is one of the largest industrial city in Europe, specializing in iron ore mining and
production of iron ore concentrate, iron ore agglomerate, iron ore pellets, cast iron smelting and
steel smelting. In this city the industrial activity (mining, processing and smelting operations)
generate a lot of pollutants (dust, carbon / sulphur / nitrogen oxides, heavy metals) that is
released into the atmosphere. The annual emissions air pollutants range from 400 000 to 700
000 tons per year [2, 17].

2.2. Research design, data collection and sampling
In our study the 30–40-year-old trees of indigenous spruce species (Norway spruce (Picea (L.)
Karst.)) and non-native spruce species (Colorado blue spruce (Picea pungens var. ‘Glauca’ )
were investigated. A systematic random sampling design was used for selection of sampling
sites. The study area was divided into two locations as control area and environmental imputed
area. The territory of Kryvyi Rih Botanical Garden arboretum was used as a control (sampling
site 1). The environmental imputed area was divided into sub-locations as (i) low environmental
impact (sampling sites 2, 3), (ii) moderate environmental impact (sampling sites 4, 5, 6) and
high environmental impact (sampling sites 7, 8). All research points were located at three Kryvyi
Rih City Districts such as Ternivskyi, Pokrovskyi and Metalurhiinyi. The spatial distribution
of the sampling sites is shown in figure 1. Field data were collected through direct enumeration
and measurement of 30-40 trees in every sampling site [19]. In each site, the tress were recorded
and: (i) their diameter at 1.3 m above ground (in two perpendicular directions by a caliper); (ii)
their height (by a hypsometer), (iii) the crown height and diameter (in two directions: east-west,
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south-north) were measured and (iv) their vital state was assessed (by Yarmishko [20]). In each
site the 10 dominated trees were randomly selected. From each trees five samples of the two-year
needles were sampled. After sampling, needles were combined to give one composite sample per
site. The samples were stored in plastic bags in a freezer (–4 °C) before analysis [21].

2.3. Analytical methods
The concentrations of chlorophyll a and chlorophyll b in two-year needles were determined
spectrophotometrically using a SF–2000 instrument according to follow methodical [22].
Approximately 0.1 g crushed needles samples were soaked in 2 mL dimethyl-sulfoxide and
incubated in water bath at 67°C for three hours. The absorbance of samples was measured
at 665 nm (chlorophyll a) and 649 nm (chlorophyll b).

Content of chlorophylls and carotenoids was calculated using the following equations by
Wellburn [23]:

Cchl a = 12.19 × A 665 − 3.45 × A 649 (1)

Cchl b = 21.99 × A 649 − 5.32 × A 665 (2)

where A is the absorbance; Cchl a is concentration of chlorophyll a, mg/mL; Cchl b – is
concentration of chlorophyll b, mg/mL.

Pigment concentration was expressed as mg per g of raw weight using the following equation
by Wellburn [23]:

PC = (C × V)/(H × 1000) (3)

where: PC – content of pigments in needles, mg/g of raw weight; C – pigment content in extract,
mg/mL; V – volume of extract, mL; H – weight of needles, g.

All determination was done in four replicates for each species.

2.4. Statistical analysis
The results were statistically analysed using a descriptive statistics. The differences between
mean values from environmental imputed area and control were tested by a Student’s t-test
for independent variables at 5% probability level (p < 0.05) [24, 25]. Statistical analysis was
performed using Microsoft Office Excel 2003.

3. Results and discussion
The territory of Kryvyi Rih Botanical Garden arboretum is characterized by environmentally
friendly conditions for spruce species. That is why in control plot, the basic morphometric
characteristics included tree height (14.8±0.14 m and 12.1±0.22 m for Norway spruce and
Colorado blue spruce, respectively) and diameter at breast height (26.7±0.71 cm and 25.9±0.65
for Norway spruce and Colorado blue spruce, respectively) were typical of mature spruce 30–40-
year-old trees and comparable to those reported by many authors [26, 27]. It should also be
noted that in the control plot, the vitality of spruce trees was assessed as “healthy”: 93.3% and
95.7% for Norway spruce and Colorado blue spruce, respectively (table 1).

According to obtained results, in control site the tree height of spruce species were more and
the diameter at breast height of spruce species were large than morphometric characteristics of
same age spruce trees from environmental impact areas (table 1). Thus, in low environmental
impact area the mean of tree height of Colorado blue spruce was statistical significance lower
than the bouground value (by 11.5%). In moderate environmental impact area the means of
tree height were lower than control (by 18.2% and 19.1% for Norway spruce and Colorado
blue spruce, respectively (p < 0.05)). In this area the means of diameter at breast height
were statistical significance lower than mean values from bouground area (by 16.3% and 8.1%
for Norway spruce and Colorado blue spruce, respectively (p < 0.05)). In high environmental
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Figure 1. Location of study areas (1 – control sampling site, 2-8 – environmental impact
sampling sites).
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Table 1. Morphometric characteristics and vitality of spruce species along an environmental
gradient in Kryvyi Rih City urban areas, M ± SD.

Environmental
impact level

Tree
height, m

Diameter at
breast height,

cm
Vitality,%

Tree height,
m

Diameter at
breast height,

cm
Vitality,%

Norway spruce
(Picea abies)

Colorado blue spruce
(Picea pungens var. ‘Glauca’ )

Control 14.8±0.14 26.7±0.71 93.3±2.20 12.1±0.22 25.9±0.65 95.7±1.60
Low 14.0±0.38 25.4±0.32 80.0±1.04* 10.7±0.23* 24.9±0.26 86.3±2.28*

Moderate 12.1±0.37* 25.0±0.34* 67.8±3.85* 9.8±0.35* 24.1±0.42* 73.5±2.98*
High 10.4±0.32* 21.2±0.52* 46.6±3.52* 8.6±0.06* 22.1±0.49* 57.4±0.64*

M – Mean; SD – Standard Deviation. Asterisks indicate that the difference between control
and research plots are statistically significant, p ≤ 0.05.

impact area the means of tree height were lower than the bouground value (by 30.1% and 28.1%
for Norway spruce and Colorado blue spruce, respectively (p < 0.05)). In this area the means of
diameter at breast height were statistical significance lower than control (by 21.6% and 14.9%
for Norway spruce and Colorado blue spruce, respectively (p < 0.05)).

According to obtained results, in control site the tree height of spruce species were more and
the diameter at breast height of spruce species were large than morphometric characteristics of
same age spruce trees from environmental impact areas (table 1). Thus, in low environmental
impact area the mean of tree height of Colorado blue spruce was statistical significance lower
than the bouground value (by 11.5%). In moderate environmental impact area the means of
tree height were lower than control (by 18.2% and 19.1% for Norway spruce and Colorado
blue spruce, respectively (p < 0.05)). In this area the means of diameter at breast height
were statistical significance lower than mean values from bouground area (by 16.3% and 8.1%
for Norway spruce and Colorado blue spruce, respectively (p < 0.05)). In high environmental
impact area the means of tree height were lower than the bouground value (by 30.1% and 28.1%
for Norway spruce and Colorado blue spruce, respectively (p < 0.05)). In this area the means of
diameter at breast height were statistical significance lower than control (by 21.6% and 14.9%
for Norway spruce and Colorado blue spruce, respectively (p < 0.05)).

As demonstrated in table 1, in all environmental impact areas the vitality values of the
all spruce species were statistical significance lower than control levels. The vitality values
in Norway spruce trees were significantly lower in low environmental impact area by 15-
16% (p < 0.05), in moderate environmental impact area by 17-18% (p < 0.05) and in high
environmental impact area by 50-51% (p < 0.05). Colorado blue spruce alsow showed differences
in vitality values but showed a more smaller amplitude. The means of tree vitality was statistical
significance lower than the control value by 9.9%, 23.2% and 40.0% in low, moderate and high
environmental impact areas, respectively (p < 0.05).

The needles chlorophyll concentration is an important parameter that is regularly measured
as an indicator of plant metabolism, plant stress and of plant’s current state in urban areas
[11, 28–31]. It has been found that maximum contents of chlorophyll a in needles of spruce
species were in May in control site: 1.04 mg/g of wet weight and 1.24 mg/g of wet weight for
Norway spruce and Colorado blue spruce, respectively (figure 2). These values were statistical
significance higher than concentration of this pigment in environmental impact areas by 16.3%
– 20.6% (p < 0.05). The results of our study concur with the findings of previous researches.
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The data of many authors in different countries indicated a higher concentrations of chlorophyll
a in needles of spruce species in May [6, 32]. This is due to sufficient rainfall and optimal air
temperature for the plant development, increasing during the next months.

Figure 2. Content of chlorophyll a in needles of spruce species along an environmental gradient
in Kryvyi Rih City urban areas, mg/g of wet weight, n = 5 (A – Norway spruce (Picea abies), B –
Colorado blue spruce (Picea pungens var. ’Glauca’). 1 – control site, 2-8 – environmental impact
sites. Asterisks indicate that the difference between control and research sites are statistically
significant, p ≤ 0.05).

The lowest chlorophyll a content in needles of spruce species were found in September in
high environmental impact area: 0.58 mg/g of wet weight and 0.70 mg/g of wet weight for
Norway spruce and Colorado blue spruce, respectively. These values were lower than control
by 21.6% and 29.3% (p < 0.05). For both species, we observed a general tendency to reduce
this pigment concentration during summer and autumn, especially in September, as this period
was characterized by low rainfall and air drought. In the course of five-month studies, was
found a significant decline in the chlorophyll a content in needles of spruce species along an
environmental gradient. But in all environmental impact areas the content of this pigment in
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the needles of Colorado blue spruce was a relative stability and higher than in the needles of
Norway spruce. We hypothesize that Norway spruce is more sensitive to environmental impact
than Colorado blue spruce.

The result of our investigation clearly indicated that minimal contents of chlorophyll b in
needles were found in September in high environmental impact area (near cast iron smelting
and steel smelting plants). At this site concentration of chlorophyll b was 0.29 mg/g of wet
weight in needles of Norway spruce and was and 0.33 mg/g of wet weight in needles of Colorado
blue spruce. These values were lower than control by 14.7% and 21.4%, respectively (p < 0.05).

During five months of our investigations, there was a significant decrease in the value of
chlorophyll b concentration in the needles of both spruce species along an environmental gradient
in Kryvyi Rih City urban areas. We imply that this phenomenon is determined by distance from
urban roads, from ore mining and processing enterprises and from metallurgical combine.

It is known from earlier publications that environmental pollution decreased the content of
chlorophyll b in needles more than the content of chlorophyll a in needles [11,32]. It may reduce
the activity of the photosynthetic apparatus and disrupt the plants metabolism. However, other
researchers reported that chlorophyll a was to be less stable than chlorophyll b in the pigment
complex of conifers in urban areas [33, 34]. In our research, the second variant of the dynamic
changes in pigment complex of needles was confirmed: along an environmental gradient in Kryvyi
Rih City urban areas more significantly decreases the content of chlorophyll a than content of
chlorophyll b.

Still remain controversial the data about of the photosynthetic apparatus stability in
coniferous plants under environmental effects. Some authors [35] were noted that Norway spruce
and Colorado blue spruce had the same inhibition effects of the pigment complex functioning
under the stress influence of the air pollution. But according to results of the our research
Colorado blue spruce had a better adaptive balance of pigment content than Norway spruce.

Many authors [6,10,11,32,36,37] reported that the morphometric characteristics, vitality and
intra-annual dynamics of chlorophyll content in needles of spruce species determined by climatic
conditions and environmental impact level. According to our results, the maximum decrease
of values of morphometric characteristics, vitality and chlorophyll content were wound in the
southern part of the Kryvyi Rih City near largest in Ukraine processing, cast iron smelting
and steel smelting enterprise. Finally, our results are agree with several numerous studies
and key sciences publications. The obtained results of this study help to provide important
information on understanding how trees of spruce species can affecting on urban ecology and
urban sustainable development by temperature reduction, by reduce heat stress, by carbon
storage and by promoting biodiversity. Besides, they may serve as reference levels for future
studies in other urban areas at similar sites all over the world.

As in previous case, the maximum contents of chlorophyll b in needles of spruce species were
in May in control site: 0.41 mg/g of wet weight and 0.50 mg/g of wet weight for Norway spruce
and Colorado blue spruce, respectively (figure 3). These values were statistical significance
higher than concentration of this pigment in environmental impact areas by 9.8% – 18.0% (p <
0.05).

4. Conclusions
In the present study, the large range of morphometric characteristics, vitality and of chlorophyll
content in needles of Norway spruce and Colorado blue spruce were observed. In control plot,
the tree height, diameter at breast height, chlorophyll a content and chlorophyll b content were
typical of mature spruce 30–40-year-old trees. Based on the obtained results, it can be concluded
that spruce species is affected by environmental impact. In Kryvyi Rih City urban areas the
ecological stress along an environmental gradient decreased the values of growth, vitalyty and
photosynthetic activity of the trees by 15-50%. Our study demonstrated that Colorado blue
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Figure 3. Content of chlorophyll b in needles of spruce species along an environmental gradient
in Kryvyi Rih City urban areas, mg/g of wet weight, n = 5 (A – Norway spruce (Picea abies), B –
Colorado blue spruce (Picea pungens var. ’Glauca’). 1 – control site, 2-8 – environmental impact
sites. Asterisks indicate that the difference between control and research sites are statistically
significant, p ≤ 0.05).

spruce trees exhibit greater ecological tolerance and ecological adaptations than Norway spruce
trees. Colorado blue spruce is less sensitive to environmental impact and have a better adaptive
balance of pigment content than Norway spruce. Our results confirm that from a sustainable
development of the urbane areas perspective it is necessary to using the Colorado blue spruce
for green planting.
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Abstract. The Donbas is a region dominated by heavy industry, particularly coal mining,
chemical processing sites and metallurgy. Intensive mining and steel smelting led to substantial
environmental damage before the armed conflict. The fighting in eastern Ukraine has
exacerbated an already fragile ecological situation, introducing a range of new risks – of stray
munitions hitting extensive chemical and industrial facilities or interconnected mines being
flooded and poisoning the water throughout the region. Besides, one of the main hazards is
flooding territories associated with closing coal mines. Assessment impacts of uncontrolled mine
flooding and towns and villages and associated hazardous processes of surface and groundwater
contamination, surface subsidence and dangerous deformations of residential and industrial
buildings and other facilities carried out the remote sensing and geological data.

1. Introduction
Nowadays, the negative anthropogenic impact on the environment is felt especially acutely
and has acquired a global character. This is because the effect on nature was previously
insignificant, but now it predominates, and new factors constantly appear. Damage caused
to natural components leads to negative consequences and reflects the reverse reaction of this
impact (adverse for society). Such dangerous environmental changes (primarily of anthropogenic
nature) spreads over several hundred thousand square kilometres of the territory of Ukraine.

Recently, the environmental situation in the Donbas has been sharply aggravation caused by
the decommissioning of mines and their transition to a new ecological state. We should note that
the environmental situation in the Donetsk and Luhansk regions has significantly worsened in
recent years and became the theatre of military conflict with active hostilities in 2014-2023 and
was partially under the power of the occupation forces, acquiring signs of an ecological disaster.
There are 220 coal mines on the territory of the Donetsk coal basin, 97 of which are in operation,
14 are in drainage mode, 39 are in the process of flooding, and 70 are at the liquidation stage.
In addition, a total of 2 mines were deregistered due to the completion of liquidation works [1].

Stopping the operation of drainage and ventilation equipment causes the accumulation of
water and methane in the mines. The rise in the level of underground water significantly increases
the impact of negative artificial factors and leads to the following: flooding of significant areas of
pollution of underground and surface sources of drinking water, rivers and reservoirs; a critical
reduction in the strength and bearing capacity of mining rocks and soils within the limits of the
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influence of mining; expansion of subsidence zones of the massif with the possibility of violations
of surface structures; increasing seismic hazard; the formation of unpredicted explosive areas
due to changes in methane migration routes. Critical conditions have been created for solving
the mentioned problems in almost the entire region of Donbas.

The actual rates of filling mines with water are much higher than expected, which were
calculated based on natural filtration coefficients of the mining massif and other multiparametric
factors [2]. Hence, the need for more accurate data on the environment’s basic parameters and
unforeseen problems arise after the closure of mines. In addition, the situation is complicated
by the need for more reliable data on hydrogeological connections between mines.

The remote sensing technique’s efficiency, cost-effectiveness and productivity make it
reasonable to use them in solving complex geological hydrogeological, geophysical and
environmental problems related to regional geo-ecological security. In this study, ecological
issues associated with the flooding of mine waters due to the closure of coal mines are solved (in
the example of the territory of the Main Anticline of Donbas).

2. Analysis of the state of the study of the existing native experience regarding
the threats of flooding associated with the closure of coal mines
Numerous works by Ukrainian scientists give environmental monitoring and coverage of the
consequences of the closure of mines. As evidenced by studies of Rudko and Yakovlev [3, 4],
Dovgiy et al [5, 6], Dovgyi and Korzhnev [7], Shybetskyi et al [8], Panova et al [9], Goshovskyi
and Zurian [10], Trofymchuk et al [11, 12], Anpilova et al [13], Dolin et al [14], Lyuta and
Sanina [15]. During the full-scale development of the mining area, the geological environment
becomes the primary “depot” of the majority of man-made emissions and mechanical, physical
and chemical effects on the components of the environment (ground atmosphere and surface
hydrosphere, soils, the upper zone of the lithosphere, etc.).

The wet method of closing mines is most often used today in Ukraine – the damp process
conserves 90 percents of mines. However, many environmental problems have arisen due to its use
since the man-made load on the geological environment; the hydrosphere increases significantly
when the mining works are flooded. In addition, large areas of coal-bearing rocks opened by
mining and a sharp increase in their permeability due to the man-made fracturing of rocks led to
the active influence of mines on the hydrogeological conditions of the surrounding territories [16].

The consequences of mine liquidation have yet to be thoroughly studied, so it isn’t easy to
choose the final, most rational method of mine liquidation from the point of view of ecology
and economic market relations. Nevertheless, the processes of man-made influence must be
monitored and analyzed in detail to ensure the minimum negative impact of liquidated mines
on the environment. Therefore, it is necessary to carry out routine monitoring observations
using ecological methods and the application of remote sensing data. This makes it possible
to carry out work in the monitoring mode, to investigate two typical signs of the flooding
process – subsidence of the surface and an increase in the area of soil moistening and the release
of underground water to the surface. Unfortunately, such studies are still rare in Ukraine.
In particular, modelling the potential development of flooding was carried out, taking into
account the zones of propagation of large-amplitude movements, which are given by Ulytsky
and Boyko [17]. Therefore, the methods of representation of the remote sensing data and the
results of the processing are tools for anticipatory forecasting of changes in the hydrogeological
situation within the territories of the distribution of mines flooded and liquidated.

3. Geological structure of the region of the Main Anticline of Donbass
The main anticline is located in the axial part of the Donbas and is the most significant linear fold
of the Donetsk Basin. The anticline is confined to the longitudinal Central-Donetsk deep-seated
fault, common to Donbas and the Dnipro-Donetsk depression (figures 1 and 2).
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Figure 1. Scheme of plicative structures of Donbas according to [18]. Legend: 1 – anticlines (1 –
Main, 2 – Druzhkivsko-Kostiantynivska, 6 – Northern), 2 – synclines (3 – Main: 3a – Bokovo-
Khrustalska, 3b – Dovzhanska-Sadkinska, 4 – South: 4a – Chistyakovo-Snizhnyanska, 4b –
Shakhtynsko-Nesvitaevska, 5 – Vovchanska), 3 – brachyanticlines, 4 – salt stem, 5 – Stepanov
shaft (transverse Rovenkiv uplift), 6 – borders of the region, 7 – gas deposits. The red rectangle
is the research region.

The main anticline is a linear fold that extends in a straight line along the azimuth of
approximately SW 3000 and dips undulipodia to the northwest at an angle of 3-50. Anticlinal
folds of the second order are established within its boundaries. The formation of ore bodies,
including the Mykytivske mercury deposited, is connected with these structures.

Rocks that make up the fold flanks lie symmetrically with steep dips (50-700). The axial
plane of the anticline is vertical or dips steeply to the northeast. Immovables complicate the
structure of the Main anticline.

The oldest rocks are exposed in the axial part of the anticline and belong to the Serpukhovian
stage of the Lower Carboniferous (geological suite C51), about 400 m thick. The sediments are
represented mainly by shale and are characterized by extremely low carbon content.

Deposits of the middle part of the coal system are the most widely distributed in the research
region. They are divided into seven suites belonging to the Bashkirian and Moscovian Stages.
According to the lithological composition of the rocks, they are typical for the Donetsk basin.
This alternation of marine and continental deposits, clay and sandy shales, sandstones and
subordinate layers of limestone and coal. The thickness of the Middle Carboniferous deposits
increases from 2525 m in the northwest to 4885 m in the southeast.

The middle section is the main coal-bearing part of the Donetsk Carboniferous and has about
66 coal seams, a large amount of which reaches the working thickness.

The lower layers of the Middle Carboniferous rocks consistently cover the sediments of the
upper part of the coal system. They are represented by a rhythmic layering of sand-clay rocks,
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Figure 2. Figure 2 – Main faults of Donbas according to [18]. Legend: 1 – North Donetsk thrust,
2 – Krasnoretsky thrust, 3 – Sviatohirsky thrust, 4 – Maryiv thrust, 5 – Almaznyy thrust, 6 –
Krasnodon thrust, 7 – Central thrust, 8 – Kotlyn thrust, 9 – Yalinsky thrust, 10 – Kuteinikovsky
skid, 11 – Southern Donbas fault, 12 – Central-Priazov fault, 13 – Selydiv thrust, 14 – Main
anticline fault, 15 – Southern Donbas fault, 16 – Yelanchyk-Rovenkiv fault, 17 – Kryvorizko-
Pavlivskii fault, 18 – the presumed northeastern marginal fault of the Riphean graben. The red
rectangle is the research region.

limestones and coal. However, the frequency and amplitude of oscillations are significantly
reduced compared to the underlying layers of rocks, and the section becomes more uniform.
Deposits are widely distributed to the southwest and northeast of the axis of the Main anticline
within the synclines.

Sediments of the Mesozoic-Cainozoic age are spread outside the Main anticline on the territory
of adjacent syncline structures.

The territory where the Main anticline is located belongs to the open Donbas, rising at an
average rate of 2.5-3.8 mm/year.

According to the data of deep seismic sounding (DSS), a rigid plate of the Precambrian folded
basement is reliably fixed under the open Donbas. Thus, the area has a two-tiered structure
typical for a platform with imitation of basement faults in the form of tense anticlinal folds and
rigid blocks – in the state of fields of relatively calm deposits of Paleozoic rocks with sustained
thickness and stable composition. The change in the structure, composition and metamorphism
of rocks does not occur gradually or imperceptibly but rather abruptly within areas that are
sufficiently narrow and strictly fixed for the entire section. The formed fault-block structure of
the territory significantly impacted the development of a wide variety of processes – geodynamic,



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012115

IOP Publishing
doi:10.1088/1755-1315/1254/1/012115

5

seismic, filtration, ore and gas formation [19–21].
The formation of the Main anticline and the surrounding area, according to Gintov et al [22],

took place in 10 stages [23]. First, we established that the direction of the tension axis was
longitudinal relative to the anticline, and the sub-vertical orientation of the compression axis
characterized the Kimmerian stress field. The voltage field has a pulsating character. At the
same time, there was a change in the indexing of the tension axis with the intermediate axis of
the stress field. The reset character of the deformations in stretching conditions along one axis
prevailed [23,24].

Within the Main anticline, the coal-bearing of the southern flank of the anticline is higher
than that of the northern flank. Consequently, coking grades of coal have been developed in
most of the regions of the district. The degree of coalification in the section increases from the
upper to lower horizons. It is represented most clearly on the northern flank and less on the
southern side.

The water-bearing capacity of coal deposits is generally low. Inflows into mining operations
for individual coal seams are at most 100 m3/hour. With depth, the fracturing and water-
bearing capacity of coal deposits decreases significantly. At a depth of 400-500 m and more, the
deposits of the coal system are practically waterless, except for regions of local irrigation within
the zones of tectonic disturbances.

The main aquifers are adapted to limestones and sandstones of the coal system and, within
the weathering zones, water-bearing and fractured shales. Limestones are the most fractured
rocks. Sources with a flow rate of up to 11.0 l/sec are adapted to their exits to the daylight
surface. The flow rates of springs fed by sandstone waters are usually one l/sec. But the
total costs for sandstone springs are generally much higher than for limestone springs because
sandstones are much thicker than limestone.

Among the many numerous tectonic disturbances in the area, especially discharges, are
characterized by increased water capacity.

Thrusts, as a rule, could be better watered. Water inflows from tectonic zones quickly
decrease over time, and after a few months, they stop altogether. Coal aquifers are mainly fed
by atmospheric precipitation, which causes significant fluctuations in inflows to mines by two
or more times throughout the year. In addition, a hydrographic network and numerous mining
operations drain coal aquifers. The waters of coal deposits, regardless of water-bearing rocks
(limestones or sandstones), are characterized by high mineralization and hardness and therefore
are usually unsuitable for drinking and technical water supply. Mine waters have an even worse
quality characteristic – the content of dry residue in the water reaches 5000 mg/l and more,
and the hardness is more than 100 nem. degree. Despite the poor quality of water from coal
deposits, the water is partially used for drinking and technical water supply, and in agriculture,
it is used for watering livestock.

4. Formation of the fractographic base, selection of the necessary satellite images
The database of input materials was formed using the Remote Sensing Software Erdas Imagine,
which allowed them to be analyzed and compared. As a coordinate system, a rectangular
coordinate system was chosen – UTM / WGS 84 / zone 37. The choice of this coordinate
system is due to the zone in which the research area is located (zone 37), and the selection of
the UTM / WGS 84 system is because the data of remote sensing of the Earth have precisely
this coordinate system. Geometric correction of the input data was carried out in the space
image processing program Erdas Imagine using the Geometric Correction module.

The study used a digital terrain model from the Shuttle satellite to the study area. Also,
we took satellite images from the Landsat 8 satellite on October 9, 2020, for the study area
(figure 3).

Using the Erdas Imagine software, we made a mosaic of topographic maps with a spatial



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012115

IOP Publishing
doi:10.1088/1755-1315/1254/1/012115

6

Figure 3. Fragment of the image from the Landsat 8 satellite on October 09, 2020, a
combination of channels 7 (SWIR2) – 5 (NIR) – 4 (RED), the spatial resolution of 30 m.
In addition, topographic maps on a scale of 1: 100,000 were used for the territory of the
nomenclature study (M37 – 124, 125, 126, 136, 137, 138).

resolution of 17 m. A mosaic of geological maps on a scale of 1: 200,000 was made for the study
area (figure 4).

5. Results of the assessment of the possibility of establishing flooding of territories
based on remote sensing data
Mainly we gave attention to the problem of flooding the territory of Donbas to establish the
depth of underground water, the places of its exit to the surface, the flow rate and composition of
water, the impact on the environment, etc. But we needed more than the available information
for a reliable mapping of the areas of flooding of the daylight surface, which was crucial in solving
the issues of the ecology of the surrounding territory. All the more so, since we did not carry out
the work in the monitoring mode, all the researchers pointed out the need for such work. The
interferometry method based on remote sensing data helped to partly solve this issue [17]. These
materials made it possible to establish the area of flooding of the daytime surface based on the
assessment of the subsidence of the Earth’s surface, which accompanies the flooding process.
Using space images allows for monitoring the development of the flooding process over time.
But the proposed approach does not record the presence of water on the surface or does not
allow the estimation of soil moisture. The presence of water or increased soil moisture directly
reflects the development of the process of flooding the territory.

One effective method of determining the daytime surface’s humidity based on remote sensing
data is using various water indices. Water indices are designed to assess the presence of moisture
in vegetation or open ground. The presence of moisture in vegetation directly indicates its
condition: a high moisture level characterizes healthy vegetation characterized by good growth.
The humidity of the open ground is directly relevant to our research, while the moisture of the
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Figure 4. Fragment of a mosaic of geological maps of scale 1: 200,000 nomenclatures (M37 –
32, 33 [19,20]) for the study area, the spatial resolution of 10 m.

vegetation cover is an indirect indicator of soil moisture. Therefore, we hope the soil moisture
indicator will be more informative than the vegetation cover moisture [25,26].

To calculate humidity indices, values of spectral brightness in the near, medium and infrared
ranges are most often used – in the ranges where the radiation is most intensively absorbed by
water. These ranges are most sensitive to moisture in vegetation and ground cover. In this study,
the five most widely used humidity indices were used: DSWI (Disease water stress index) [27];
NDII (Normalized Difference Infrared Index) [28]; SR-SWIR (Simple Ratio SWIR) [29]; RDI
(Ratio Drought Index) [30, 31]; NWI (Normalized Water Index) [32]. The calculation of these
indices was carried out using materials from the Landsat-8 satellite.

To assess the possibilities of using the indicated moisture indices for the study of flooding of
the territory of Donbas, a mapping scheme (figure 5) of the potential development of subsurface
flooding, which accompanies the flooding of mines, taking into account the propagation zones
of large-amplitude movements and numerical modelling of geofiltration, was used [17].

According to the data of the mapping scheme, we selected two areas with depths of
underground water levels of 0-3 m (flooded “wet” regions) and more than 10 m from the daytime
surface (”dry” regions). The values of the five specified humidity indices were calculated for these
areas. Separately, the values of the moisture indices were calculated within the areas of “wet”
and “dry” areas covered with woody vegetation and open grounds. The comparison of two
distributions of values was carried out using the λ criterion (Kolmogorov-Smirnov) [33].

The maximum values of the λ criterion (table 1) were calculated for dry and flooded areas,
and we made the ranking of humidity indices.

The analysis of the obtained results proved that statistically, all the areas that were compared
using all five moisture indices differ with reliability higher than 0.99. This allows us to state that
we can use multiple satellite imagery to establish flooded areas covered with woody vegetation
and open ground. The values of the lambda criterion for multiple and areas with open ground
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Figure 5. Map-scheme of predicted depths of underground water levels, obtained on the basis
of numerical modeling of geofiltration according to [17]. Legend: 1 – catchment area and
geofiltration model area; 2–5 – depth of underground water levels, m: 2 – about 0 m; 3 – 1–3
m; 4 – 5–10 m; 5 – more than 10 m.

Table 1. Maximum values of the λ criterion on dry and flooded areas covered with woody
vegetation and areas with open ground at different moisture indices.

Area covered with woody vegetation Areas with open ground

SW-SWIR 12.3 SW-SWIR 22.1
NWI 5.7 DSWI 21.6
NDII 3.9 NDII 20.9
RDI 3.8 DI 20.9
DSWI 2.4 NWI 9.2
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differ significantly from each other (table 1). Areas with dry and flooded soils disagree much
more strongly than woody vegetation in arid and flooded areas.

The SR-SWIR index will be the most informative among the five studied moisture indices
for areas covered with woody vegetation and open ground. The informativeness of other indexes
for the territory covered with woody vegetation will be of the same order, much less than the
value of the SR-SWIR index. In the region with open ground, all indices are characterized by
relative values of informativeness, and only the NWI index is characterized by significantly lower
informativeness.

6. Conclusion
Assessing flooding of the territory, we proposed to use known humidity indices, which are
established based on multiple satellite imagery. The analysis of the possibilities of using five
moisture indices – DSWI, NDII, SR-SWIR, RDI, and NWI proved that we could use all of them
to assess the flooding of territories. Comparing the distributions of the values of the specified
indices within dry areas where the depth of groundwater is more profound than 10 m and flooded
areas where the depth of groundwater is 0-3 m was performed using the well-known statistical
λ criterion (Kolmogorov-Smirnov). As a result of the comparison, it was established that all
five water indices could be used to select flooded areas. The ranking of humidification indices
according to their capabilities, which was based on the analysis of the values of the λ criterion,
showed that the SR-SWIR index is characterized by the most significant capabilities, both for
areas covered with woody vegetation and for areas with open ground.

Therefore, the possibility of using multi-zone space images to assess the flooding of
the territory of Donbas due to the mass closure of coal mines through the so-called “wet
conservation” has been established.
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Abstract. We studied the impact of different concentrations in water environment of the
pesticides widely used in Ukraine (insecticide “Actor”, fungicide “Scooter”, and herbicide
“Titus-C”) on the features of pulmonary and surface respiration of Planorbarius (superspecies)
corneus s. l. vicaristic genetic allospecies (“western” and “eastern”). Pesticides get into the
mollusc organisms percutaneously through the covers of their body during their respiration
and, in much less amounts, with the food. Both the allospecies are characterized by bimodal
respiration mode. It was established that the used pesticides in the concentration range 10-50
mg/L caused the rapid development of pathological process (intoxication). The lethality of
experimental animals occurred due to the asphyxia and heart paralysis, caused by the intensive
mucus production and destruction of the respiratory epithelium: first in body covers, later –
in lungs. “Eastern” allospecies appeared to be more sensitive and less durable for all used
pesticides, so it tends more to regress under the high contamination of water environment by
these toxicants.

1. Introduction
Pesticides now belong to the most widespread among artificially synthesized stable organic
toxicants in Ukrainian river network. Many years of sometimes uncontrolled their use in
agriculture in the last decade caused the contamination of surface waters and deterioration of
their nature ecological balance [1]. They get into the water ecosystems due to the flow of melted,
rain and ground waters from the treated soils and due to blowing by wind during cultivation of
lands near water bodies. Because of the cumulative features, these toxicants are accumulated
and circulate in the tissues and organs of almost all the hydrobionts, and involve into the trophic
chains of water bodies, increasing their concentration in times [2].

The toxical impact of pesticides on the water animals largely depends on their ability to
be consumed (bio-availability), to accumulate in organisms (bio-concentration) and in trophic
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chains (bio-magnification), their dose power and stability in the environment [3]. The harmful
action of these toxicants on the hydrosphere consists of the change of physico-chemical properties
of water environment – changing its oxygen mode, decrease of phyto-/zooplankton amount,
direct harmful action on ichthyofauna, gradual loss of turgor and death of higher aquatic
plants [4–7].

Pesticides used for intensification of agriculture production are divided in three main groups:
herbicides to fight the higher plants, insecticides for insect defense, fungicide against the fungal
pathogens. Insecticide are the most acute toxic among all and lead to the decrease of water
animal growth causing various metabolic and reproductive deteriorations [8, 9]. Fungicides
are accumulated in water environment and in hydrobionts’ food chain objects causing their
intoxication and death. Herbicides worsen the water quality (bad taste and smell) decreasing
the oxygen level, food supply and bioproductivity of hydrobionts [10].

Under improper use of pesticides, the danger arises for existence of the main water ecosystems,
ecological links between water organisms are disturbed, their biodiversity is lost. To reveal the
consequences of these toxins’ impact on the water bodies and their inhabitants, more and more
often the experimental method of bio-testing is used in water toxicology. This procedure consists
of identification of toxicity of chemical compounds for hydrobionts by the quantitative changes of
their vital functions. As test-objects one could use the animals highly-sensitive to the action of
these compounds and able to accumulate them in organisms. The vicaristic genetic allospecies of
Planorbarius (superspecies) corneus sensu lato, widespread in Ukrainian river network, belong
to such animals. Until now, there were no data on functioning of their respiration system under
the impact of the most widespread pesticides.

The aim of present study was to identify the features of impact of three different widespread
in Ukraine pesticide groups (insecticides, fungicide, herbicide) in different concentrations on the
indexes of pulmonary and surface (diffusive) respirations in “western” and “eastern” P. corneus
s. l. allospecies, and to estimate the availability of these molluscs to be used as bio-indicators
for monitoring the state of surface waters under their pollution of used toxicants.

2. Material and methods
2.1. Collection of molluscs
We collected a total of 1358 individuals of P. corneus s. l. in July-August of 2021. Among them,
679 individuals were from the “western” allospecies, collected at the Hnyla river (Horodnytsia
village, Ternopil region, 49◦24′38.5′′N 26◦01′05.2′′E), and 679 individuals were from the
“eastern” allospecies, collected at Psel river (Sumy, Sumy region, 50◦54′26.5′′N 34◦48′18.1′′E).
The allospecies were identified based on their conchiological traits.

2.2. Acclimatization and care of molluscs
Upon collection, the molluscs were transported to the laboratory and subjected to a 15-day
acclimatization period. During this time, they were housed in 10 L tanks at a density of 4
individuals per liter of water. The water temperature was maintained at 20 − 22◦C, with a
pH range of 7.5-8.6 and oxygen levels of 7.5-8.6 mg/L. The molluscs were provided with daily
environmental changes and were fed a diet consisting of Cladophora sp., Miriophyllum spicatum
L., and Alisma plantago-aquatica L. mixture collected from the collection sites.

2.3. Experimental procedures and toxicants
We conducted both pilot and main experiments following standard methods. As toxicants, we
used the insecticide “Actor” and fungicide “Scooted” (from “Simeinyi Sad” Ltd, Ukraine), as
well as the herbicide “Titus-C” (from “Dunlop” Ltd, Ukraine) at concentrations of 10, 20, 30, 40,
and 50 mg/L. These solutions were prepared using two-days aged tap water from the Zhytomyr
water supply. The exposure period was 7 days.
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2.4. Monitoring behavioral and physiological reactions
To assess the effects of the pollutants, we monitored the behavioral and physiological reactions
of the molluscs [11]. The number of “inspirations” was determined by counting the emergences
of each individual from the water surface tension film to which they were attached using their
pneumostome, a process accompanied by a clear clapping sound. This behavior signified the
initiation of “inspiration”, where atmospheric air was drawn through the pneumostome into the
respiration syphon and then into the mollusc’s pulmonary cavity.

2.5. Surface respiration assessment
Surface respiration intensity was estimated by measuring the survival duration of experimental
molluscs that were deprived of pulmonary respiration. These molluscs were placed at the bottom
of an aquarium in small, water-permeable boxes made from densely and finely perforated plastic
sheathing, with weights attached to the bottom. We analyzed the obtained results using basic
variation statistical methods.

Table 1. The impact of pesticides in different concentrations (mg/L) on indexes of lung
respiration of P. corneus s. l. allospecies. “Western” allospecies.

Pesticide
Concentraion,

mg/L
n

Daily
number

of
inspirations

Interval
between

inspirations,
min

Duration
of

inspiration,
min

Volume of
inspiration,
number of
bubbles

M ±m M ±m M ±m M ±m

Control 20 15.78±1.32 64.42±1.16 20.59±1.44 18.46±1.18
10 18 16.15±1.17 62.41±1.32 21.14±1.06 19.21±1.25

Insecticide 20 19 17.37±1.11 55.12±1.28∗ 23.41±1.15∗ 21.39±1.23∗

“Actor” 30 19 19.42±1.29∗ 43.24±1.06∗∗ 26.76±1.23∗∗ 27.18±1.27∗∗

40 20 12.23±1.07∗ 93.62±1.18∗∗ 15.79±1.16∗∗ 11.25±1.33∗∗

50 20 10.82±1.35∗ 110.58±1.03∗∗ 12.64±1.03∗∗ 10.31±1.42∗∗

Control 20 16.06±1.12 63.54±1.14 21.26±1.18 19.33±1.24
10 19 16.73±1.21 59.12±1.35 22.34±1.19 20.12±1.14

Fungicide 20 19 17.86±1.19 52.37±1.11∗ 24.12±1.13∗ 22.22±1.31∗

“Scooter” 30 20 19.87±1.26∗ 41.52±1.15∗∗ 27.32±1.17∗∗ 28.26±1.05∗∗

40 20 12.57±1.14∗ 91.71±1.27∗∗ 16.12±1.20∗∗ 11.76±1.23∗∗

50 19 11.38±1.34∗ 108.24±1.18∗∗ 12.91±1.22∗∗ 10.87±1.14∗∗

Control 20 16.13±1.29 62.40±1.16 21.67±1.26 19.86±1.20
10 19 16.89±1.42 57.67±1.39 22.63±1.24 20.27±1.16

Herbicide 20 19 18.06±1.37 50.46±1.21∗ 24.66±1.12∗ 22.16±1.25∗

“Titus-c” 30 20 20.22±1.02∗ 40.25±1.36∗∗ 28.05±1.28∗∗ 29.10±1.09∗∗

40 18 13.07±1.24∗ 88.62±1.18∗∗ 16.58±1.10∗∗ 12.46±1.13∗∗

50 19 12.16±1.03∗ 100.36±1.14∗∗ 13.46±1.19∗∗ 11.63±1.34∗∗

Note: n – number of individuals studied; MPC – maximum permissible concentration
of ions in the water; M ± SE – mean value of index and its standard error; ∗ – statistically
significant differences (p ≤ 0.05); ∗∗ – highly significant differences (p ≤ 0.001).
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2.6. Ethical compliance
Throughout the experiments, we strictly adhered to ethical norms and principles governing
research involving living organisms, in full compliance with the current laws of Ukraine. As part
of our ethical commitment, we emphasize the following:

1 Invertebrate research: the experimental molluscs in our study belong to the category of
invertebrates, and we ensured that ethical considerations for their welfare were upheld.

2 Compliance with Ukrainian laws: we affirm that our research is fully compliant with the
prevailing laws and regulations of Ukraine, including those governing the ethical treatment
of research subjects.

3 Ethical review : this research received approval from the Human or Animal Ethics
Committee at Zhytomyr Ivan Franko State University. The committee reviewed and
approved the ethical aspects of our study to ensure the humane treatment of the
experimental subjects.

Table 2. The impact of pesticides in different concentrations (mg/L) on indexes of lung
respiration of P. corneus s. l. allospecies. “Eastern” allospecies.

Pesticide
Concentraion,

mg/L
n

Daily
number

of
inspirations

Interval
between

inspirations,
min

Duration
of

inspiration,
min

Volume of
inspiration,
number of
bubbles

M ±m M ±m M ±m M ±m

Control 20 14.23±1.28 78.64±1.12 18.56±1.13 17.34±1.25
10 19 14.61±1.19 75.36±1.21 19.37±1.36 18.04±1.33

Insecticide 20 20 15.34±1.08 68.13±1.25∗ 21.46±1.18∗ 20.08±1.15∗

“Actor” 30 19 17.49±1.35∗ 54.61±1.11∗∗ 24.38±1.11∗∗ 25.12±1.29∗∗

40 19 11.15±1.25∗ 112.46±1.06∗∗ 13.18±1.21∗∗ 10.52±1.17∗∗

50 20 9.85±1.23∗∗ 130.02±1.13∗∗ 11.12±1.36∗∗ 9.03±1.06∗∗

Control 20 14.41±1.32 76.82±1.27 19.06±1.38 17.53±1.12
10 20 15.16±1.25 71.12±1.35 20.48±1.39 18.78±1.31

Fungicide 20 19 16.32±1.23 63.16±1.02∗ 22.14±1.20∗ 20.41±1.32∗

“Scooter” 30 19 18.11±1.42∗ 51.21±1.11∗∗ 25.16±1.19∗∗ 26.82±1.23∗∗

40 20 11.57±1.10∗ 106.27±1.19∗∗ 13.52±1.27∗∗ 11.06±1.33∗∗

50 19 10.12±1.19∗ 126.08±1.22∗∗ 11.63±1.45∗∗ 9.89±1.25∗∗

Control 20 14.78±1.21 74.41±1.13 19.72±1.24 18.12±1.22
10 19 15.48±1.32 69.25±1.17 20.64±1.12 19.21±1.16

Herbicide 20 19 16.62±1.20 60.12±1.01∗ 22.82±1.06∗ 21.42±1.13∗

“Titus-c” 30 19 18.55±1.13∗ 47.82±1.15∗∗ 26.79±1.36∗∗ 27.14±1.31∗∗

40 20 11,62±1,27∗ 104,29±1,33∗∗ 13,74±1,12∗∗ 11,16±1,41∗∗

50 20 10,59±1,38∗ 120,10±1,08∗∗ 12,08±1,17∗∗ 10,11±1,28∗∗

Note: n – number of individuals studied; MPC – maximum permissible concentration
of ions in the water; M ± SE – mean value of index and its standard error; ∗ – statistically
significant differences (p ≤ 0.05); ∗∗ – highly significant differences (p ≤ 0.001).
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3. Results and discussion
Pesticides can get into the molluscs’ organisms percutaneously through their body covers of
during respiration and in much less amounts from their food. Allospecies of P. corneus s. l.
possess the bimodal respiration mode. The lungs are the adaptive acquisition in these molluscs
for the new environment, where they found themselves in ancient times due to their forced
transition from water to land environment, acquiring the ability to breathe by atmospheric air.
The pulmonary respiration is performed by them via the periodical emergences under the water
surface tension film to take the air through pneumostome. The surface respiration is established
due to the diffusive income of water-solved oxygen in the molluscs’ blood through their epithelial
body covers and adaptive gill of quite large area. It is known, that efficiency of oxygen supply
is almost equal for both modes: 0.025 and 0.03 O2 (mg)/L (per 1 g of fresh mass, respectively).

We established that pesticides in the concentration range from 10 to 50 mg/L caused the rapid
development of pathological process in ramshorn allospecies. Under the 10 mg/L concentration,
obtained indexes of both pulmonary and surface respirations were close to those found in control
group (tables 1-4), which corresponds with a latent phase of intoxication.

Under the concentrations of mentioned pesticides of 20-30 mg/L, the indexes of both
respiration modes demonstrated the development of adaptive process in form of stimulation
of all studied indexes in studied allospecies, which increased with increasing of used toxicant’s
concentration. This corresponds with the next phase of pathological process – stimulation.
Studied molluscs showed the increase of daily number of “inspirations” and of their duration

Table 3. The impact of pesticides in different concentrations (mg/L) on indexes of direct
diffusive respiration of P. corneus s. l. allospecies. “Western” allospecies.

Pesticide Concentration, mg/L n M ±m

Control 18 47.36±2.65
10 17 48.45±3.41

Insecticide 20 19 50.62±2.48
“Actor” 30 20 55.02±2.67∗

40 18 22.53±3.12∗∗

50 17 20.14±2.79∗∗

Control 20 47.89±3.36
10 19 49.06±3.28

Fungicide 20 17 51.24±3.13
“Scooter” 30 18 56.12±2.78∗

40 19 23.20±3.46∗∗

50 17 20.72±3.61∗∗

Control 18 48.06±2.03
10 19 49.57±2.39

Herbicide 20 18 52.15±3.08
“Titus-c” 30 20 57.34±2.82∗

40 18 23.65±2.81∗∗

50 19 21.23±3.08∗∗

Note: n – number of individuals studied; MPC – maximum permissible concentration of ions
in the water; M ± SE – mean value of index and its standard error; ∗ – statistically significant
differences (p ≤ 0.05); ∗∗ – highly significant differences (p ≤ 0.001).
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Table 4. The impact of pesticides in different concentrations (mg/L) on indexes of direct
diffusive respiration of P. corneus s. l. allospecies. “Eastern” allospecies.

Pesticide Concentration, mg/L n M ±m

Control 19 41.12±2.35
10 18 42.36±3.78

Insecticide 20 18 44.12±3.16
“Actor” 30 19 48.56±3.67∗

40 17 19.23±2.05∗∗

50 18 18.21±2.28∗∗

Control 19 41.36±3.45
10 18 42.82±3.13

Fungicide 20 17 45.06±2.75
“Scooter” 30 18 48.86±3.12∗

40 19 20.13±2.16∗∗

50 18 18.72±2.25∗∗

Control 18 41.58±2.19
10 19 43.04±2.71

Herbicide 20 18 45.69±3.28
“Titus-c” 30 19 49.03±3.63∗

40 17 20.48±2.49∗∗

50 19 19.02±3.10∗∗

Note: n – number of individuals studied; MPC – maximum permissible concentration of ions
in the water; M ± SE – mean value of index and its standard error; ∗ – statistically significant
differences (p ≤ 0.05); ∗∗ – highly significant differences (p ≤ 0.001).

by 1.1 times, intervals between them by 1.1-1.3 times, and “inspiration” volume by 1.3 times
(p ≤ 0.05–0.001). We registered also the increase of the surface respiration indexes (estimated
by the survival rate without pulmonary respiration) by 1.1 times (p ≤ 0.05).

However, under the impact of higher toxicants’ concentrations (40 and 50 mg/L), the level
of mentioned way of defense appeared to be insufficient to successfully defeat the harmful
action of toxic agent. Due to that, the experimental molluscs rapidly developed the depressive
phase of intoxication process, which was caused by structural and functional damages of both
their lung and cover epitheliums; it was quickly replaced by sub-lethal and lethal phases.
Comparing to the control group, experimental P. corneus allospecies demonstrated the decrease
of daily “inspiration” number by 1.2-1.3 times, interval between them by 1.6 times, “inspiration”
duration by 1.3-1.4 times, and “inspiration” volume by 1.6 times (p ≤ 0.05–0.001). Noteworthy,
the survival of the studied allospecies without ability to perform the pulmonary respiration
decreased by 2.1 times (p ≤ 0.001).

Changes in both respiration modes in studied molluscs were followed with manifestations of
fast ethological and physiological responses-reactions to the toxic environment impact. Avoiding
of toxic environment is one of the first fast behavioral defensive reactions, which such molluscs
possess. It is caused by the presence in P. corneus s. l. allospecies the neural connection
between their organs receipting the chemical stimuli (osphradia) and the muscles responsible for
movement in space as a result of stimulus obtained. This reaction, however, was observed during
long time only under the low (10 and 20 mg/L) and moderate (30 mg/L) concentrations of used
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pesticides, and quite quickly fully slowed down under the high (40 and 50 mg/L) concentrations.
The lethality of experimental molluscs occurred due to the asphyxia and heart paralysis,

caused by the intensive mucus production and destruction of the respiratory epithelium: first
in body covers, later – in lungs. In both studied allospecies the fast and powerful watering
of epithelium cells caused first the rapid growth of cell elements volume due to edema, which,
although, strongly crimpled and destroy soon, and finally were exfoliated. The abruption of
their leftovers was sometimes followed with disruption of underlying tissues and bleeding, less
often with powerful bleeding. Similar deteriorations usually occurred earlier and manifested
brighter in “eastern” allospecies individuals. That may be considered as the consequence of this
allospecies range being spread on the territories with higher climate drought comparing to those
inhabited by “western” allospecies.

4. Conclusions
The indexes of pulmonary and surface diffusive respirations in P. corneus s. l. allospecies
showed their clear dependence on the environmental pesticide concentration. Toxic-resistance of
“eastern” allospecies to the used toxicants appeared lower than in “western” allospecies. That’s
why the first appeared more sensitive and less endurance to the impact of used toxic agent.

Allospecies of ramshorn can be recommended for use in the system of ecological monitoring
as indicator species. As the aim functions, the indexes of pulmonary and surface respirations
should be considered.
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Environmental safety of soil genetic horizons in the

impact zone of Lviv city landfill (Ukraine)

V V Popovych
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E-mail: popovich2007@ukr.net

Abstract. Landfills cause significant technogenic pressure on the environment, being the
center of depositing large volumes of hazardous materials in a relatively small area. Interacting
with each other they form hazardous substances and compounds. In this study, we describe
three genetic soil horizons that are within the impact zone of the landfill of a city of millions
of people. It was established that the distribution of mobile forms of heavy metals according
to the profile of the studied soils tended to gradual decrease with depth. When describing the
genetic horizons of three profiles located in the impact zone of the landfill, it was established
that the content of heavy metals in them does not exceed the MPC, except for Pb. The soil
at the foot of the landfill turned out to be the most contaminated with heavy metals (profile
No. 3). The activity of micromycetes in this soil was the lowest here. In general, all soils in
the impact area of the landfill are impoverished in micromycete distribution. The taxonomic
composition of mycelial fungi and the identified species’ ecological and biological characteristics
indicate significant ecosystem pollution by household waste.

1. Introduction
The edaphotope has a significant influence on the development of phytocenoses. Depending on its
physicochemical, mechanical, and acidic properties, vegetation in landfills develops in different
ways. In the impact zone of technogenic landscapes, there is an increased radiation background
and increased activity of radionuclides in edaphotops. Numerous studies of edaphotopes of
technogenic landscapes are being conducted in Ukraine. According to Uzbek and Halahan, in
the technogenic landscapes, the edaphotope is a man-made, spatially limited bioinert system
that is in constant development under the influence of soil formation factors [1]. In work [2],
the contribution of the moss cover Campylopus introflexus (Hedw.) Brid. in the restoration of
technogenic substrates due to the improvement of their edaphotopic properties is defined.

A carbon source of 4–6 g/L at pH 5–8 was found to enhance the heavy metal bioremediation
potential of Pseudomonas aeruginosa, Enterobacter cloacae, and Klebsiella edwardsii isolated
in a landfill in Lagos, Nigeria. The role of native bacteria in the remediation process can be
optimized and used to standardize on-site bioremediation as well as establish biodegradation
protocols. Great benefits can be provided by effective remediation of contaminated soils by
improving soil condition and yield [3].

Soil microscopic fungi are very sensitive to changes in soil characteristics, so they can serve
as indicators of its condition [4]. Micromycetes are not only an integral component of terrestrial
and aquatic biocenoses, which control a wide range of biosphere functions, but also the main
group of microorganisms responsible for both the synthesis and destruction of humic substances
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in the soil. Technogenic impact on the environment, as well as the rapid development of
nanotechnology, make the problem of studying the interaction of micromycetes with organic
matter of natural origin urgent.

The main feature of micromycetes is that they dominate soil microbiota. They represent
the most specific group of microorganisms that participate in the mineralization of organic
plant and animal residues and the formation of humus. The rate of decomposition of organic
substances is determined by such factors as the chemical composition of the substrate, the
efficiency of providing nitrogen to microorganisms, the composition of the microbial environment,
and environmental conditions. Fungi under aerobic conditions are capable of decomposing even
complex polymer compounds, for example, lignin, unlike other microorganisms, which are more
conducive to the mineralization of low molecular weight organic compounds. Some soil fungi
are able to decompose humus and use it as the only source of nitrogen and (or) carbon. At the
same time, micromycetes participate not only in the process of destruction but also in formation
of humic substances [5].

It has been established that the contribution of fungal bioaugmentation to the
decontamination of soil has been clearly observed, and therefore mixed fungal organisms may
serve as future bioremediation agents for contaminated areas [6]. It has also been proven that
the synthesized rhamnolipids can significantly increase the activity of soil enzymes to facilitate
the digestion and transformation of heavy metals from the soil to the aerial part of ryegrass [7].

The study of the enzymatic activity of the soils of technogenic territories of the Nemyriv sulfur
deposit is shown in the paper [8]. It was established that the low activity of oxidoreductases and
urease in the soils of the former development of sulfur deposits is a consequence of significant
inhibition of the activity of soil microflora – the main producer of enzymes – by technogenic
factors. The formation of a phytoremedial cover on the surface of devastated landscapes of coal
mining is given in the article [9]. The role of plant cover in the restoration of disturbed lands
has been established.

It should be noted that the conditions of local growth on the landfills’ surfaces negatively affect
the growth and development of vegetation. Among the analyzed metals, iron reached the highest
values in samples of Tanacetum vulgare L., namely, stems (103.4–6564.6 mg/kg of dry matter),
roots (6563.6–33,036.6 mg/kg of dry matter), leaves (535.1–11.275 mg/kg of dry matter), and
soil (12.389–39.381.9 mg/kg of dry matter). Cd, as well as Cr, Ni, and Zn, accumulate mainly in
the leaves, while Co, Cu, Fe, Hg, Mn, and Pb accumulate mainly in the roots of T. vulgare [10].
However, grass species that are tolerant to the high content of heavy metals in red mud dumps
were investigated [11]. Namely, based on the metal resistance index, 51.4, 10.8 and 37.8% of grass
species showed sensitive, moderate, and high metal resistance – Brachiaria mutica, Cynodon
dactylon, Dactyloctenium aegyptium, Digitaria ischaemum, Digitaria longiflora, Eragrostis
cynosuroides, Launaea asplenifolia, Parthenium hysterophorus, Sporobolus diander, Stylosanthes
scabra. The research suggests a potential pathway for phytomanagement of abandoned red mud
landfills through remediation using dominant metal-tolerant plant species [11].

The fact that landfills are polluting objects has been described by many scientists in their
works. The impact of landfills on the human body is constantly being studied. Scientists have
found that solid waste from a modern city contains more than 100 items of extremely toxic
substances, including dyes, pesticides, solvents, medicines, used motor oils, phytochemicals,
etc. Thermometers, fluorescent lamps, and various appliances contain mercury, an extremely
dangerous substance because it is a volatile metal that can evaporate at low temperatures and,
when exposed to microorganisms in landfills, turns into methylmercury, which can cause massive
poisoning if ingested through water and food.

One of the world’s largest landfills is the Lviv Municipal Solid Waste Landfill, which was
included in the list of the 100 Greatest Environmental Disasters of Ukraine. Due to violations
of the landfill’s operating requirements, it has turned into a spontaneous landfill. The landfill
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is 3 km from the northern border of Lviv, near the village of Velyki Hrybovychi. It has been
operating since 1957. Over the years, it has accumulated over 50 million cubic meters of waste.
Until 1990, not only municipal solid waste, but also toxic industrial waste was stored within
its boundaries. According to rough estimates, the amount of waste reached 2 million tons. In
addition to garbage, more than 200 thousand tons of acidic tar, waste from the Lviv Oil Refinery,
which is no longer in operation, has accumulated at the landfill. The thickness of the garbage
layer in the southeastern part of the landfill reaches 50 meters, while in the northwestern part,
it varies from 1-3 to 10 meters. Its total area is 33.6 hectares.

Thus, the investigation of edaphotopes of technogenic landscapes, including landfills, is
relevant from the point of view of reducing their harmful effects and returning land to national
economic use.

2. Materials and methods
Physico-chemical investigation of edaphotopes of soil horizons within the impact zone of the
Lviv city landfill were carried out according to the state standards of Ukraine [12–14].

The surveys were conducted in July 2020, before the start of the reclamation of the Lviv
landfill.

The content of mobile forms of heavy metals in edaphotops was determined: mobile forms
of copper, zinc, cobalt were determined by the Rinkis method, lead, cadmium – by the atomic
absorption method. They were also guided by the state standards [15].

Determination of the quantitative and qualitative composition of micromycetes of technogenic
edaphotopes of landfills was carried out by sowing soil suspension from decimal dilutions on
wort-agar and Chapek’s agar medium. Cultivation of the studied samples was carried out at
+26. . . +28 °C. Isolated cultures were studied with a microscope “MBI-6” according to the
method adopted in mycological studies [16]. The study of isolated micromycetes was carried out
according to the generally accepted definition [5].

3. Results and discussion
For investigation of the influence of landfills’ hazardous factors on the formation of the soil
profile, the soil profile cuts were made, from which mixed soil samples were selected according
to genetic horizons. Mycological and agrochemical analyzes were carried out, as well as analyzes
for the content of nutritious minerals, heavy metals, and toxic elements (figure 1).

It should be noted that in the impact zone of the Lviv city landfill, we have carried out
ecological monitoring of the hazardous substances distribution in edaphotopes as a result of the
spillage of acid tar storage facilities, two lakes of which are stored on the southern side of the
top. It has been established that hazardous substances expand to a distance of 1,500 m from
the foot of the landfill.

3.1. Genetic soil horizon No. 1
The peatland (profile No. 1) is located within a radius of 2 km east of the foot of the landfill.
The land belongs to the Dublyany City Council of the Lviv District (Lviv Region). In terms of
peat reserves, this deposit was one of the largest in the world. After the Second World War, the
local population made peat briquettes by hand to heat houses. As a result, the peatland lost a
significant part of its capacity. At the moment, agricultural products are grown on peatlands,
which is prohibited due to the deposition of polluting substances in peat, including leachates
from landfills. The danger of landfill leachates is described in scientific works [17–19]. Malovanyy
et al [20] presents a rational scheme of the biological conveyor of an open-type installation for
cleaning landfill leachate. Laboratory studies were conducted to determine the efficiency of using
nozzles for the immobilization of microbiocenosis in aerated lagoons, which are used to clean
landfill leachate. The interest in studying the physical and chemical properties of peat, which is
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Figure 1. Location of objects of research in the impact zone of the Lviv municipal landfill.

located in the zone of influence of landfills, is caused by the fact that it is the main component of
the landscape, in which various biogeochemical and migration processes occur, being a natural
sorbent of various chemicals and an indicator of the degree of the natural ecosystem destruction.

When describing the deep peatland, it was found that the content of heavy metals in the
surface layer T1 significantly exceeds the indicators in the genetic horizon T2 (figure 2, figure 3).

In view of the above-mentioned data, it can be stated that the content of cobalt in peatlands
does not exceed the MPC, which is 5 mg/kg. The mercury content is 250 times lower than the
MPC, which is 2 mg/kg. The cadmium content is twice as low as the permissible standard of
0.7 mg/kg. In general, the presence of this toxicant in the soil section with a concentration of
0.5 MPC is a negative phenomenon. The source of cadmium in landfills is waste containing
varnishes and paints, fluorescent lamps, batteries, etc. Cadmium sulfide is the basis of yellow
paints used in vehicle painting, textile production, and soap making. Cadmium selenide is
used as a red dye. Cadmium is also used in semiconductor materials, cryogenic technology,
lead-cadmium and mercury-cadmium elements of reserve batteries, and anti-corrosion metal
coatings.

The distribution of the content of mobile forms of heavy metals according to the profile of
the studied soils is demonstrated by their gradual decrease with depth.

The physical and chemical composition analysis of section No. 1 showed that the peatland
has a significant supply of nitrogen (56.05 mg/100 g) and potassium (58.5 mg/100 g) nutrients
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Figure 2. The content of manganese, copper, zinc, and lead in the studied horizons of section 1.

Figure 3. Content of cobalt, cadmium and mercury in the studied horizons of section 1.

and a low content of humus (2.06%) and nitrogen fertilizers (0.84 mg/100 g). In terms of humus,
the peatland is considered like weakly humus.

When adding peat to the soil, it is necessary to improve agrophysical properties, since peat is
depleted in nutrients. Effective use of peat for the development of agricultural crops is possible
when fertilizers are applied to it.

The analysis of the micromycete activity of landfills showed that the families Mucoraceae,
Moniliaceae, and Tuberculariaceae are widespread in the T1 horizon of the peatland. The total
number of micromycetes was determined by sowing on Chapek’s acidified nutrient medium (the
number of colony-forming units – CFU in g of soil). This indicator turned out to be quite low
compared to the background values. In general, all soils are characterized as very poor in the
degree of micromycetes distribution.

10 species of micromycetes were found in soil profile No. 1. Among them are representatives
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of the following families: Mucoraceae – 1 pc.; Moniliaceae – 5 pcs.; Tuberculariaceae – 4 pcs.
It should be noted that the presence of micromycetes of the genus Fusarium in the edaphotope

indicates a significant content of mineral substances and a low content of heavy metals. This
genus of micromycetes was discovered by researchers in landfill leachate during the study of a
biosorption multilayer filter. Micromycetes of the genus Fusarium, along with bacteria, took an
active part in the formation of the filter biofilm.

The analysis of peatland micromycetes by growth rate showed that slow-growing
micromycetes have the largest share – 70%, respectively, fast-growing – 30%. Undoubtedly,
such an indicator of the growth rate of mushrooms is negative, as it causes inhibition of the
development of successional processes. The distribution by color showed that dark-colored
micromycetes of the Moniliaceae family predominate and are characterized as toxic (80%), the
share of light-colored ones is 10%, unclassified – 10%.

3.2. Genetic soil horizon No. 2
When describing soil profile No. 2, it was found that the soil is sod, shallow, light loamy, and
glazed. The profile is made on the western side of the Lviv landfill at a distance of 20 m from
the road that leads to the village Zbyranka. The soil-forming and underlying rock is loess loam.
Genetic horizons H(gl) and P(h)(gl) were revealed.

It was established that the mobile forms of such heavy metals as Mn, Cu, Zn, and Pb do not
exceed the maximum permissible concentration (MPC) and accumulate in the upper horizon.
Exceeding the MPC is observed only for lead (2 mg/kg) in the H(gl) horizon. At a depth of 30
cm or more, the concentration of these elements decreases 10 times (figure 4).

Figure 4. The content of manganese, copper, zinc, and lead in the studied horizons of profile 2.

Mobile forms of pollutants such as Co, Cd, and Hg accumulate, mostly, in the P(h)(gl)
horizon of profile No. 2, but their content does not exceed the MPC (figure 5).

The mineral composition of the genetic horizons of soil profile No. 2 has quite high indicators,
with the exception of humus, with content of 1.53-1.7%. According to this indicator, the soil
belongs to low-humus, which is a disadvantage for the development of vegetation in the impact
zone of the landfill. The content of NO3 in the horizon is 20.6-30.5 mg/100 g of soil, P2O5 –
9.92-11.51 mg/100 g of soil, K2O – 55.8-56 mg/100 g of soil (figure 6).
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Figure 5. Content of cobalt, cadmium, and mercury in the studied horizons of profile 2.

Figure 6. The content of mineral elements in the horizons of profile 2.

Thus, the soil located on the western side of the landfill did not tend to accumulate heavy
metals, the concentration of which would exceed the MPC. However, the humus content in these
soils is low, worsening the conditions for the syngenetic stages of succession.

The species composition of the micromycetes of the genetic horizons of the profile differs.
Micromycetes of the Mucoraceae, Moniliaceae families develop in the H(gl) horizon. The P(h)(gl)
horizon is inhabited by Moniliaceae, Tuberculariaceae, and Dematiaceae.

The life activity of the micromycete Rhizopus stolonifer (bread mold) in the upper horizon of
the profile indicates their active participation in the syngenesis and decomposition of litter and
leaf litter. These micromycetes develop on bread, fruits, and vegetables. It is well-known that
microscopic fungi Rhizopus stolonifer can cause an allergic condition in humans. Micromycetes
of the genus Aspergillus acquired the greatest development in this soil. These microfungi are
involved in the transformation of organic matter and plant residues. In general, the micromycete
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species composition of the profile is extremely depleted, and the abundance of the species
composition is low.

One of the most opportunistic and toxin-producing micromycetes is Aspergillus fumigatus
Fries.var.sclerotiorum, discovered by us in this soil profile. This micromycete can cause mycosis
and mycotoxicosis in living organisms (humans, animals). On figure 7 is shown a micromycete
under a microscope.

Analysis of micromycetes by color and growth rate showed that dark-colored (78%) and slow-
growing (89%) micromycetes develop within this genetic horizon. The rates of slow growth are
even higher than for the peatland, indicating the detrimental effect of the hazardous factors of the
landfill on micromycetes, including heavy metals and radionuclides. The share of fast-growing
micromycetes is 11%, light-colored – 11%, and unclassified – 11%.

3.3. Genetic soil horizon No. 3
The studies of turf soil (profile No. 3), formed in conditions of moistening of the territory,
showed that it has slightly different physical and chemical parameters. The name of the soil
(with mechanical composition) is the field: sod, deep, clay, medium loam (light).

It was formed on diluvial sediments. The cut is laid 100 m east of the foot of the landfill and

Figure 7. Aspergillus fumigatus Fries.var.sclerotiorum.
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70 m perpendicular to the road that leads to it. Such genetic horizons as H(o), H, H(p)(gl),
P(h)(gl) were identified.

The content of mobile forms of Mn and Cu increases with depth (from 29.4 mg/kg to 39.7
for Mn and from 0.57 mg/kg to 0.93 mg/kg for Cu), however, they do not exceed the MPC.
The content of Zn in genetic horizons is 1.6-3.9 mg/kg and also does not exceed the MPC.
The content of Pb in the genetic horizons exceeds the MPC by 1.5 times and the concentration
increases with depth starting from the level of 23 cm (figure 8).

Concentrations of mobile forms of Co, Cd, and Hg increase with depth but do not exceed the
MPC. The accumulation of heavy metals in the genetic horizon P(h)(gl) indicates their leaching
to the parent rock (figure 9).

Figure 8. The content of manganese, copper, zinc, and lead in the investigated horizons of
profile 3.

Figure 9. The content of cobalt, cadmium, and mercury in the studied horizons of profile 3.
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Figure 10. The content of mineral elements in the studied horizons of profile 3.

The humus content in the horizons decreases with depth and is only 0.5-0.71%. There is
also a low content of P2O5 – 0.95-3.84 mg/100 g of soil and a decrease in concentration with
depth. The concentrations of NO3 and K2O in the horizons are relatively high ranging from
41.85 to 47.4 mg/100 g of soil for the former, and from 50.5 to 67.1 mg/100 g of soil for the
latter (figure 10).

Data on the content of heavy metals and the mineral composition of soil profile No. 3 make it
possible to assert the negative impact of landfills on the adjacent territories and the environment.
The concentrating of toxic elements with depth indicates their leaching to lower horizons and
parent rock, which causes long-term technogenic pressing in the impact zone of landfills.

The species composition of micromycetes in section No. 3 is extremely depleted. A total of
10 species belonging to 3 families of the class Hyphomycetes (Deuteromycetes) were found.

The above data indicate the biological activity of micromycetes only in the upper layer of
the horizon. Species (Moniliaceae) that carry out transformation reactions of complex organic
compounds (solid and liquid paraffins, alcohols, diesel fuel, steroids) became the most widespread
here. With depth (23-43 cm), the species composition and number of colonies decrease sharply,
which indicates the contamination of the edaphotope with heavy metals, in the particular lead.
At a depth of 43 cm and below, the vital activity of only one species is observed – Mycelia st.
dark.

Analysis of micromycetes by color and growth rate of soil profile No. 3 showed that
within this genetic horizon, dark-colored micromycetes develop the most (60%), light-colored
micromycetes – 30%, unclassified – 10%. According to growth classification, only slowly growing
micromycetes (100%) develop. The absence of any type of fast-growing micromycetes indicates
strong pollution of the horizon with dangerous substances and compounds.

4. Conclusions
The conducted research and the results of analytical work in the laboratory showed that in
the areas adjacent to the Lviv city landfill, mostly wet soils are common. The reason for their
formation is insufficient drainage of the territory, which causes waterlogging in the area. Turf
soils and peatlands were found.
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When describing the genetic horizons of three profiles that are in the impact zone of the
landfill, it was established that the content of heavy metals does not exceed the MPC, except
for lead. The soil at the foot of the landfill turned out to be the most contaminated with heavy
metals (profile No. 3). Also, the lowest activity of micromycetes was found in this soil.

The families Mucoraceae, Moniliaceae, and Tuberculariaceae are widespread in the T1
horizon of the peatland (profile No. 1). The presence of micromycetes of the genus Fusarium
in the horizon proves a significant content of mineral substances and a low content of heavy
metals. The species composition of the micromycetes of the genetic horizons of profile No. 2
is significantly different. Micromycetes of the Mucoraceae, and Moniliaceae families develop
in the H(gl) horizon. The P(h)(gl) horizon is inhabited by Moniliaceae, Tuberculariaceae, and
Dematiaceae. The species composition of micromycetes in profile No. 3 is extremely depleted.
A total of 10 species belonging to 3 families of the class Hyphomycetes (Deuteromycetes) were
found. With depth (23-43 cm), the species composition and number of colonies decrease sharply,
which indicates the contamination of the edaphotope with heavy metals, in the particular lead.
At a depth of 43 cm and below, the vital activity of only one species is observed – Mycelia st.
dark.

It was found that the mobile forms of such heavy metals as Mn, Cu, Zn, Pb do not exceed
the maximum permissible concentrations (MPC) and accumulate in the upper horizon No. 2.
Exceedance of the MPC is observed only for lead (2 mg/kg) in the H(gl) horizon.

All soils in the area affected by the landfill are characterized as very poor in micromycete
distribution. The taxonomic composition of mycelial fungi and the ecological and biological
characteristics of the identified species indicate significant pollution of the ecosystem by
household waste.
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Abstract. The assessment of the transformation level in the Buniv River basin (Ukraine)
transformation was performed. Substantiates the need to improve the monitoring system
within the river basin, as the main tool for assessing and predicting changes in the aquatic
ecosystem and managing the processes of its anthropogenic. The research methods included on-
site investigations, laboratory and analytical studies, data processing using GIS technologies.
A topographic survey of the Buniv River’s floodplain within the village of Rokytne town was
performed. The on-site investigations included field surveys and water sampling at 4 control sites
on the Buniv River for 13 quality indicators. The analysis of the obtained cartographic models
indicates a significant anthropogenic transformation of the natural landscapes. A significant
part of the watercourses of the Buniv River basin was once directed and transformed into main
canals of the meliorative systems. This causes the formation more dangerous flood flow.

1. Introduction
The current national environmental policy of Ukraine in the field of water management is
aimed at the Implementation of the Water Framework Directive 2000/60/EC (EFWD) [1] on
ensuring sustainable resource management, meaning the European Model of Water Resources
Management. The EFWD aims to protect and improve the state of water resources and promote
their sustainable and balanced usage. It sets out the basic provisions for EU countries to
achieve good surface, ground, transitional and coastal waters within each river basin. In order
to implement the EU’s directives on river basin protection, the Verkhovna Rada of Ukraine
preserved the integrated approach to water resources management based on the basin principle at
the legislative level. For this, they adopted in 2016 under No. 1641 – VIII the Law of Ukraine “On
the modification of some legislative acts concerning the introduction of integrated approaches
in the water resources management by the basin principle”; on 26.10.2017 under No. 25 the
Order of the Ministry of Environment “On the allocation of sub-basins and water management
areas within the established areas of river basins”; on September 19, 2018, under No. 758 the
Resolution of the Cabinet of Ministers of Ukraine “On approval of the procedure for state water
monitoring,” etc.
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The above-mentioned law and bylaws are aimed at implementing a system of integrated water
resources management based on the basin principle by:

• Developing and adjusting the river basin management plans
• Developing the water management balance sheet;
• Determining the hydroecological state of the surface waters.
• Determining the powers of the central and local authorities, local self-government bodies in

the implementation of water protection measures, etc.

In addition to this, the relevant State Agency for Water Resources of Ukraine is committed
to developing the river basin management plans for 9 river basin districts. As of today, the water
massifs and the typology of the general hydrographic network of Ukraine have been identified;
the diagnostic and operational monitoring of the transformed surface water massifs has been
carried out, and the reference conditions of the river basins have been established.

Also, in 2021, plans were made to complete the works on creating classifications of the
ecological state of water bodies, establishing their ecological and chemical states, as well as
determining ecological purposes for these water bodies.

Volyn Polissia is transboundary region. At the same time, Ukraine has committed itself
to implement the Convention on the Protection and Use of Transboundary Watercourses and
International Lakes (Convention on Transboundary Waters) [2]. The main purpose of this
Convention is to approve the measures to protect and ensure the quantity, quality and sustainable
usage of both surface and underground transboundary water resources at the local, national and
cross-border levels. Within the Convention, the industry institutions should apply an integrated
basin approach based on the understanding that water resources are an integral part of the
ecosystem and play a crucial role in the socio-ecological and economic development of territories.

The Convention requires the states to fulfill certain obligations: to control and reduce
the negative transboundary impacts on the hydroecosystems and river basin territories
at the different levels; to apply an ecosystem approach in the field of common water
resources management in compliance with the principles of “polluter pays”, “cautiousness”; the
conservation and the restoration of ecosystems; to implement environmental impact assessments;
to set common goals to achieve a “good state” of water quality, monitoring the state of
transboundary rivers; to minimize man-made risks, etc.

Therefore, today, in our opinion, it is extremely important to develop and implement a
joint program for monitoring rivers and to apply a common tested and approved methodology
for effective integrated water resource management of the transformed rivers. This includes
the assessment of the ecological state of river basins using GIS technologies; determining
the environmental goals to achieve a “good state” of water quality; developing compensatory
water protection measures; developing the design and estimate documentation if necessary; the
organizational tools for attracting water users, all interested parties, state authorities, and local
self-government bodies, etc. Along with these important and topical issues is the need to ensure
the flood safety of riverine territories of the Polissia zone, as well as adapting to climate changes.

This is exactly the problem that arose in the basins of small rivers in the border areas of
Volyn Polissia after the flood on May 17, 2018. Then, as a result of great precipitation, there
was a rapid rise in water levels, which led to the flooding of residential buildings, including the
threat of the destruction of the pressure front structures at the recreational reservoir in the
Rokytne town (Rokytne), Rivne region [3]. The heavy rain on May 16, 2018, which lasted about
10 hours, led to the flooding of 378 households located on the border territories of the Sarny
district in the Rivne region, as well as the different infrastructure facilities. The most affected
locations were those belonging to the basin of the Buniv River (a tributary of the Lva River).

Therefore, today it is important to use methodological approaches to protect, preserve and
restore the surface waters of the Buniv River basin, which is the goal of our work.
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This research is devoted to developing the methodology elements for managing transformed
basins of the small rivers at the border part of Volyn Polissia, substantiating technological
solutions for the restoration and protection of the surface waters, which were tested on the
example of the Buniv River basin.

In order to achieve the set goal, the following tasks were performed: on-site investigations
and instrumental studies of the Buniv River basin were carried out; the ecological stability
of the landscape and hydrological and morphological features of the river were assessed; the
quality of the river’s surface water and bottom deposits were assessed; management solutions
were developed to achieve a “good state” of surface water quality according to the requirements
of the EU WFD, as well as to protect the territory from floodwaters.

This report is a study on the changes in the ecological state of the Buniv River basin.
The indicators that characterize the quality of river surface water and the compensatory
organizational and technical solutions for restoring the aquatic ecosystem are the subject of
the study.

2. Brief literature review
The Volyn Polissia waterways, especially the small rivers, are exposed to significant
anthropogenic pressure [4–7]. The quality of the surface water does not meet the requirements
of the EU Water Framework Directive, and their current state is assessed as critical [8]. In the
border areas of Volyn Polissia, small rivers with their swampy catchment area and preserved
forest vegetation form the water content, hydrochemical regime, hydroecological state and water
quality of the basins of medium and large tributaries of the Prypiat. Unfortunately, the majority
of rivers have been diverted, become shallow, and are affected by the pollution from diffuse and
point wastewaters from industrial enterprises, agricultural production, utilities, etc.

A significant role in the destruction of the ecological situation in these river basins is played
by non-compliance with the requirements of water legislation (Water Code of Ukraine) [9],
deforestation, the “chemization” of agriculture, creating and functioning a cascade of ponds and
reservoirs, violating the rules of operation in water bodies, violating the mechanisms of hydraulic
structures (cross regulators) that do not provide water passage during floods and inundations,
the intensive use of water resources, the discharge of significant volumes of polluted water, etc.
Such a powerful transformation of the territories [6] and water areas of river basins at the border
territories in terms of the scale of manifestations and the impact intensity makes it necessary to
find ways to optimize resource management, develop compensatory water protection measures
(technological road map) and integrate water resources management in these transformed river
basins of the border territories [4, 5].

Further delay in resolving this problem will lead to a decrease in the assimilation capacity
of hydroecosystems of the Volyn Polissia river basins [10], and deterioration in the ecological
situation of the main border artery, meaning the Pripyat River. For Ukraine and Belarus,
resolving the above problems is extremely important, especially for the residents and water
users living in the border areas that use surface water for various economic purposes.

3. Methods of factual analysis. Research area
The research methods included on-site investigations, laboratory and analytical studies, data
processing using GIS technologies. A topographic survey of the Buniv River’s floodplain within
the village of Rokytne was performed. The on-site investigations included field surveys and water
sampling at 4 control sites on the Buniv River for 13 quality indicators. A full-scale survey of
individual sections of the river catchment area was carried out using an unmanned aerial vehicle.
The chemical and analytical quality control of the Buniv River’s surface waters was carried
out according to regulatory requirements in the certified laboratory of water quality at the
National University of Water and Environmental Engineering in Rivne city. The instrumental
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studies (dissolved oxygen content, oxygen saturation temperature, pH, ox-redox potential) were
determined at the sampling site using certified mobile devices, the EZODO 7031 and Adva AD
11.

The procedure for sampling water at the Buniv River for hydrochemical analysis was carried
out according to the relevant state standards:

• GOST 17.1.5.05 – 85 General requirements for sampling surface and sea waters, ice and
atmospheric precipitation // State Committee of the USSR on standards;

• DSTU ISO 5667-1: 2003 – Water quality. Sampling. Part 1. Instructions on the draft
programs for sampling // Order No. 102 of the State Consumer Standard Service of June
11, 2003;

• DSTU ISO 5667-6: 2009 Water quality. Sampling. Part 6. Guidelines for sampling from
rivers and streams (ISO 5667-6: 2005, IDT);

• Methodological guidelines “Sanitary and virological control of water objects” under article
40 of the Law of Ukraine “On ensuring sanitary and epidemiological welfare of the
population” // Order of the Ministry of Health Care of Ukraine No. 284 of 30.05.2007.

Water sampling for analysis was carried out under conditions for the river’s lowest water
content (during the summer low water period) at daylight hours. The sampling control points
(research area located on N 51.280588, E 27.218915) assumed representativeness according to
the level of anthropogenic load: 1-st section of the Buniv River, 50 m below the railway bridge
(point PK-21); 2-nd section – Buniv River, 250 m below the railway bridge (point PK 18);
3-rd section – Buniv River, reservoir (PK10); 4-th section – Buniv River, the reservoir (PK3)
(figure 1).

Figure 1. The sampling control points location (marked in yellow) and diagram of the survey
route (from PK0 to PK24).

The assessment of the Buniv River basin’s surface water quality was carried out in accordance
with the method of “Comprehensive Expert Assessment of River Basin Ecosystems” (IE) [11].

Sampling bottom deposits was carried out under the standards (DSTU ISO 5667-12-2001
Water quality. Sampling. Part 12. Guidelines for sampling bottom deposits [ISO 5667-12:1995,
IDT]) on a 50 x 50-meter grid with a clamshell and capture area of 0.1 m2. Immediately after
lifting the samples of bottom deposits, their field description was carried out. The mixed samples
were used for further laboratory study and clarification with a lithological study of the bottom
deposit composition. A total of 3 samples of bottom deposits in the Buniv River and 2 samples
in the reservoirs were collected. For calculating the total pollution index we used the methods
in force in Ukraine.
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3.1. Description of the research area
The Buniv River basin is a typical small river of the border territory, located within the Sarny
district of the Rivne region, a right tributary of the Lva river tributary (Pripyat river basin,
16-th ecoregion). The length of the river is 23 km, the slope of the river is 1.1 m/km. It is formed
from many unnamed streams and reservoirs. The river has two main tributaries. An assessment
of the Buniv River basin’s territory was carried out based on remote sensing data (Sentinel 2,
SRTM) and topographic maps (figure 2). As we can see, the catchment area obtained using
DEM processing is not relevant to the actual real situation in south-western part (near villages
Kysorychi and Masevychi). There, the network of drainage channels and regulation constructions
has altered the conditions of flow accumulation. It’s a good illustration of the necessity of using
topographic maps for hydrological research within Volyn Polissia where similar constructions is
widely spread.

(a) (b)

Figure 2. Setting catchment boundaries according to satellite data (a) and topographic map
(b).

The analysis of the obtained cartographic models indicates a significant anthropogenic
transformation of the natural landscapes. A significant part of the watercourses of the Buniv
River basin was once directed and transformed into main canals of the meliorative systems
(figure 3). As a result, the profile of the riverbed and its tortuosity have changed. The direction
of the river’s hydrographic network led to an increase in the slopes, carrying capacity, and speed
of the flood wave.

Also, engineering surveys and a full-scale survey of the basin territory indicate that currently
there is an increase in anthropogenic load on the river basin due to the overregulation of river
flow, floodplain development, changes in morphological parameters, flooding of the territory, and
so on. In our opinion, the changes in the structure and the water body’s functioning parameters
are a consequence of the manifestation of transformation and degradation processes that develop
under the influence of natural and anthropogenic factors.

Today, the economic development of the catchment area is quite high. A significant percentage
of the territory is located in residential areas; the floodplain of the river is disturbed and built
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Figure 3. Typical natural and directed sections of the Buniv River hydrographic network (image
source: Google Earth Pro).

up. Uncontrolled and untreated surface runoff flows from the residential areas to the Buniv
River and, accordingly, to the reservoirs in Rokytne. Most often, these are formed after heavy
rains or during the melting of snow cover. A significant part of the households at Rokytne are
located in the floodplain of the river, in the zone of possible territory flooding during floods and
inundations.

In general, the Buniv River basin chosen for the study is typical for the border part of
Volyn Polissia. Its main features include a significant transformation of the natural hydrographic
network into a system of ameliorative channels by straightening riverbeds; the presence of water-
regulating structures that are not always in good condition; the significant drainage of wetlands;
the insufficient carrying capacity of some bridge crossings; the active use of floodplains for
residential development and economic activities; the insufficient density of the monitoring system
for registering extreme precipitation in the small river basins.

These factors pose a danger to aquatic ecosystems, the population and engineering
infrastructure of the border areas.

4. Results and discission
4.1. Hydrological and morphological assessment of the river
For evaluating the valley and riverbed transformation, and undertaking management decisions on
the flood safety of territory planning, we performed a topographic survey of the Buniv riverbed
and valley within the most affected part of Rokytne.

The analysis of the constructed longitudinal profile along the river axis (the diagram is shown
in figure 1) allowed dividing the study into five sections, differing in their carrying capacity and
passing conditions of the flood wave.

1. The section near the railway bridge (from PK 24 to PK 19) has a length of 500 m. The
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average slope is 0.022%, rectilinear; it has ridge formations of bottom deposits with a
length of 14..16 m. and a height of 0.3..0.4 m. This situation is typical for the Buniv
River almost along its entire length. As a result, the first section has the appearance of
the non-typical flat Polissia river (figure 2), and represents the principal channel. These
transformations contribute to a shorter duration of water standing on the floodplain, but
the floods become more pronounced with higher maximum costs. Thus, this section is
estimated at a comparably high carrying and transport capacity, which intensely transfers
water to the next section.

2. The next section further downstream (from PK 19 to PK 16+75), with a length of 300 m, is
characterized by a conditionally undisturbed current; it has a formed meander, as a result
of which the channel slope decreases by 30%, having an average slope of 0.013%. A decrease
in the river’s slope leads to a decrease in the flow rate, the ability to carry deposits, and,
accordingly, an increase in water levels at the maximum flow rates.

3. Further, the riverbed (the section from PK16+75 to PK12.0 with a length of 475m) is under
the influence of a bridge crossing. From the upper part, from PK16+75 to the bridge, the
channel is positioned, due to the support of the stream by the river crossing. The water
level on the site is close to the horizontal level and has a slope of 0.003%. A sharp drop in
speed causes sediment deposits in this area during the decline of floods and inundations. In
the future, shallow water will form on this site, additionally overgrown with higher aquatic
vegetation. Further floods begin at higher bottom levels and, accordingly, at higher water
levels. Below the bridge, there is an increase in the slope to 0.067%, a significant acceleration
of the flow causing bottom erosion. This is due to the high rates of compressed flow coming
out of the bridge opening.

4. The next section (from PK16+75 to PK 6+75) with a length of 1000 m is the surface of
the enterprise’s reservoir and has a zero hydraulic slope. For a long time, the reservoir was
not operated according to the design modes. Instead of the normal headwater level mark
at 171.25, which is provided for in the project, the mark of 170.70 m is kept. This is due to
developments at the territory previously allocated for the reservoir. Due to the decreased
depth, the reservoir is a shallow water area with developed higher aquatic vegetation. From
the point of view of flood safety, the section is characterized by low carrying capacity due to
the significant overgrowth of the riverbed with aquatic vegetation and almost zero hydraulic
slope. In addition, it determines the operation of the stage opening on the PK 13+30 in the
flooded spillway mode, which approximately by 10..15% reduces its carrying capacity.

5. The section of the next reservoir also has a zero hydraulic slope. In addition to the
functionality of the culverts, the reservoir is in a good condition. The lack of proper
regulation of water discharge affected the scale of flooding in Rokytne during the flood on
17.05.2019, figure 4 shows the impact of existing engineering infrastructure on the formation
of flood zones. As can be seen, there is an excessive compression of the river flow, which
causes the flooding of the river valley.

We have calculated the maximum flow rate through the opening of the road bridge on 8
Bereznia Street in Rokytne. (indicated by the arrow in figure 5) for the flood conditions on May
17, 2019, as for a spillway with a wide threshold of 26.6 m3/s. This corresponds to a provision
of 3%, that is, 1 time in 30 years; these floods can occur in the summer.

4.2. Proposed solutions
Operation of culverts
The lack of water level regulation at culverts during the May 17-19, 2019 flood caused a short-
term overflow of water through the earthen dam. It has been established that the erosion of
an earthen dam during the floods leads to a breakthrough and the formation of a wave with a
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Figure 4. Fragment of the basin of Buniv River during the flooding on May 17, 2019 (model
obtained using EOS Land Viewer).

great destructive force. This was prevented by the retention of a certain amount of water by the
technical reservoir of the glass factory, as well as flooding of the floodplain above the automobile
bridge.

In addition, the backup of water from this reservoir reduced the carrying capacity of the
objects located upstream, which certainly contributed to a long stay of high water levels in the
flooded areas.

Thus, a necessary condition for flood management is the development and implementation
of a reservoir management plan depending on the meteorological situation in the river basin.

Technical capabilities of flood runoff redistribution
The technical capabilities for delaying this volume at the Buniv River’s catchment area above
Rokytne will allow floods in the banks of the river to pass through the village. However, the
possible regulation of runoff should still include the release of water into the floodplain, as this
is an important component of maintaining the ecosystem and the river water quality.

It should be noted that it is unlikely to find such opportunities without allocating land plots
for polders or reservoirs. We estimated the flood volume to be 3.45 million m3. In order to
retain this amount of water within the Buniv River’s tributaries, it needs to have a total length
of about 700 km. The river basin does not have such a developed hydrographic network. This
approach also requires a significant number of regulatory structures at individual channels.

A technically possible method is to transfer part of the flood runoff (figure 5) from the Buniv
River to the Lva River (above the villages of Masevychi, Buda) and the Berest River (in front
of Rokytne and near Lisove village).

To do this, it is necessary to arrange either appropriate cross regulators, or lay pipeline
structures that have a carrying capacity at a safe level for Rokytne’s flow rates, whose value
shall be determined by calculation. The economic feasibility of this type of construction should
be justified by the agricultural, flood control and other needs and costs for their maintenance.

According to DSTU 7369:2013, the bottom deposits of the Buniv River belong to Group 1 of
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Figure 5. Creating a possible redistribution of flood runoff.

the group’s classification for the permissible values of heavy metals in the deposits. Regarding
the maximum permissible concentrations (MPC) of chemical elements in the soil, an excess
content in the bottom deposits of the Buniv River was observed only for Co, averaging 1.6 times
at the cross-section, and Cd averaging 2.3 times at the cross-section. High levels of heavy metals
in water or other media have a toxic effect, and the accumulation of such elements in the tissues
of hydrobionts causes a violation of biochemical processes and physiological functions.

4.3. Limnological surveys
The analysis results of the chemical element content in the bottom deposits of the studied section
(table 1) indicate the presence of all six studied elements.

Table 1. Chemical composition of the bottom deposits of the Buniv reservoir.

Cross-section No.
Indicators

Cs137,
Ci/km2

Cu Zn Mn Co Cd Pb
mg/kg

1 0.017 2.25 17.4 234.8 6.1 1.3 13.0
2 0.016 2.21 4.00 237.4 5.7 1.4 15.1
3 0.018 2.86 4.25 251.6 5.9 1.3 14.8
4 0.003 2.18 5.10 197.2 5.3 1.7 14.6

The source of anthropogenic entry of heavy metals into water bodies is primarily associated
with road transport and wastewater, including natural causes such as the decomposition of dead
hydrobionts.
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4.4. Hydrochemical assessment of the Buniv River’s surface water quality
The surface water quality of the river was assessed using the main hydrochemical indicators,
which are crucial in the formation of the surface water quality of Volyn Polissia’s typical rivers.
The summary results of the Buniv River surface water quality assessment, namely, the actual
concentrations of biogenic substances, the multiplicity of exceeding environmental standards and
the degree of surface water pollution are presented in table 2.

Ammonium and nitrogen ammonium. The concentration of ammonium in water bodies for
domestic use should not exceed 2 mg N/dm3 by nitrogen. MPCfishfarm of ammonium salt is
0.5 mg N/dm3 (by nitrogen) (this limiting indicator of harmfulness is toxicological). According
to European standards, the concentration of ammonium in recreational reservoirs should not
exceed 0.1 mg NH4/dm3.

The presence of ammonium ions is mainly associated with the processes of biochemical
degradation of the protein substances, deamination of amino acids, and decomposition of urea
under the urease action. The content of ammonium ions in natural waters varies from 12 to
205 mg N/dm3 in terms of nitrogen. During the transition from oligotrophic to meso – and
eutrophic reservoirs, both the absolute concentration of ammonium ions and their share in the
total balance of bound nitrogen increase.

The presence of ammonium in concentrations near 1 mg/dm3 reduces the ability of fish
hemoglobin to bind oxygen. The signs of intoxication are disturbances, convulsions, the fish
throws itself on the water and jumps to the surface. The mechanism of toxic action is a violation
of the central nervous system, damaging the gill epithelium, hemolysis (rupture) of the red
blood cells. The toxicity of ammonium increases with increasing pH medium. The increased
concentration of ammonium ions can be used as an indicator that reflects the deterioration
of the sanitary condition of a water body, the process of contamination of the surface and
underground waters, primarily by domestic and agricultural effluents.

Nitrites and nitrite nitrogen. For nitrites, the MPChousehold is set at 3.3 mg/dm3 as an ion
of NO−

2 or 1 mg/dm3 in terms of nitrogen. The MPCfishfarm is 0.08 mg/dm3 as an ion of N−
2

or 0.02 mg/dm3 in terms of nitrogen. According to European standards, the concentration of
nitrites in recreational reservoirs should not exceed 0.03 mgN−

2 /dm3.
Nitrites are dissolved in surface waters. The acidic waters may contain small concentrations

of nitric acid (HNO−
2 ) (not dissociated into ions). The increased content of nitrites in the Buniv

River indicates an increase in the decomposition of organic substances under conditions of slower
oxidation of NO−

2 into NO3−, which indicates the contamination of the water body.
Nitrates and nitrate nitrogen. The MPChousehold for nitrates is 45 mg/dm3, or 10.0 mg/dm3

(for nitrogen) and the MPCfishfarm is 40 mg/dm3 (by NO3−) or 9.1 mg/dm3 (by nitrogen).
According to European standards, the concentration of nitrates in recreational reservoirs should
not exceed 5.0 mg NO−

2 /dm3. The presence of ammonium nitrate in concentrations of up to
2 mg/dm3 does not cause a violation of biochemical processes in a reservoir; the maximum
concentration of this substance, which does not affect the sanitary regime of the reservoir, is 10
mg/dm3. The harmful concentrations of nitrogen compounds (primarily ammonium) for various
fish species are on the order of hundreds of milligrams per 1 dm3 of water.

Phosphates. The MPChousehold for phosphates is 3.5 mg PO4
2−/dm3, the MPCfishfarm is

0.05 mg PO4
2−/dm3.

According to European standards, the concentration of phosphates in recreational reservoirs
should not exceed 0.2 mg of PO4

2−/dm3. The excessive phosphorus compounds from various
sources such as mineral fertilizers, untreated domestic wastewater, and industrial waste are
being carried by surface runoff from fields into the river. This inflow causes significant growth
in the water body’s plant biomass. As the concentration of phosphorus in the water increases,
it changes the trophic status of the reservoir, leading to a restructuring of the entire water
community. This restructuring results in the prevalence of putrefactive processes, leading to
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Table 2. The Buniv River’s surface water quality assessment.

Control
point

Actual content,
mg/dm3

Multiplicity of exceeding Water
quality
category

Contamination
levelfish farm

norms
household
norms

Directive
76/160/EC

by nitrites content

1 0.490 8.4 0.2 – 4.8 Dirty –
very dirty

2 0.045 0.6 0.0 – 4.7 Moderately
polluted

3 0.066 1.0 0.0 – 6.5 Dirty-
very dirty

4 0.044 2.4 0.1 – 4.5 Moderately
polluted

by nitrite nitrogen content

1 0.180 10.0 0.2 6.7 7.0 Very dirty

2 0.014 0.7 0.0 0.5 4.7 Moderately
polluted

3 0.076 3.8 0.1 2.5 6.5 Dirty-
very dirty

4 0.059 3.0 0.1 2.0 6.2 Dirty

by nitrates content

1 1.800 0.1 0.0 – – Slightly
polluted

2 3.200 0.1 0.1 – – Polluted
3 6.200 0.1 0.1 – – Dirty
4 5.700 0.2 0.1 – – Very dirty

by nitrate nitrogen content

1 0.630 0.1 0.1 0.1 4.1 Slightly
polluted

2 0.310 0.0 0.0 0.0 1.2 Very clean
3 1.440 0.1 0.1 0.3 6.4 Dirty
4 1.390 0.2 0.1 0.3 6.2 Very dirty

by phosphate content

1 1.100 7.1 0.3 5.4 7.0 Very dirty
2 0.710 4.0 0.2 3.0 7.0 Very dirty
3 0.820 5.8 0.2 4.4 7.0 Very dirty
4 0.900 6.7 0.3 5.0 7.0 Very dirty

an increase in turbidity, salinity, and bacterial concentration. One of the components of the
eutrophication process is the proliferation of cyanobacteria, also known as blue and green algae.
Several of these algae produce toxins that fall under the category of phosphorus and sulfur-
containing organic compounds, which can be neuro-paralytic. The toxins produced by these
algae can result in various health issues such as skin disorders and gastrointestinal ailments. In
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severe cases, paralysis may even occur when a substantial amount of algae enters the body.
Biochemical oxygen consumption. The MPChousehold of BOD5 is 3.0 mg/dm3; for

MPCfishfarm it is 2.0 mg/dm3. According to European standards, the BOD5 indicator is not
normalized in recreational reservoirs. BOD5 identification in the surface waters is used to assess
the content of biochemically oxidized organic substances, the living conditions of hydrobionts,
and as an integral indicator of water pollution.

Dissolved oxygen. The MPChousehold for the content of oxygen dissolved in water is
>4.0 mgO2/dm3; for MPCfishfarm it is >6.0 mgO2/dm3. According to European standards, the
content of oxygen dissolved in water in recreational reservoirs is not normalized. The content of
oxygen dissolved in water reflects the intensity of the processes in the hydrobiochemical systems.
The oxygen identification in the surface waters is included in the observation programs to assess
the living conditions of hydrobionts, including fish, as well as indirect features of surface water
quality assessment and wastewater treatment management. The content of dissolved oxygen is
necessary for aerobic respiration and is an indicator of biological activity (i.e. photosynthesis)
in the reservoir.

4.5. Managing a transformed river basin
The assessment of the transformation level in the Buniv River basin makes it necessary to
improve the monitoring system within the river basin, as the main tool for assessing and
predicting changes in the aquatic ecosystem and managing the processes of its anthropogenic
transformation. Water quality monitoring can be effectively supported through the use of satellite
technology [12,13].

The basic model of monitoring the condition of the Buniv River and its objectives can be
presented in the form of a diagram given in figure 6.

Figure 6. Flowchart for surface water quality monitoring and management.

Public environmental monitoring, if implemented, could be a valuable supplement to the
existing system of monitoring water bodies. This will increase the availability of environmental
information for all stakeholders, quickly obtain the necessary data in the event of an emergency
accident, as well as current, regular monitoring of the impact of water users on the ecological state
of the rivers. Local public organizations in the framework of public monitoring should perform
the following functions: monitoring objects that are not included in state monitoring programs;
implementing environmental control and notification of accidents and emergencies; developing
environmental education and awareness; evaluating the environmental impact of projects for
planned activities within river basins, etc.
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For the effective management of border area basins, including the Lva River, it is necessary to
create a Basin Council, which will include the representatives of Sarny District Administration,
the Rivne Regional Office of Water Resources, the State Environmental Inspectorate in Rivne
region, scientists, public activists and water users of the river basin. The main task of Basin
Councils will be to develop, coordinate and approve the River Basin Management Plans. An
important issue in the Council’s activities is monitoring the implementation of the planned
water protection measures within the river basin.

5. Conclusions
For the effective management of water resources in border areas, it is necessary to develop and
implement water protection measures that are defined in the river basin management plans and
develop and implement a joint program for public monitoring of the cross-border rivers.

The increase in the social and economic risks in the study area and the material losses
associated with flooding the households in the floodplain of the Buniv River are caused by
anthropogenic factors, namely, the development of the river floodplain, the violation of the
requirements of the Water Code of Ukraine and ignoring the danger from natural flood and
overflow phenomena.

It is possible to reduce the threat of territorial flooding and ensure the flood safety of the river
cross-border territories of the Polissia zone by applying organizational and economic measures
and implementing the following compensatory hydraulic measures:

• A periodic clearing of the riverbed section adjacent to the bridge from the deposits coming
from the upper sections. This will help to increase the slope on the site, reduce the hydraulic
resistance of the bottom turbulence and reduce the likelihood of spillway operation in semi-
pressure and pressure modes;

• Reducing the resistance of water flow at culverts and reservoirs, creating flood corridors.

Reservoirs require developing regulatory rules that provide for the level of water response
depending on the current meteorological situation. Thus, if the amount of precipitation in three
days reaches 20 mm, then it is already advisable to clear the river valley, prepare households for
high water levels and work with both reservoirs in order to overcome flooding.

The most effective approach to prevent flooding of large areas of Rokytne is to prevent the
inflow of significant water consumption within the city limits. To do this, one should: arrange
structures above the village that will allow the transfer of runoff through a network of channels.

The surface water quality assessment shows that the overall ecological state of the surface
waters of the studied aquatic ecosystem is assessed as unsatisfactory. The block of tropho-
saprobiological indicators is dominant and determines the water quality. At the same time, its
deviation from the environmental standards is primarily caused by the biogenic elements of the
nitrogen group (ammonium, nitrite and nitrate nitrogen) and phosphates.

In the upper and middle part of the river basin, it is necessary to carry out organizational
and economic measures to reduce the inflow of pollutants with diffuse runoff, as well as hydraulic
works to clear the riverbed and the riverbank stabilization. Also, in the middle section of the
river, it is necessary to clean the surface waters of the river from the excess regional content,
nitrite nitrogen, phosphates; we propose equipping a bioplateau according to the type of surface
flow and an aeration treatment corridor.
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Abstract. The article analyzes modern scientific approaches to sustainable finance and
features of the transition of national financial systems, markets, financial flows in the direction
from unsustainable to innovative sustainable technologies. The latest practice of implementing
investment and financial activities in accordance with the goals of sustainable development
is systematized. In the context of building a system of sustainable finance in Ukraine, the
parity of two vectors of its functioning should be taken into account: ensuring both the
sustainability of the financial sector itself and the sustainable functioning of the economy as
a whole. That is, the development of the national system of sustainable finance in Ukraine
is based on the generally recognized world practice in the field of sustainable finance and
the decisions of the United Nations Organization, which relate to the financial aspects of
sustainable development. In the context of this transformational process, Ukraine joined the
Paris Agreement and received the Second Nationally Determined Contribution, which is a
concept of state development to achieve ecologically and economically expedient transformations
in all sectors of the economy. Financing of the Second Nationally Determined Contribution by
2030 should include a combination of domestic budget allocations, the private sector (domestic
and foreign), bilateral and multilateral financial mechanisms, and international assistance. The
article focuses on the need to understand the concepts and tools for ensuring financial stability,
to determine the differentiated characteristics of the main directions of the transformation of the
financial system and typologies of its transition. The authors single out the basic characteristics
of transitions to sustainability and innovation processes: rethinking the achievement of new
economic, environmental and social goals; time limit; creation of new socially inclusive,
fair, ecologically sustainable economic systems; rejuvenation of the economic system through
constant innovation; ensuring support for the financial orientation of transitions to sustainable
development, which require integration and coordination of financial flows.

1. The problem
Since the Rio 2012 Summit, the issue of financing the needs of sustainable development has
come to the forefront of the activities of the global establishment, academics and the business
community. It is becoming increasingly clear that only with the establishment of a financial
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system that is sustainable and at the same time capable of providing financing for sustainable
development can the complex of problems related to sustainable development of the state be
effectively addressed. Over the past 20 years, the concept of sustainable finance has emerged
and gradually become more widespread under the auspices of the United Nations Environment
Program’s Finance Initiative. It has accumulated a new financial paradigm of taking into
account social, environmental and governance factors (the so-called ESG criteria) of sustainable
development in financial activities, as well as the principles of responsible financial behavior. To
date, the world has gained considerable experience in organizing sustainable financial activities
in various industries and areas. However, in Ukraine, very little attention has been paid to
the concept of sustainable finance, as well as to the theoretical, methodological and practical
aspects of organizing sustainable financial activities to achieve the goals of climate stability and
sustainable development. Therefore, the tasks of substantiating the theory and methodology
of applying sustainable finance practices in Ukraine and adapting existing concepts of financial
sustainability to the conditions of our country are very relevant.

The purpose of the publication is to characterize the possibilities of organizing a
sustainable financial system in Ukraine to achieve the goals of climate stability, financing
sustainable development and ensuring sustainable management in the country based on
the implementation of the best international recommendations and practices in the field of
sustainable finance.

2. State of finance in sustainability transitions research
The transition of the globalized economy and the world financial system to sustainable
development requires a fundamental transformation of national financial systems, markets,
financial flows in the direction from unstable to innovative sustainable technologies, the latest
practice of implementing investment and financial activities in accordance with the goals of
sustainable development. This applies both to the energy transition, where new low-carbon
technologies are more capital-intensive and environmentally friendly, and to other areas of the
economy, for example, the transition to sustainable urbanization, circular economy, green energy,
etc.

It is undeniable that the transition to sustainability also concerns the financial sphere, which
provides society with the necessary resources, and the economy with mechanisms and tools for
financing changes. It should be noted that the specifics of the functioning of the financial system
and its role in the transformation to sustainability have been studied by foreign and domestic
scientists. Such interest in the scientific community is explained by the fact that financial capital
is an interchangeable resource that is instantly directed to new technologies through free capital
markets according to neoclassical economic models. Another feature of financial capital is that it
has a wide variety of forms and structures, is often distributed through financial intermediaries
and other actors whose activities are based on existing institutions and infrastructure [1].

Also, the “green” essence of sustainable finance is reflected in the distribution of idle social
capital between different economic sectors, such as renewable energy, green cities and buildings,
climate crises, corporate governance and environmental protection.

Having analyzed scientific publications related to the actualization and conceptualization of
the transition of finance and financial systems to sustainability, it is possible to single out the
following main directions of their research.

The first concerns research on the connection between financial crises and the transition to the
concept of sustainability, as well as the direct development of conceptual approaches to ensure
the development of sustainable finance. In particular, Geels [2] analyzes the crisis of 2008-2009,
where attention is focused on its potential for the transformation of global economic systems,
the possibility of initiating such a transition, and the analysis of state policies for responding to
crisis phenomena.
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The research by Quatrini [3] is devoted to the impact of the global pandemic crisis of COVID-
19 on the transition to a sustainable future and sustainable investments, it is proposed to use
decision support tools (DST) for ensuring sustainable development that contribute to investment
decisions – ranking, sustainability ratings, standards, strategies, etc. The author comes to the
conclusion that in order to effectively make an investment decision, it is necessary to change
the existing practice of assessing sustainability, using new technologies and tools (artificial
intelligence for checking the forecasting results, the rating model Impact ÆSSURANCE).

As mentioned above, publications related to the development of the conceptual foundations of
the development of sustainable finance, the identification of connections between sustainability
and, for example, “green” finance, should be included in this group of developments. This
problem is highlighted by Wang et al [4], in which the authors emphasize that in order to
achieve the goals of sustainable development, all sectors of society need to invest approximately
5 to 7 trillion US dollars annually, and the Paris Agreement provides for long-term financing with
cost-benefit calculations, and within a certain period time and significant global investments.

Urban and Wójcik [5] offers a conceptual approach to sustainable finance as a multi-level
socio-technical system in which the financial sector functions in a socio-technical landscape.
The landscape is seen as a superstructure that includes various social groups and institutions
governed by intersubjective norms that result from the process of globalization and capitalization
of markets. In turn, as the authors note, capitalism and globalization, which are the main
components of the modern financial regime, have a negative impact on both the regime and the
trajectory of niche innovations. All this slows down the transition of the financial system to the
conditions of sustainability.

Second, a number of scholars consider the availability of financial capital as an investment,
energy, climate and environmental issue: for example, how new climate technologies and
sustainable finance enable green growth, and using a cross-supplemented ARDL model found
that climate technologies, access financial institutions to green investments and the circulation
of green bonds (financial market efficiency) significantly reduce carbon emissions [6].

Furthermore, Ronaldo and Suryanto [7] prove that green investment (the indicators of which
are waste management, investment in green enterprises and processing, ecological production)
is of vital importance for achieving the goals of sustainable development of rural areas from the
point of view of ecological and economic sustainability due to the implementation of “green”
technologies, which in turn will lead to the development of “green” micro-entrepreneurship and
improve the population’s vital indicators.

In the framework of this direction, sufficient attention of scientists is devoted to the problems
of sustainable financing and the development of the state policy of the transition to “green”
energy. Besides, in the article [8], the impact of green financing and renewable energy sources
(solar energy, bioenergy, hydropower and wind energy) on the sustainable development of China
was investigated. Zhou and Li indicate that there is a significant need for an effective public
policy regarding the widespread use of renewable energy to reduce environmental degradation
and improve public health at a high level of economic activity.

Li et al [9] updated and modeled the connections between “green” financing, volatility
and geopolitical risks regarding investments in renewable energy sources. The results of the
study showed that green finance (in the form of green bonds) and green regulations, such as
environmental taxes, play a significant and positive role in encouraging investment in renewable
energy sources. Nevertheless, oil price volatility and geopolitical risk have a negative impact on
the structure of investments in clean energy sources.

Thirdly, individual institutional components of the financial system are investigated, the
prospects for their changes and the expansion of the range of financial instruments ensuring the
transition of the financial market to sustainability are determined.

Since 2009, when the World Bank issued the first green-labeled bond for a group of Swedish
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pension funds, the market for fixed investment products has significantly evolved, expanded and
diversified through the introduction of new structured finance instruments. In addition to green
bonds, the market now offers blue bonds, social bonds, sustainable development bonds, disaster
bonds.

Today, individual assets of direct investment funds, investment funds, exchange funds
and those created on the basis of public-private partnerships, mixed financing instruments
(multi-level investments) and risk-sharing instruments (guarantees, weather insurance, first loss
capital), other instruments raising public and/or private sector capital for specific purposes,
often related to achieving sustainability or other environmental or social commitments [3].

The transformation of the financial system into a sustainable one requires taking into account
the prerequisites of the concept of sustainability in the activities of financial institutions,
including banks. In the study [10], a benchmark assessment of the sustainability practices
of 37 largest banks by total assets, located in Europe, America, Asia, Africa and the Asia-
Pacific region, was carried out. The author found that the percentage of banks that adapted
their management structure and implemented measures that contribute to increasing the
level of sustainable development culture increased by 25% compared to 2020 and reached
74%. Banks have implemented the following measures: sustainability training programs
(84% of assessed banks), sustainability policies (81%) and board statements on sustainability
commitments (84%). However, it should be noted that the degree of consideration of non-
financial factors varies depending on financial institutions. Usually, such actions are carried out
by large international banks, for example, Societe Generale, Hongkong and Shanghai Banking
Corporation-HSBC, Credit Agricole, Triodos).

Fourthly, part of the publications is focused on the issues of the systemic nature of sustainable
finance (systemic approach) and the transformation of the financial system to the conditions of
sustainability. Thomas and Mantri [11] considered finance as a complex adaptive system of
systems (CASOS), which complicates its design for sustainable development using traditional
approaches. The work proves that the problem of sustainability is multi-scale / multi-
model, which is inherently adaptive and requires that adaptive agents evolve together with
the corresponding cohort system. The authors propose an axiomatic approach to the design of
sustainable finance that takes into account the vision of sustainable development as meeting the
needs of the present without compromising the ability of future generations to meet their own
needs.

Naidoo [12] conducted a thorough study of a new approach to overcoming the polarity of the
financial system by interpreting the characteristics of the process of its transition to sustainability
from the point of view of meeting certain requirements. According to the Naidoo, there are five
initial requirements – changes in the direction of development, temporal dynamics, the influence
of coexisting systems, a conflicting social context and contextual experimentation. That is,
the article offers initial parameters that inform about the reaction of financial systems to the
requirements of the transition to sustainability and make it possible to evaluate it.

Thus, the financial system is able to provide radical and transformational changes to
sustainability in the economy, large-scale investments in infrastructure, despite the challenges
of the crisis. In addition, the challenge of the gradual transition to sustainable finance lies
within an interconnected global financial system that is struggling to keep pace with the digital
economy and ensure resilience to new risks. Therefore, the above-mentioned global contexts,
challenges and the need to understand the possibility of gradual transformation of the national
financial system to sustainability determine the relevance of this study.
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3. The basic institutional foundation of the formation of the national system of
sustainable finance in Ukraine
When considering the formation of the national system of sustainable finance in Ukraine, first
of all, it is necessary to pay attention to the main positions of the national model of sustainable
management, which is aimed at ensuring socio-ecological and economic growth due to the
inclusion of natural, physical and human capital in economic circulation (input effects), ensuring
the corresponding structural changes in the economy, primarily in the “green” direction, taking
into account the climatic requirements of sustainability (efficiency effect); the need to make
powerful investments in the reconstruction and modernization of infrastructure, including both
its industrial, social and environmental components (stimulus effects) and stimulation of relevant
innovative activity, primarily in the field of development of environmentally friendly and climate-
neutral technologies (innovation effects).

It is obvious that according to the above positions, building a system of sustainable finance
in Ukraine must first of all take into account the parity of two vectors of such a system, that
is, ensuring both the sustainability of the financial sector itself and the sustainable functioning
of the economy as a whole. Thus, by building responsible financial behavior and purposeful
financing of sustainable development measures, taking into account environmental, social and
economic priorities, it is necessary to ensure the implementation of such processes as:

• firstly: the inclusion of natural, production, financial, human and other resources in
economic circulation with the help of specific financial instruments – “green” instruments
of the stock market, loans, insurance policies, etc.;

• secondly: sustainable financing of the “green” transition with the aim of minimizing climate
change and reducing the economic burden on the environment as a whole;

• thirdly: the formation of powerful investment resources for the stabilization of the economy
and the implementation of the investment policy of sustainable development,

• fourth: creation of a system of financial support for innovations aimed at greening the
economy, “green” technological structural changes, minimizing the impact on the climate,
taking into account the most modern trends in the implementation of the financial policy
of sustainable development of the UN and the leading countries of the world.

Taking into account the above, the development of the national system of sustainable finance
in Ukraine should be based on the universally recognized practice in the field of sustainable
finance and the decisions of the United Nations Organization, which relate to the financial
aspects of sustainable development. Thus, at the 75th General Assembly of the United Nations
(UN) in September 2020, it was emphasized that the last decade has become the hottest in
the history of mankind, the concentration of greenhouse gases continues to grow, so humanity
must urgently change course, there are less than ten left years, and therefore already in the next
decade, that is, by 2030, it is necessary to ensure appropriate changes in the management of the
economy and finances in order to minimize further negative impacts on the natural environment
and to allocate appropriate financial resources for this [13].

Today, it is recognized that climate and environmental challenges require a change in the
financial policy of governments and individual financial institutions in the direction of organizing
sustainable financial activities and forming an effective system of sustainable finance at the level
of countries and the world. Today, climate and environmental challenges are recognized by the
European Central Bank (ECB) as two main risk factors. According to the estimates of the Bank
for International Settlements (BIS), they are one of the sources of systemic financial risks and
may become the cause of the next global financial crisis [14]. The UN Framework Convention on
Climate Change (1992), the UN Agenda for Sustainable Development until 2030, and the 2015
Paris Agreement on Climate Change are the main documents that countries should be guided
by to confront climate challenges and achieve a sustainable future.
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The specified documents, in particular, state that one of the three ways to combat climate
threats in the context of sustainable development is to ensure the consistency of financial
flows with the direction of low-carbon and climate change-resistant development of various-scale
territorial entities (regions, countries, global economy, etc.).

According to these documents, starting from January 1, 2021, each country chooses its goals
for reducing and/or limiting greenhouse gas emissions. Such goals are characterized as Nationally
Determined Contributions (NDCs). The main goal of the Paris Agreement includes the following
three sub-goals:

sub-goal (a): keep the increase in global average temperature well below +2 °C above pre-
industrial levels and focus efforts on limiting temperature increase to +1.5 °C
above pre-industrial levels, as this will significantly reduce the risks and impacts
of climate change;

sub-goal (b): increasing the ability to adapt to the negative impacts of climate change,
supporting climate change mitigation, development with low greenhouse gas
emissions in a way that does not threaten food production;

sub-goal (c): harmonization of financial flows with the path of development, with
countermeasures against climate change and with low emissions of greenhouse
gases [15] (figure 1).

The main differences between the Paris Agreement and the Kyoto Protocol are as follows:

• First: changing the nature of the emissions reduction target from an “obligation” to a
“contribution”. If the Kyoto Protocol provided for a legally fixed amount of greenhouse
gas emissions for countries, which was not to be exceeded, the Paris Agreement gives each
country the right to determine its contribution to the reduction of greenhouse gas emissions,
taking into account national circumstances.

• Second: inclusion of all countries of the world with approved plans to reduce greenhouse gas
emissions in the form of nationally determined contributions. The Kyoto Protocol provided
quantitative commitments to reduce greenhouse gas emissions only from developed countries
(Annex B to the Kyoto Protocol). Instead, the Paris Agreement consolidates contributions
from countries that are Parties to the Paris Agreement.

• Third: introducing a bottom-up approach instead of a top-down approach, enabling all
participants, not only at national, but also at local/local or even corporate levels, to
contribute regarding the reduction of greenhouse gas emissions.

The participation of each individual country in achieving the global goal is determined by
it individually and is called “Nationally Determined Contribution” (NDC). The Agreement
requires that such contribution be “ambitious” and established “with a view to achieving the
objective of the Agreement”. The country reports on participation and it is reviewed every 5
years.

Thus, participation in the Paris Agreement is largely voluntary and thus requires the
development of appropriate frameworks and formats for sustainable financial behavior based
on voluntary responsibility. The country’s participation is registered in the secretariat of the
Framework Convention. Each subsequent participation parameter should be more ambitious
than the previous one. Countries can cooperate and combine their nationally defined parameters
of participation.

During the UN Climate Conference in 2015, the participating countries set their own
obligations – the “Intended Nationally Determined Contribution” (Intended Nationally
Determined Contribution), which will serve as the initial nationally determined contribution,
if the country does not provide another in accordance with the procedure established by the
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Figure 1. Formation of the nationally defined contribution of Ukraine to the Paris Agreement
of the UN Framework Convention on Climate Change (based on [15,16]).
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Agreement. The level of each country’s nationally determined contribution is determined by a
voluntarily binding, but not mandatory, target.

At the end of July 2021, the government of Ukraine approved the updated national determined
contribution of Ukraine to the Paris Agreement, according to which the current climate goal of
Ukraine is to reduce greenhouse gas emissions to the level of 35% compared to 1990 by 2030 [17].
Among the main measures to achieve such an indicator in the next 10 years, it is necessary to
implement and, accordingly, finance a number of economic tasks, which include: modernization
of energy and industrial enterprises; development of renewable energy sources; energy efficiency
measures in all sectors of the economy; thermal modernization of buildings; increasing the share
of organic agriculture and resource-saving agricultural practices; electrification and renewal of
transport; introduction of waste management hierarchy; increase in forest cover and reform of
forest fund management [16].

It is noted that strategic goals for decarbonization and a consistent approach to their
achievement are a logical continuation of Ukraine’s European integration course.

4. Problems of financing the nationally determined contribution of Ukraine to the
Paris Agreement
In order to achieve the declared goals of the transition to a low-carbon and resource-efficient
economy and to ensure its sustainability, a clear state policy of sustainable financing is necessary,
which involves not only a deep understanding of the content of environmental and social risks, but
also the existence of an effective system for managing such risks. By financing relevant programs
and projects, banks and other financial institutions play a key role in the decarbonization of the
economy and the development of its resource efficiency.

In the context of the development of sustainable financing, Regulation 2020/852 of the
European Union on the creation of foundations for the promotion of sustainable investment
establishes six environmental goals of sustainable economic activity, namely mitigation of the
consequences of climate change; adaptation to climate change; sustainable use and protection of
water and marine resources; transition to a circular (closed loop) economy; pollution prevention
and control; protection and restoration of biodiversity and ecosystems [18]. At the same time,
the second (updated) nationally determined contribution of Ukraine to the Paris Agreement is
the main document that will determine the goals set for achieving climate neutrality and the
financial resources necessary for this. This document represents the concept of state development
to achieve ecologically and economically expedient transformations in all sectors of the economy:
energy, industry, transport, buildings, agriculture and forestry, waste management, etc.

Ukraine is a participant in key international agreements aimed at solving problems caused
by environmental/climatic challenges. In accordance with the Paris Agreement of 2015, our
state undertook to ensure that by 2030, the amount of greenhouse gas emissions produced by all
sectors of the economy would not exceed 35% of the 1990 level. Achieving these goals requires
strong financial support.

Thus, in March 2021, the Cabinet of Ministers of Ukraine approved the National Economic
Strategy for the period until 2030 [19], according to which the country plans to achieve climate
neutrality no later than 2060. According to experts, for the transition of Ukraine to a climate-
neutral economy, it is necessary to attract about 102 billion euros of capital investments by
2030, that is, about 10 billion euros of annual financing [16]. The estimated investment plan is
presented in table 1.

Financing of the Second (updated) Nationally Determined Contribution by 2030 should
include a combination of domestic budget allocations, private sector (domestic and foreign),
bilateral and multilateral financial mechanisms and development assistance. According to the
experience of developed countries, the majority of resources should come from private investors,
who are usually better at managing the risks associated with the construction and operation of
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Table 1. Investments necessary to achieve the goal of the Second (updated) nationally
determined contribution in 2021-2030 (project) [20].

Sector of the economic system Capital investments,
billion euros

In total 102
1+2. Energy + Industrial processes (without consumer spending) 93
Agriculture 2
Production of energy and heat 26
Industry 37
Buildings (excluding consumer spending) 16
Heating 16
Including thermal modernization of buildings 13
Extraction and transportation of energy resources 8
Transport (excluding consumer spending) 3
Private cars 3
3. Agriculture 2.3
4. Land use sector, changes in land use and forestry 3
5. Waste 2

facilities.
Thus, the role of the public sector will rather focus on providing the necessary regulatory

tools, financial incentives and information that will facilitate the attraction of investment from
the private sector. Both state and local budgets will play an important role in increasing
capital investment in the various sectors of the economy represented in the Contribution.
According to experts, financing from the private sector will provide approximately two-thirds of
financing for the development of low-carbon infrastructure, and public sector resources will cover
the rest through low-interest loans from state development banks or through special support
programs [16].

Forecast calculations presented in the Project of analytical review of the updated nationally
determined contribution of Ukraine to the Paris Agreement [16] lay the basis for the formation
of a further algorithm of actions to ensure sustainable financing of the obligations of our state
in accordance with the Paris Agreement.

Starting from August 27, 2022, the Ministry of Environment, together with the Ministry
of Finance, the Ministry of Energy, the Ministry of Agrarian Policy, the Ministry of
Infrastructure, the Ministry of Economy, the Ministry of Regions and the Government Office
for the Coordination of European and Euro-Atlantic Integration have started the process
of forming a road map of key transformations and measures to implement the updated
nationally determined contribution to the Paris Agreement [21]. The operational plan of
measures for the implementation of the updated nationally determined contribution to the Paris
Agreement is being developed in order to strengthen internal coordination and monitoring of the
implementation of climate goals, as well as to expand cooperation with international financial
organizations and partners.

First, the plan should be broadly aggregated across all sectors represented in the updated
Nationally Determined Contribution to the Paris Agreement and EBRD modeling results. Then,
on the basis of these measures, the priority key transformations that the country must implement
by 2030 will be formed, and the financial resources necessary for this will be identified. The
document proposes, at the national level, not to exceed 35% of greenhouse gas emissions in 2030
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compared to the level of 1990, or, in other words, to reduce greenhouse gas emissions by 65% in
2030 compared to 1990 [21]. The most important goal of developing such strategic documents
for the development of climate finance in Ukraine is to ensure the effective use of public funds
and the mobilization of private financial investments.

As an institutional basis for the formation of climate finance in Ukraine as a component
of sustainable finance, national and territorial financial funds of the appropriate direction,
budgetary institutions of the public financial sector and financial institutions of development
can act. Ukraine can attract existing or create new state funds, for example a special state fund
(Climate Fund, Green Transition Fund or Green Economy Fund).

In this way, it will be possible to finance climate projects both centrally and from various
sources, as well as to facilitate their coordination and support transformations in selected sectors
with the help of special programs. Examples of such institutions include the Modernization
Fund operating at the EU level, and the National Fund for Environmental Protection and
Water Resources Management operating in Poland. These funds are separate legal financial
institutions that provide financing in accordance with accepted programs and criteria based
on various support mechanisms – covering a portion of the loan, providing co-financing, grant
programs, etc.

As financial institutions of the public sector, which are relevant to the climate component
of sustainable finance, it is possible to consider, first of all, the state and local budgets, as well
as the funds of various public organizations and associations. In particular, the State and local
budgets should play an important stimulating role in increasing capital investments in various
sectors of the economy. The main task is to create a favorable investment climate for the
implementation of the “green” energy transition, to encourage business and private investors
to invest in environmentally friendly technologies and infrastructure. One solution could be
the extension of tax incentives to encourage green investments, for example, exemption from
payment of sales VAT and excise tax on electric vehicles [22].

Development Financial Institutions (DFIs) will also play a major role in climate change
financing and the formation of a national system of sustainable finance. Curently, there are
many significant contributors to the financing of climate projects in Ukraine, including: Clean
Technology Fund (CTF) of the World Bank; Global Environmental Fund (GEF), which operates
in Ukraine through UNDP; UNEP and UNIDO; The Finland-Ukraine Trust Fund, established
by NEFKO, and the Eastern European Partnership for Energy Efficiency and the Environment
(E5P), established by the European Commission for the purposes of Ukraine. DFIs in the last
decade have become an important source of sustainable investment in Ukraine, which ranks 4th
in the world as a recipient of climate finance from such bilateral and multilateral sources.

In total, the EBRD and the EIB mobilized over 13 billion euros in loans and 2 billion
euros in grants during 2014-2019, with the aim of helping Ukraine stabilize the economy and
implement comprehensive economic reforms. The EIB mobilized €4.6 billion in loans to support
infrastructure development and reforms in the transport, energy, agriculture, education and
municipal sectors. EBRD investments in the amount of 4 billion euros were also attracted to
promote the development and reform of the banking sector, agribusiness, transport and small
business. In addition, the EU’s annual program of actions to support Ukraine is financed from
the general budget of the EU.

Thus, in 2020, Ukraine attracted 165 million euros for several budget areas (agriculture and
development of small farms; technical cooperation; civil society; climate actions) [16]. It is
expected that the DFI will continue to play the role of a catalyst for attracting sustainable
investment in Ukraine. According to the calculations of experts, if a third of the future financial
aid to Ukraine from the EU in the period 2021-2030 is directed to projects to prevent climate
change, about 10 billion euros can be attracted for Ukraine, which is equivalent to 1 billion
euros per year, which, according to our according to estimates, it will cover at least 10% of the
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investments in our country estimated for climate goals.
The United Nations Development Program (UNDP) is also a powerful institution supporting

the development of sustainable financing at the international level [23]. On January 24, 2022, in
Kyiv, the National Bank of Ukraine and the United Nations Development Program (UNDP) in
Ukraine signed a memorandum of cooperation (hereinafter referred to as the memorandum) in
the field of development of sustainable financing standards and the application of environmental,
social and management approaches (Environmental, Social and Governance – ESG) in the
financial sector. According to this document, the parties will implement joint measures to ensure
more sustainable, inclusive and “green” economic development with the aim of increasing the
resilience of the financial system of Ukraine to environmental, social and managerial risks [24].

UNDP supported Ukraine’s desire to create the necessary foundations for the development
of sustainable financing in the country, taking into account the fact that the development of
the “green” economy and “green” finance have become key areas of support for the authorities
of Ukraine for UNDP. Thanks to the strategic partnership of UNDP and the National Bank
of Ukraine, complex regulatory and institutional frameworks will be developed by 2025 to
support sustainable financing in Ukraine in accordance with the previously proposed NBU
Policy and Roadmap for the Development of Sustainable Financing in Ukraine. According to
the statements of the leadership of the UNDP representative office in Ukraine, this organization
is ready to further strengthen the potential of the National Bank to implement the Policy on the
Development of Sustainable Financing for the period until 2025 and support the strengthening
of the country’s economy for the benefit of the Ukrainian people.

In turn, the National Bank of Ukraine undertook to actively work in the direction
of promoting sustainable financing in accordance with the global concept of sustainable
development and the European integration vector of Ukraine’s foreign and domestic policy.
According to the signed memorandum, experts of the National Bank will receive qualified
advisory assistance from UNDP during the period of implementation of the Roadmap regarding
the development of standards regarding the disclosure of information about environmental, social
and management risks by financial non-banking institutions. First of all, it is important to hold
online meetings dedicated to the review of international standards and practice on this topic.
The parties will also cooperate with the aim of organizing corporate governance related to the
introduction of ESG principles, developing sustainable financing standards and improving the
management of environmental and social risks in banking and non-banking financial institutions.

Cooperation between UNDP and the National Bank will contribute to the implementation of
the Agenda for the period until 2030 in Ukraine, strengthening the efficiency and involvement of
the financial sector in the sustainable development of Ukraine with the help of non-regulatory
mechanisms, as well as supporting an active dialogue between the public and private financial
sectors regarding the financing of the Sustainable Development Goals with in order to better
align policies, strategies and investment flows.

Despite the large-scale war in Ukraine, the country’s government continues to implement
planned measures to achieve the Sustainable Development Goals (SDGs). Thus, after a meeting
with state institutions and development partners regarding progress in achieving the SDGs, the
Secretariat of the Cabinet of Ministers of Ukraine announced its intention to conduct and submit
a Voluntary National Review (hereinafter referred to as the Review) in 2023. The Review is a
process by which countries assess and present national progress towards the 2030 Agenda for
Sustainable Development and its 17 SDGs and 169 goals. All 191 UN Member States have
agreed to achieve the SDGs by 2030, and countries are also expected to conduct at least two
Reviews during the SDG implementation period.

The Voluntary National Survey in Ukraine for 2021 showed a decrease in the poverty rate
from 58.3% in 2015 to 43.2% in 2018. However, these positive trends are quickly changing:
early UNDP forecasts showed that up to 90% of Ukraine’s population could face poverty and
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vulnerability to poverty if the war continues for another year [25].
Thus, the government of Ukraine and financial institutions are gradually implementing

measures that will contribute to the further transition of the national financial system to
sustainability, taking into account the country’s losses from the destruction of energy, transport
and urban infrastructure, the need to restore business in the post-war period.

5. Understanding the conceptualization of the transition to sustainable finance
For the development of state strategies and programs for the transition of the national financial
system to sustainability, the necessary basis is a scientific conceptual understanding and
justification of this process. In modern science investigating the transition to the sustainability
of the world financial system, attention is focused on: differentiated characteristics of the
main directions of transformation (taxonomy of sustainable development projects, disclosure of
information on non-financial risks by non-financial institutions, standardization of requirements
for instruments for mobilizing financial resources, disclosure and consideration of information
on non-financial risks by financial institutions, formation (development) of the infrastructure
of sustainable finance); determination of typologies of such transitions and their features [26].
Despite the heterogeneity of transient processes, certain main characteristics can be singled out,
which provide the basis for conceptual understanding of this process.

In particular, transition processes are non-linear and destructive, aimed at achieving a new
stable economic state of the system. In addition, multi-level and conflicting interactions are
typical for transitional processes that lead to evolutionary (structural) shifts and the emergence
of a new (innovative) type of systems and processes [27], when such systems demonstrate the
possibility of variations and alternatives for choosing ways to achieve a new steady state.

The scientific basis of sustainable finance is the classification of the characteristics of
transitional processes and practical consequences of the Paris Climate Agreement and the
SDGs proposed in [12], which is illustrated in table 2. This interpretation is the result of
the generalization of modern scientific developments at the initial stage of research, which will
be further developed when it will be possible to implement conceptual and empirical conclusions
obtained as a result of research on transitions to sustainable development.

According to the given conceptual approach, the characteristics of transitions to sustainability
and innovation processes are distinguished, which are the result of technological revolutions and
profound changes that will lead to the modernization and rejuvenation of the economic system,
the impact of which goes beyond the boundaries of the created new industries or technologies.
Thus, technological revolutions are a specific form of transition to sustainability, but at the
same time it is necessary to take into account the following special characteristics of such a
process. First, transitions to sustainability lead to a strategic rethinking of the achievement of
new economic, environmental and social goals associated with existential threats and risks.

Second, such transitions are inherently time-bound processes that require acceleration to
achieve certain results of transformative impact on the environment, society, and economy by
2030, while technological revolutions do not have specific time limits.

Third, sustainable financial systems generate impacts at the environmental and social levels,
creating new socially inclusive, equitable, environmentally sustainable economic systems while
simultaneously destabilizing old ecologically unstable and socially unequal ones. At the same
time, technological revolutions may not reflect the social quality of innovations.

Fourth, sustainability transition processes aim at rejuvenating the entire economic system
as a primary goal, paying more attention to system-level impacts that can be achieved through
different types of innovation; while technological revolutions focus on innovation, and system-
level impacts are positioned as an indirect consequence of their diffusion.

Fifth, the Paris Agreement and the SDGs support the financial orientation of transitions to
sustainable development, which require integration and coherence of financial flows, while the
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Table 2. Characteristics for informing the demand on the financial system [12].

Characteristics Indicative demands placed on the financial system

Directional changes The intermediaries, markets and infrastructure of the financial
system consistently directs itself toward achieving a new
sustainable economic system.

Temporal dynamics The financial system responds across short, medium and
longer-term timeframes to address the systemic needs of
transition processes.

Co-existent system impact The financial system generates environmental and social
system-level impacts, by creating new socially inclusive, envi-
ronmentally sustainable economic systems and simultaneously
destabilising old environmentally unsustainable, socially un-
equal economic systems.

Contested social context The financial system engages with a broad base of stakeholders
in developing its response to support the transition process.

Contextual experimentation The financial system experiments and applies adaptive
approaches to address the contextual needs of sustainability
transition processes.

financing of technological revolutions does not provide for such prerequisites.
Moreover, at the initial stage of development and unification is the terminological apparatus

regarding such definitions as, for example, “green finance” (different interpretations of such
institutions as the United Nations Economic and Social Commission for Asia and the Pacific,
OECD, World Bank), definitions of individual financial segments and instruments, such as
banking, bonds or institutional investments (China Banking Regulatory Commission, Global
Sustainable Investment Alliance, International Development Finance Club), approaches to
distinguish industries and technological sectors that primarily require sustainable investments
[28].

6. Proposals for the Roadmap for the development of sustainable finance in
Ukraine in 7 main areas of work
Taking into account European approaches to strategizing the development of the sustainable
finance system and within the framework of the commitments undertaken when joining the
global Sustainable Banking Network, in November 2021, the National Bank of Ukraine presented
a comprehensive vision of building and future development of the sustainable financial sector
in Ukraine – the NBU Policy on Sustainable Finance Development until 2025 as a separate
document that is strategic for the formation of a sustainable finance system in our country.
Overall, the NBU Policy on Sustainable Finance Development until 2025 is a comprehensive
document that will help financial market participants to take into account the NBU’s holistic
vision in their plans for the coming years and prepare in advance for the discussion and
implementation of future regulatory changes.

The Policy on the Development of Sustainable Finance in Ukraine until 2025 proposes a
Roadmap for the Development of Sustainable Finance in Ukraine until 2025, which aims to
determine the actions of the National Bank of Ukraine to create a reliable, predictable and
stable regulatory framework for the development of sustainable finance in the country, indicating
specific time frames and taking into account the need to ensure consistency and adaptation of
the banking system and non-bank financial institutions to changes [20].
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The Roadmap for the Development of Sustainable Finance in Ukraine is detailed in the
following 7 main areas of work. Our proposals to this Roadmap are summarized as follows.

With regard to the first area – improving corporate governance in banks and non-bank
financial institutions (NBFIs) with regard to ESG factors, it is necessary to clearly define and
detail the concept and structure of ESG factors in accordance with each of the sectors of financial
activity, as well as to clearly define and implement the concepts of “sustainable finance”, “climate
finance”, “green finance”, “low-carbon finance” in the legislation, taking into account national
specifics.

In the second area – the development of ESG disclosure standards – the proposals relate to
the formation of a complete, comprehensive and understandable list of financial services in the
context of various types of activities in such a way as to exclude double or vague interpretation of
terms and thus ensure, on the one hand, the protection of the financial sector from greenwashing,
and on the other hand, the effective financing of green projects.

In the third area of developing requirements for banks and NFIs to manage environmental
and social risks, it is necessary to adopt a new Law of Ukraine “On Environmental Insurance”
and create a sovereign wealth fund in Ukraine, which will become a factor in stabilizing the
banking system of Ukraine, including taking into account the impact of ESG-related risks.

In the fourth area – establishing criteria for evaluating and selecting projects for financing,
taking into account their role in sustainable development, it is necessary to develop clear
regulations for full and clear criteria for evaluating and selecting projects for financing with
the participation of stakeholders from public administration, business, and society.

In the fifth area, which is the formation of a sustainable finance system in terms of ensuring
that financial institutions disclose information on how sustainable their activities are, the
proposals relate to the organization of a review and implementation of best international
standards and practices in this area in the Corporate Governance Code of these institutions.

In the sixth area, the integration of climate aspects into the financial stability system, it is
necessary to improve the national system of statistical indicators to assess the impact of climate
aspects on financial stability and to supplement the Roadmap with a paragraph on attracting
external international financial assistance for the use of prudential instruments for sustainable
development.

In the seventh area, which concerns the organization of work and implementation of measures
to raise the level of financial awareness of economic entities in the development of sustainable
finance in Ukraine, it is necessary to organize a National Sustainable Finance Platform, as
recommended by UNDP, in order to create an active space for communication and interaction
between stakeholders to develop effective management solutions in the field of sustainable
finance, provide advice on harmonizing the technical criteria of the EU and Ukrainian taxonomies
and updating them. Ukraine also needs to develop specific practices for implementing sustainable
finance policies in the national economic system.

In order to create a national sustainable financial system in Ukraine, it is necessary to give
impetus to three powerful processes that are increasingly gaining momentum in the global
economy.

The first of these is an inclusive process – the capitalization of natural resources and the
inclusion of natural capital in financial valuations.

The second is the formation of a system of sustainable financial relations in various areas of
financial activity – investment, banking, insurance, and stock markets.

The third process is the dissemination of innovative approaches of “good governance” and
“new public management” to the organization of management of economic systems through
platforms, which are focused on decentralization, consensus, participation and responsibility.

These are the areas in which stakeholders should focus their efforts in the process of
implementing measures to organize a sustainable financing system in our country.
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7. Conclusion
The development of the national system of sustainable finance in Ukraine should be based on
universally recognized global practice in the field of sustainable finance and the decisions of the
United Nations Organization, which relate to the financial aspects of sustainable development.
The main documents that the government of Ukraine should be guided by in order to face climate
challenges and achieve a sustainable future are the UN Framework Convention on Climate
Change, the UN Agenda for Sustainable Development until 2030 and the Paris Agreement on
Climate Change, according to the decisions of which the participation of each individual country
in achievement of the global goal is determined by it individually and is called “nationally
determined contribution”.

In the context of the development of sustainable financing in Ukraine, the Regulation of the
European Union 2020/852 on creating the foundations for promoting sustainable investment
enshrines the six proposed UN environmental goals for sustainable economic activity, and
the main document that defines the goals for achieving climate neutrality and the necessary
financial resources is the Second (updated ) the nationally defined contribution of Ukraine to the
Paris Agreement, which represents the concept of state development to achieve ecologically and
economically feasible transformations in all sectors of the economy: energy, industry, transport,
construction, agriculture and forestry, waste management, etc.

Financing of the Second (updated) nationally determined contribution until 2030 should
include a combination of domestic budget allocations, the private sector (domestic and foreign),
bilateral and multilateral financial mechanisms and development assistance, while, according
to the experience of developed countries, the majority of resources will come from private
investors, and the role of the public sector will focus on providing the necessary regulatory tools,
government guarantees, financial incentives and information that will facilitate investment from
the private sector.

Starting from August 27, 2022, the Ministry of Environment, together with the Ministry of
Finance, the Ministry of Energy, the Ministry of Agrarian Policy, the Ministry of Infrastructure,
the Ministry of Economy, the Ministry of Regions and the Government Office for the
Coordination of European and Euro-Atlantic Integration began the process of forming a road
map of key transformations and measures for the implementation of the nationally determined
contribution to the Paris Agreement, including the financial sector. in order to strengthen
internal coordination and monitoring of the implementation of climate goals, as well as to
expand cooperation with international financial organizations and partners, which requires a
corresponding revision and modernization of the Roadmap for the development of sustainable
financing in Ukraine, proposed by the National Bank of Ukraine, primarily in terms of the
specification of measures for the development of legislation on environmental insurance, asset
securitization mechanisms, application of prudential tools for sustainable development, etc.

The institutional basis for the formation of climate finance in Ukraine as a component
of sustainable finance is at the stage of formation, and its main structural elements can be
newly created national and territorial financial funds of the appropriate direction, budgetary
institutions of the public financial sector and financial institutions of development, for example,
a special state fund – the Climate Fund, the Green Transition Fund or the Green Economy
Fund, etc., primarily for effective financing of the process of achieving Ukraine’s Nationally
Determined Contribution to the Paris Agreement.

Development finance institutions (DFIs) are significant contributors to the financing of
climate projects in Ukraine, which ranks 4th in the world as a recipient of climate finance
from such bilateral and multilateral sources, and climate change prevention projects in 2022-
2030 for Ukraine may be at least about 10 billion euros of EU aid funds have been attracted,
which is equivalent to 1 billion euros per year, and this, according to our estimates, will cover
at least 10% of the funds calculated for climate goals.
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Furthermore, in order to ensure the transition of Ukraine to sustainable finance, a necessary
condition is the development of concepts and tools, the definition of differentiated characteristics
of the main directions of transformation and typologies. Therefore, the research of connections
between the characteristics of the processes of transition to sustainability and the requirements
for the financial system is an urgent task of further scientific research.
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Abstract. The paper focuses on the fundamental components of socially responsible business
and their accounting in terms of dividing it into determinants that is justified by the emergence
of corporate social reporting, the expansion of the boundaries of traditional accounting
concerning the introduction of indicators related to social costs, environmental and atypical
aspects. The aim of the research is to comprehensively analyze all components of the social
accounting system, identify the peculiarities of socially responsible business in the context of
sustainable development, and develop recommendations for the formation of methodological and
organizational components of presenting relevant information in the reporting of enterprises.
We have found that the modern system of social accounting reveals the facts of economic
activities concerning the accounting of social costs, economic and environmental measures
to make effective management decisions in terms of the impact of the enterprise activities
on society, adapted to the requirements of the external and internal environment. An
overview of scientific views on the essence of accounting for social reporting is considered
using the methods of analysis, synthesis, comparison, grouping and generalization. The
author’s opinion of the social accounting system involving the following main determinants
as accounting for social responsibility of business, formation of accounting information in terms
of sustainable development, environmental consequences of activity, accounting for atypical
social components, accounting for reputational capital, is considered. We have substantiated
that further implementation of social accounting and preparation of annual reports based on
the proposed elements, can help in the formation of corporate and social responsibility of the
company, expanding the range of interested parties: partners, customers and investors, i.e.,
magnetizing in the form of reputational capital.

1. Introduction
In the last two decades, the issue of studying corporate social responsibility of business, reporting,
social accounting, and auditing, both at the national and international levels, has become
relevant in scientific circles. The basis for the changes is trends in the global economy leading
to increased competition between countries for limited natural, socio-economic, and financial
resources. The problem of accounting for the social responsibility of business in conditions of
limitation of socio-economic and natural resources is designed to balance the economic, social,
and ecological aspects of development. The concept of sustainable development is inextricably
linked with the concept of social responsibility of business. The implementation of the principles
of social responsibility in the practice of enterprise activity determines the need to account for
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such activity as the basis of the sustainable development of the enterprise. Therefore, there is a
growing interest in finding new methods and, accordingly, the newest objects of accounting for
socially responsible activities. The problems include the implementation of the ideas of social
justice, corporate responsibility and sustainable development based on the theory of “interested
persons”. At the same time, the sphere of business is maximally integrated into the social and
political environment, and the level of correlation of the state of individual systems and their
elements as factors of development reaches maximum values. Under such conditions, there is a
change in the purpose and functions of individual elements of the management process within
the enterprise, including in the field of socially responsible activity and its accounting.

The issue of accounting for socially responsible activity in modern conditions and the purpose
of certain types of it, is constantly raised in the socio-economic literature. Deegan defines social
accounting as a direction in accounting that shows the degree of impact of company’s activities
on the environment [1], and Killian and O’Regan describes the accounting of socially responsible
activities as a process that helps form the reporting of enterprises, which provides solutions to
their social and environmental tasks [2]. Yang et al, substantiates that the goal of socially
oriented accounting is the creation of an information system that allows comparing the results
of economic activity with the social needs of society [3].

It should be noted that we share the position of Owen and Swift, who note that social
accounting and reporting are an integral element of corporate reporting in a democratic society
[4]. According to scientists, it is this type of reporting that allows businesses to develop a level of
social and environmental responsibility that, in its turn, will allow the sustainable development
of the entire society to be achieved. In the article, we tried to expand the boundaries of the
research and modernize the vision of these authors concerning the main components of modern
social accounting in conditions of sustainable development.

The aim of the research is to comprehensively analyze all components of the social
accounting system, identify the peculiarities of socially responsible business in the context of
sustainable development, and develop recommendations for the formation of methodological and
organizational components of presenting relevant information in the reporting of enterprises.

A peculiar approach to justifying the need to create an account system of social accounting
is presented by Cooper et al [5]. The purpose of the accounts, according to the authors, is to
stimulate ideological and socially oriented activities, popularization of ecological ideas. From this
point of view, social accounting is a tool for creating prerequisites for social justice in society. As
a result of the research, the working hypothesis has been substantiated, which states that social
accounting is an integral component of sustainable development of a modern enterprise. This
was achieved through the application of a complex of specialized research methods, including
mathematical and economic analysis. Such substantiation made it possible to formulate the
basic components of reporting on social accounting and social costs of business, particularly in
terms of disclosing information not only about internal corporate social responsibility but also
external projects. Therefore, representatives of businesses should disclose in their reporting
information about investments in sustainable development of society, such as educational
projects, infrastructure, support for startups and innovations, territorial communities, eco-
projects, and social partnerships. All the achievements outlined have formed the scientific
novelty of the conducted research.

The issues of the characteristics of socially responsible business are considered in related
studies [6–12] and recommendations in the field of social accounting [13,14]. Baret and Helfrich
[15] distinguish the concepts of tax, environmental, strategic, adaptive, actuarial, innovative,
network, social accounting, and others. The analysis of the works of domestic and foreign
scientists indicates insufficient theoretical development of the main provisions and components
of socially significant activity and the lack of a unified point of view concerning the categorical
apparatus and tasks of social accounting, social responsibility that determines the need for
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further research in this area. Therefore, our research is aimed at shifting certain emphasis of
scientific interest to the accounting of socially significant processes and human value components.

The purpose of the article is to assess the costs of social direction and develop
recommendations for the formation of methodological and organizational approaches to the
preparation of corporate social reporting in modern business conditions.

To achieve the goal we should solve a complex of interrelated, consecutive tasks defining
the objects of accounting for social responsibility of business, social accounting and their
essence, elemental composition, and the components of modern social accounting, reviewing
the indicators of the development of socially responsible business in the context of the progress
of relevant costs.

2. Materials and methods
Recommendations and reporting standards being the main principles of social accounting,
auditing and reporting are used in the work based on the study of international experience
and analysis of modern practices [16–19]:

• The Social Reporting Standard of companies developed by the Institute of Social and Ethical
Accountability AA1000 AS, based on the Triple Bottom-Line reporting method of John
Elkington;

• SA 8000 “Corporate Social Responsibility” defining the requirements for social protection
of employees, and aiming at respecting human rights and improving the working conditions
of employees by companies;

• The international standard ISO 26000:2010 “Guidance on social responsibility” presenting
recommendations on the principles of social responsibility, the main topics and issues related
to social responsibility;

• GRI (The Global Reporting Initiative), an international reporting standard for voluntary
application by organizations reporting on sustainable development. The Recommendations
propose a list of specific indicators for reporting on social, environmental, and economic
activities of the enterprise.

There are legal requirements for social accounting, auditing and reporting in some countries
(e.g., Bilan Social in France). The Financial Times, together with the London Stock Exchange,
publishes the FTSE4Good index, which assesses the performance of companies in the field of
social responsibility and promotes investment in these companies.

According to different sources, accounting for elements of socially oriented components of
business, social (non-financial) accounting has different interpretations: non-financial reports,
reports on sustainable development, reports on corporate social responsibility, environmental
accounting. Today, more than 400 companies prepare annual reports based on the results of
social accounting and auditing, which cover issues of sustainable development and corporate
social responsibility (“Triple bottom reports”), but the reports differ significantly in format,
style, and assessment methodology (even in the same industry) [20].

Thus, non-financial (social) reports include reports of companies that contain not only
economic, but also social and environmental indicators, which characterize the level of achieving
the goals of economic sustainability, social well-being, and environmental stability of society by
enterprises.

General scientific and specific research methods were used while studying the components
of the accounting system of socially responsible activity, namely: comparison, analysis
and synthesis when considering theoretical approaches to social accounting, analogy and
abstraction in the process of systematizing research elements, specification and extrapolation
when developing recommendations for approbation of theoretical assets in practical activities,
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establishment of specifics of implementation of corporate social responsibility programs against
the background of assessment of the dynamics of indicative indicators of the development of
socially responsible business.

To substantiate the working hypothesis of the article, which is formulated later on, the authors
applied a complex of mathematical and economic analysis methods, which were systematized
based on the approach of Vlastelica et al [21]. In the mentioned research, the authors identified
the influence of individual elements of corporate social responsibility on the overall reputation
of the enterprise using expert and respondent assessments. We adapted and supplemented this
methodology for the needs of our own research. As a result, the authors formed a set of indicators
for the effectiveness of business social expenditures, methods of their comparison, and ensured
comparability, which allowed analyzing the impact of business social responsibility on achieving
its sustainable development goals.

3. Research findings
Approaches to the definition of “socially responsible business” provide for achieving the overall
goal of the enterprise’s activity in the form of maximum contribution to sustainable development.
The social responsibility of business is a contract between a businessman and the society in which
he operates. There is no single approach to the definition of a socially responsible business
(“corporate social responsibility”), so we have formed different visions of the interpretation of
its content (table 1).

Table 1. Definition of “social responsibility of business” [18,22–24].

Source (author) Definitions

ISO 26000:2010 ”Guid-
ance on social responsi-
bility” [18]

Social responsibility is the responsibility of an organization for the
impact of its decisions and activities on society and the environment
through transparent and ethical behavior that promotes sustainable
development, taking into account the health and well-being of
society; takes into account the expectations of stakeholders and
complies with applicable law; is consistent with international
standards of conduct and integrated into the activities of the entire
organization

World business council
for sustainable develop-
ment [22]

Corporate social responsibility of business is a permanent commit-
ment of business to promote sustainable economic development, in
symbiosis with workers, their families, local communities and soci-
ety as a whole to improve their quality of life

Green Book of the Eu-
ropean Union [23]

Social responsibility of business – integration of social and
environmental aspects into the daily commercial activities of
enterprises and their interaction with stakeholders on a voluntary
basis

G. Bowen [24] Social responsibility of business is the implementation of such
policies, making such decisions, or following such a line of behavior
that would be desirable from the point of view of the goals and
values of society

The active social position of the company is related to the social responsibility of business
(SRB), which is usually understood as the responsible attitude of the company to its product
or service, to consumers, employees, and partners, and constant interaction in dialogue with
society, and participation in solving the most acute social problems.
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We have generalized the interpretation of the definition “social responsibility of business”,
which we understand as the activities of a business entity aimed at satisfying the interests
of all “stakeholders” in order to achieve the most favourable economic, environmental and
social results, that is the main components of sustainable development. That’s why, We
consider that to ensure the sustainable development of society, the social responsibility of
business is no less important than the development of economic infrastructure, political stability,
or innovative development projects. Social responsibility and sustainable development are
interrelated concepts that help businesses become more environmentally and socially responsible
while ensuring their long-term profitability.

Therefore, it is important to implement the concept of socially responsible behavior in
enterprises that strive for their own sustainable development. Consequently, such activity,
as a new component of business, requires its own accounting to meet the information needs
of stakeholders. That is why it is necessary to introduce the accounting of corporate social
responsibility into domestic practice. Its purpose is to preserve values, determine the results of
socially responsible activities, and satisfy all stakeholders.

SRB is widespread among European countries. In some countries (Denmark, France, Finland,
Sweden), it is integrated into public policy, in others (Greece, Ireland, the Netherlands, Slovenia),
socially responsible practices are exclusively the prerogative of companies.

Recently, the idea of corporate social responsibility (CSR is a free choice of the company
regarding the obligations to improve the welfare of society by implementing appropriate
approaches to doing business and allocating corporate resources [25]) has become widespread
within the framework of international initiative of the Global Compact, the purpose of which
is the implementation of general principles of social equality and environmental preservation,
and the creation of conditions for business cooperation with trade unions and non-governmental
organizations. Thus, private businesses, joining the agreement in cooperation with other social
partners, will be able to contribute to the realization of the idea of forming a stable and open
global economy.

In the European Union, the role of CSR is to support the sustainable development of
companies that leads to the improvement of the situation on the labour market, as well as
the quality of products and services provided by companies.

Therefore, it is important to implement the concept of socially responsible activities at
enterprises. Accordingly, these activities require accounting. In Ukraine, insufficient attention is
paid to socially responsible activities (SRB, CSR). We believe it is necessary to introduce social
accounting into domestic practice for information support of socially responsible activities of
domestic business entities.

The purpose of accounting for socially responsible activities is to preserve values, to determine
the results of socially responsible activities, and to satisfy all stakeholders. The social function
of entrepreneurship (usually in practice, the categories of “social responsibility of business”, and
“corporate social responsibility”) are evaluated with the help of a social audit.

3.1. Substantiation of social accounting essence and its components
Modern forms of global accounting business communication in terms of sustainable development
are aimed at establishing promising relations and stabilizing the economic environment. Social
accounting is a process of forming systematic, relevant information that characterizes socially
responsible activities of a business entity and directed at making social decisions within the
concept of sustainable development of the enterprise.

Recently, companies have been trying to pay attention to the implementation of programs
and projects of social orientation, such as support for environmental protection, health, healthy
lifestyle, creation of favourable working conditions, prospects for career development of staff,
charity, etc. It means that the formation of public accounting information – financial reports –
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must take place from the standpoint of sustainable development.
The combination of three main components of society’s life: economic, social, and

environmental, is embodied in the concept of sustainable development. This is a concept
that describes the relationship between the social and environmental impacts of a company’s
economic activities on certain interest groups and on society, and is an important element of
corporate social responsibility. It is this approach that will serve as a tool to ensure balance
in the presentation of accounting information on social responsibility of business, certain social
aspects, environmental factors of development and prospects of the enterprise.

Thus, social accounting covers: 1) accounting of corporate social responsibility; 2) accounting
of sustainable development indicators; 3) environmental consequences of economic activities
(accounting of social costs, the main part of which is related to the environment); 4) accounting
of atypical social components (some accounting elements); 5) reputation capital (figure 1).

Figure 1. Components of the social accounting system.

According to its functional purpose, the social accounting system should be considered in
the context of accounting subsystems (determinants) that characterize the state and use of
labour resources. In terms of this approach, social accounting may be considered as a direction
in accounting, which expands the boundaries of traditional accounting, reveals the facts of
economic activity in accounting for social costs, economic and environmental measures in order
to make effective management decisions on the impact of the enterprise on society, adapted to
the requirements of the external and internal environment.

Thus, modern social accounting should combine the elements of accounting for social
responsibility of business, environmental impacts of activities and relevant targeted measures,
as well as the formation of accounting information in the context of sustainable development. In
the practice of applying international non-financial reporting standards, such reports are called
“Triple Bottom Line Reports”. Each of these elements is aimed at highlighting the essence of
various aspects of accounting, and accordingly has a different accounting essence.

3.2. The essence of corporate social responsibility accounting
Accounting for corporate social responsibility should reliably reflect the information on
operations that affect the life of society and involve measures of green production, innovation of
production technology and products; implementation of social programs and activities for both
employees and society. Corporate social responsibility emerged as a response to the constant
expectation of a more adequate and active role of business in society [21] and is directed not
only external – to society and the business environment, but to its own staff. Research of
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practical activities by 469 American companies revealed a positive correlation between corporate
responsibility of business and profitability of assets, sales growth, and proved that enterprises
that consider the interests of all social groups grow on average four times more intensively than
those that consider only the interests of shareholders [26].

Accounting information should reveal the costs of the enterprise to ensure the needs of its own
employees, their motivation and improvement of external environment: the impact of business
on the environment, health and education of the population, the state of renewable and non-
renewable resources. It is also important to show the effectiveness of such expenditures, i.e.,
the ratio of their amount to the expected positive consequences in potential monetary terms, if
they can be determined. It is the information as part of the company’s annual reporting that
will allow to present the business as a conscious, mature, and promising enterprise. To accept
responsibility for the impact on society means, above all, that the company should report on
its actions and keep records of them. Therefore, a conceptual approach that describes the
relationship between social and environmental impacts on the company’s economic activities
and on certain interest groups is an important element of social responsibility.

Thus, the essence of corporate social responsibility accounting can be presented as a process
of collecting, processing, summarizing and presenting accounting information on the costs of
socially responsible activities and their potential or actual effectiveness.

3.3. Specific features of accounting for sustainable development
The concept of sustainable development is based on the thesis that the company’s responsibility
extends to all stakeholders. It is the stakeholder theory that is the basis of modern social
accounting that significantly expands the scope of traditional accounting by introducing non-
financial indicators that create new opportunities for the implementation of management control
tools – Balanced Scorecard, Accountability Scorecard, Performance Pyramid, and other models.

Within this concept, a stakeholder is anyone who is directly or indirectly affected by the
company’s activities. This concept provides for the optimal use of limited resources and the
use of environmentally friendly natural energy and material-saving technologies, including the
extraction and processing of raw materials, the creation of environmentally acceptable products,
minimization, recycling, and disposal of waste. From an environmental point of view, sustainable
development should ensure the integrity of biological and physical natural systems.

Accounting for sustainable development is the most comprehensive element of accounting
systems, but at the same time, in our opinion, it becomes a subsystem of social accounting.
Sustainable development combines such aspects as environmental, social environment,
microclimate of the enterprise, transformation of the company’s goals, change of management
priorities, etc. Accordingly, the management services of the enterprise should set themselves
the task of analyzing the efficiency of current and future costs of the enterprise, assessing the
impact of social and environmental measures. It is this approach of accounting for sustainable
development that provides for the expansion of the subject of accounting from the presentation of
exclusively retrospective information on economic activity (as provided by financial accounting)
by including elements of analysis and risk management in accounting processes.

Thus, the essence of accounting for sustainable development may be presented as a process of
processing and presenting accounting information in the part of implementation and evaluation
of the effectiveness of current and future costs of the enterprise, the impact of social and
environmental measures on the strategic goals of the enterprise.

3.4. Accounting for environmental consequences of economic activity
In the present conditions of technology development and the state of the planet, environmental
accounting is distinguished as an independent subsystem. Within the scope of corporate
social responsibility accounting, the level of disclosure of information on the environmental
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friendliness of business is insufficient. The enterprise, which claims to form a positive image in
the society and cooperation with prospective partners, discloses information on the current state
of environmental measures, their positive effects, environmental fees and means of overcoming
the consequences of previous year activities in its annual report. Accordingly, the system
of accounting data formation goes beyond the calculation and systematization of internal
information. Instead, there is an active mutual integration of accounting data and methods
of economic analysis, mathematical modeling, and forecasting.

On the other hand, the issue of environmental protection is a vital part of modern
entrepreneurship. The phenomenon of Greta Thunberg is primarily due to the relevance and
importance of the issues she raised [27]. At the same time, all skeptics are trying to calculate,
i.e., to consider, positive and negative economic consequences of each of her steps. However,
in our opinion, the main emphasis should still be on considering the environmental friendliness
of your own business, not environmental organizations. Therefore, environmental accounting
at the present stage is no longer a curiosity, but a necessary element of an effective accounting
and analytical system. In the most general terms, social accounting provides information on
personnel, products, and services, and focuses on the prevention or reduction of environmental
pollution.

Thus, the essence of environmental accounting may be presented as the process of collecting,
processing, summarizing, and presenting accounting information on the costs of retrospective
and prospective environmental protection measures and their potential or actual effectiveness.

3.5. Atypical components of social accounting
Social accounting studies, controls and generalizes the processes related to the reproduction
of material and social relations at the enterprise, in society. However, some aspects remain
outside the analysis of socio-economic activity of the enterprise, as they are not subject to
accounting data. We have called such components of social accounting atypical, i.e., those that
do not comply with statistical expectations concerning social accounting or significantly deviate
from it, but are those cases that characterize social stability and contribute to the effective
operation of the enterprise and society as a whole, e.g., the structure of revenues by types of
audit services, indicators of income inequality, charity, access to social investments, the presence
of cases of social exclusion, inclusion of employees with disabilities, trade unions, gender equality,
implementation of ethnic norms and values, etc.

Another positive example of the need to account atypical components can be the data of
a survey of German companies on the positive correlation between investments in personnel
development and the value of the company’s shares. Accordingly, 87 percent of European
companies’ employees feel committed to socially responsible enterprises [28], and 33 percent
of Europeans say that most of the economically active population would agree to work in a
socially responsible company even if their salary is lower [29].

Accounting for atypical social components of the business entities’ development is human-
oriented and aimed at preserving the stability of social and cultural systems, in particular,
at reducing the number of destructive conflicts between people, ensuring a healthy social and
psychological climate in society, etc. An important aspect of this approach is the equitable
distribution of goods and services.

3.6. Reputation capital as the result of social accounting and its formation in reporting
Non-financial accounting methods focus on the collection and registration of accounting data,
their generalization and presentation in financial statements. As a result, an array of analytical
information forms that serves as the basis for socio-economic analysis. While analyzing, the
current efficiency of the incurred costs is calculated in terms of protecting the interests of own
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employees, conducting environmental measures, modernization of production technology and
products, logistics systems, etc.

A feature of the accounting process of social accounting is the transformation of carriers of
accounting nomenclatures. At the initial stage of social accounting, in addition to primary,
purely accounting, documents, an important component of accounting nomenclatures are orders
and economic justifications of the costs that will incur. At the stage of current accounting,
there is a need to introduce own accounts for analytical accounting of non-production social and
environmental costs. In addition, the company should provide a reasonable methodology for the
distribution of such costs (as general production costs) depending on their materiality in terms
of each individual type of product or service. At the stage of summarizing accounting, social
accounting information is presented in annual reporting. The disclosure of such information in
the numerical tables (forms) of the financial statements is incorrect. However, in the annual
financial statements, it is possible to disclose all the necessary information in tabular forms,
as well as in graphical and textual ones. It is at this stage of the accounting process that the
goals and effectiveness of those measures that have become the objects of social accounting, are
presented.

Presentation of such information in the annual reporting allows presenting socio-
environmental risks and consequences of activities, justifying the necessity and effectiveness
of the measures taken, etc. Reporting, formed by the triple bottom line method and containing
social accounting information allows the company to form its own positive image in the business
environment. Presentation of the company’s social and environmental awareness in the annual
reporting allows directing the users’ opinion in the necessary direction for stakeholders. In
our opinion, the positive image of the company can monetize in the form of reputational
capital (goodwill) over time. That is, social accounting is not only a comprehensive method
of processing accounting information, but also an effective management tool, especially value-
oriented. Reputation capital is created by the enterprise from many details: product reliability
and stability of payments, level of service offered to customers, investment attractiveness of
business, employee satisfaction, environmental awareness, etc. Such capital can be seen as a value
expression of the company’s image in different markets and for different purposes. Accordingly,
it can be valued also differently.

Thus, the process of quantitative assessment of reputation capital can be presented in the
company’s reporting in the context of social accounting: on the one hand, the result of realized
social and environmental costs, and on the other hand, as their main goal, which is achieved in
the form of economic efficiency.

3.7. Overview of success indicators of socially responsible business
In some studies on corporate social responsibility and social accounting as a fundamental
component of sustainable development, the thesis that this is the prerogative of predominantly
large businesses is directly or indirectly encountered. That is, large companies, as a
maximum contribution to sustainable development, implement environmental activities (reduce
environmental pollution, minimize and utilize waste, use natural resources rationally, implement
programs for the health protection and strengthening of employees), educational projects, invest
funds in the development of territorial communities and infrastructure of the region, create
favorable conditions for personal development of personnel and improving their social security.
In the conditions of the world COVID-19 pandemic, this thesis was partly refuted by reality,
as even small companies invested funds in the safety of the environment and creating a barrier-
free distance space for effective work in the context of sustainable development. However, the
scale of costs of social responsibility and accounting mechanisms for their presentation for large
consortia and holdings are integrated into the domestic business environment mainly from world
experience.
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A large-scale study in the American market confirmed the existence of a close direct link
between the profitability of assets, sales, and their social activity, especially in terms of
sustainable development. The performance of 300 corporations that have publicly stated the
importance of ethics codes in their activities is two to three times higher than those companies,
which have not done it. Enterprises that consider the interests of all community groups grow
on average four times faster than those that consider only the interests of shareholders [26].

As experts in economics and business, Vlastelica et al [21] identified a successful set of
indicators for evaluating the development and performance of social expenditures by businesses.
In order to establish the characteristics of implementing corporate social responsibility programs
by large businesses that contribute to sustainable economic development, we will supplement
this set of indicators with measures of the number of employees in the enterprise, the total
amount of expenditure on social projects, and the attractiveness of the business to employees,
which we will use in our further calculations.

To determine the objects of research for evaluating the indicators of business development and
its social responsibility in the context of sustainable development, we will use the data of Forbes
analysts, who regularly compile rankings of the largest companies based on various criteria and
parameters based on consolidated reporting [30], including Forbes’ ranking of the best employers,
which shows companies that best balance work and life for employees [31], and the DSNews
ranking, which presents companies that carry out the best corporate social responsibility
programs in Ukraine [32]. The comparison of the participants of these ratings shows that
seven of them are present in all three ratings: Kyivstar, Sandora LLC (PepsiCoUkraine), MHP,
Farmak, Metinvest, CarlsbergUkraine, AB InBevEfesUkraine.

The scale of business and peculiarities of their reporting unite all these enterprises, which also
includes coverage of sustainability issues. These enterprises use international financial reporting
standards, and present annual reports as part of not only financial reporting, but also reports on
sustainable development and social responsibility reports [33–39]. The relevant business entities
implement socially significant projects that do not bring them profit in the classical sense, but
form the potential for the development of business environment and a positive business image,
i.e., the prerequisites for the formation of reputation capital. In such reports, the main source
of information on social responsibility today is the description of the relevant projects and the
assessment of the total costs for their implementation (social responsibility costs).

The selected companies for analysis have access to the international market and are successful
in terms of conducting business within the framework of sustainable development. The dataset
for further analysis within these companies is provided in the Appendix to this article. The
obtained time series based on comparing the growth rates of key business development indicators
using the selected and previously adapted methodology [21] are grouped in figure 2.

Thus, as graphs show, the amount of social expenditures is not directly dependent on the
profitability of the analyzed enterprises. Such projects are mostly permanent, and therefore, are
implemented by businesses even in conditions of unprofitability. At the same time, the volume
of social expenditures is growing at a rate similar to the growth of the business value itself, i.e.,
the scaling effect is working. Accordingly, we can say that the business social responsibility and
the social accounting and reporting system formation should not be recognized as neither the
cause nor the consequence of the enterprise development, but in modern realities, it is definitely
an integral part of it.

The analyzed indicators may exhibit significant variability across different business sectors.
However, their impact on the results of this study has been mitigated by using growth rate
indicators, and for larger datasets, classic normalization methods with automated computational
systems can be applied.

Socially responsible business forms its own positive business image, which is transformed into
reputation capital. Due to this, the investment value of its securities increases, and therefore,
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Figure 2. Dynamics of indicative indicators of business development and its social
responsibility.
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the reputation is monetized. A good example of the opposite effect can be the quotes of SpaceX,
Tesla Inc and Twitter shares against the deterioration of their owner’s image due to statements
about the war in Ukraine, the increase in fees for the use of Starlink technologies in Ukraine
and Poland, as well as a sharp deterioration in working conditions and social security of their
own employees [40] (figure 3).

Figure 3. Comparison of average dynamics of key indicators of socially responsible business in
the context of sustainable development.

Thus, as a result of the analysis, it has been proven that the actual amounts of corporate social
responsibility expenditures from the perspective of sustainable development do not depend on
profitability, but rather correspond to the scale of activities of the analyzed enterprises, since the
average growth coefficient for a series of asset dynamics and the average growth coefficient for a
series of social responsibility expenses dynamics for all analyzed enterprises are either identical
or very close in value. In the future, the proposed working hypothesis can be empirically tested
on a larger scale based on the methodology already presented.

So, reports on corporate social responsibility should be aimed at disclosing information about
expenses made towards the relevant areas of expenditure. Such expenses should be perceived
as investments in sustainable development of the external business environment, which over
time convert into the company’s own reputational capital and shape real growth in the value
of the enterprise not just as a collection of assets, but as a value system. Accordingly, the
organizational component should provide for the systematization of the information basis of such
reporting: a list of social responsibility projects and the actual amount of expenses incurred
for their implementation. The methodological component should include the formation of a
unique approach to presenting this information by disclosing it according to socially significant
directions: educational projects, infrastructure, support for startups and innovation, territorial
communities, eco-projects, and social partnerships, among others. All analyzed enterprises
already finance similar initiatives to some extent, but present information about them in the
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form of brief summary tables or concise presentations. In our opinion, disclosure and detailing
of information on social expenses according to the specified directions (in the form of typical
accounting tables with indicators of economic elements of the incurred expenses) will allow for
creating preconditions for evaluating their effectiveness in the future. Moreover, disclosure of
the actual components of incurred expenses will allow for evaluating the reality and scale of
social responsibility projects of each economic entity. Thus, an educational project can be both
a school trip to a production facility and the organization of a summer school with professional
tutors. At the same time, the effectiveness and costs of these educational projects will be
radically different, which should be illustrated by reports on social accounting.

4. Conclusion
We consider business social responsibility as the activities of a business entity aimed at satisfying
the interests of all stakeholders in order to achieve the most positive economic, environmental
and social results. Accounting of socially responsible activities may be considered as a direction
in accounting, which expands the boundaries of traditional accounting, concerns many aspects
and facts of economic activities: economic and environmental measures, implementation of
social programs, building relationships with stakeholders, creating proper working conditions,
implementation of ethnic norms and values in order to make effective management decisions
on the impact of the enterprise on society, adapted to the requirements of the external and
internal environment. Arguably, in order to ensure socially responsible activities of business
entities, it is necessary to introduce social accounting into business practice. The study argues
that in order to ensure the socially responsible activity of business entities, it is necessary
to introduce social accounting into business practice. It has been proven that the modern
system of social accounting contains the following main structural determinants: accounting of
corporate social responsibility, accounting of environmental consequences of economic activity,
accounting of sustainable development, atypical components of social accounting, reputation
capital. These components are tangential, prolong each other, but have different essence. The
social accounting system is implemented by combining methods of non-financial accounting,
economic analysis and economic and mathematical modeling. In modern conditions, social
accounting becomes an effective tool for enterprise management. Annual reports prepared
using social accounting approaches present the company as a conscious, business-mature, and
promising partner. Presentation of social accounting information in the annual reporting allows
to present the effectiveness and prospects of the company’s social and environmental measures
and to promote the formation of reputation capital as monetization of the company’s positive
image in the growth of its total value and investment attractiveness in the market.

During the analysis of the criteria that describe the features of the implementation of social
responsibility projects and their accounting process, we established that the amount of actual
CSR expenditures does not directly depend on the profitable activity of the enterprise. However,
it corresponds to its scale, because the average growth rates for a number of assets dynamics
and social responsibility expenditures within the studied enterprises are either identical or
quite close in value. The results of the analysis confirm the need for social accounting and
the formation of reports on social expenses (which currently exist partially in the form of
corporate social responsibility reporting), which in turn convert into economic benefits in the
form of reputation capital. In other words, business investments in sustainable development
of the external environment today will create conditions for their own sustainable development
tomorrow and contribute to the growth of the value and worth of such businesses. As an expert
in economics and business, I believe that this demonstrates the importance of considering social
and environmental factors in business decision-making for long-term success.
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Appendix A.

Table A1: Calculation of growth rates of indicative business development
indicators and its social responsibility.

In
di

ca
to

r

2013 2014 2015 2016 2017 2018 2019 2020 2021

Average
growth rate
for a series
of dynamics

“Kyivstar”
A 10944749 13192320 16879270 17618618 21751813 24809448 24393604 27013368 29812247
P 3854635 2168375 2572679 3387067 6168938 6802455 8961220 10369859 11266926
N 4149 3968 3500 2450 2486 2674 2992 3680 3804
SRE 31500 37000 41650 47350 51400 54250 59650 65400 63200
AG 20.535610 27.947699 4.3802131 23.459246 14.056920 -1.676152 10.739553 10.361089 13.7255224
P -43.74629 18.645483 31.655251 82.132152 10.269467 31.735087 15.719277 8.6507155 19.3826421
N -4.362497 -11.79436 -30 1.469388 7.5623492 11.892296 22.994652 3.3695652 0.14142486
SRE 17.460318 12.567568 13.685474 8.5533263 5.5447471 9.9539171 9.6395641 -3.363914 9.25512492

Sandora LLC (PepsiCo-Ukraine)
A 2331534.5 2605066.4 3050429.1 3161066 3225578 3924682 5071435 5860243 5995029
P 81632 93254 95654 88250 101250 111581 593229 -302480 128450
N 2289 2354 2702 2715 2920 2963 3230 2990 3102
SRE 7520 8256.3 9141.2 11641.6 14030 15632 18254 20514 19258
AG 11.731844 17.096019 3.6269430 2.0408163 21.673759 29.219004 15.553941 2.3 12.9052907
P 14.237064 2.573616 -7.740398 14.730878 10.203457 431.65772 -150.9887 -142.4656 21.5259973
N 2.839668 14.783348 0.4811251 7.5506446 1.4726027 9.0111374 -7.430341 3.7458194 4.05675051
SRE 9.7912234 10.71788 27.35308 20.51608 11.41839 16.77329 12.38085 -6.122648 12.853517

MHP
A 21343589 33411357 44860883 51796002 55789014 73946174 87413803 92820479 111943704
P 1198255 -12417227 -5578761 -999966 3324384 3544102 5092533 -3760522 10720333
N 30200 29923 30979 19100 19114 25750 25220 40960 46350
SRE 72000 84000 101200 154000 186000 200000 117000 202000 284000
AG 56.540482 34.268366 15.45917 7.7091124 32.546121 18.21275 6.185151 20.60238 23.9404
P -1136.276 -55.07241 -82.07548 -432.4497 6.609285 43.69036 -173.8438 -385.0757 -276.8117
N -0.91722 3.529057 -38.34533 0.073298 34.718 -2.05825 62.41079 13.1592 9.071191
SRE 16.66667 20.47619 52.1739 20.7792 7.52688 -41.5 72.6496 40.5940 23.67081

“Farmak”
A 2235684 2736756 3444341 4278316 5011917 6040769 6851833 8655421 9124365
P 202401 241411 405415 676383 1035217 1296353 1253843 1482977 1785326
N 2150 2204 2250 2351 2456 2560 2698 2761 2854
SRE 315230 402360 492650 541300 651320 714000 716292 1275000 1201320
AG 22.41246 25.85488 24.2129 17.14696 20.5281 13.4265 26.3227 5.41792 19.415307
P 19.27362 67.93559 66.83719 53.05189 25.22524 -3.27919 18.2745 20.3879 33.46336
N 2.51163 2.08711 4.488889 4.46618 4.234528 5.390625 2.33506 3.36834 3.610297
SRE 27.64014 22.4401 9.875165 20.32514 9.62353 0.32101 78.00 -5.7788 20.3058

“Metinvest”
A 135130 266584 405756 459689 474504 468098 400439 478010 461165
P 3133 6181 9408 10659 11002 10854 9285 11084 10693
N 100382 94581 90319 85096 66038 66241 66565 69383 86955
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Table A1 – continued from previous page

In
di

ca
to

r

2013 2014 2015 2016 2017 2018 2019 2020 2021

Average
growth rate
for a series
of dynamics

SRE 144 284 432 489 505 498 426 509 491
AG 97.28012 52.2056 13.29211 3.2227 -1.34997 -14.4541 19.3716 -3.52401 20.75552
P 97.28012 52.2056 13.29211 3.2227 -1.34997 -14.4541 19.3716 -3.52401 20.75552
N -5.77892 -4.50619 -5.78283 -22.3959 0.3074 0.48912 4.23346 25.326 -1.013471
SRE 97.28012 52.2056 13.29211 3.2227 -1.34997 -14.4541 19.3716 -3.52401 20.75552

CarlsbergUkraine
A 3972005 4064795 4972260 5731056 4756605 4509135 4713533 5329646 5643378
P 621148 845844 925697 1005025 1086424 1649287 1379265 1640449 1341539
N 1751 1694 1561 1491 1457 1464 1522 1493 1362
SRE 1625 1854 2012 2312 2402 2498 2541 2714 2946
AG 2.3361 22.325 15.2606 -17.003 -5.20266 4.53298 13.0712 5.8866 5.15084
P 36.1743 9.44063 8.56954 8.0992 51.8088 -16.372 18.9365 -18.221 12.30446
N -3.25528 -7.85124 -4.4843 -2.28035 0.48044 3.96179 -1.90539 -8.77428 -3.01359
SRE 14.0923 8.52211 14.9105 3.89273 3.99667 1.72138 6.80834 8.54827 7.811544

AB InBevEfesUkraine
A 2079144.7 2428907 2888118 2965214 3022644 3450703 3975210 4348880 4888141
P -125410 -201164 -294561 -308651 -398835 -244105 -320101 -493000 -308741
N 2369 2320 2108 1945 1875 1930 1985 2000 1898
SRE 498 541 654 712 784 895 1084 1101 1245
AG 16.82243 18.90606 2.669405 1.936799 14.16174 15.2 9.4 12.4 11.43705
P 60.40507 46.42829 4.78339 29.2188 -38.7955 31.1325 54.0139 -37.375 18.72642
N -2.06838 -9.13793 -7.732448 -3.59897 2.9333 2.84974 0.75567 -5.1 -2.637374
SRE 8.634538 20.88724 8.8685 10.1124 14.15816 21.1173 1.56827 13.079 12.30318

Notation: Assets (UAH th.) – A; Profit (UAH th.) – P; Average number of employees (persons) – N; Social
responsibility expenditures (UAH th.) – SRE; Asset growth rate (%) – AG; Profit growth rate (%) – P; Number
of employees (%) – N; Social responsibility expenditures (%) – SRE.
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Ensuring the efficiency of forestry enterprises’
potential management as an element of sustainable
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O H Denysiuk, T P Ostapchuk and K Ye Orlova
Zhytomyr Polytechnic State University, 103 Chudnivska Str., Zhytomyr, 10005, Ukraine

E-mail: delenash@ukr.net, ostapchuk-a@ukr.net, orlova ekaterina@ukr.net

Abstract. The paper is devoted to the problems of ensuring the efficiency of forestry
enterprises’ potential management. It was determined that forest plays a crucial role in ensuring
people’s living conditions, i.e., providing food, fuelwood, medicines, income, and employment,
etc. Due to crisis tendencies in the forestry sector which were exacerbated by the full-scale
war on the territory of Ukraine, the necessity of improvement of forestry enterprises’ potential
management is beyond doubt. The main problems of the forestry sector of Ukraine were
outlined. It was determined that the ways of improving the forestry enterprises’ potential
management should be considered at national and individual enterprises levels. The peculiarities
of the forestry sector reform and its planned outcomes were analyzed. It was proposed to
supplement the measures of macroeconomic direction by enhancing the forest certification and
implementing a participatory approach in management. Based on correlation and regression
analysis, the main directions of measures for individual enterprises were defined. Such directions
include reducing the duration of the operating cycle, increasing labour productivity, and
increasing the rate of net income growth. The measures within each direction were proposed.

1. Introduction
The quantity and quality of resources available for the formation of living conditions determine
humanity’s existence. Forest resources are vital for human beings due to their role in society.
Forests provide healthy food, fuelwood, medicines, income, and employment for people [1].
Forests are also a source of renewable materials in the case of rational resource use policy
[2]. Forests are also important from the climate changes standpoint. According to World
Economic Forum, deforestation is the factor that endangers climate on our planet, forming
negative impact on natural environment and livelihoods, and almost 1.6 billion people depend
on forest ecosystems for food, water, wood and employment [3]. During the last decades, due to
inappropriate and irrational use of forest resources, deforestation and forest degradation have
aggravated worldwide. This causes damage to both the natural environment and human living
conditions, resulting in a wide range of issues related to environmental depletion. Thus, efficient
policy in the sphere of forest management gains a crucial role in ensuring the well-being of
society as a whole. We believe that such an efficient policy should be implemented at national
and regional levels and at the level of individual enterprises, especially forestry enterprises.

It should be mentioned that the efficient use and reproduction of forest benefits achieving the
sustainable development goals, which are the key guidelines for the development of humanity. In
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particular, the following goals are under the impact of forest conditions: SDG 2 “Zero hunger”,
SDG 3 “Good heath and well-being”, SDG 6 “Clean water and sanitation”, SDG 12 “Responsible
consumption and production”, SDG 13 “Climate action”, SDG 15 “Life on land” [4]. Forest
ecosystems are an essential prerequisite of society’s sustainability model as they provide water
conservation, wind and soil control, carbon sequestration, and biodiversity [5]. Thus, we can
conclude that efficient forest management mechanisms are of particular importance in ensuring
the sustainable development of individual countries and the world as a whole.

Efficient forest management is urgent for Ukraine, as the forest cover level has reduced
significantly over the past century. The forest cover level in Ukraine is estimated at 15.9 %,
while the optimal level is calculated as 20 % [6]. A lower-than-optimal level of forest cover
determines the presence of problems related to the depletion of the natural environment, soil
erosion, and decreased resource availability. It creates a threat to ensuring the sustainable
development of the country. Thus, the development of effective mechanisms of forest use is an
essential and urgent task, which is intensified due to the destructive consequences of hostilities on
the territory of Ukraine. Considering the above, efficient forest management mechanisms should
be implemented both at the national level and the level of individual enterprises. Therefore,
we consider it necessary in this context to analyze the key factors of impact on the activities of
forest-user enterprises and to propose directions for improving the management of the potential
of forestry enterprises. This determines our study’s relevance and identifies the key tasks to be
implemented within the framework of the study.

2. Literature review
Forest resources are among the most crucial for people’s existence, alongside water and soil
resources. During the last decades, the processes of deforestation due to human activity, forest
fires and increasing population have intensified significantly, causing such adverse effects as
climate changes, extinction of plants and animal species, and total forest resources degradation.
These reasons define the necessity for a balanced approach to forest management formation.
Effective forest management is also one of the constituents of sustainable development, the
key goals of which were defined by the UN General Assembly. The relevance, expedience and
cruciality of the issues related to effective forest management system formation have shaped
considerable scientific interest in the relevant sphere. This has been especially noticeable during
the last decade, which is explained by the aggravation of many crises associated with rational
forest use.

Forest ecosystems are crucial for sustainable development [5]. Zheng et al define that forests
provide ecological, economic, and social benefits. The research is based on the idea of finding
an appropriate management system in order to balance all of the aspects mentioned above. The
authors use the Analytic Hierarchy Process method to define a model of indicators for forest
management. The measures for effective forest management are also proposed in the paper [5].

Another research dedicated to the peculiarities of forest management was held by Knoke et
al [7]. The authors emphasize the necessity of providing forest resilience under climate change
conditions. The stability issue is quite essential for the forest case, as production time in forestry
extends for long periods, which causes the vulnerability of forest ecosystems. The authors also
define a relation between forest losses and economic losses, considering the role of forests in the
country’s economic development. Two silvicultural management systems are analyzed in the
research, i.e. continuous cover forestry and clear fell forestry [7]. The research by Malindzakova
et al [8] reflects forest management peculiarities and main directions. The system of indexes is
used for the economic evaluation of forest management [8]. Mishenina and Dvorak [9] state that
one of the ways to improve forest management from a national perspective is the implementation
of a public-private partnership mechanism. According to the authors, public-private partnership
contributes to sustainable development, decentralization, liberalization, and capitalization of
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natural resources. The characteristic features and advantages of the public-private partnership
are also considered in the research [9].

Pietarinen et al [2] investigate the relationship between forestry and sustainable development
in Finland. Scientists note that not all dimensions of sustainability have the same weight in the
policy of forest use; the economic aspect dominates. Considering that Finland aims to be one
of the key players in the bioeconomy based on forest use, the authors emphasize the need to
strengthen ecological and social aspects in forming forest policy [2].

The participatory approach benefits the formation of an effective and efficient forest
management system. It promotes decentralization in the corresponding sphere [1]. As Tessema
and Nayak [1] state, participatory forest management contributes to sustainable management
and forest ecosystems conservation, which is a vital issue for ensuring the stable development of
society as a whole. The research deals with major aspects of the interaction of local communities
with forest ecosystems in Ethiopia. Community forest enterprises are one of the manifestations
of the participatory approach in forest management [1]. According to Piabuo et al [10], the role
of community forest enterprises is similar to social enterprises, as they meet economic, social, and
environmental challenges. The research is based on the Cameroon community forests enterprises
and is aimed at their analysis, classification and activity study considering economic, social and
governance dimensions [10].

An integrated approach reflecting a combination of participatory approach and forest
certification is demonstrated by Degnet et al [11]. Using the example of forestry enterprises
in Mozambique, the authors consider how the implementation of forest certification affects the
well-being of communities living in the area adjacent to the forest [11].

Forest certification is another issue which has gained special scientific interest due to its
relevance. Thus, Malek and Abdul Rahim [12] surveyed the publications dedicated to the
forest certification aspect. The thematic analysis of forest certification literature dating from
2017 to 2021 was held. According to scientists, forest certification is important for achieving
the sustainable development goals. The research provides a comprehensive analysis of the
main trends in the forest certification literature of recent years and uses the results of the
analysis to define gaps in the knowledge in the respective sphere [12]. Zubizarreta et al [13]
analyze the certification processes in Spain regarding forests. The authors believe that the
forest certification is a driver for forest management systems to be more environmentally and
socially responsible. The paper defines the main motives for certification, based on a survey of
124 certified companies in Spain. Key mechanisms for certification promotion in Spain are also
defined in the research [13].

Forest certification with a relationship to forest degradation in Sweden is reviewed in the
research of Villabolos et al [14]. Two main certification schemes and their effects are considered
in the article. The process and mechanisms of certification itself and maintaining the certificate
are also defined in the paper. The authors investigate the impact of certification implementation
on three indicators: environmentally important areas preserved during felling, the number of
trees and high stumps left after felling, and the area set aside for conservation purposes [14].

Shvets et al [15] provide an analysis of the financial and economic activity at the example of
forestry enterprises in the Zhytomyr region. The scientists have defined that the main challenges
faced by the enterprises are those related to a decrease in demand, export issues, expenses
increase, and inefficient human resources use. The authors’ opinion on ways of solving relevant
issues is provided [15]. Furdychko et al [16] directs its scientific efforts to solve the problems
of balanced forestry land use. The work examines the dynamics of changes in the volume of
forest resources based on a comparison of data for Ukraine and Poland, analyzes the impact of
individual factors on the balanced use of forestry land based on the results of the production and
economic activities of state forestry enterprises [16]. Tsehelnyk [17] provides a detailed analysis
of the trends and conditions of the Ukrainian forestry industry and necessitates institutional
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changes in forest management mechanisms. Diadchenko and Saharnatska [18] consider forest
enterprises management from a financial stability standpoint. The authors highlight the
economic, social, and environmental components of the financial stability management model,
as well as propose measures to increase the level of the corresponding indicator [18].

Summarizing the above, we should note that most scientific works are devoted to the
determination of national-level levers of forest management, while the level of individual
enterprises remains insufficiently covered, which determines the relevance of this study.

3. Objective of the research
The research aims to define ways to improve forestry enterprises’ potential management based
on internal factors which impact the respective enterprises functioning. The defined purpose
involves solving the following tasks: to identify the role of the forest enterprises in the economy
of Ukraine; to determine the consequences of the full-scale war on the territory of Ukraine; to
consider ways of improvement of forestry enterprises’ potential management at the national level;
to detect key internal factors of impact on the functioning of the forestry enterprises; to propose
measures for improvement of potential management at the level of individual enterprises.

4. Methodology
The methodological foundation of the research is a system method which allows to consider forest
enterprises’ potential management at both national level and level of individual enterprises.
The set tasks involved the use of the following methods: monographic – to study and examine
available publications on forest management; correlation and regression analysis – to identify
key factors of impact on the formation of net profit of forestry enterprises; analysis and synthesis
– to identify the key trends of forestry enterprises functioning; generalization – for formulating
research conclusions; the deduction method – to propose and substantiate key measures for
improvement of forestry enterprises potential management; graphical and tabular – to visualize
the obtained research results.

5. Results of the research
Forestry is one of the essential segments in the economy of Ukraine. The sustainable development
of forestry is based on the combination of ecological, economic and social functions of forests.
Ukraine is a part of the world society that strives for the sustainable development of forestry.
Forestry enterprises are obliged to conduct their activities based on sustainable development.

Balanced management of forestry combines a set of measures for the use, reproduction,
formation, and protection of forests. The sustainable development of forestry is ensured under
rational resource use, responsible consumption and reproduction. The economic activity of
forestry enterprises to ensure sustainable development must be stable and efficient, that is,
profitable. The enterprise’s financial results depend on the sales volume of products and services.

The conditions for afforestation in Ukraine are heterogeneous, so forests are spread unevenly
across the country’s territory. The forest coverage of Ukraine is 15.9 %. Despite the relatively
small area of forests, Ukraine ranks 9th in Europe in forest area and 7th in wood reserves.

Forestry in Ukraine, according to the “Classifier of types of economic activity”, includes
four groups: forestry and other activities in forestry (group 02.1), logging (02.2), collection of
wild non-wood products (02.3) and provision of auxiliary services in forestry (02.4). Forest
enterprises also provide services in several other essential industries: hunting, primary wood
processing, food industry, etc.

According to the Land and Forest Codes, forests of Ukraine can be in state, communal,
and private ownership. The vast majority of forests are in state ownership. About 1.3 million
hectares (13 %) of forestry land plots in permanent use by municipal enterprises subordinated
to local self-government bodies attribute to communal ownership.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012121

IOP Publishing
doi:10.1088/1755-1315/1254/1/012121

5

Table 1. Main financial results of forestry enterprises of Ukraine

Indicator
Years Deviation

2020 to 2019 2021 to 2020
2019 2020 2021 +/- % +/- %

Funding from the general fund
under budget programs, UAH billion 0.29 0.31 0.34 0.02 6.90 0.03 9.68

Net income from selling products
(goods, works, services), UAH billion 15.20 14.46 22.80 -0.74 -4.87 8.34 57.68

Net profit, UAH billion 0.29 0.19 1.02 -0.10 -34.48 0.83 436.84
Profitability of activity, % 1.90 1.0 4.40 -0.90 - 3.4 -
Taxes paid, UAH billion 4.90 4.88 7.32 -0.02 -0.41 2.44 50.00

According to the information of the State Agency of Forest Resources of Ukraine [19–21],
table 1 summarises the main financial results of forestry enterprises of Ukraine.

The generalised results of the activity of forestry enterprises of Ukraine [19–21] indicate the
ambiguous financial performance of the industry. Over the past three years, there has been, in
general, an increase in the net income from the sale of products (goods, works, and services),
the net profit of enterprises, and the received amounts of budget financing.

However, financing from the general fund during 2019-2021 under budget programs was
approximately 20 % of the need for budget financing. The tax burden has a significant impact
on the financial condition of enterprises. On average, the percentage of paid taxes and duties on
net income is 39 %. The most significant amount of taxes and fees to the budgets of all levels
was paid by enterprises of the regional governments: Zhytomyr Oblast – UAH 873 million,
Rivne Oblast – UAH 685 million, Chernihiv Oblast – UAH 553 million, Kyiv Oblast – UAH 534
million, Sumy Oblast – UAH 488 million, and Volyn Oblast – UAH 452 million.

According to Tsehelnyk [17], the main problems of forestry enterprises’ potential management
include the following:

• absence of a balanced strategy of development and management in the forestry sector;
• inaccurate distribution of management functions, which in some cases leads to duplication

of functions or loss of their performance;
• financing disbalances;
• lack of effective mechanisms for stimulating the introduction of nature-preserving

technologies;
• lack of a transparent mechanism for the timber sale, illegal felling and circulation of illegally

harvested wood;
• the unsatisfactory state of ensuring the use of forests by local communities for recreational

purposes.

The extremely important role of forests in terms of ecological, economic, and social
sustainability of Ukraine determines the necessity to provide balanced resource-use mechanisms.
It is necessary to balance the objectives of forest conservation, their ability to provide ecosystem
services, the economic need for deforestation and the right of communities to profit from the
exploitation of forests [16].

It should be noted that the activity of forestry enterprises is currently characterized by the
presence of crisis tendencies, which are aggravated by the influence of a full-scale war.

The full-scale war in Ukraine affected the population, the economy, and the environment,
including forests. Based on the materials of the EU4USociety project [22], the main problematic
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issues and prospects for developing forestry enterprises in Ukraine, particularly in war conditions,
are summarised.

The main problem areas in war conditions:

1. The difficulty of demining de-occupied territories. Lands where active hostilities were
fought, strewn with ammunition. Russia’s active military operations complicate the speed
of demining. Analysts emphasize that the cities and infrastructure will be demined first –
it will take about ten years for the forests to be.
According to WWF-Ukraine and the Regional Eastern Fire Monitoring Center [23], more
than fifty different types of explosive munitions can be found in the forests of Ukraine that
have fallen into the zone of military operations. Conventionally, the territory of the combat
zone can be divided into the following types:
(a) territories where active ground combat operations were conducted;
(b) territories subjected to air bombardment and shelling from long-range ground units;
(c) territories of deployment of military units;
(d) territories that were mined to provide resistance to enemy troops.
There is particularly little information on forest demining as of today, as surveys and
demining were carried out locally, in small areas, primarily forest roads.
According to the Institute for the Study of War [23], the areas of Polissia forests that were in
the zone of military operations are as follows: Zhytomyr Oblast (127,789.8 ha), Kyiv Oblast
(165,307.7 ha), Chornobyl Exclusion Zone (148,711.1 ha) Chernihiv Oblast (423499.0 ha),
Sumy Oblast (287861.9 ha).
A total of 114 state forestry enterprises, 20 agricultural enterprises, 14 municipal enterprises
and 12 other forest users and owners were affected by military operations among enterprises
and organisations whose activities are connected with forest. The most significant number
of forests that have fallen into the zone of military operations is in the Chernihiv Oblast.

2. Firefighting policy. According to specialists, pristine pine forests are the most dangerous
in the ignition. The map of hostilities shows that such forests are in the east of Ukraine,
Polissia. Fires not only cause a loss of forest cover but also are a potential danger to the
lives of residents. A possible scenario for territories with active hostilities is conservation
with an analogue to the exclusion zone.
WWF-Ukraine and the Regional East European Fire Monitoring Center [23] summarised
that since the beginning of the war in Ukraine, fires have covered a total area of 2.4 million
hectares, of which 1.5 million hectares (64 %) are in the territories with military operations
and occupied territories: forests – 320 thousand hectares (13.1 %), agricultural land – 1340
thousand hectares (55.1 %), built-up areas – 129 thousand hectares (5.3 %), other natural
landscapes – 645 thousand hectares (26.5 %). The location of nature conservation areas
affected by fires (Emerald Network) is 425,000 hectares, of which 292,000 hectares (69 %)
are in the territories with military operations and occupied territories.

3. Economic restrictions. Today, the rules for the implementation of forestry activities, in
particular in the field of phytosanitary legality, are in force. During the war in Ukraine, the
volume of illegally harvested wood remains consistently high, and such products will not
be able to enter the EU market.

4. Unsubstantiated and inappropriate closure of public access to some registers: open register
of logging tickets, including maps of quarter-separation division; public cadastral map;
a layer with the boundaries of forests and objects of the nature reserve fund on the
Ecosystem portal; a single registry for environmental impact assessment – materials for
cases of deforestation, a single inspection portal.

5. Improper ban on visiting forests where there were no hostilities.
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The above determines the need to define the priority directions for improving the management
of the potential of forestry enterprises.

We believe that it is expedient to implement improvements both at the national level and
at the level of individual enterprises. It is worth noting that certain changes are already taking
place at the national level, considering the forest reform.

By the Resolution of the Cabinet of Ministers of Ukraine, “Some issues of reforming the
management of the forest sector” [24], the state-specialised economic enterprise “Forests of
Ukraine” was founded. Thus, there was a merger of specialised state forestry enterprises
belonging to the sphere of management of the State Forestry Agency. The newly created
enterprise “Forests of Ukraine” will be a joint-stock company. 100 % of the shares of this
joint-stock company belong to the state.

The main advantages of creating a state enterprise “Forests of Ukraine” are as follows [25]:

• elimination of financial imbalances (equalisation of wages, increase of investment
attractiveness of stagnant enterprises);

• management of forestry by EU standards and practices, resolution of the conflict of
distribution of functions in the forestry sector (controlling - managing);

• increasing the investment attractiveness of the industry (credit resources, EU grants for the
implementation of innovation and investment projects);

• detinization of the timber market, overcoming corruption, reducing illegal logging;
• use of modern information technologies for forest management;
• ensuring sustainable/efficient development of forestry.

We will present the consequences of implementing this reform through specific manifestations
of the potential of forestry enterprises:

1. Ecological potential. The reform will allow for increasing the level of forest cover, mainly
through implementing the President’s Program “Green Country” and expanding the area
of Ukraine’s forests by 1 million hectares. Increasing forest cover will contribute to the
achievement of UN Sustainable Development Goal 13 “Climate Action”, and the EU Green
Course Program to build a climate-neutral Europe by 2050. As a result, it will be possible
to use forests tirelessly, that is, to optimize the use of wood and increase its in-depth
processing.

2. Production potential. The creation of a single enterprise for the organization of cultivation,
maintenance, and harvesting of forests will form the prerequisites for facilitating and
expanding access to quality raw materials for Ukrainian wood processing enterprises.
Simplifying the access of wood processing enterprises to forest raw materials will contribute
to optimizing the use of wood and increasing its in-depth processing. This will make
it possible to increase the added value created in the industry with smaller volumes of
roundwood consumption.

3. Labour potential. Over the past 30 years, 60,000 workers have left the industry (62 % of
the total workforce). Many enterprises need help to ensure stable functioning and employee
confidence in the future, leading to layoffs. “Forests of Ukraine” will be able to provide the
redistribution of labour resources, offering qualified workers positions throughout Ukraine
with social security.

4. Property potential. The reform will create conditions for the renewal of fixed assets, the
material and technical base, and the purchase of modern equipment, cars, and firefighting
equipment for the protection and protection of forests. It will also create conditions for the
restoration of forests and the increase of forest cover.
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5. Management potential. The structure of “Forests of Ukraine” provides for the optimization
of management personnel, which will free up funds for the payment of highly qualified
forestry specialists in various production areas.

6. Information potential. Further digitalization of forestry enterprises’ production processes
will attract highly qualified specialists to production.

The Decree of the Cabinet of Ministers of Ukraine approved Ukraine’s State Forest
Management Strategy until 2035 [26]. According to the Strategy, the primary goal of a
forestry enterprise is to build a transparent and effective enterprise management system for
obtaining profit from economic activity. But the achievement of the goal must necessarily
be accompanied by the preservation and increase of the country’s natural resources and the
sustainable development of forestry.

The main tasks of the forestry enterprise should be [26]:
• management of state property of permanent forest users, renewal of fixed assets and material

and technical base of forestry enterprises, provision of enterprises with modern equipment
for afforestation, and protection of forests, which are priority goals, with the aim of obtaining
income for its owner – state;

• organization of forest management, safety, security, rational use and reproduction of forests;
• equalization of financial imbalances, increase of revenues to budgets of all levels;
• implementation of measures to preserve biodiversity in forests;
• conducting recreational activities;
• popularization among the population of the importance of conservation and rational use of

forests;
• involvement of the public in the matter of forest reproduction and protection;
• ensuring equal opportunities, conditions and pay for women and men and actively

encouraging women to participate at all employment levels.
While we believe that the mentioned reform will benefit the improvement of forestry

enterprises management, there is still room for further progress on the national level. One of the
ways of improvement is to intensify forest certification processes. According to Malek and Abdul
Rahim [12], forest certification is the process of assessing the compliance of forest management
with defined standards, which is carried out by independent certification organizations [12].
Such standards usually include economic, ecological, and social [13]. This process is voluntary,
but it contributes to increasing the efficiency of forest resources management and positioning
enterprises in ecologically sensitive markets. The two dominating in the world schemes of
certification are the Programme for the Endorsement of Forest Certification Schemes (PEFC)
and the Forest Stewardship Council (FSC) [12,13].

The role of forest certification is essential due to the following facts:
• forest certification promotes environmental sustainability;
• acts as a tool for ecosystem services;
• influences the image of forest enterprises [12];
• promotes price premiums and improved market access [14].
Although there are studies that state that forest certification has limited effects [14], we

believe it is an important tool for improving the forestry enterprises’ potential management
with a sustainability perspective.

It should be mentioned that the appropriate processes in Ukraine started in 2001, and as of
December 21, 2022, more than 4 mln ha are FM-certified (forest management) by FSC (about
42 % of the total area of the forest) [27].



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012121

IOP Publishing
doi:10.1088/1755-1315/1254/1/012121

9

Zubizarreta et al suggest that forest certification can be promoted with the use of 5
mechanisms, 3 of which are external (market, signalling, and legal mechanisms), 2 are internal
(learning and moral mechanisms) [13]. Thus, the mentioned mechanisms accompanied by
balanced state policy in the sphere of forest certification will contribute to strengthening the
respective processes, which in its turn will benefit both the sustainable development of the
country and efficient forestry enterprises’ potential management.

Another important way of increasing forestry enterprises’ functioning efficiency is
implementing the participatory approach, which involves local communities in forest
management processes. In general, participatory forest management envisages engaging the
local community to achieve sustainable forest management objectives [1]. We believe that the
following measures can assist in involving local communities in achieving sustainable forest
management:
• increasing the level of awareness of the local communities about the peculiarities of forest

management based on sustainability and minimization of negative anthropogenic impact;
• popularization of a responsible and protective attitude to forest resources;
• involvement of local communities in environmental protection activities and environmental

actions;
• implementation of a system of grant support for local initiatives aimed at forest conservation

and rational forest use.
The participatory approach can be implemented in different forms, such as decentralized

forest management, participatory forest management, joint forest management and community-
based forest management [11]. The participatory approach is also promoted by forest
certification [11].

One of the ways of participatory approach implementation is creating community forest
enterprises, which will be able to meet economic, social and environmental challenges [10]. Such
form of economic entities in the forestry sector will promote decentralization processes, but it
also has disadvantages due to disbalances in the forestry sector of Ukraine. Thus, in our opinion,
this direction of reform is currently not relevant enough in the conditions of Ukraine.

According to Mishenina and Dvorak [9], a participatory approach can be implemented
through the public-private partnership mechanism. The authors state that the public-
private partnership (PPP) mechanism is a perspective tool for economic and ecological policy
implementation in the forestry sector under conditions of state and communal ownership of
forests [9]. Considering the fact that 73 % of Ukrainian forests are in state ownership and 13 %
are in communal ownership [6], implementation of PPP programs and mechanisms could benefit
the effective functioning of the forestry enterprises and forest management as a whole.

PPP programs can contribute to efficient forest management in the following ways [9]:
• providing co-financing of projects, i.e. attracting investments to the forestry sector;
• distribution of risks between partners;
• distribution of responsibility between partners.
It should be mentioned that there is a variety of forms of PPP, which expands the

possibilities of using this tool in various situations. Mishenina and Dvorak define that
the agreements between forestry and recreational forest protection subcomplexes should be
considered [9]. Another issue that can be solved within PPP programs, in our opinion, is
the proper implementation of the forest silvicultural system. Scientists define that a continuous
cover forestry system is the one that benefits both ecological and economic aspects of forest
management [7]. Such a system envisages that the next generation of trees is established before
the final crop trees have reached the optimal rotation period [7]; this promotes the balanced
forest use mechanisms and contributes to the sustainable development of the country as a whole.
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To conclude the main aspects related to the rational level of forest management, we believe
it is important to identify key issues of the respective sphere. According to Pietarinen
et al the dominant issues are: ecological modernization, civic environmentalism, and green
governmentality [2].

In order to determine the ways of forestry enterprises’ potential management improvement
at the level of individual enterprises, it is necessary to conduct an appropriate analysis. To
define priority measures for the improvement of forestry enterprises management, we find it
expedient to identify key factors of impact on the basis of correlation and regression analysis.
Net profit of the forestry enterprises was chosen as a dependent variable (Y ), as the respective
indicator is an absolute measure of business entities’ performance. We believe that such choice
of the dependent variable is due to its particular importance from the enterprise development
perspectives standpoint. It is the net profit which reflects the internal capabilities of the
enterprise to provide necessary funding for the development initiatives. Thus, we consider it
expedient to analyze the impact of individual factors on the formation of the net profit. As the
independent variables the following indicators were chosen:

X1 – fixed assets to current assets ratio;
X2 – fixed assets turnover;
X3 – current assets turnover;
X4 – ratio between receivables and payables;
X5 – operating cycle duration, days;
X6 – labour productivity, ths. UAH / person;
X7 – net revenue growth rate;
X8 – material capacity;
X9 – sales profitability;
X10 – current ratio;
X11 – cash ratio;
X12 – financial leverage.
The choice of the mentioned above indicators is defined by the fact that they represent, in our

opinion, key aspects of resource provision and the financial condition of the forestry enterprise.
Another factor that impacts the selection of the mentioned criteria is the availability of the data.
All necessary data for calculating the relevant indicators are contained in the official financial
statements of enterprises. So, we can conclude that the choice of the independent variables
meets the following requirements:

• the indicators in complex reflect the main directions of the resource provision of the forestry
enterprises (e.g. technical, material, human resources);

• the main complements of the financial state such as stability, profitability, and economic
activity are characterized within the chosen indicators;

• the data for calculating and analysis of the mentioned above indicators are available in the
financial statements of the enterprises.

In the next step, we will form the observation base for correlation and regression analysis.
As the research objects, 10 forestry enterprises of the Polissia region were chosen. Within
the framework of this research, the following oblasts belong to the Polissia region: Volyn
(SE “Horodotske forestry”, SE “Manevytske forestry”), Rivne (SE “Bereznivske forestry”, SE
“Sarnenske forestry”), Zhytomyr (SE “Bilokorovytske forestry”, SE “Korostenske forestry”),
Kyiv (SE “Bohuslavske forestry”, SE “Teterivske forestry”), and Chernihiv (SE “Horodnianske
forestry”, SE “Chernihivske forestry”). The observation period is 2019-2021. Such observation
period is determined due to the fact that financial statements of the enterprises for 2022 were
not formed and publicized at the time of the research. At the same time, the selected period
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covers 2019 (the pre-crisis period due to the COVID-19 pandemic), 2020 (the crisis period),
and 2021 (the period of overcoming the consequences of the crisis). Thus, the total number
of observations is 30, which ensures the representativeness of the raw data for correlation and
regression analysis.

The initial data for the analysis are presented in table 2.
According to the calculated data, we can note some common trends in the development of

forestry enterprises:
• during 2019-2020, in the activity of the vast majority of the analyzed enterprises, a reduction

in activity volume is observed, while in 2021, there is a substantial increase;
• high degree of production costs capacity of the enterprises’ activity;
• a sufficient level of liquidity;
• current assets mostly dominate the structure of assets.
It should be mentioned that a high level of cost capacity is considered by scientists as one of

the most crucial factors influencing the forestry enterprises functioning [15].
The next step is to analyze the factors from the interrelationship point of view, as well as

to perform a multicollinearity test. The results of the correlation analysis are presented in the
matrix of pair correlations (table 3).

According to the data presented in table 3, we must note that there is a relationship of
varying degrees between the dependent and independent variables. The strongest (highest) level
of influence on the formation of the net profit indicator (Y ) is determined by factor X6 (labour
productivity). Independent variables X5 (the operating cycle duration) and X7 (net revenue
growth rate) are also marked by a substantial degree of connection. It is worth noting that
according to the multicollinearity test, there is a substantial degree of connection between X6

and X7 factors, but we believe it is appropriate to leave both factors for further consideration.
The equation formed by the results of regression analysis is the following:

Y = −6359.68− 82.07X5 + 12.74X6 + 4938.27X7, (1)

where Y – net profit, ths. UAH, X5 – the operating cycle duration, days, X6 – labour
productivity, ths. UAH / person, X7 – net revenue growth rate, coefficient.

According to the regression equation parameters, the determination coefficient R2 = 0.7;
that is, 70 % of the variance of the values of the dependent variable (net profit) is explained
by the obtained equation. It should be mentioned that the relatively low level of determination
coefficient is due to the fact that net profit formation, in addition to the internal factors
analyzed in the model, is influenced by a significant number of external factors, for example,
the exchange rate volatility, the balance of the foreign trade balance, the international policy of
the government, the level of inflation, etc. Thus, we believe that for the purposes of the current
research aimed at improvement of forestry enterprises internal management, the value of the
determination coefficient is sufficient. According to the results of the F-test (Fisher’s test), the
constructed model is considered adequate for the sample data because Ffact(20.17) > Fcrit(3.35)
(with a probability of error of 0.05).

Thus, as a result of the built model, we can highlight key directions for increasing the efficiency
of the functioning of forestry enterprises in terms of the formation of net profit:
• reducing the duration of the operating cycle;
• increasing the level of labour productivity;
• ensuring the growth of net revenue at progressive rates.
The basic activities within forest management include the following: technological activities,

quality activities, transport activities, storage, and delay [8]. That means that the mentioned
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Table 2. Initial data for correlation and regression analysis of forestry enterprises.
Years Y X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12

SE “Horodotske forestry”
2019 330 0.81 6.41 5.19 0.70 29.67 540.22 0.92 0.22 0.21 11.27 7.05 0.10
2020 758 0.74 6.67 4.92 0.63 24.27 561.11 0.91 0.23 0.19 13.29 9.37 0.09
2021 4999 0.72 9.48 6.80 0.20 12.12 925.96 1.65 0.14 0.29 7.38 5.95 0.32

SE “Manevytske forestry”
2019 865 2.36 4.33 10.21 0.36 22.99 381.96 0.89 0.22 0.14 1.20 0.21 0.29
2020 2096 2.73 4.37 11.93 0.20 18.07 419.99 0.94 0.18 0.15 1.56 0.99 0.23
2021 25217 1.82 6.54 11.93 0.22 8.64 809.49 1.59 0.11 0.34 2.82 2.06 0.42

SE “Bereznivske forestry”
2019 2673 3.04 5.23 15.9 0.22 22.26 532.90 0.92 0.49 0.21 0.54 0.01 1.76
2020 3160 3.94 5.23 20.61 0.07 16.34 548.05 1.00 0.45 0.81 0.45 0.07 1.51
2021 9862 2.58 6.70 17.27 0.15 13.16 805.54 1.42 0.39 0.23 1.26 0.57 2.01

SE “Sarnenske forestry”
2019 4445 1.80 6.58 11.82 0.59 19.50 708.54 0.94 0.48 0.23 1.24 0.40 0.43
2020 2522 1.49 6.90 10.3 0.08 15.77 704.89 0.99 0.47 0.19 1.68 1.27 0.43
2021 23437 0.90 9.87 8.89 0.15 89.71 1145.17 1.57 0.37 0.28 1.92 1.47 0.88

SE “Bilokorovytske forestry”
2019 574 0.66 10.17 6.68 0.50 43.32 332.36 0.93 0.39 0.16 1.30 0.08 1.01
2020 138 0.52 9.54 4.97 0.25 67.74 311.31 0.92 0.43 0.13 1.26 0.07 1.11
2021 1981 0.89 9.26 8.22 0.15 40.95 441.28 1.52 0.34 0.14 0.69 0.01 1.46

SE “Korostenske forestry”
2019 6157 3.63 4.00 14.52 0.52 17.36 557.03 0.88 0.58 0.18 1.15 0.50 0.35
2020 1731 2.07 4.06 8.42 0.82 22.72 585.65 0.80 0.64 0.16 3.10 1.61 0.13
2021 14604 1.77 6.53 11.56 0.23 12.79 1204.76 1.76 0.66 0.26 1.42 0.91 0.34

SE “Bohuslavske forestry”
2019 1139 0.51 8.71 4.44 0.14 32.25 358.75 0.93 0.25 0.21 1.52 0.97 0.79
2020 1150 0.38 9.21 3.48 0.24 38.32 386.01 0.86 0.37 0.21 1.67 1.02 0.87
2021 5249 0.31 14.64 4.51 0.09 26.25 667.54 1.89 0.32 0.27 1.23 0.84 1.62

SE “Teterivske forestry”
2019 3175 0.50 7.76 3.87 1.21 40.97 764.61 0.80 0.22 0.25 3.43 1.68 0.26
2020 1232 0.36 9.04 3.23 0.45 45.39 887.97 0.95 0.19 0.20 2.85 1.92 0.37
2021 23582 0.29 14.77 4.27 0.19 28.36 1691.24 1.85 0.12 0.33 1.82 1.16 0.76

SE “Horodnianske forestry”
2019 225 0.55 9.16 5.02 0.65 60.35 335.98 0.93 0.12 0.11 2.50 0.28 0.37
2020 275 0.46 10.93 5.07 0.42 59.63 360.91 1.02 0.27 0.10 2.58 0.45 0.37
2021 2006 0.56 14.01 7.89 0.18 37.31 558.23 1.46 0.21 0.13 2.26 0.36 0.35

SE “Chernihivske forestry”
2019 150 1.72 4.33 7.47 0.32 44.86 358.64 0.82 0.31 0.15 1.03 0.09 0.50
2020 568 1.70 5.01 8.53 0.06 39.59 507.00 1.19 0.39 0.15 0.94 0.01 0.72
2021 10091 1.59 7.61 12.11 0.03 22.79 860.39 1.89 0.20 0.24 0.84 0.28 0.382
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Table 3. Matrix of pair correlations of independent variables.
Y X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12

Y 1.00
X1 0.04 1.00
X2 0.21 -0.74 1.00
X3 0.20 0.91 -0.54 1.00
X4 -0.27 -0.16 -0.19 -0.33 1.00
X5 -0.53 -0.53 0.32 -0.60 0.25 1.00
X6 0.80 -0.10 0.31 0.04 -0.14 -0.48 1.00
X7 0.68 -0.18 0.52 0.07 -0.55 -0.36 0.67 1.00
X8 -0.10 0.47 -0.38 0.43 0.00 -0.20 -0.07 -0.19 1.00
X9 0.34 0.38 -0.05 0.48 -0.23 -0.45 0.33 0.22 0.06 1.00
X10 -0.13 -0.30 -0.02 -0.36 0.42 -0.07 0.03 -0.12 -0.32 -0.06 1.00
X11 -0.02 -0.26 -0.04 -0.30 0.31 -0.23 0.14 -0.03 -0.30 0.03 0.98 1.00
X12 0.09 0.19 0.20 0.38 -0.51 -0.04 -0.02 0.28 0.23 0.31 -0.47 -0.43 1.00

above directions should be implemented within each and every basic activity to achieve the
proper result and to increase the efficiency of forestry enterprises’ functioning.

The next step of our study is to identify key measures of forestry enterprises’ potential
management improvement according to the defined impact factors.

1. Reduction of the duration of the operating cycle.

The duration of the enterprise’s operating cycle is an indicator of the rhythm of all business
processes of the forestry enterprise, which is ensured by the action of internal and external
environmental factors. According to the National Accounting Regulation (Standard) 1 “General
Financial Reporting Requirements” [28], the operating cycle is interpreted as the time interval
between the acquisition of stocks for the implementation of activities and the receipt of funds
(cash equivalents) from the sale of products or goods and services produced from them.

The shortening of forestry enterprise operating cycle can be achieved through the reduction
of the terms of turnover of assets, particularly in the part of stocks and receivables. Shortening
the operating cycle leads to more stable financing of the company’s current activities. Sufficient
financing creates conditions for the uninterrupted supply of materials to the production process,
which means the optimization of the duration of the production process and the sale of products
based on high quality and the use of existing competitive advantages on the market. In
turn, selling products should be accompanied by a rational policy of managing the company’s
receivables.

Forestry enterprises can achieve a decrease in turnover time of current assets under the
following conditions:

• implementation of economically justified stock norms;
• compliance with the principle of optimal price-quality ratio when forming stocks;
• improvement of logistics management and improvement of the sales policy of enterprises;
• intensive reproduction of the elements of the property potential of the enterprise;
• active introduction of aspects of the circular economy on the ground in forestry;
• 100 % implementation of certification of forestry enterprises;
• study of the product structure and increase in the specific weight of products of high

demand;
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• effective management of receivables (control over the occurrence and state of receivables
at each stage of the implementation of management decisions; control of settlements with
debtors for deferred and overdue debts);

• building a rational system of interaction with banks regarding the attraction of funds and
the implementation of settlements, and the implementation of optimal credit policy;

• constant monitoring and improvement of the company’s settlement system.

The strategic management of the operating cycle requires a separate study. In forestry, the
operating cycle includes economic operations for reproducing and harvesting forest resources.
Growing such assets exceeds one operating cycle and is 50-70 years.

2. Increasing labour productivity.

Savings in the consumption of current assets helps to improve the use of production facilities
and increase labour productivity. Scientific, technical, organizational, structural and socio-
economic changes are classical factors of labour productivity improvement. Personnel turnover
and the problem of HR policy of forestry enterprises require balanced management steps to
increase labour productivity. The war in Ukraine complicates the situation.

So, forestry enterprises can take following steps in this sphere:

• make structural changes in production;
• improve the material and technical level of activity and production;
• improve management, organization of production and labour (improvement of the structure

and rational distribution of management functions, social protection of employees, increase
of the wage fund);

• increase in production and sales volumes (management and structural reform of forestry
enterprises along with a relative reduction of employees);

• diversifying forestry enterprises’ activities (expanding areas of activity and searching for
new types of activities).

3. Ensuring the growth of net income at progressive rates.

The proposals summarized by us from the point of view of shortening the operating cycle and
increasing labour productivity in the complex may be effective for the growth of the net income
of forestry enterprises. This indicator is a marker of the financial and economic condition of the
forestry enterprise. Also, the indicator reflects the level of economic security of the enterprise.
Diversification of the activities of forestry enterprises is one of the ways of achieving the growth
of net income at a faster pace. One of the options for diversification is the cultivation of energy
crops on forestry lands that cannot be used for other needs and the subsequent production of
products from the corresponding crops [18]. This measure will contribute not only to the better
use of forest resources but also will generate an additional flow of income for the enterprise.

Another important issue to be addressed for the efficient functioning of forestry enterprises
is their adaptation to the conditions of the external environment. As we mentioned earlier, the
process of functioning of forestry enterprises and the process of their net profit formation, in
particular, are being influenced by a large variety of external factors. Thus, it is essential to form
the mechanism of enterprise interaction with the environment. Such a mechanism will benefit
not only to efficient functioning of the forestry enterprises, but also to reducing the negative
anthropogenic influence on the environment [29].

6. Conclusions
As the result of the conducted research, we can conclude the following.
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1. Forest is an extremely important resource that not only ensures the livelihood of mankind
but is also a source of renewable resources under conditions of balanced environmental
management. Forest ecosystems create conditions for people’s lives, thus forming a critically
important foundation for ensuring the sustainable development of any country. The forests
of Ukraine cover 15.9 % of the territory, providing economic, ecological and social functions.
Efficient functioning of the forestry enterprises contributes to the sustainable development
of the country due to the performed functions.

2. Negative trends have been observed in recent years related to deforestation, forest
degradation, and a decrease in the efficiency of forestry enterprises functioning. The existing
crisis trends in the forestry sector have significantly deepened as a result of the full-scale
war on the territory of Ukraine, which necessitates the implementation of measures to
improve the management of the potential of forestry enterprises. The main problematic
issues related to the consequences of the full-scale war are the following: the difficulty of
demining de-occupied territories; forest fires, economic restrictions, inappropriate closure
of public access to some registers, improper ban on visiting forests where there were no
hostilities. These and other threats to the efficient functioning of the forestry enterprises
define the necessity of improvement of the existing enterprise management mechanism in
the relevant sector of economic activity.

3. Considering the complexity of the problems related to effective forest management, we are
convinced that measures to increase the efficiency of the use of the forestry enterprises’
potential should cover both the national level and the level of individual economic entities.
It is worth noting that at the national level, there are already changes related to forestry
sector reform. In particular, the creation of the state enterprise “Forests of Ukraine” will
contribute to a balanced approach in the field of forest management. At the same time, we
believe that it is possible to expand the priority directions of state policy in the specified
area with the measures related to enhancing certification processes, as well as implementing
a participatory approach in forest management.

4. To determine the measures that should be implemented to improve the enterprise potential
management system at the level of individual enterprises, the method of correlation and
regression analysis was used. The observation base was formed by data for 2019-2021 on 10
forestry enterprises in the Polissia region. The net profit was chosen as a dependent variable
as it is the indicator which reflects the economic result of the enterprise functioning. The
conducted analysis made it possible to detect that the key internal factors of influence on
the net profit, thus, on the efficiency of the enterprise, are as follows: the operating cycle
duration, labour productivity, net revenue growth rate.

5. Based on the analysis, it was found that priority measures should include reducing the
duration of the operating cycle, increasing labour productivity, and ensuring high rates of
net income growth. Key measures within each of the considered directions are proposed.
Considering the caveats on the model of the dependence of net profit on internal factors,
it was determined that an important direction of increasing the efficiency of management
of the forestry enterprises’ potential is also ensuring the mechanism of interaction with the
environment.

6. The prospects for further research lie in the definition of strategic measures in the identified
areas (in particular, regarding the management of the duration of the operating cycle),
as well as in the study of the influence of external factors on the activities of forestry
enterprises.
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Abstract. Approaches to harmonization of methods for determining the optimal level of
investment in the renewal of the fleet of combine harvesters and current expenses of agricultural
enterprises under conditions of implementation of sustainable development goals in the activities
of economic entities are investigated. It is established that the implementation of the concept
of sustainable development for the domestic agricultural sector intensifies the processes in it,
brings to the fore the problems of ensuring food security of the State, increasing the production
of safe products while preserving landscapes and minimizing anthropogenic pressure. At the
same time, the seizure of part of the territory, mining of the liberated and adjacent to the
combat zone areas raises the issue of rational use of land resources. Under such conditions,
only further introduction of innovations aimed at increasing yields and the use of intensive
technologies is the most important vector for the development of domestic agriculture. This
places strict requirements on the technical condition of its resource potential. Unfortunately,
the unsatisfactory technical condition of the grain harvesting machinery fleet and its destruction
as a result of hostilities exacerbate the problem of technical support for grain production, in
particular for harvesting. Under such conditions, an important task is to develop methodological
techniques for determining the optimal, harmonized values of investments in the reproduction of
resource potential and operating costs. The tested methodological approach allows determining
the optimal level of investment in the renovation of the combine harvester fleet, taking into
account the peculiarities of wheat production organization, grain price conditions, material
resources, harvesting equipment, and financial factors. The calculations showed that it is
economically inexpedient to invest in the renewal of the combine harvester fleet using the most
common combine harvester models if one unit has less than 600 hectares of wheat crops. A
positive feature of the tested approach is the ability to minimize unproductive costs by taking
into account technological and market factors in determining the optimal level of costs. Instead,
the introduction of innovations leads to a change in the form of the production function, which
should affect the dynamics of the marginal efficiency of investments, and therefore it is promising
to expand approaches to modeling and take into account the role of innovations in finding the
optimal level of current costs and investments.

1. Introduction
The functioning of the agrarian sector on the basis of sustainable development implies that it
provides three interrelated functions: economic (providing income to agricultural producers),
social (ensuring food security, providing productive employment, improving the quality of
life) and environmental (maintaining biodiversity, preserving the integrity of the agricultural
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landscape, soil fertility, clean air and water resources) [1]. Understanding the role of the
agricultural sector, in particular the grain industry, through the prism of the Sustainable
Development Goals [2] allows us to consider the latter as a guarantor of the country’s economic
and food security. Ensuring the sustainability of agricultural production and the realization of
its social function determines the increase in grain production, which places strict requirements
on the fleet of combine harvesters. Problems in this area have been repeatedly discussed during
discussions on the prospects for the development of the agricultural sector. In particular, it
is worth mentioning the 2.5-fold reduction in the fleet of combine harvesters of Ukrainian
agricultural enterprises during 2000-2020, which led to a permanent increase in the amount
of operating hours per unit. As a result, the workload per combine harvester reached almost
200 hectares at the end of 2020, while in Germany and France in 2016-2020 it did not exceed
60-70 hectares of wheat crops.

The problem can be solved by simultaneously increasing investments in the renovation of
the grain harvester fleet and obtaining harvesting equipment on a land-list basis. The drop of
more than 30% in gross domestic product significantly limits the investment opportunities of
agricultural companies and significantly increases the cost of borrowed resources. Under such
conditions, it is particularly important to justify approaches to determining the optimal level
of capital expenditures and their harmonization with the level of current costs caused by the
technological process.

Sustainable development is a basic concept for business and policy development that reflects
the understanding that progress is impossible without addressing pressing environmental issues
such as ecosystem degradation and climate change. This implies that society can only develop
on the basis of meeting the needs of the present while protecting the livelihoods of present
and future generations [3]. Since the laws of nature and social development are unchanging
and immutable [4], the solution is for society to respect the limits of “safe workspace” [5, 6]
and limit environmental damage [7]. Although “sustainability is a pluralistic concept” [8], in
a broad sense it focuses on simultaneously ensuring economic growth, societal prosperity, and
environmental protection [9]. In this sense, the concept of sustainable development integrates
economic, social, and environmental concerns and offers a new way of thinking that recognizes
the world as interconnected between nature, society, and the economy [10].

It should be noted that population growth and changes in the structure and volume of
consumption cause an increase in anthropogenic pressure [11]. Sustainable land use can reduce
the negative impact of these stressors. The Sustainable Development Goals (SDGs) were
formulated in 2015 to meet the demands of the present, and they enshrine the commitment
of developed countries to end poverty and hunger by 2030. However, climate change poses
a challenge to achieving these goals, as slow processes of environmental change, increased
climate variability, and extreme weather events negatively affect agricultural productivity [2].
That is why innovation strategies, in particular agricultural innovation systems (AIS), are key
examples of potential ways to improve the economic, environmental and social performance
of the agricultural sector. Not only because agriculture contributes about 30% of the world’s
gross domestic product and has a high return on investment [12], but also because of the long-
term positive impact of agricultural research and development (R&D) on productivity growth,
and because new technological solutions contribute to the sustainable use of natural resources.
Nevertheless, agriculture receives about 5% of R&D investments [13].

In turn, an important economic problem in economics and econometrics research is the
substantiation of approaches to determining the economic and environmental optimum of
operating (technological) and capital costs in the context of rapid implementation of R&D
results. A significant contribution in this area has been made by scientists who have studied
the use of production functions. In particular, we note the works devoted to the identification
of production functions [14–19]. Secondly, studies on industrial organization [20], trade [21–24]
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and international economics [25], which aim to measure productivity [26], returns to scale, and
more recently, prices [16, 27, 28] using production functions. Third, a significant contribution
has been made in works that focus on the development of methods for estimating multi-product
production functions [29–33]. And fourth, a whole area of macroeconomic literature, starting
with [34], is devoted to the issues of uncertainty in product prices. The approaches of these
authors are based on the assumption of the form of the production function, which allows its
identification [35].

Investment is a continuous, systematic activity that focuses on the entire organization,
including its forms and methods [36]. Investing in innovation determines the ability of an
agricultural enterprise to maintain competitive advantage and better respond to rapid market
and economic changes [37–40]. This process is based on the use of tools and measures
that are important for the transition of society and the economy to sustainable development
[41, 42]. Recognition of agricultural innovation as a driving force for addressing environmental
issues and social inequalities has led to the emergence of sustainable entrepreneurship in the
agricultural sector [43]. Sustainable entrepreneurship encompasses business entities that can
achieve profitability by exploiting environmental market gaps [44]. They address social and
environmental challenges through a business approach based on human values and go a step
further to mitigate the impact of economic crises while promoting economic growth and social
equity [45,46].

However, today’s challenges, in particular the complexity and, in some aspects, the
impossibility of predicting the development of economic processes, make it important to study
approaches to determining the optimal level of investment and their harmonization with the
level of current costs of agricultural enterprises.

2. Results and discussion
The functioning of the agrarian sector on the basis of sustainable development, the realization
of its economic and social function, overcoming the challenges caused by the actions of the
aggressor, leads to a reorientation of approaches to modeling technological processes to effective
principles, maximizing production and profit. In view of this, nonlinear production functions
that maximize the output or added value were chosen as the methodological basis for modeling
the cost optimum. In turn, there is a need to harmonize approaches to determining the optimal
amount of operating costs that maximizes output with the amount of investment to restore the
resource potential damaged as a result of hostilities. The harmonization of economic processes
is usually interpreted as their mutual coordination, systematization, unification, coordination,
streamlining, and compliance. Harmonization of economic processes helps to balance the
functioning of a business entity. Its systemic vision switches to the coordination of the formation
and use of its resource potential, investment and operating costs. Thus, the methodological basis
of our study is a system of models that allows harmonizing the ratio of operating expenses and
capital investments.

The first step towards solving the problem was to determine, based on the statistical
processing of the 2020 reports of Ukrainian agricultural enterprises, the equation of dependence
of wheat yield on variable costs per hectare of harvested area:

f1(x) = −0.180x2 + 6.425x, (1)

where f1(x) – is the expected yield of wheat, tons/ha; x – variable production costs per 1 ha of
harvested wheat area, UAH thousand.

The dependence has a high level of statistical reliability, as evidenced by the value of the
coefficient of determination (R2), which for function (1) is 0.9106, as well as the excess of the
calculated value of the Fisher coefficient (Fp = 28.0) over its tabular value (Ftab = 0.116). At
the same time, based on the values of the Student’s t coefficient, the coefficients for the linear
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and quadratic terms of the formula (1) were also highly reliable. In particular, with the tabular
value of this coefficient from -1.72 to 1.72, its actual values with the specified members were
equal to 3.2 and 6.17, respectively.

The relevance of the application of function (1) for planning calculations ensures compliance
with the optimal wheat harvesting terms, which in the case of single-phase (direct) harvesting
should not exceed 6-10 days after the wheat reaches full maturity. At the same time, an
analysis of the conditions and timing of early grain harvesting in 2016-2020 shows that due to
the insufficient quantity and unsatisfactory technical condition of most of the grain-harvesting
equipment, its duration was from 32 to 55 days [47]. At the same time, the extension of
the duration of the harvesting campaign beyond a ten-day period caused a daily decrease in
productivity by 1% [48], as a result of which more than 10% of the potential harvest, i.e. 6-6.5
million tons of grain, was lost.

Considering this circumstance, the question arose – is it possible, by slightly reducing the
expected level of yield and the planned level of costs, to minimize crop losses and maximize
the financial result, and how to implement such an approach in the production function (1).
To solve it, a component was introduced to equation (1), which allows to adjust the expected
potential yield by the amount of potential losses, proportional to the duration of the harvesting
campaign (d). Taking this into account, the modified form of function (1) is as follows:

f2(x, d) = (−0.180x2 + 6.425x) − 0.01(d− 10) · (−0.180x2 + 6.425x) =

= (1.1 − 0.01d) · (−0.180x2 + 6.425x), (2)

where f2(x, d) – is the expected yield of wheat, tons/ha; x – variable production costs per 1 ha
of harvested wheat area, UAH thousand; d – duration of the collection campaign, days.

In the future, functions (1) and (2) were combined into a system that allows you to determine
the expected yield in the event that the harvesting campaign ends in the optimal agrotechnical
period or in the event that it is extended beyond a ten-day period:

f3(x, d) =

{
(−0, 180x2 + 6, 425x) if d ≤ 10
(1, 1–0, 01d) · (−0, 180x2 + 6, 425x) if d ≥ 10,

(3)

where f3(x, d) – is the expected yield of wheat, tons/ha; x – variable production costs per 1 ha
of harvested wheat area, UAH thousand; d – duration of the collection campaign, days.

The inclusion of the variable d in function (2) necessitated the formalization of approaches
to calculating the latter. It is logical to calculate it through the ratio of the expected gross
harvest and the total productivity of the combine harvester fleet of the agricultural enterprise.
In turn, the expected gross yield is the product of the sown area and the planned yield.
The latter, for modeling purposes, can be determined using function (1). In the meantime,
the total productivity of the farm’s combine harvester fleet is determined by their number,
hourly productivity, and shift duration. At the same time, to take into account the production
conditions and the technical condition of combine harvesters, it is advisable to introduce a shift
time efficiency factor:

d(pl, x, k) =
pl · f1(x)

k ·Whour · Tzm ·Kvrch
, (4)

where pl – is the area from which wheat was harvested, ha; f1(x) – expected yield of wheat,
tons/ha; Whour – hourly productivity of the grain harvester, centner per hour; Tzm – shift
duration, hours (according to [49–51] the recommended value is 12.0 hours); Kvrch – coefficient
of use of the working time of the shift (according to [49–51] the recommended value is 0.7);k –
is the number of grain harvesting units, units.
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Taking into account the purely individual nature of the formation of the size of wheat sowing
areas and the fleet of combine harvesters for each agricultural enterprise, their ratio in formula
(4) was replaced by the planned area of wheat threshing by one combine harvester (N):

d(x,N) =
N · f1(x)

Whour · Tzm ·Kvrch
, (5)

where N – is the planned area of wheat threshing by one combine harvester, ha.
After that, based on the analysis of statistical reports, it was determined that domestic grain

producers mainly have units with an engine power of 330-335 hp. The analysis of the market of
grain harvesting equipment shows that the closest to the indicated capacity are the sixth class
combines widely represented on it – New Holland CR7.90, John Deere S670, John Deere S770,
CASE IH 7140, CASE IH 7240, Gleaner S97, Claas Lexion 740, Massey Ferguson 9540, Massey
Ferguson 9545 [52]. With this in mind, based on the analysis of the offer of aggregates from
this list on the Tractorhouse.com website [53], the model with the largest number of lots – John
Deere S670, which has a nominal engine power of 317 hp – was chosen as the base model with
hourly productivity of 111.27 centner per hour.

Further, by substituting into function (5) the actual and recommended values of the hourly
productivity of the John Deere S670 combine (111.27 t/ha), the duration of the shift (12 hours),
the coefficient of utilization of the working time of the shift (0.7), an analytical expression was
formed functions of the dependence of the duration of the harvesting campaign on the planned
threshing area with one unit and variable costs per crop unit:

d(x,N) =
N

937.67
· (−0.180x2 + 6.425x), (6)

where x – variable production costs per 1 ha of harvested wheat area, UAH thousand; N – is
the planned area of wheat threshing by one combine harvester, ha.

Later, the variable d in the second equation of system (3) was replaced by the right-hand
side of expression (6):

f3(x, d) =

{
(−0.180x2 + 6.425x) if d ≤ 10[
(1.1 − 0.01 N

937.67(−0.180x2 + 6.425x)
]

(−0.180x2 + 6.425x) if d ≥ 10
, (7)

where, f3(x) – is the expected yield of wheat, tons/ha; x – variable production costs per 1 ha
of harvested wheat area, UAH thousand; d – duration of the collection campaign, days; N – is
the planned area of wheat threshing by one combine harvester, h.

A graphic illustration of the dependence of wheat productivity on variable costs at different
harvesting areas indicates a reduction in non-productive losses in the case of a reduction in the
load on the grain harvester and an increase in the technological efficiency of grain production
(figure 1).

The next step was the modeling of the impact on the economic efficiency of grain production of
the intensity and load on grain-harvesting equipment during wheat threshing. For this reason,
the system of equations (7) was transformed. In particular, based on the assumption of one
hundred percent marketability of grain production, in order to determine the expected volume
of marketable products, the equations were multiplied by the average price of wheat grain sold
by agricultural enterprises of Ukraine in 2020, which, according to the official website of the
State Statistics Service, was 386.75 UAH/ha. Taking into account the measurement of variable
costs per crop unit in the system of equations (7) in thousand UAH, the price of 1 t of wheat
grain was converted into the unit of the same name.

After that, to determine the expected profit, the right-hand side of the equations was reduced
by the value of variable costs x and the average value of fixed costs in the production of wheat
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Figure 1. Impact on wheat yield of production intensity and conditions of use of harvesting
equipment by agricultural enterprises of Ukraine in 2020 (according to the official website of
the State Statistics Service of Ukraine http://www.ukrstat.gov.ua/). Graph of dependence
of yield (centner per ha) on variable production costs per 1 ha of crops (UAH thousand) at
+ + + – annual load on a grain harvester of 1200 hectares; × × × – annual load on a grain
harvester of 900 hectares; ∗∗∗ – annual load on a grain harvester of 600 hectares; —— – annual
load on a combine harvester of 300 hectares; X – variable production costs per 1 ha of area,
UAH thousand; Y – annual load on the grain harvester, ha.

grain, which, according to the analysis of the reporting on the costs of agricultural enterprises
of Ukraine for 2020, amounted to 2,711 thousand UAH/ha.

f6(x, d) =

{
(−0.180x2 + 6.425x) − x− 2.711 if d ≤ 10[

(1.1 − 0.01 · N
937.67(−0.180x2 + 6.425x)

]
· (−0.180x2 + 6.425x) if d ≥ 10

, (8)

where f6(x, d) – is the expected yield of wheat, tons/ha; x – variable production costs per 1 ha
of harvested wheat area, UAH thousand; d – duration of the collection campaign, days; N – is
the planned area of wheat threshing by one combine harvester, h.

http://www.ukrstat.gov.ua/
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Graphical interpretation of the behavior of function (8) indicates a decrease in the maximum
profit, as well as the optimum cost, which guarantees its achievement in case of an excessive
increase in the load on the grain harvester (figure 2).

Figure 2. Impact on the economic efficiency of wheat production of production intensity
and conditions of use of available harvesting equipment by agricultural enterprises of Ukraine
in 2020 (according to the official website of the State Statistics Service of Ukraine http:

//www.ukrstat.gov.ua/). Dependence of profit (thousand hryvnias per ha) on production
costs per 1 ha of crops (UHA thousand) at + + + – annual load on a grain harvester of 1200
hectares; × × × – annual load on a grain harvester of 900 hectares; ∗ ∗ ∗ – annual load on a
grain harvester of 600 hectares; —— – annual load on a combine harvester of 300 hectares;
X – variable production costs per 1 ha of area, UAH thousand; Y – annual load on the grain
harvester, ha.

So, under the conditions when each harvester of an agricultural enterprise accounts for
300 hectares of wheat crops, the maximum profit of 4.2 thousand UAH/ha is guaranteed by
technology with variable costs of 9.0 thousand UAH/ha. Instead, the choice of this technology
at a load of 1,200 ha leads to a loss of -2.7 thousand UAH/ha. Under such a load, the technology
with variable production costs of 3.9 thousand UAH/ha is optimal, for which the financial result
will be equal to +0.4 thousand UAH/ha.

http://www.ukrstat.gov.ua/
http://www.ukrstat.gov.ua/
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Therefore, under the conditions of threshing 1200 hectares of wheat with each combine
harvester, it would be more expedient for the farm to use the technology with variable costs per
crop unit almost six times lower compared to the technology that allows to achieve maximum
productivity. It is clear that the rejection of industrial technologies reduces the efficiency of
using the resource potential of agricultural formations, and therefore it is logical to increase
investments in the technical base of harvesting operations. But taking into account the effect
of agrobiological factors, the payback of such investments has a declining character. Therefore,
when determining the optimal amount of capital and current costs, model (8) was transformed by
including the increase in depreciation deductions and other fixed costs due to capital investment.

So, to calculate the increase in depreciation deductions, the average costs for the purchase
of a combine harvester in the reporting year – UAH 4,845.4 thousand were evenly distributed
over the 12 years recommended by the John Deere company as a guideline for the productive
use of this brand of combine harvester. The obtained value – UAH 403.8 thousand should be
distributed to the entire fleet of combines and the planned load during wheat harvesting. For
example, in the case of doubling the fleet of combines, the average increase for each combine
will be 50% of UAH 403.8 thousand, similarly, in the case of a fourfold increase in the fleet, the
share of purchased will reach three quarters, and therefore each combine will account for 75%
of 403.8 UAH.

Taking this into account, the formula for calculating the increase in depreciation deductions
looks like this:

A =
403.8 · n

N
, (9)

where n – is the share of newly purchased grain harvesters in their total number; N – annual
load on the grain harvester, ha.

In addition, a potential increase in fixed costs was formalized under the conditions of payment
of interest for the use of a loan taken out to cover the costs of purchasing a combine harvester.
Thus, according to the statistical data of the official website of the National Bank of Ukraine, in
2020, agricultural commodity producers attracted long-term loans for the purchase of equipment
at an average rate of 16%. Thus, under the conditions of linear accrual of interest payments,
the annual cost of paying interest (I) will be equal to:

A =
775.3 · n

N
, (10)

where n – is the share of newly purchased grain harvesters in their total number; N – annual
load on the grain harvester, ha.

So, taking into account the potential increase in fixed costs, the system of equations for
determining the expected profit looks like this:

f7(x, d) =


(−0.180x2 + 6.425x) − x− 2.711 if d ≤ 10[
(1.1 − 0.01 · N

937.67 · (−0.180x2 + 6.425x)
]
·

·(−0.180x2 + 6.425x) − (403.8 + 775.3) · n
N if d ≥ 10

, (11)

where f7(x, d) – is the expected yield of wheat, tons/ha; x – variable production costs per 1 ha
of harvested wheat area, UAH thousand; d – duration of the collection campaign, days; N – is
the planned area of wheat threshing by one combine harvester, h.

Graphical interpretation of the behavior of function (11) shows the non-linearity of changes
in the payback of investments (figure 3).

In particular, the reduction of the load from 1,200 ha to 900 ha, due to the expansion of
the collection equipment park, leads to an increase in fixed costs by 0.3 thousand UAH/ha. As
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Figure 3. Impact on the economic efficiency of wheat production of production intensity and
conditions of use of existing and newly acquired harvesting equipment by agricultural enterprises
of Ukraine in 2020 (according to the official website of the State Statistics Service of Ukraine
http://www.ukrstat.gov.ua/). Graph of dependence of yield (centner per ha) on variable
production costs per 1 ha of crops (UAH thousand) at + + + – annual load on a grain harvester
of 1200 hectares; ××× – annual load on a grain harvester of 900 hectares; ∗ ∗ ∗ – annual load
on a grain harvester of 600 hectares; —— – annual load on a combine harvester of 300 hectares;
X – variable production costs per 1 ha of area, UAH thousand; Y – annual load on the grain
harvester, ha.

a result, it becomes possible to switch to technology with variable costs of UAH 5,000 with a
simultaneous increase in the production intensity indicator by 1,100 UAH/ha (t1). At the same
time, the consequence of reducing the duration of the harvesting company and reducing non-
productive costs is an increase in productivity to UAH 23.1 thousand, which, with one hundred
percent marketability of production, is equivalent to an increase in revenue by 1.9 thousand
UAH /ha (23.1 − 18.3 × 0.3868). As a result, the profit of the agricultural enterprise increases
by 0.4 thousand UAH/ha. Similarly, under the conditions of reducing the load from 1,200 to
600 ha, the expected profit increase will reach 1,000 UAH/ha. At the same time, under the
conditions of reducing the load from 1,200 to 300 hectares, the financial result will increase by
only UAH 0.9 thousand, which indicates a decrease in the marginal efficiency of costs.

Thus, in the case of an increase in the park, which allows to reduce the load from 900 to 600

http://www.ukrstat.gov.ua/
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Table 1. The influence of the load on the John Deere S670 combine harvester on the optimal
intensity and efficiency of wheat grain production by agricultural enterprises in 2020 (according
to the official website of the State Statistics Service of Ukraine http://www.ukrstat.gov.ua/).

Indicators
Load on combine

harvester, ha
300 600 900 1200

Optimum expenses, thousand hryvnias/ha

plenteous 17.8 17.8 17.8 17.8
profitable 9.0 6.7 5.0 3.9

Productivity (c/ha) with costs at the level

crop optimum 52.5 42.0 31.4 20.9
profitable optimum 41.7 30.6 23.1 18.3

Financial result (thousand hryvnias/ha)

with costs at the level of the harvest

optimum, under the conditions of use

using exclusively available grain harvesters 0.4 -4.5 -8.5 -12.6
investments in the renewal of the fleet of

grain harvesters -1.4 -5.4 -9.5 -12.6
Financial result (thousand hryvnias/ha)

with expenses at the level of the

profitable optimum, under the

conditions of use

using exclusively available grain harvesters 4.2 2.3 1.1 0.4
investments in the renewal of the fleet of

grain harvesters 1.3 1.4 0.8 0.4
Average fixed costs, thousand UAH/ha 2.7 2.7 2.7 2.7
Investments are included in the current

year’s fixed costs 2.9 1.0 0.3 -
including including depreciation 1.0 0.3 0.1 -
interest expense 1.9 0.6 0.2 -

ha, the increase in fixed costs is 0.7 thousand UAH/ha, the optimal level of variable costs is 1.7
thousand UAH/ha, marketable products – 2.9 thousand UAH/ha (30.6 − 23.1 × 0.3868). As a
result, the marginal return on costs will be equal to +20.8% ((2.9−(0.7+1.7))/(0.7+1.7)×100).
On the other hand, in the event of a decrease in the load from 600 to 300 ha, fixed and
variable costs, as well as marketable products, increase by 2.3, 1.9 and 2.9 thousand UAH/ha,
respectively, and the marginal loss of costs is -30.9% . Therefore, under unchanged conditions
(production technology, product price situation, production resources, agricultural machinery,
interest rates, etc.), the mark of 600 hectares of wheat crops per John Deere S670 combine
harvester is the economic limit of the feasibility of investments in the renovation of the combine
harvester park of domestic agricultural enterprises by purchasing similar or similar units.

3. Conclusions and prospects for further research
The implementation of sustainable development goals for Ukraine determines the intensification
of processes in the domestic agricultural sector, brings to the fore the problems of ensuring food
security of the state, increasing the production of safe products while preserving landscapes and
minimizing anthropogenic pressure. In turn, the seizure of part of the territory, contamination

http://www.ukrstat.gov.ua/
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of the liberated and adjacent territories with explosive objects further actualize the problem of
rational use of land resources. Under such conditions, only further introduction of innovations
aimed at increasing yields and the use of intensive technologies is perhaps the only possible way
to develop domestic agriculture. The latter places strict requirements on the technical condition
of its resource potential. Unfortunately, the unsatisfactory technical condition of the grain
harvesting machinery fleet and its destruction as a result of hostilities exacerbate the problem of
technical support for grain production, in particular for harvesting. Under such conditions, an
important task is to develop methodological techniques for determining the optimal, harmonized
values of investments in the reproduction of resource potential and operating costs.

The tested methodological approach allows determining the optimal level of investment in
the renovation of the combine harvester fleet, taking into account the peculiarities of wheat
production organization, grain price conditions, material resources, harvesting equipment, and
financial factors. The calculations showed that it is economically inexpedient to invest in the
renewal of the combine harvester fleet with John Deere S670 or similar combine harvesters if one
unit has less than 600 hectares of wheat crops. A positive feature of the tested approach is the
ability to minimize unproductive costs by taking into account technological and market factors
in determining the optimal level of costs. Instead, the introduction of innovations leads to a
change in the form of the production function, which should affect the dynamics of the marginal
efficiency of investments, and therefore it is promising to expand approaches to modeling and take
into account the role of innovations in finding the optimal level of current costs and investments.

ORCID iDs
V V Makohon https://orcid.org/0000-0002-5967-1760

References
[1]  Luczka W, Kalinowski S and Shmygol N 2021 Energies 14(14) 4208 URL https://doi.org/10.3390/

en14144208

[2] FAO 2022 FAO Strategy on Climate Change 2022–2031 (Rome: Food and Agriculture Organization of the
United Nations) URL https://www.fao.org/3/cc2274en/cc2274en.pdf
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Abstract. The triune concept of sustainable development takes into account environmental,
social and economic issues in general. At the same time, the solution of the problems of resource
conservation and socio-economic development do not contradict each other, but contribute to
mutual reinforcement. The purpose of this study is to build, describe, test and analyze economic
and mathematical models of the processes of self-organization of the socio-economic system
within the framework of the concept of sustainable development. The considered models take
into account both quantitative and qualitative characteristics. The research methodology is
based on the assumption that the system under consideration is dynamic. The study makes
it possible to evaluate the process of sustainable development of the socio-economic system in
terms of the formation and influence of its characteristics on the overall result. Various options
for formalizing the level of motivation of economic activity are described and analyzed, one of
which is based on the economic interpretation of the Weber-Fechner psychophysiological law.
The assumption of the continuous development of innovative technologies made it possible to
reveal the existence of a “fatigue point”, the onset of which indicates the possibility of increasing
the growth rate of production activities due to its technological transformation.

1. Introduction
Human development in recent decades is often characterized by growth adverse impact on the
external environment. Factors in this are also wars, political and socio-economic instability.
People’s actions have a negative impact on the environment. This threatens the survival of the
Earth and future generations. This necessitates changes aimed at more rational and effective
management of resources, which will reduce pressure and negative impact on the environment.

As a result, it became necessary to develop strategies for the development of mankind that
would prevent the deterioration of the quality of the environment, eliminate the consequences
of such deterioration, and contribute to the formation of conditions for providing resources for
the current and future generations [1].

Such a viable behavior, to ensure the long-term exploitation of resources, without putting a
threat to future generations, is considered within the framework of the concept of sustainable
development [2].

The most progressive concept is the triune concept of sustainable development:
environmental, social and economic issues are considered as a whole, and the goals of resource
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conservation and socio-economic development contribute to mutual reinforcement [3].
This understanding of sustainable development implies a balance between the three

components of sustainability [2]:

• environmental sustainability, which is aimed at maintaining the quality of the environment
necessary for the implementation of economic activities and ensuring the quality of life of
people;

• social sustainability that seeks to ensure human rights and equality, the preservation of
cultural identity, respect for cultural diversity, race and religion;

• economic sustainability needed to maintain natural, social and human capital to ensure
living standards.

Only such an interpretation of sustainable development makes it possible to form the
conditions for achieving a high standard of living, a developed economy and conservation of
resources.

This approach is consistent with the definition of Brundtland [4], who defined sustainable
development as the process of meeting the needs of the subject in the current cycle without
harming the ability to meet the needs in the next cycle.

This concept assumes that the effective solution of environmental problems should be
accompanied by the development of environmental awareness in the performance of economic
entities of their main functions, the use of appropriate forms of economic behavior [1].

Thus, it is relevant to study the forms of economic behavior in the context of sustainable
development and develop methods for quantitative and qualitative assessment of the results of
their use.

At the same time, the current stage of development of the concept of sustainable development
is characterized by the transfer of the problem from the global and macroeconomic levels to
the microeconomic level, the subjects of which are actively involved in causing harm to the
environment and become subjects of its elimination [5].

With this approach, the sustainability of an individual microeconomic entity becomes not just
a concept, but also an object of sustainable development, which forms the features of modeling,
design, organization and management [6].

Thus, in the article [7], the problems of decision-making in the management systems for
sustainable development of complex technological and socio-economic objects are studied, the
limitations of traditional expert systems are shown.

The study [8] developed a methodological approach for conducting a comprehensive
assessment of the socio-economic parameters of sustainable development. To obtain justified
results, the work uses such modeling methods as a fuzzy logical model, the Saaty hierarchy
method, the Mamdani algorithm, quantitative and qualitative methods of comparison.

In the article [9], the logistics system of enterprise management is presented in the form of
an optimization model that combines economic and environmental factors. This model allows
you to evaluate and take into account the impact on the environment.

Article [10] is devoted to the study of a dynamic model for the optimal use of water resources
with taking into account the interests of regional counterparties of the two hierarchy levels. The
problem is solved by simulation methods.

At the same time, the management of sustainable development processes often provides for
such a type as organization by structures of the upper hierarchical level [8, 10–12].

The purpose of the study is to substantiate the strategies of economic behavior of socio-
economic entities within the framework of the concept of sustainable development. To achieve
this goal, it is necessary to complete the following tasks: within the framework of existing
methods of economic and mathematical modeling, describe an adaptive process model that
takes into account the self-organizational and reflexive features of a socio-economic subject;
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conduct model experiments to identify cause-and-effect relationships between the motives for
the formation of economic behavior and results.

2. Results
It should be agreed that in socio-economic systems, the main system-forming element of models
is meaningful or semantic approaches, and more complete models are built on target settings,
which are based on value orientations, which are the main, fundamental basis for choosing system
management models [13]. Most of these systems are dynamic.

The two fundamental elements of the concept of sustainable development are development
and sustainability. At the same time, classical economic theory considers development within
the framework of economic growth [2].

In the study [14], an isomorphic connection between the concept of “dynamic system” and
“autonomous system of ordinary differential equations” is established. The main mathematical
apparatus in this case is the qualitative theory of differential equations [15], and the model is
formalized by a system of autonomous differential equations

dxi
dt

=Fi (x1, x2, .., xn) , (i=1, 2, .., n) , (1)

where xi is some quantitative characteristic of the socio-economic agent, which takes part in the
process, which corresponds to the coordinate of the vector in the n-dimensional economic space.

The approach to building a possible full-factor model of the process of sustainable
development consists in the balanced consideration of economic, social and environmental
factors, among which the following are distinguished: individual; intrasystemic; external. At the
same time, the external influence can be characterized by a known function or have a random
nature.

In this case, system (1) takes the form

dxi
dt

=Fi (x1, x2, .., xn, t) , (i=1, 2, .., n) (2)

and is classified as a system of ordinary differential equations.
The two fundamental elements of the concept of sustainable development are development

and sustainability. At the same time, classical economic theory considers development within
the framework of economic growth [2].

If one characteristic is taken as an indicator of the level of development, then in equations
(1), (2) n = 1. In this case, the development model (growth, increase, accumulation) can be
represented in the form

dx

dt
=kx, (3)

where k is a coefficient that characterizes the growth rate.
Equation (3) corresponds to the Malthusian or exponential law of population growth [16]. A

particular solution to equation (3) is described by the function

x (t)=x0exp (kt) , (4)

where x0 is the value of the indicator under study at the initial time t = 0.
It is obvious that function (4) will correspond to development only when it increases. This

is ensured by the condition k > 0, the fulfillment of which is accompanied by the theoretical
possibility of an infinite increase in the indicator studied in the model

lim
t→∞,k>0

x0exp (kt)=∞. (5)
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In this case, the management of the development process in the context of the concept of
sustainable development can be accompanied by an organizational impact on the system, which
is displayed in equation (3) by the transition k = k(t). That is

dx

dt
=k (t) x. (6)

It should be noted that some studies suggest modifications to model (3) [17,18], which allow
correcting the dynamics of unlimited growth as a consequence of a lack of resources [19]. At the
same time, the limited resources are displayed in such models only indirectly, and the social and
environmental components of the concept of sustainable development are absent.

Unlike classical and neoclassical economics, institutional economics provides for bounded
rationality [20]. For institutional economics, a characteristic type of management is self-
organization [21] and a synergistic approach to management [22]. Equilibrium in this case
becomes the main goal of the functioning of the economic entity, which is consistent with the
concept of sustainable development.

This principle corresponds to the form of the function k(t) in equation (6)

k (t)=kmax

(
1− x

xLim

)
, (7)

where kmax is a constant positive coefficient characterizing the maximum value of the growth
rate; xLim is the value of the indicator under study, limiting its increase.

In this case, equation (6) is transformed to the form

dx

dt
=kmaxx

(
1− x

xLim

)
, (8)

which is a logistic (Verhulst-Pearl) model [23].
The essence of the presented equation is that changes in the system depend on factors

that contribute to its development (growth) and factors that inhibit (limit) this development
(growth). This means that within the system there is a certain regulatory mechanism that
ensures the process of sustainable development at the level of self-organization.

The different influence of individual factors on the overall result is more clearly displayed if
equation (8) is converted to the form

dx

dt
=kmaxx−

kmax

xLim
x2. (9)

The Verhulst-Pearl equation (8) is quite universal and can be used to describe various dynamic
processes [10,23–26].

Thus, in population models, as the xLim value, which limits growth, an objective indicator
of the capacity of the ecological environment is considered [23,24], and in models of production
processes, in addition to environmental restrictions [10], the consumption potential in the market
can be assessed [25].

At the same time, the concept of sustainable development of such socio-economic entities as
households also implies a self-organizational type of management of their economic behavior. In
this case, a unitary strategy of economic behavior may be characterized by the desire to achieve
a level of opportunity xLim (income) that allows them to satisfy economic needs that correspond
to their social and cultural level [26]. This approach to modeling rational economic behavior is
consistent with the theory of Gossen [27], according to which rationality is determined by the
desire to increase satisfaction (reduce dissatisfaction).
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It should be noted that under the initial conditions x(t0) = x0, a particular solution to
equation (8) will be the logistic function

x (t)=xLim
x0 exp(kmaxt)

xLim+x0 (exp(kmaxt)−1)
, (10)

for which
lim
t→∞

x (t)=xLim. (11)

Thus, the dynamics of the results of production activities for given model values of parameters
and initial conditions is shown in figure 1.

Figure 1. Graph of function (10) at kmax = 0.2 (productivity growth coefficient); xLim =
8000 pcs (maximum permissible productivity in terms of environmental safety); x0 = 5000 pcs
(productivity at the initial moment of time).

By controlling the parameters of the model, one can contribute to the formation of conditions
for sustainable development.

A more general case is when the limiting parameter xLim changes with time, that is, xLim =
xLim(t). This situation may be a consequence of the development of technologies that allow
gradually increasing the effectiveness of economic activity without increasing environmental
damage and without increasing the ecological footprint. [28, 29]. We will use the assumption
that there is a direct relationship between the innovative level of technology and the level of
production acceptable from the point of view of environmental safety.

With the same increase in each period of time, a constant growth rate is observed, and the
function itself xLim = xLim(t) has the form

xLim (t)=x0Lim (1 + a1t) , (12)

where x0Lim is the initial value of xLim; a1 is the percentage of growth per unit of time.
If development occurs at a constant rate, but relative to the level reached in the previous

time interval, then the function has the form

xLim (t)=x0Lim (1 + a2)
t , (13)

where a2 is the percentage of growth per unit of time.
It should be noted that formulas (12), (13) imply discrete time. At the same time, function

(13) more correctly reflects the process of sequential development.
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Passing to the continuous growth form, function (13) is transformed to the form

xLim (t)=x0Lim exp(a2t). (14)

Using function (14) we transform equation (8)

dx

dt
=kmaxx

(
1− x

x0Lim exp(a2t)

)
. (15)

The general solution of equation (15) has the form

x (t)=
x0Limx0(kmax − a2)

kmax exp((kmax − a2)t)+x0
exp(kmaxt). (16)

The joint dynamics of the results of production activity (16) and function (14) for given
model values of parameters and initial conditions is shown in figure 2.

Figure 2. Graphs of functions (14), (16) at kmax = 0, 2 (productivity growth rate);
x0Lim = 800 pcs (initial value of maximum allowable capacity); x0 = 5000 pcs (performance at
the initial moment of time); a2 = 0.01.

Functions (14), (16) have the equality

lim
t→∞

x (t)= lim
t→∞

xLim (t) . (17)

That is, an increase in the allowable production threshold is accompanied by a corresponding
increase in production (figure 2). At the same time, at each moment of time there is some lag,
which can be estimated by the function

F (t)=xLim (t)−x (t)=x0Lim exp(a2t)−
x0Limx0(kmax − a2)

kmax exp((kmax − a2)t)+x0
exp(kmaxt). (18)

This function characterizes at each moment of time the value of the deviation of the real
results of economic activity x(t) from the possible ones xLim(t). It is not difficult to show that
function (18) has an extremum, namely, a minimum. The visualization of this fact is shown in
figure 3.

We propose to call the minimum point of function (18) the “fatigue point”, which is
characterized by the fact that at this point in time the growth of economic activity in a given
mode ceases to have a critical impact on its potential development. This can be explained by the
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Figure 3. Graphs of functions (8) at kmax = 0, 2 (productivity growth rate); x0Lim = 800 pcs
(initial value of maximum allowable capacity); x0 = 5000 pcs (performance at the initial moment
of time); a2 = 0.01.

Figure 4. Change in motivation (19) and (20) with xLim = 8000 pcs, r = 0.5.

fact that in the situation under study, innovative development concerns only the environmental
(resource) component, while the production component remains constant kmax = Const. This
makes it possible to determine the point in time when it becomes possible to increase the growth
rate of production activities due to its technological transformation.

Speaking about the self-organization of the processes of sustainable development of socio-
economic systems, it should be noted that consciously or subconsciously their motivators may
depend on individual or unitary social, cognitive and emotional factors [30].

The level of motivation for the development of the system under the existing constraints xLim
in model (8) is represented by the function

m (x)=

(
1− x

xLim

)
. (19)

At the same time, psychological and social factors can influence the assessment of objective
quantitative indicators and subjective qualitative indicators. This allows us to give an economic
interpretation of the Weber-Fechner psychophysiological law [31] and quantify motivation by
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the function
M (x)=r ln

(xLim
x

)
, (20)

where r is the scale factor.
Analysis of changes in functions (19), (20) (figure 4) displays their distinctive features.
First, m(N) ∈ [0; 1], and M(N) ∈ (0;+∞). Secondly, with a sufficiently large deviation

of the values of the indicator of the level of economic activity from the boundary value xLim,
the non-linear motivation function M(x) significantly exceeds the values of m(x), and with
small deviations it can become smaller. This fact can be explained by the existence of features
of a particular socio-economic system, which, in a critical situation, stimulate the search for
additional opportunities to realize the existing potential. Such features are displayed by the
scale factor r.

Taking into account the content and form of function (20), equation (8) can be modified

dx

dt
=kmaxxr ln

(xLim
x

)
. (21)

The general solution of equation (21) has the form

x (t)=xLim exp
(
−ln

(xLim
x

)
exp(−kmaxrt)

)
. (22)

(a)

(b)

Figure 5. Comparative dynamics of function (10) – xm(t) and function (22) – xM(t) at
xLim = 8000 pcs, x0 = 5000 pcs, k = 0.2: at r = 0.5 (a); at r = 1.5 (b).



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012123

IOP Publishing
doi:10.1088/1755-1315/1254/1/012123

9

Let’s compare functions (10) and (22) (figure 5).
Obviously, depending on the individual characteristics of the socio-economic system, which

are displayed in the model (21) by the scale factor r, the process of sustainable development can
proceed less (figure 5a) or more (figure 5b) intensively.

It should also be noted that the use of the previously considered option xLim = xLim(t) (14)
in model (21) also makes it possible to identify the “fatigue point”. The results obtained can be
explained by the presence of institutional features of socio-economic systems.

3. Conclusions
1. The proposed methodology for modeling the processes of sustainable development of socio-

economic systems is based on a combination of neoclassical and institutional approaches
and is characterized by limited rationality, which implies the achievement (maintenance) of
an equilibrium state of the socio-economic system.

2. The motivational and stimulating factor in the formation of sustainable development
processes is the desire to achieve (maintain) a possible (satisfactory) level of development.
Under such conditions, the quantitative assessment of motivation is defined as the
magnitude of the deviation between the possible (satisfactory) level and the real one.

3. To take into account socio-economic features, an economic interpretation of the Weber-
Fechner psychophysiological law was proposed, which made it possible to formalize
motivation in a logarithmic form, which, unlike a linear one, allows taking into account
individual (group) features of the socio-economic system under study.

4. An analysis of the constructed models made it possible to identify the presence of a “fatigue
point”, that is, the moment in time when the growth of economic activity in a given mode
ceases to have a critical impact on its potential development. This moment testifies to
the possibility (necessity) of increasing the growth rate of production activity due to its
technological transformation.

5. The constructed models can be attributed to simulation. They make it possible to study
transitional processes within the framework of the concept of sustainable development.

6. According to the authors, the development of a methodology for determining the scale
factor will allow taking into account the individual features of the economic behavior of the
modeling object.
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agriculture in Ukraine
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Zhytomyr Polytechnic State University, 103 Chudnivska Str., Zhytomyr, 10005, Ukraine

E-mail: melnyktanya09@gmail.com

Abstract. The significance of protection of environmental components (soil, water, air,
biodiversity, landscape) in global aspect directs the development towards sustainable agriculture,
and organic production in particular. Organic production as a way of achieving sustainable
growth is determined in the three main aspects of sustainable development: economic, social
and ecologic sustainability. The conducted in the article analysis of statistical data on the
development of domestic market of organic agricultural products shows that organic production
in Ukraine is developing at a fast pace and stays one of the priorities for the further development
of agro-industrial complex. At the same time, difficult current conditions of functioning of
domestic organic enterprises can influence negatively the further development of this sphere, that
will result in decrease of organic products export and will have negative impact on food security
of other countries. Considering the mentioned, the purpose of the article is the substantiation
of tools and measures which will ensure the formation of favorable environment for conducting
organic production in the war and post-war periods. With the aim of systematization of the
tools for the formation of “favorable environment” for the development of organic agricultural
production their study is conducted with further grouping into regulatory and legal, political,
stimulating and compensatory, fiscal and restrictive, financial and investment, infrastructural,
informational, social and cultural, marketing, and digital. In the course of further research,
within each group of tools a specific list of measures that must be implemented to simulate the
development of organic agriculture and the circle of subjects responsible for their implementation
were determined. It was proven that the formation and implementation of the defined tools
and measures should take place at the international, national, regional, and local levels. The
content characteristics of each group of tools, which are highlighted in the article, are important
guidelines for the formation of effective state social and economic policy and international
cooperation development in the conditions of aggravation of influence of global challenges and
provide the certain opportunity for definition of ways of their improvement.

1. Introduction
Within the framework of sustainable development concept, the scientific and expert environment
offer to implement the set of balanced goals and strategies of regional, national, and industrial
development, aimed at solving modern ecological, economic, and social challenges, that acutely
faced humanity [1]. Today, the issue of environmentalization of world countries’ economies as
well as of Ukraine’s economy is especially relevant. In our country the processes of environmental



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012124

IOP Publishing
doi:10.1088/1755-1315/1254/1/012124

2

pollution as a result of military operations take place in many regions of the country, and the
natural environment changed by man does not always have a positive effect on society.

The importance of this problem, among other things, is related to the growth of the world
population and the need to solve threats to food security, as well as to the climate changes. One
of the ways of solving the mentioned problems is the implementation of environmentally safe
ways of agricultural production, namely organic production [1]. It is organic agriculture that
provides an opportunity to agree and harmonize environmental, economic, and social goals in
the agricultural sector of the Ukrainian economy [2].

Organic production as a way of achieving sustainable growth is determined in the three
main aspects of sustainable development: economic sustainability – increasing competitiveness,
strong market orientation and increased incomes; social sustainability – bigger responsibility
towards consumers’ demands, improving food quality and safety; regional development; ecologic
sustainability – unified framework, effective implementation and control, standards of protection
of environment and health [3].

The essence of the concept of “organic production” is revealed in a number of regulatory
documents. According to the law of Ukraine “On the main principles and requirements towards
organic production, circulation and labelling of organic products”, organic production defined
as the certified activity that involves production of agricultural products (covering all stages of
technological process, namely primary production (including harvesting), preparation, handling,
mixing and procedures related to it, filling, packing, processing, recovery and other alterations
to the state of the products), performed in compliance with legal requirements in the sphere of
organic production, circulation and labelling of organic products [4].

EU Commission Regulation 2018/848 defined organic production as an overall system of
farm management and food production that combines best environmental and climate action
practices, a high level of biodiversity, the preservation of natural resources and the application
of high animal welfare standards and high production standards in line with the demand of a
growing number of consumers for products produced using natural substances and processes [5].

Thus, the requirement for organic agriculture include not only compliance with environmental
standards of product purity, but also of the environment. It ensures the balanced state of
ecological system, which is the basis for sustainable development of economic and social sphere.

World experience proves that the introduction of environmentally friendly technologies in
the production of agricultural products allows to increase the level of their profitability and
competitiveness, reduce the production costs of enterprises, create a basis for environmentally
safe development of the economy, additional jobs in rural areas and new prospects for small and
medium-sized farms, to raise the standard of living and health of the population, to switch to a
scientifically substantiated system of land use, etc.

Furthermore, organic production is considered in two aspects of protection: environmental
protection by using management practices that do not have adverse effects on environment, and
the health of consumers – by the provision of organic products [6].

The development of various laws, regulations, programs, and concepts is a significant
confirmation of the acuteness of the raised problem regarding the need to activate
environmentally oriented entrepreneurship for the purpose of sustainable development of
agriculture. On March 3, 2021 the Cabinet of Ministers of Ukraine approved “The National
Economic Strategy until 2030”, which officially sets the goal for % of land under organic
production. According to the strategy, it is planned that the percentage of lands with organic
status should be at least 3 % (now, this figure is 1 %) of the total area of agricultural lands
in Ukraine, which is approximately 1.3 million hectares [7]. The European Union intends to
increase the organic farming area up to 25 % by 2030 (now, this figure is 8 %). Simultaneously,
at least 10 % of agricultural land should be converted into “living areas” with a high biological
diversity [8].
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Thus, the expediency of implementation and spread of organic production in the world as
well as in Ukraine is beyond any doubt. At the same time, in order to promote the development
of domestic organic agriculture, it is necessary to create a favorable environment through the
justification and implementation of appropriate tools, taking into account the effect of martial
law on the territory of our country.

2. Literature review
The scientific and applied problems of the development of organic agriculture were constantly
in the field of view of many Ukrainian and foreign scientists. Thus, Shkuratov et al [2] dedicate
their work to the study of theoretical and methodical foundations of ecological and economic
prerequisites of organic agriculture development. The authors propose the ways of increasing
the efficiency of production of organic agricultural products and substantiate the directions of
formation of a system of ecological and economic imperatives of the development of organic
agriculture, which should become a guideline for the state government and local self-government
during the design of the organic farming development program.

Shulyak [9] defines the following tool of regulating and activating of ecologically oriented
entrepreneurship on rural territories: coercive-restrictive, stimulating and compensatory,
financial, informational, social and psychological, market (marketing). In the opinion of
the author, the configuration of the outlined measures, focused on a three-level system of
formation and implementation (national, regional, local levels), will enable the coordination
of environmental and economic interests of business entities.

Hranovska [10] substantiates the necessity of formation of the mechanism of stimulating
of organic production by agricultural enterprises on the basis of implementation of following
tools: subsidial (preferential crediting, preferential taxation, budget payments, compensations,
subsidies, price premiums, co-financing of scientific and research developments); infrastructural
(creation of production and sales chains, development of rural territories, formation of
laboratories and quality assessment centers, conduction of marketing research, activation of
various economic agricultural formations); informational (establishment of information centers,
public organizations, development of agricultural parks, eco-villages and ethnic centers); legal
(certification, insurance, legal aid, activation of development and implementation of state
programs for development and stimulating organic production).

The study of Hou et al [11] is one of the few studies that comprehensively examines the
impact of macro-level factors on organic production in the U.S. Specifically, this research
looks at the determinants including macroeconomic factors, policy factors, demographic factors,
and agricultural input factors that cover many aspects of organic farming. The multivariate
analytical framework with multiple year data enables this study to examine whether a series of
factors can effectively promote organic farming and by how much. This study provides evidence
using state-level observations and a robust econometric method to further support the findings
of relevant literature.

It should also be mentioned that a significant amount of research is devoted to the issues of
state regulation of development of organic production in Ukraine. Thus, Hvozd [12] provides a
scheme of organizational and economic mechanism of state regulation of the organic agricultural
production market in Ukraine. The author also substantiates its legal (Laws and Resolutions
of the Verkhovna Rada of Ukraine, Resolutions of the Cabinet of Ministers of Ukraine,
normative acts and state standards of organic production, Private organic standards), normative
(institutions, regulations, methodical recommendations), economic (crediting, material and
technical support, budget policy, taxation, pricing, agricultural insurance), administrative
(antimonopoly policy, standardization, quotas, production certification, environmental control,
licensing), institutional support (state authorities, international organizations, associations of
enterprises, organizations for the protection of consumer rights, regional bodies of influence on
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the vector of development of the food sector).
At the same time the relevance of the research in the sphere of organic production

development as of an important constituent of sustainable development of rural territories and
of a strategically important direction of agricultural business in Ukraine objectively indicates
the need for a thorough study of its individual aspects, in particular, regarding the theoretical
vision of tools for creating a favorable environment for its management in the war and post-war
periods.

3. Objective of the research
The purpose of the research is the substantiation of conceptual foundations of formation of
a favorable environment for the development of organic agriculture in Ukraine considering
current conditions of martial law. The set purpose involves solving the following tasks: study
of the trends of organic production sphere development; identification of tools which have a
decisive influence on the formation of a favorable environment for the development of organic
production; substantiation of specific measures within individual tools and definition of the
subjects responsible for their implementation.

4. Results
Today, organic production is developing in almost all countries of the world and is promising
for further development in Ukraine as well. Constantly growing consumer demands for organic
products, as well as the global trends towards sustainable farming, allow Ukraine to be the
active participant in the world organic market. The organization of the effective output of
organic products in the management system of the agrarian nature remains relevant and is
considered as one of the major ways of the agricultural production ecologization [13].

According to the latest operational monitoring data which the Ministry of Agrarian Policy
and Food of Ukraine (MAPF) collected from certification bodies that certified organic production
and circulation of organic products in Ukraine (EU Regulation and NOP) as of the end of 2021,
the total area of organic and inconversion agricultural lands in Ukraine was 422,299 hectares
(including organic agricultural area 370,110 hectares). Organic agricultural land remains 1 %
of the total agricultural area in the country. The number of organic operators in 2021 was 528,
with 418 agricultural producers among them [14]. These operators include producers, processing
companies, importers, and exporters of organic products (figure 1).

Over the past four years, the number of organic operators has been on a downward trend
(table 1). In particular, in 2021, compared to 2020, their number decreased by 21 units (or by
3.8 %).

The data show that during 2016-2020 the area of agricultural lands with organic status has
increased more than 2 times (by 104.3 %). But in 2021 the decrease of the land area by 9.9 %
(26054 ha) is observed comparing to the previous year.

Unfortunately, it is expected that the area of organic lands will shrink in 2022 as a significant
part is occupied in the southern regions of the country. Since the beginning of the full-scale war,
about 120,000 hectares of certified organic land were lost, especially in Kherson and Zaporizhzhia
oblasts [14].

As for the Ukraine’s organic domestic market it has been growing slowly but steadily, despite
different challenging economic circumstances. A total of 9,780 tons of organic products (which
is 11.4 % more than in 2020) at a value of UAH 900 million are estimated to have been sold
on the domestic market in 2021, equivalent to 33 million USD at the National Bank of Ukraine
exchange rate as of December 31, 2021.

Even though Ukrainians consume much less organic products (less than 1 euro per capita)
than residents of EU countries and Switzerland, the interest in more natural and healthy foods
has been growing [14].
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Figure 1. Organic map of Ukraine, as of December 31, 2021 [15].

Table 1. Organic production in Ukraine for 2016-2021 [16].

Indicator Years Deviation, %
2017 2018 2019 2020 2021 2021 to 2017 2021 to 2020
Number of organic operators:

total number of operators 504 635 617 549 528 4.76 -3.83
including agriculture producers 304 501 470 419 418 37.50 -0.24

Area of agricultural land, hectares:
total area of agricultural land
(organic and in-conversion)

289000 309100 467980 462225 422299 46.12 -8.64

organic agricultural land 201000 233500 384529 410583 370110 84.13 -9.86
Sales of Ukrainian organic products, million USD:

domestic market, million USD - 21 24 26 33 57.14* 26.92
tons - 6700 7350 8778 9780 45.97* 11.41
export market:, million USD 102 157 189 204 222 117.65 8.82
tons 254000 390000 469000 332000 261000 2.76 -21.39

* Deviation 2021 to 2018, %

In recent years, Ukraine has consolidated its position as a world leader in the supply of organic
products to the EU as well as an important player for other international organic markets and
has taken an important place in ensuring a sustainable food system and food security in the
world [14]. Thus, in 2021 Ukraine exported about 261,000 tons of organic products worth USD



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012124

IOP Publishing
doi:10.1088/1755-1315/1254/1/012124

6

222 million to over 30 counties, 82 % of which were exported to the EU [15].
At the same time in 2021 Ukraine slightly reduced the export volumes to the EU (189,239

tons in 2021 compared to 217,210 tons in 2020), but it still remained among TOP 5 organic
suppliers to the EU. The total share of Ukrainian organic imports was 6.6 % in 2021.

As for the imports from Ukraine, it ranked No 1 by organic import volumes of cereals (other
than wheat and rice), and was among TOP 3 suppliers of oilcakes, oilseeds and soybeans. In
addition, Ukraine moved up into the second place by organic import volumes of fruit (fresh or
dried fruit and berries, excluding citrus and tropical fruit).

The full-scale war that Russia started against Ukraine in 2022 caused colossal losses to the
organic sector, however, it did not prevent Ukraine from maintaining its leadership position in
the export of organic products. Thus, despite the temporary occupation of one-third of the
organic land, hostilities, and problems with logistics, during the 8 months of 2022, Ukraine
exported 24 % more organic products compared to the same period in 2021 [14].

Today the development of organic market in Ukraine is one of the priority directions of the
agriculture development. Statistical data evidences that our country has reached certain results
in the development of its own organic production, possessing favorable conditions for organic
agriculture, including the size of the country, geographical location, proximity to potential export
markets, large area with fertile soils.

At the same time, since the beginning of Russia’s full-scale invasion of Ukraine on February
24, the Ukrainian organic sector, and the entire agrarian industry, has been suffering from
Russian aggression. Problems include occupied land; mined fields; destroyed farms, warehouses,
and infrastructure; lack of fuel and vehicles; and domestic demand that has nosedived. After the
Northern regions and some districts in the Southern regions were liberated, organic operators
started to resume their activities there, and some of them relocated their businesses to other
regions. Organic producers in other regions did not stop their activities or stopped for a very
short time.

Organic production as a sector having a great potential for making significant contributions
to sustainable development (and thus put as a priority in a number different levels, especially
by the European Union and international community) leads to various positive influences on
environment, society and economy [17].

Considering the above, the urgent issue is the creation of a “favorable environment” for
functioning of organic production with the purpose of formation of an effective strategy for
its development in the conditions of martial law, aimed at the production of environmentally
safe products, increasing the competitiveness of agricultural entities in the internal and foreign
markets.

In accordance with the Protocol on Sustainable Development of Agriculture and Rural
Areas to the Framework Convention on the Protection and Sustainable Development of the
Carpathians, “favorable environment” is a complex of interrelated conditions, such as: legal,
organizational, fiscal, informational, political, and cultural which contribute to sustainable and
efficient use of participants’ opportunities in development processes. In this document it is also
defined that “sustainable agricultural and rural development” is a management and conservation
of the base of natural resources, as well as orientation of technological and institutional changes
in order to ensure the achievement and constant satisfaction of human needs of the present and
future generations [18].

Shkuratov et al [2] have provided the systematization of the factors of impact on the
development of organic agricultural products, which is based on their division into four main
functional groups according to the following characteristics: organizational and legal, financial
and economic, technological, and social and psychological, and provides the opportunity to
improve and form efficient measures of the development and implementation of the organic
agricultural products system taking into account the sphere of influence of such factors.
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In general, the conducted literature review shows that scientists have not formed a single
approach to the systematization of tools that must be used to create a favorable environment
for the development of organic agriculture.

Taking into account the existing views of scientists and the current complex conditions of
the functioning of organic enterprises, we consider it necessary to highlight the following tools
that have a decisive influence on the formation of a favorable environment for the development
of organic agriculture in Ukraine (table 2).

Table 2: The tools which affect the formation of a “favorable
environment” for organic agriculture development.

Tools Measures Responsible
subjects

Regulatory
and legal

Further development of the legislative and regulatory
framework of regulation of relations in the sphere of
production, circulation, certification, and labeling of
organic agriculture products. Further harmonization of
Ukrainian legislative framework with the requirements
of European legislation. Activation, development, and
implementation of state and regional programs for
development and stimulation of the organic production.

State

Political Development of international cooperation, including
international trade; further cooperation with projects
of international technical aid in the sphere of organic
production.

State, interna-
tional partners

Stimulating
and compen-
satory

Provision of financial assistance in the form of targeted
subsidies and grants, preferential taxation, preferential
crediting, special insurance regime, financing (at least
partial) of socially important organic projects and
programs, full or partial repayment of the cost of
certification services, co-financing of scientific R&D.

State, financial
and credit insti-
tutions

Fiscal and re-
strictive

Introduction of environmental payments, licensing, finan-
cial sanctions for violations of environmental regulations,
taxes, fees, fines, etc.

State

Financial
and invest-
ment

Formation of the specialized investment funds, environ-
mental banks and programs; development of environmen-
tal insurance.

State, interna-
tional partners,
investors (inter-
nal and exter-
nal), economic
entities

Infrastruc-
tural

Creation of production and sales chains, development of
rural territories, formation of laboratories and quality
assessment centers, activation of various economic
agricultural formations, creation of an extensive system
of certification bodies.

State, in-
ternational
partners, non-
governmental
organizations,
economic enti-
ties

Continued on next page
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Table 2 – continued from previous page

Tools Measures Responsible
subjects

Informa-
tional

Providing free access for economic entities to the regula-
tory base in the sphere of organic production and products
circulation, formation of local environmental information
and consulting centers; establishment of public organiza-
tions, environmental consulting, information dissemina-
tion among the consumers and operators and creation of
a system of cooperation between them on the entire pro-
duction chain – from the economic entity to the consumer.

State, in-
ternational
partners, non-
governmental
organizations,
economic enti-
ties

Social and
cultural

Formation of the environmentally and socially oriented
corporate culture and responsibility, environmental ethics
and consciousness of the entrepreneur and of the society
as a whole; activation of environmental education;
orientation on production and consuming of natural
products.

Economic en-
tities, non-
governmental
organizations,
state (institu-
tions of educa-
tion, culture,
upbringing,
health)

Marketing Popularization of organic production based on the orga-
nization of various events (exhibitions, fairs, conferences,
etc.) to promote organic agriculture in the internal and
foreign markets. Formation of the organic products mar-
ket; development of ecological marketing; creation of eco-
logical brands.

State, economic
entities, non-
governmental
organizations,
international
partners

Digital Saturation of agricultural business with such modern
digital technologies as the Internet of Things, artificial
intelligence, the use of big data (Big Data), robotization
of production and management processes.

State, interna-
tional partners,
investors, eco-
nomic entities

Legal regulation consists in the development and adoption of laws, regulations, resolutions,
requirements, and standards that establish legal, economic, social, and environmental rules for
the cultivation, production, processing, certification, transportation, storage and sale of organic
products. It is also responsible for fair competition on the market of organic products.

During last years government together with public organizations and international projects
has been working on the improvement of legislative and regulatory framework. In particular, a
set of legal documents was adopted, as well as amendments to the current legislative acts that
regulate the sphere of certification and labeling of organic products in Ukraine were made [19].
A significant landmark for Ukrainian organic legislation occurred in 2021, when amendments
to the Law of Ukraine No 2496-VIII “On the main principles and requirements towards organic
production, circulation and labelling of organic products” came into force. Together with the
Law, adopted on July 10, 2018, this is the legal foundation of organic production, circulation, and
labelling of organic products in Ukraine [14]. Earlier manufacturers certified their production
according to the legislation of other countries, mainly the EU. Now Ukraine will have its
own certification system in accordance with national legislation. Such changes contribute to
the development and transparency of the domestic organic sector and to the improvement of
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Ukraine’s image in the world trade arena. At the same time, one of the urgent tasks is the
further harmonization of Ukraine’s legislation on the organic products manufacturing with the
world certification systems. The compatibility of such systems will make it possible to expand
the external market of organic products [19].

Besides it, considering European orientation of Ukraine and difficult conditions of functioning
of domestic organic producers, there is an urgent need to develop and adopt national and regional
programs for the development of organic production in Ukraine, as an environmentally, socially,
and economically expedient direction of production activity.

The implementation of political instruments is manifested in the fact that the development of
the Ukrainian organic sector has been also supported by different countries within international
programs/projects of technical support. Representatives of these projects take an active part
in the development of a legal framework that will effectively regulate the process of organic
production. The largest of such projects are Project “German-Ukrainian Cooperation in Organic
Agriculture” (COA) – Phase II, implemented by AFC Consultants International / IAK Agrar
Consulting GmbH and funded by the German Federal Ministry of Food and Agriculture (BMEL);
Swiss-Ukrainian Program “Higher Value Added Trade from the Organic and Dairy Sector
in Ukraine” (QFTP) implemented by the Research Institute of Organic Agriculture (FiBL)
in partnership with SAFOSO AG and supported by Switzerland; Swiss-Ukrainian Program
“Organic Trade 4 Development in Eastern Europe” (OT4D) supported by the Swiss State
Secretariat of Economic Affairs (SECO) implemented by the IFOAM – Organics International
in consortium with HELVETAS Swiss Intercooperation and Research Institute of Organic
Agriculture (FiBL) and supported by Switzerland and other [14]. It should be noted that thanks
to the Swiss support Ukraine has managed to establish a committed organic stakeholder network
with its own Organic Standard control body, Ukrainian organic web portal OrganicInfo, organic
national policy dialogue, and agreed on the joint vision for Ukrainian organic sector development
through Organic Initiative.

Under terms of martial law, the government attention should be concentrated on the
creation of the conditions for international trade implementation, particularly, on finding export
opportunities, new logistic solutions for supplying Ukrainian organic products to other countries,
expanding sales markets. Solving these problems is possible due to system and effective
cooperation of Ukrainian government and international partners. Efforts in the political arena
should be directed to this. Despite the full-scale war and threats for the country Ukraine
proceeds to contribute largely to the world’s food safety. In particular, the sowing campaign
of 2022 was carried out, alternative logistics routes were developed for the supply of Ukrainian
agricultural products abroad. Considering the above, with the help of political instruments it is
necessary to create conditions for the export of Ukrainian organic products through lobbying at
the political level and promotion on the international arena, as well as solving the urgent needs
of exporters of organic products.

With the help of stimulating and compensatory, and fiscal and restricting tools the state
motivates manufacturers to production of organic agricultural products and establishes certain
sanctions for violators of environmental norms in general and organic production requirements in
particular with the aim of ensuring the presence of high-quality organic products on the market.

A system of grants, dotations, provision of land plots at a discounted price, etc. can be
material incentives for manufacturers of organic products. Considering the complex economic
conditions of functioning, implementation of these tools is one of the main stimulating factors,
which contributes to the decision to switch to organic production.

It should be mentioned that currently the work in this direction continues. Thus, Organic
Initiative launched the grant program “Support for the Organic Sector in Ukraine”. The grant
program’s purpose is to support organic producers to overcome the current situation and
preserve and strengthen the organic sector’s capacity in the mid- and long-term. According
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to the results of the grant program’s (two phases), about 120 organic market operators received
support for a total amount of about 350,000 USD to cover costs for organic certification,
purchasing organic food products from organic producers (with further distribution among
IDPs, vulnerable populations, etc.), purchasing inputs, further development of the marketing
activities at the domestic market, purchasing equipment, etc. A significant proportion of this
support was provided by OT4D and QFTP programs [14]. Within the fundraising campaign of
the Future Foundation for Agriculture “Support for Emergency Aid Ukraine Organic Farming”
170 enterprises were supported, among them organic producers and organizations of the organic
sector in total 560,000 Euro [20].

Implementation of the appropriate mechanisms for realization of functioning of the defined
stimulating and compensatory tools for market operators should provide the access of organic
products manufacturers to additional and released financial resources, at the expense of which
they will be able to repay the received loans on time, to implement into production innovative
technologies, aimed at increasing the ecological characteristics of the products and decreasing the
environment pollution, to start timely the process of product certification according to organic
standards, and in the future to reduce gradually the cost of products for the final consumer.
All this will have a positive impact on the formation of investment attractiveness of the organic
production enterprises, as well as will promote activation of their activity [21].

At the same time, in case of violation by producers of organic products of ecological
requirements, penalties should be applied to them in the form of additional payments for
environmental pollution, fees for non-compliance with cultivation technologies, fines for low-
quality food products, deprivation of certification with the obligation to return funds for their
certification, other financial sanctions. The set of fiscal and restrictive tools of state policy should
be preventive in nature and should be aimed at ensuring compliance with production technology
at all its stages by organic enterprises, in order to provide the production of high-quality and
environmentally safe products.

Financial and investment tools should be singled out in a separate group, the implementation
of which consists in the formation of specialized investment funds, environmental banks and
programs; development of environmental insurance. The financial platform for the development
of domestic environmentally oriented entrepreneurship is formed by special investment funds
(institutional measures designed to direct targeted cash flows (income, profit) for the purposes of
environmental protection and improvement), environmental banks and environmental programs.
In addition, environmental business insurance (voluntary or state mandatory), i.e. civil liability
insurance of business entities for damage caused as a result of economic activity, which causes
increased environmental danger, is relevant and effective in modern conditions. Such a financial
tool is a powerful method of encouragement and, at the same time, provides a condition for
economic stimulation of business entities to function without harming the natural environment,
or at least with minimal impact on it [9].

The results of the Organic Ukraine NGO survey of Ukrainian organic businesses, conducted
in mid-March 2022, showed that 30 % of Ukrainian organic operators had to suspend their
business activities and 70 % required financial support [14]. That is why the issue of activation
of financial and investment instruments for the development of organic production is currently
acute.

Infrastructural tools for the formation of favorable environment should be aimed at ensuring
higher quality and more effective process of implementation of chain “production – distribution –
sale”, as well as at more efficient marketing policy for the system functioning of the organic
agricultural production. Measures that must be implemented within this group of tools include:

• creation of production and sales chains (first of all, the stress must be put on the
objective formation of the organic chain and joint responsibility of the “producer – trader –
certification body – state authorities” system);
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• rural territories development (purposeful change of institutional, economic, ecological,
demographic, social, cultural, household, and other most important factors that determine
directions and directly affect the growth of the level and quality of life of the rural population
and ensure the prevention or overcoming of poverty);

• formation of laboratories and quality assessment centers (formation of modern laboratories
to assess the quality and safety of organic products, their analysis for compliance with
current standards);

• activation of various economic agricultural formations – participation in programs of
development of organic production, communication with organic producers of global
markets, etc.;

• creation of an extensive system of certification bodies.

The formation of the necessary conditions for free access for economic entities to the ecological
information, regulatory base, environmental passporting, programs of financial support, etc. is
provided by informational tools. An important component is the formation of local information
and consulting centers, the goals of which should be: shaping the environmental consciousness
of citizens, providing environmental consulting, dissemination of the relevant information on
the actual state of environment, popularization of the best practices of balanced development,
introduction of environmental technologies, organization of different trainings, round tables,
educational business seminars for different categories of participants – children and youth,
students, educators, representatives of amalgamated territorial communities, employees of local
self-government bodies, etc. [9].

Adequate public awareness can ensure support for government decisions that may otherwise
be unpopular (for example, decisions to raise prices for natural resources or redirect public
resources to improve the environment) [2].

An equally important role in creating a favorable environment for the development of
organic agriculture is played by social and cultural tools, namely environmentally and socially
oriented corporate culture and responsibility; activation of environmental education, especially
in higher educational institutions; environmental ethics and consciousness of the entrepreneur
and the whole society. Their implementation should promote increasing the level of professional
knowledge, experience, and research in the respective economic sphere through the introduction
of appropriate training courses on the theory and practice of organic production in educational
institutions of various accreditation levels, the creation of modern research farms and the
improvement of training of farmers and controllers. It is also necessary to choose several farms
in each region, which would become pilots in the organization of agricultural production.

The popularization of organic production in Ukraine is important for formation of favorable
environment of development and promotion of organic agriculture. Such popularization should
be made on the basis of implementation of marketing tools and organization of various events:
exhibitions, fairs, forums, seminars, conferences, etc.

It should be noted that Ukrainian agrarian sector was very active during all these years and
organized a lot of events for promotion of organic agriculture. From year to year, the Ukrainian
organic service providers in cooperation with each other, under the patronage of state and
regional authorities organize numerous annual events to promote organic agriculture in the
domestic market, usually supported by international development partners. Thus, the Organic
Ukraine NGO hosted the “Organic Ukraine Regional Forums”, which engaged all 24 Oblast State
Administrations to the event organization in 2020 and 2021. For the 5th time, the International
Congress Organic Ukraine11 and the 7th Organic Processing and Trade Conference12 were
co-organized by Organic Ukraine, Organic Standard and Information Center “Green Dossier”
in 2021. The Organic Federation of Ukraine organizes a specialized exhibition “ORGANIC”
within the framework of the International Agroindustrial Exhibition “AGRO” which is always
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accompanied by a special Organic Conference. Organic Products Fair was organized for the
11th time in Kyiv by the Organic Federation of Ukraine.

In these times, it is crucial that the international community knows and sees that Ukraine,
its agricultural sector, and the organic sector in particular are operational, have a strong
commitment to continue their organic production and trade, and have a positive attitude despite
all the wartime difficulties. It is important for the whole country to prove that Ukrainian
exporters can fulfil their contract obligations, regardless of various panicked information that is
in the media about export disruptions from Ukraine, in order not to lose existing partners and to
attract new ones. Therefore, on June 23, the EEPO, Organic Initiative, and other partners with
Swiss support (QFTP and OT4D) held the international online event “Organic Export During
the War” in order to provide existing and potential partners of Ukrainian exporters from abroad
with reliable up-to-date information about the market condition and its capacities [14].

Today’s relevant requirement is the digitalization of business-processes, including those in
the sphere of organic production. At the same time, there should be a reduction in the use of
manual labour in agricultural production and the saturation of agricultural business with such
modern digital technologies as the Internet of Things, artificial intelligence, the use of big data
(Big Data), robotization of production and management processes. Innovative digital tools that
should be widely used in the sphere of organic production include the following:
• 3D-printing technologies (the use of such innovative tool will allow to upgrade tools for
repairing agricultural machinery, to use 3D parts during capital and ongoing repair of
equipment);

• blockchain technologies, with the help of which the consumer has the opportunity to
access transparent and open information about the origin, production, processing, and
transportation of the products he consumes. Such technologies make it possible to control
the origin, quality, environmental friendliness of agricultural raw materials and food;

• GNSS – Global Navigation Satellite System, which contributes to increasing the quality of
performance of all technological operations in crop production;

• the use of unmanned aerial vehicles and drones helps to carry out quality monitoring of soil
condition, the level of quality of performed agricultural operations, and allows to predict
the volume and quality of agricultural crops harvest as accurately as possible.

The effects of digitalization of agricultural activities envisage all three approaches of
sustainability – economic, ecological and social; they are interdependent and synergic.

Each of the mentioned above groups of tools influences the level of saturation of the market
with organic products, restraining or promoting its development.

Formation of the tools and means of influence on the processes of development
of environmentally oriented entrepreneurship should be performed on the principles of
systematicity, economic expediency, compromise, security, environmental responsibility,
monitoring and control. Involving economic, ecological, organizational, regulative, and financial
mechanisms and influence levers with the use of different implementation methods will allow to
obtain synergetic effect from their implementation.

5. Conclusions
In order to provide the concept of agricultural production sustainable development in Ukraine
and in the world at the current stage, while forming a military economy, choosing a strategy for
the development of business entities in the post-war period, it is necessary to concentrate not
only on obtaining profits, but also on taking care of the preservation of the environment and
the social development of society. The organic agricultural production direction is one of the
perspective ways of development of agricultural sector of economy, which will allow any country
to achieve sustainable social and economic development, and a set of other advantages. Organic
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production allows to implement the concept of balanced development of the agricultural sphere
on the basis of social and economic, natural and resource balance and aims to provide society
with safe and high-quality food products, as well as to preserve and improve the state of the
environment.

The conducted research shows that Ukrainian organic products are perspective for export to
the EU countries and globally. At the same time, compared to global trends, due to the negative
impact of a number of subjective reasons, the development of Ukrainian organic agricultural
production lags behind significantly, that may form a negative influence on the export potential
of the country and on the volumes of organics supplies abroad. Considering this, the development
of organic agricultural production requires the creation of a favorable environment for producers
and consumers of organic products, aimed at supporting this direction, which will include both
direct and indirect stimulation tools.

The scientific novelty of the research consists in the systematic solution of the important
scientific problem about the formation and improvement of tools and measures, the complex
implementation of which will provide for creation of the favorable environment for development
of organic agriculture. The author also defined the circle of responsible persons who should
contribute to the implementation of outlined tools and measures.

The research of the tools for the formation of a “favorable environment” for organic
agricultural production development is conducted by the author with the aim of their
systematization and further grouping into regulatory and legal, political, stimulating and
compensatory, fiscal and restrictive, financial and investment, infrastructural, informational,
social and cultural, marketing, and digital. During the detailed analysis the necessity to
implement these tools in complex was proven. The implementation of the proposed tools will
contribute to the development of organic agricultural production, increasing the efficiency of
activities of agricultural enterprises and their competitiveness on regional markets, as well as on
the external markets, with simultaneous economic growth, social development, and an increase
in the level of environmental security of countries. The content characteristics of each group
of tools, which are highlighted in the article, are important guidelines for the formation of
effective state economic policy in the conditions of aggravation of influence of global challenges
and provide the certain opportunity for definition of ways of their improvement.
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Abstract. The combination of the economic, social and environmental issues of the country-
level development in the case of Ukraine requires modernization of the national economic system
and permanent deep institutional reforms. These measures should be aimed at forming a diverse,
competitive and socially oriented post-industrial economy capable of ensuring sustainable
development. To ensure the improvement of the management of Ukraine’s sustainable
development strategy, structural (simultaneous) model is proposed, based on three endogenous
(namely GDP as economic variable, income per household as social variable and the expenses for
the environmental protection as environmental variable) and seven exogenous variables. Such
an approach makes it possible to investigate the interdependence between variables. Model
parameters estimates were calculated with the two-step least squares method. A forecast of
the development of the main indicators characterizing the economic, social and environmental
components of development at the country level was also estimated. For Ukraine in 2021,
according to the forecast based on the structural model, the economic and environmental
components will have positive dynamics and rapid growth, while the social component will
develop, but more stably and without rapid growth.

1. Introduction
Before the start of the full-scale war in February, Ukraine was making steady progress in
achieving 15 of the 17 Sustainable Development Goals (set of 17 Sustainable Development
Goals (SDG) according to the “Transforming our world: the 2030 Agenda for Sustainable
Development” [1]), and moreover, it achieved the greatest success precisely in reducing poverty.
The first Voluntary National Review of progress towards achievement of the Sustainable
Development Goals in Ukraine [2] showed that the main achievement is the reduction of poverty
for more then 15 percent during 2015-2018.

Now, when the discussions about the recovery of the country and the economy begin, the
SDG are used as a reference point to ensure the most effective reconstruction of Ukraine. The
war will require a review of development priorities to achieve the SDG. The interpretation of the
16th SDG – “Peace, justice and strong institutions” will change significantly. SDG 1 “Poverty”
will now become a key task of social development. SDG 6 “Clean water and sanitation”, which
covers ensuring the availability and sustainable management of water resources and sanitation,
is becoming urgent. Goal 8 “Decent work and economic growth” becomes of primary importance
for the return of Ukrainian refugees.
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Undoubtedly, radical changes will have to be made to all state programs, because the focus
on sustainable development in the “peaceful” version, where the main priorities are overcoming
inequality and a green economy, is being revised even in wealthy democracies. The world is
feeling the consequences of the energy crisis, including as a result of the sanctions imposed
on Russia, and therefore the governments of the countries are not only postponing the green
transition, but also resuming coal mining, taking care of the state of the industry.

Since the problems of sustainable development appear from new perspectives, a reasonable
explanation of the dependencies between indicators of sustainable development with
mathematical methods will help in making management decisions.

The concept of sustainable development has been spreading during the last decades, but the
most popular definition was in the Brundtland report [3]. And while its usefulness may still
be questioned (e.g. in Beckerman article [4], it is one of the most popular concepts in terms of
popularity. Salvia et al [5] investigated trends in sustainable development research in different
levels of investigation. Chabay [6] believes that the greatest success in the implementation
of the goals of sustainable development can be achieved by applying interdisciplinary complex
systems approaches and trans-disciplinary research methods. Schoenmaker and Stegeman [7]
think that the biggest problem in the practical implementation of the concept of sustainable
development is the balancing of various goals, unlike, for example, economic concepts that
consist in maximizing economic indicators. Vavoura and Vavouras [8] investigated COVID-19
impact on sustainable development and record a significant reduction in the social component
of sustainable development in European Union, i.e. an actual return to the concept of economic
growth, but on the basis of a green deal.

The concept of sustainable development is implemented at different levels: from the union
of countries [9] to country [10, 11], region [12, 13], territorial communities [14] and even family
business [15] and enterprises [16].

Regarding the investigation of the sustainable development of Ukraine, the researches of both
domestic and foreign scientists are also devoted to this problem. In the article [17] the trends in
sustainable development of Ukraine comparing to EU counties is described; in [18] it is considered
from the position of the European integration of Ukraine as a strategic goal; Kuzior et al [19]
study role of the innovative ecosystem of Ukraine and EU in sustainable development and Sokil
et al [20] details innovation ecosystem to startups; Semenenko et al [21] investigate changes
in sustainable development before and after the war. Also investigations of the sustainable
development of Ukraine are devoted to different aeries, such as agriculture [22], transport [23],
rural areas [24] and others.

A wide range of mathematical methods and models are used for quantitative analysis and
modeling of sustainable development (table 1). The choice of method depends, among other
things, on the purpose of the research. In order to reveal the interdependencies between various
indicators that characterize the economic, social and environmental aspects of the country’s
sustainable development, it is advisable to apply structural modeling methods.

2. Structural equations method for sustainable development modelling
A system of simultaneous equations is a statistical model in the form of a set of simultaneous
linear equations. They differ from ordinary regression models in that there are two or more
dependent variables.

Variables that are explained by the functioning of the system and whose values are determined
by the simultaneous interaction of the links in the model are endogenous variables or jointly
determined variables.

Variables that help provide explanations for endogenous variables and whose values are
determined outside the model are exogenous variables or predetermined variables. Exogenous
variables help explain variations in endogenous variables.
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Table 1. Methods and models of sustainable development investigation and modelling.

Authors Method

Taghvaee et al [25] vector autoregressive model
Udemba and Keleş [26] ARDL
Liu et al [27] ARIMA
de Armas et al [28] operations research
Wu et al [29] graph neural networks
Chai et al [30] fuzzy logic
Moreta et al [31] text analysis
Zomchak and Starchevska [32] logistic regression
Holloway and Mengersen [33] machine learning
Alharbi et al [34] hierarchical framework
Bielinskyi et al [35] econophysics
Chen et al [36] data envelopment analysis
Sutthichaimethee and Ariyasajjakorn [37] structural equation model
Izonin et al [38] Wiener polynomial approximation
Horoshkova et al [39] Kuznets curve
Matviychuk et al [40] fractal analysis
Valaskova et al [41] regression analysis

Determining from the data sample those variables which are endogenous and which are
exogenous belongs to the model developer himself, that is, in essence, it is partially based
on the expert method.

A structural simultaneous model is used to describe the structure of relationships between
endogenous and exogenous variables. In general, it can be written like this:

y2t = b21y1t + b23y3t + ... + b2mymt + c21x1t + c22x2t + ... + c2kxkt + u2t,

y2t = b21y1t + b23y3t + ... + b2mymt + c21x1t + c22x2t + ... + c2kxkt + u2t, ........,

ymt = bm1y1t + bm2y2t + ... + bmm−1ym−1t + cm1x1t + cm2x2t + ... + cmkxkt + umt.

Certain macroeconomic models built with a system of simultaneous equations can be a
powerful econometric tool as a result, which will make it possible to investigate complex
relationships in various kinds of socio-economic systems, in particular, relationships in ecological-
socio-economic systems, in conditions of certain uncertainty, high risks and rapid changes in the
economic environment.

Simultaneous models can be both quite detailed and quite compact, so they can be used
not only for in-depth analysis considering various scenarios of system development, but also for
preliminary diagnosis of the system state or display of the behavior of certain of its components
in different situations.

Structural equations are used for sustainable development modeling in the investigations of
urbanisation [42], green buildings [43], business environment [44], machine-building enterprises
[45] and others.

For modeling sustainable development, simultaneous models can also be considered quite
effective, as they make it possible to analyze and forecast the development of environmental,
social and economic components both separately and to consider their interrelationships. Also,
such modeling makes it possible to assess the overall impact on sustainable development of the
changes implemented in each of its components and, if necessary, to change the further strategy.
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3. Structural model of sustainable development of Ukraine on three-pillar
approach
A simultaneous model of three equations, each of which describes one of the three components
of sustainable development (ecological, economic, and social) is proposed for investigation and
forecasting the sustainable development of Ukraine.

To describe the economic component, we will use the following variables:

1) Endogenous variable – gross domestic product (million UAH), y1.

2) Exogenous variables:

• turnover of retail trade, million UAH, x1;
• export of goods, thousands of dollars USA, x2;
• inflation, percent, x3.

To describe the social component:

1) Endogenous variable – disposable income per household, UAH, y2.

2) Exogenous variables:

• number of employed population, thousands of people, x4;
• average monthly (real) salary per employee, UAH, x5.

To describe the ecological component:

1) Endogenous variable – expenses for the protection of the natural environment, thousand
UAH, y3.

2) Exogenous variables:

• volume of emissions of polluting substances into the air by stationary sources, thousand
tons, x6;

• capital investments for the protection of the natural environment, UAH, x7.

In general terms, the model looks like this:

y1t = f(y2t, y3t, x1t, x2t, x3t, x5t), (1)

y2t = f(y1t, x4t, x5t), (2)

y3t = f(y1t, x6t, x7t). (3)

The dependence equations will have the following form:

1. Gross domestic product depends on available income per person, costs for environmental
protection, retail trade turnover, export of goods, consumer price index, average monthly
real wages:

y1t = a12y2t + a13y3t + b10 + b11x1t + b12x2t + b13x3t + b15x5t + e1t. (4)

2. The disposable income per household depends on the gross domestic product, the number
of employed people, and the average monthly real wage:

y2t = a21y1t + b20 + b24x4t + b25x5t + e2t. (5)

3. Costs for environmental protection depend on the gross domestic product, the amount of
pollutants emitted into the air by stationary sources, capital investments for environmental
protection:

y3t = a31y1t + b30 + b36x6t + b37x7t + e3t. (6)
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So, the simultaneous model will look like this:

y1t = a12y2t + a13y3t + b10 + b11x1t + b12x2t + b13x3t + b15x5t + e1t, (7)

y2t = a21y1t + b20 + b24x4t + b25x5t + e2t, (8)

y3t = a31y1t + b30 + b36x6t + b37x7t + e3t. (9)

Let’s check whether the model is identified, for this we will first write it down in tabular form
(table 2).

Table 2. Tabular form of the simultaneous model.

y1 y2 y3 x1 x2 x3 x4 x5 x6 x7

1 −a12 −a13 −b11 −b12 −b13 0 −b15 0 0
−a21 1 0 0 0 0 −b24 −b25 0 0
−a31 1 0 0 0 0 0 0 −b36 −b37

Let us now check the order condition and rank condition for each equation of the constructed
simultaneous model (table 3).

Table 3. Order condition and rank condition.

Equation № Not included variables Matrix rank Included variables-1 Conclusion

1 4 2 2 over identified
2 5 2 2 over identified
3 4 2 2 over identified

Since the order and rank conditions are fulfilled for all equations of the model, we conclude
that all of them are over identified, and therefore the model as a whole can be considered as
over identified.

Since the equations of the model are over- identified, we cannot use the least-squares method
to estimate the parameters, that’s is why we used the two- step least-squares method. We will
estimate the parameters based on the statistical data of the described variables from 2000 to
2020, which were collected from the website of the State Statistics Service of Ukraine.

4. Simultaneous equations of Ukrainian sustainable development
All the input data about exogenous and endogenous variables are collected from the official
web-page of the State Statistics Service of Ukraine [46] for the period 2000-2020 years.

The first step is to construct three regression models of the dependence of each endogenous
variable on all exogenous variables.

After the actions taken, we have three models for calculating the theoretical values of
endogenous variables, which will be used in the second step as auxiliary variables to obtain
estimates of the parameters of simultaneous model:

1) for gross domestic product:

y1t = 4554526.41−1.55x1t+14.63x2t−1098.17x3t+249.03x4t+372.47x5t+86.64x6t−0.009x7t.
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2) for disposable income per household:

y2t = −1707.95 + 0.001x1t + 0.09x2t + 2.32x3t + 0.07x4t + 0.94x5t + 0.014x6t + 0.00007x7t.

3) for environmental protection expenses:

y3t = 19684709.17+10.89x1t+45.05x2t−18399.35x3t−942.65x4t+791.26x5t+431.37x6t+0.28x7t.

The three equations have high coefficients of determination, which indicates that the obtained
equations of the simultaneous model perfectly explain the variance of the endogenous variables.
For the equation of the economic component, this indicator is 99.58 percent, for the equation of
the social component – 99.57 percent, and for the equation of the ecological component – 98.96
percent.

We will also check the statistical significance of model parameter estimates. As mentioned
earlier, we will do this using the Student’s test with a confidence probability of 90 percent.

Tabular values of the Student’s criterion at a probability of 0.1 and 14 degrees of freedom is
1.761, and at 17 degrees of freedom – 1.739.

The obtained empirical values of the Student’s test were also calculated as a proportion of
the obtained variable parameters and their standard error. The results are described in table 4.

Table 4. Empirical and critical values of Student’s criterion.

№ y1 y2 y3 x1 x2 x3 x4 x5 x6 x7 tkr

1 -2.280 -2.335 3.855 -2.069 2.696 1.773 - 2.999 - - 1.761
2 3.794 -2.411 - - - - 2.581 2.538 - - 1.740
3 8.276 - 1.748 - - - - - 2.643 4.681 1.740

Since the empirical values are greater than the critical values, we can reject the null hypothesis
and conclude that all parameters of the obtained simultaneous model of sustainable development
of Ukraine are statistically significant. That is, we can use the model to further build a forecast.

In the final form, we have the following simultaneous model of sustainable development of
Ukraine:

y1t = −792974.45 − 922.97y2t + 0.19y3t − 2.74x1t + 14.97x2t + 4488.29x3t + 1081.49x5t,

y2t = −3422.58 + 0.002y1t + 0.17x4t + 0.44x5t,

y3t = −38700954.51 + 4.56y1t + 820.28x6t + 0.69x7t.

5. Forecasting three-pillar approach indicators of sustainable development
Based on the model, we will forecast the dynamics of each selected component of Ukraine’s
sustainable development. We will use the data for 2021, which is on the website of the State
Statistics Office of Ukraine [46], as well as their forecasts of the development of some indicators.

First, let’s calculate the theoretical values of all our endogenous variables for 2021. As a
result, we have that the GDP is UAH 6433133.192 million; available income per household –
UAH 13,518.51, expenses for environmental protection – UAH 2,276,465.42 thousand.

Next, we substitute all these values and get that in 2021 GDP will be UAH 6,433,133.192
million, disposable income per household is UAH 17,381.18,027, and costs for environmental
protection are UAH 3,872,110.64 thousand.

Figures 1-3 show the dynamics of our selected endogenous variables from 2000 to 2020, the
obtained forecast for 2021, as well as the forecast of the State Administration of Statistics of
Ukraine and Forecast.
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Figure 1. Dynamics and forecast of the gross domestic product.

Figure 2. Dynamics and forecast of disposable income per household.

From figures 1-3, it is clear that the forecast for the dynamics of GDP and costs for the
protection of the natural environment, which we obtained on the basis of a simultaneous model,
significantly exceeds the forecast of the State Statistics Office of Ukraine, but the forecast for
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Figure 3. Dynamics and forecast of the expenses for the environment protection.

the change in the dynamics of disposable income per household, on the contrary, shows a less
rapid its growth. But in general, both forecasts show a positive development of all indicators.

6. Conclusions
The proposed and implemented structural model of sustainable development of Ukraine based
on the three-pillar approach. The economic component of development is represented by
GDP as a function of wages, trade turnover, exports and inflation. The social component is
described in terms of income per person as a function of GDP, average wages and the number
of employed population. Environmental protection costs, which depend on GDP, emissions
from stationary sources of pollution, etc., and capital investments in the environment, were
used as an ecological characteristic. Since GDP is both the dependent variable in the first
equation and the independent variable in the next two equations, the interaction between the
three pillars of sustainable development can be explored. In this way, it was found that the
growth of household income is not accompanied by the growth of GDP, that is, incomes grow
faster than the economy, which is quite unexpected. Simultaneously with the growth of the
GDP of Ukraine, the income of households increases, which can be seen from the equation that
describes the social component. If we talk about the environmental component, the growth of
environmental protection costs is accompanied by GDP growth, and vice versa, GDP growth
increases environmental protection costs. Forecasts of three exogenous variables were also
obtained, which differs from the official forecasts, but also confirmed the correct selection of
variables and the description of the dependencies between them.

Unfortunately, the State Statistics Service has suspended the publication of statistical
information for the period of martial law or the state of war, as well as for three months after
its termination, and for the occupied territories, even the collection of statistics is not possible.
It is obvious that with the beginning of a full-scale invasion, statistical economic, social and
environmental indicators have undergone catastrophic changes (which have not yet acquired a
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clear quantitative dimension) and the assessment of the scale of losses is still ahead. Catastrophic
changes took place in various areas, including those that describe the social, economic and
ecological components of sustainable development, goals and priorities changed dramatically, so
the correctness of forecasts for the following periods will require additional clarification.

The deepest decline of the Ukrainian economy in the entire history of the state took place,
household incomes experienced a significant reduction and often large changes in the structure,
the environmental consequences of the war also cause significant concern. Obviously, the classical
econometric model could not take into account such changes, but it allows to investigate the
structure of dependencies between economic, social and environmental indicators and provides
tools for its explanation.

We also note that the reconstruction of Ukraine will take place on the basis of the concept
of sustainable development and require adequate justification of decisions, and econometric
approaches can be used for this purpose.
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Abstract. The article substantiates the expediency of modifying the methodology for
assessing business competitiveness in the context of accelerated global ESG integration. The
authors propose a system of criteria for assessing the competitiveness of enterprises, taking into
account the requirements of the EU Taxonomy, Regulation (EU) 2020/852, the CSRD, and
stakeholder requests for information support for assessing ESG risks and ESG competitiveness
of enterprises. This system of criteria is based on a cognitive approach. Thanks to the use
of modeling and information tools, it is based on a lateral understanding of the clarity of the
distinction between the criteria and sub-criteria for assessing the ESG competitiveness indicator
and its components. The introduction of a system of criteria for assessing the competitiveness of
enterprises will ensure obtaining realistic results and making informed decisions to strengthen the
competitive advantages of enterprises for a new generation of “conscious investors”. The author’s
own methodology for integral assessment of ESG competitiveness of metallurgical enterprises is
proposed. This methodology is based on the synthesis of integral and reference approaches to
assessing the homeostasis of competitiveness. It is adapted to the information support of the
Management Report prepared in accordance with the GRI (Global Reporting Initiative) and
SASB (Sustainability Accounting Standards Board) standards. Its peculiarity is the assessment
based on the extended homeostatic plateau of the dynamic system for determining the thresholds
of the optimality of the ESG competitiveness indicator of enterprises. This should become
the basis for ESG rating and the fundamental basis for determining strategic imperatives for
managing the competitiveness of enterprises in the context of global ESG integration.

1. Introduction
The aggravation of the triple planetary crisis due to the shortage of natural resources,
environmental pollution and climate change requires a transition to a low-carbon economy.
Society’s expectations are growing and require preserving the planet’s sustainability for future
generations. In this context, the integration of sustainability and sustainable development (ESG
integration) is recognized as one of the strategic priorities of steel companies. When the question
of their competitiveness arises, it is about ESG competitiveness.

Traditionally, the competitiveness of enterprises is assessed through a comparative analysis
of integrated competitiveness indicators. It is also possible through a comparative analysis of
rating indicators or rating positions. In the context of ESG integration, there is a need to revise
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approaches to assessing the competitiveness of enterprises, that is, to modify the methodology
for its assessment [1, p. 66].

2. Literature review
Usually, the competitiveness of enterprises was assessed by financial and economic indicators [2–
6]. However, this is not enough in the context of ESG integration. Investors are increasingly
considering the social impact of their investments when choosing an investment object and strive
to create added value in their investment portfolio for the benefit of future generations [7]. That
is why, according to Segal [8], Datsii et al [9], nowadays attention is increasingly focused on the
ESG competitiveness of enterprises.

There are still no uniform criteria for its assessment [8, p. 18]. The number of metrics for
its assessment offered by analytical centers, rating companies and stock exchanges is growing
steadily every year. The metrics proposed by the Global Sustainable Development Goals,
RobecoSAM, the Global Reporting Initiative (GRI), EcoVadis 180+, Bloomberg 700+, ISS
300-500, RobecoSAM 600, Sustainalytics 300+, and companies of the DAX, MDAX, SDAX
and TechDAX indices on the Frankfurt Stock Exchange (FWB) are currently used in the world
practice, The London Stock Exchange (LSE) (which issued guidelines for ESG reporting in
response to requests from investors for whom such information is key to their investment decision-
making), the Warsaw Stock Exchange (WSE) (which created the WIG-ESG index, which is
followed by the NN TFI fund). In May 2020, the European Central Bank issued guidelines for
assessing climate and environmental risks for financial institutions, etc. [8, p. 18].

Of particular note is the methodology for assessing ESG competitiveness based on corporate
sustainability indicators. It was introduced in Ukrainian practice in 2019 during the first and
only professional rating assessment Sustainable Ukraine (based on the DJSI approach). This was
carried out as part of a global international project on ESG rating of CIS countries and enterprises
with the strategic support of Standard & Poor’s Financial Services LLC, S&P Global (owner
of the world’s most authoritative SR/ESG rating – Dow Jones Sustainability Raitng/index).
The aim of the project was to present to the international investment community a holistic
picture of Ukraine’s corporate sector in terms of sustainable development and corporate social
responsibility [10].

Scientists have their own opinions on this matter. Thus, Datsii et al [9, p. 67] argue that in
the world and domestic practice there is no single methodology for scoring (assessing) the ESG
direction of business. For the first time, the author’s model of scoring trends and regularities of
business development is proposed in accordance with ESG-principles, in contrast to traditional
trend dynamic models, which identifies and iteratively conceptualizes processes by the set of
ESG-indicator components determined using the cocoupling-analysis toolkit (tools for assessing
the cocoupling-effect).

There are many examples of metrics for assessing the ESG competitiveness of enterprises.
Each of them has advantages and disadvantages. The main disadvantage is that when assessing
the ESG competitiveness of enterprises, we believe that the limits of its optimality are ignored.
This is usually of the greatest interest to investors and stakeholders in obtaining the expected
effects (environmental, social and corporate governance). Any deviation from the defined limits of
optimality is accompanied by ESG risks and certain losses. Taking into account the shortcomings
of the methods for assessing the ESG competitiveness of enterprises, we consider it appropriate to
propose our own methodology for assessing the ESG competitiveness of metallurgical enterprises.
This methodology is based on a symbiosis of the integral and benchmark approaches.

3. Calculation methodology
The ESG competitiveness of an enterprise is characterized by a set of numerous indicators. These
indicators have been prioritized by each of the components of ESG competitiveness (table 1).
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Table 1. A set of indicators for assessing the ESG competitiveness of metallurgical enterprises.

No. Indicators Measurement units Abbreviations

Partial indicators of the E-component of the ESG indicator

1 Investments in environmental protection mln USD E1

2 Gross greenhouse gas emissions in CO2 equiva-
lent per 1 ton of steel

t/ton of steel E2

3 Total water intake per 1 ton of steel m3/ton of steel E3

4 Amount of waste recycled t/ton of steel E4

5 Total energy consumption GJ/ton of steel E5

Partial indicators of the S-component of the ESG indicator

6 Investments in occupational health and safety mln USD S1
7 Lost time injury frequency rate without dimension S2
8 Investments in healthcare mln USD S3
9 Investments in local communities mln USD S4
10 Payroll level coefficient without dimension S5

Partial indicators of the G-component of the ESG indicator

11 Reporting on impact by taxonomy mln USD G1

12 Investment in sustainable development mln USD G2

13 Income mln USD G3

14 Total debt mln USD G4

15 Number of employees (number of jobs created) persons G5

The defined structure includes 15 indicators. The list of indicators may vary depending on the
objectives and depth of the study. These 15 indicators are grouped by each of the components
E5, S5, G5. To simplify understanding and demonstration, the results of the modeling [11] are
presented in the form of a vector:

R = {r1; r2; . . . ; rn} , (1)

n – number of indicators.
With this decision, the question of the unidirectionality of the indicators Ej , Sj , Gj .

Because among the indicators identified in table 1, some of them should increase (stimulators)
and others should decrease (discouragers) to ensure the ESG competitiveness of enterprises.
The unidirectionality of the indicators Ej , Sj , Gj can be achieved through normalization,
in particular, by applying the combined method [12, p. 74]. This is a modified method of
normalization by the “range of variation”, which provides:
• for positive direction indicators:

ri =
xi
xmax

, (2)

• for negative direction indicators:

ri =
knorm −−xi

knorm
, knorm = xmax + 7%. (3)

The main disadvantage of the combined method of normalization is that the standardized
indicators that form the information basis for calculating the generalized and integral ones affect
the latter with equal force. Their influence is equilibrium. This is not always justified in practice.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012126

IOP Publishing
doi:10.1088/1755-1315/1254/1/012126

4

This shortcoming can be neutralized by introducing hierarchy coefficients (weighting). This
will divide the indicators Ej , Sj , Gj by their significance, strength of influence on the generalized
and integral indicator of ESG competitiveness of enterprises. The question arises of determining
the weighting coefficients of indicators for each component of the ESG competitiveness of
enterprises. This is possible using one of the approaches presented in table 2.

Table 2. Methods for determining the weighting coefficients of each component of the ESG
competitiveness indicator of an enterprise [11, p. 46].

The method Calculation methodology Advantages

The method of
sensitivity the-
ory

ai =
|ui∆yi|
n∑

i=1
|ui∆yi|

allows adjusting the weighting
coefficients in each period to make
them more relevant to the real
economy

The method of
principal com-
ponents

ai =
ci|di|∑
ci|di|

ci – contribution of the i-th component
to the total variance of the set of
indicators; di – factor loads

allows to identify only an aver-
aged pattern, but does not pro-
vide strict and accurate corre-
spondence in each individual case
(period)

Gaming meth-
ods

Id =
n∑

j=1

(S∗
2j)zj,t

Im =
n∏

j=1

z
(s2j)
j,t

characterizes the set of weight-
ing coefficients required to form
the indicator in additive or mul-
tiplicative form

Determination of the indicator of ESG competitiveness of enterprises by the method of integral
assessment makes it possible to observe changes in this indicator in the dynamics and to carry
out a multicriteria analysis of the competitiveness of enterprises. However, this is not enough
to make informed management decisions on maintaining the competitive position of enterprises
and improving them in the context of accelerated competition.

For a more realistic assessment of the ESG competitiveness indicator of enterprises and the
possibility of forecasting its changes in the medium and long term, we consider it advisable
to apply a methodology based on the synthesis of integral and benchmark approaches to
assessing business homeostasis. This methodology is adapted to the information support of
the Management Report prepared in accordance with the GRI (Global Reporting Initiative) and
SASB (Sustainability Accounting Standards Board) standards. It provides for the assessment
of the extended homeostatic plateau of the dynamic system for determining the thresholds for
the optimality of the ESG competitiveness indicator of enterprises and its components. This
can become the basis for ESG rating and the fundamental basis for determining strategic
imperatives for managing the competitiveness of enterprises in the context of accelerated global
ESG integration. That is why, for each of the components Ej , Sj , Gj of the competitiveness
of enterprises, it is necessary to determine the vector of threshold values, namely: lower critical
(xlow_k); lower threshold (xlow_lim); lower optimal (xlow_opt); upper optimal (xh_opt); upper
threshold (xh_lim); upper critical (xh_k) [13, p. 52].
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There is a fairly large number of methods for determining the threshold vector. The
most adequate, from our point of view, for this task is the stochastic method of the t-
criterion. According to this method, probability density functions should be constructed for given
samples of statistical data of competitiveness indicators and statistical characteristics should
be calculated: mathematical expectation, standard deviation and coefficient of asymmetry [14,
p. 22].

Based on the results of the analysis of statistical data, it was found that the competitiveness
indicators assume the hypotheses of normal and exponential distributions. They include formulas
for calculating the vector of threshold values [12, p. 70–72], [14, p. 29]:

xlow_k = µ −−3 · σ, xlow_lim = µ −−t · σ, xlow_opt = µ −−σ (4)
xh_opt = µ+ σ, xh_lim = µ+ t · σ, xh_k = µ+ 3 · σ (5)

for the exponential law (tail to the right)

xlow_k = µ −−3 · σ
kas

, xlow_lim = µ −− σ

kas
, xlow_opt = µ, (6)

xh_opt = µ+ σ, xh_lim = µ+ t · σ, xh_k = µ+ 3 · σ, (7)

for the exponential law (tail to the left)

xlow_k = µ −−3 · σ, xlow_lim = µ −−t · σ, xlow_opt = µ −−σ, (8)

xh_opt = µ, xh_lim = µ+
σ

kas
, xh_k = µ+

3 · σ
kas

, (9)

t – Student’s criterion;
µ – mathematical expectation;
σ – standard deviation;
kas – coefficient of asymmetry.

Establishing thresholds can help build a simulation model of optimal business immunity
(homeostasis). To do this, it is necessary to identify:

I – zone of low ESG competitiveness;
II – zone of conditionally acceptable ESG competitiveness (low);
III – zone of optimal ESG competitiveness;
IV – zone of conditionally acceptable ESG competitiveness (high);
V – zone of critical ESG competitiveness.

Under conditions of variability and uncertainty, the limits of optimality of ESG
competitiveness and threshold values of the IE , IS , IG indicators may change under the influence
of both endogenous and exogenous factors [15, p. 43]. Indicators of immunity (homeostasis) of
ESG competitiveness of enterprises are indicators of statics. However, for management decision-
making and strategizing, dynamics indicators are currently more important, as they make it
possible to observe existing trends and see the future. Therefore, when studying the ESG
competitiveness of enterprises, an equally important stage as the previous ones is to assess the
vulnerability of ESG competitiveness immunity under the influence of ESG risks and threats.

4. Research results
The authors consider it expedient to do this by rating them according to the scale presented in
table 3.
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Table 3. Scale for assessing the intensity of threats to the ESG competitiveness of metallurgical
enterprises from decarbonization pressure.

Level Category Average score values Characterizing the intensity of ESG risks and
threats to the competitiveness of enterprises

A A1.tr > 0.80-1.00 Absolutely uncontrolled
A2.tr > 0.63-0.80 Insufficiently controlled

B B1.tr > 0.37-0.63 Conditionally controlled
B2.tr > 0.20-0.37 Sufficiently controlled

C C.tr 0.00-0.20 Absolutely controlled

The choice of values on the scale of 0.63 and 0.37 is due to the convenience of the calculations:
0.63 ≈ 1−(1/e), 0.37 ≈ 1/e. The value of di = 0.37 usually corresponds to the limit of acceptable
values.

In accordance with the defined categories of ESG risks and threats, the correction factor kr
should be determined. It should be used to adjust the limits of optimality of ESG competitiveness
and thresholds of the IE , IS , IG indicators.

The frequency of reviewing the limits of optimality of ESG competitiveness and the thresholds
of the IE , IS , IG indicators (annual, quarterly) should be specified in the standards for assessing
and rating the ESG competitiveness of enterprises.

To confirm the viability of the proposed methodology for assessing the ESG competitiveness
of enterprises, we applied it to the assessment of the competitiveness of Arcelor Mittal Group
enterprises (table 4).

Table 4. Dynamics of the integrated indicator of ESG competitiveness of metallurgical
enterprises in 2010-2021 [16–24].

The companies Years
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Arcelor Mittal Kryvyi Rih
(Ukraine)

0.25 0.247 0.244 0.241 0.250 0.226 0.183 0.219 0.220 0.219 0.191 0.203

Arcelor Mittal Tubarão
(Brazil)

0.302 0.248 0.252 0.274 0.288 0.233 0.247 0.243 0.290 0.320 0.271 0.294

Arcelor Mittal Asturias
(Gijon) Spain

0.352 0.341 0.347 0.306 0.318 0.336 0.346 0.372 0.462 0.438 0.421 0.434

Arcelor Mittal Bremen
(Germany)

0.357 0.358 0.403 0.433 0.452 0.452 0.478 0.497 0.479 0.485 0.465 0.469

Arcelor Mittal Luxem-
bourg (Luxembourg)

0.214 0.203 0.215 0.235 0.223 0.231 0.222 0.243 0.255 0.248 0.235 0.239

Arcelor Mittal Acindar
(Argentina)

0.237 0.239 0.232 0.248 0.239 0.258 0.250 0.262 0.246 0.250 0.238 0.243

The existing methodology for forming information support for assessing ESG competitiveness
creates a certain limitation in access to information on compliance with ESG principles by
enterprises. To model the level of ESG competitiveness of metallurgical enterprises, a set of
indicators sufficient for calculations was selected (based on the availability of reliable information
sources) (table 5).
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Table 5. A set of indicators for assessing the ESG competitiveness of metallurgical enterprises.

No. Indicators Measurement units Abbreviations Weighting
coefficients

Partial indicators of the E-component of the ESG indicator

1 Investments in environmental protec-
tion

mln USD E1 0.307

2 Gross greenhouse gas emissions in CO2
equivalent per 1 ton of steel

t/ton of steel E2 0.323

3 Total water intake per 1 ton of steel m3/ton of steel E3 0.089
4 Amount of waste recycled t/ton of steel E4 0.116
5 Total energy consumption GJ/ton of steel E5 0.165

Partial indicators of the S-component of the ESG indicator

6 Investments in occupational health
and safety

mln USD S1 0.312

7 Lost time injury frequency rate without dimension S2 0.097
8 Investments in healthcare mln USD S3 0.164
9 Investments in local communities mln USD S4 0.151
10 Payroll level coefficient without dimension S5 0.276

Partial indicators of the G-component of the ESG indicator

11 EBITDA mln USD G1 0.319
12 Capital investments mln USD G2 0.295
13 Investments in research and develop-

ment (R&D)
mln USD G3 0.154

14 Investment in education mln USD G4 0.133
15 Average hours of training per employee h./person. G5 0.099

To ensure ESG competitiveness, some indicators should increase (stimulators) and others
should decrease (disincentives). The unidirectionality of the indicators Ej , Sj , Gj can be achieved
through norming. Therefore, indicators ri (i = 1, 15) should be understood as standardized
dimensionless values obtained from the values of Ej , Sj , Gj (j = 1, 5).

Since the partial indicators of ESG competitiveness of enterprises have different dimensions,
to determine the integral indicators of each of the components E-, S- and G-, we will carry out
the procedure of normalizing the indicators Ej , Sj , Gj . For a correct comparison, each of the
indicators must be normalized (i.e., reduced to the interval from 0 to 1). 0 corresponds to the
worst (unacceptable) values of this indicator, and 1 corresponds to the best (optimal) values of
this indicator.

To normalize the indicators, it is necessary to determine the minimum and maximum values.
Next, we normalize using a formula, the form of which depends on the nature of the indicator:
whether it is a stimulator or, conversely, a discourager of the enterprise’s ESG competitiveness.

Stimulators of ESG competitiveness of enterprises are indicators that contribute to positive
changes in the competitive position of the enterprise. This leads to an increase in the ESG
competitiveness indicator. Destimulators are indicators that contribute to negative changes in
the ESG competitiveness of an enterprise.

The integral indicators E, S, G will be calculated, taking into account the values of the
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weighting coefficients, using the following formulas:

IE,t = rE1t0.307 · rE2t0.323 · rE3t0.089 · rE4t0.116 · rE5t0.165 (10)
IS,t = rS1t0.312 · rS2t0.097 · rS3t0.164 · rS4t0.151 · rS5t0.276 (11)
IG,t = rG1t0.319 · rG2t0.295 · rG3t0.154 · rG4t0.133 · rG5t0.099 (12)

We perform convolutions (10)–(12) for the components E-, S-, G-. Next, it is necessary to
simultaneously perform integral convolutions for their thresholds with an offset by the asymmetry
coefficient in relation to the number of metallurgical enterprises under consideration. We
obtain the dynamics of the E-, S-, G- components of the integral ESG competitiveness index
vector compared to the integral thresholds. This makes it possible to assess the level of ESG
competitiveness by components E-, S-, G.

To fully assess the level of ESG competitiveness of metallurgical enterprises, we consider
it necessary to carry out a comprehensive assessment of the level of competitiveness of a
metallurgical enterprise by the module of the vector of the integrated competitiveness indicator.
To do this, we need to normalize it using the formula:

IESG,t =

√
IE,t2 + IS,t2 + IG,t2

IESG,max
(13)

IESG,max =
√

12 + 12 + 12 = 1,732 is the largest possible value of the vector’s modulus, given the
values of its components in the interval [0, 1].

Similarly, having calculated the threshold values of the integrated ESG competitiveness
indicator, it was found that only Metinvest (Ukraine), ArcelorMittal Bremen (Germany) and,
starting from 2017, ArcelorMittal Asturias (Gijon) Spain meet the optimal competitiveness limits
of metallurgical enterprises during the period under study. This confirms the correctness of the
ESG competitiveness indicators calculations presented in table 4.

Within the framework of the proposed simulation model of the limits of optimality of ESG
competitiveness of enterprises (figure 1), it is necessary to establish the compliance of each
enterprise with the ESG competitiveness zones.

For the defined thresholds (table 6), the following zones of ESG competitiveness are defined
for each of the indicators IE , IS , IG:

I – zone of insufficient ESG competitiveness;
II – zone of conditionally low ESG competitiveness;
III – zone of optimal ESG competitiveness;
IV – zone of conditionally high ESG competitiveness;
V – zone of critical ESG competitiveness.

Table 6. Threshold values of the integrated ESG indicator and its components.

IE IS IG IESG

Xlow_lim 0.270238 0.261238971 0.225934441 0.253193387
Xlow_opt 0.416607 0.424581624 0.396628486 0.412773042
Xtop_lim 0.663957 0.682757972 0.704862781 0.684063547
Xtop_opt 0.832688 0.846100625 0.875556826 0.851636725
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Figure 1. Schematic representation of the threshold zones of the ESG competitiveness indicator
of metallurgical enterprises.

Yellow areas correspond to projections of the optimal level of competitiveness. The red areas
correspond to the projections of an acceptable level for the integrated ESG competitiveness
indicator, IESG.

Arcelor Mittal Bremen (Germany) and Arcelor Mittal Asturias (Gijon) (Spain) are in the
optimal ESG competitiveness zone. This characterizes them as companies with ESG risks that
are practically close to zero. Arcelor Mittal Acindar (Argentina), Arcelor Mittal Luxembourg
(Luxembourg), and Arcelor Mittal Tubarão (Brazil) are in the zone of conditionally low ESG
competitiveness. This confirms that ESG investments can be accompanied by ESG risks.

Only Arcelor Mittal Kryvyi Rih (Ukraine) is in the zone of insufficient (low) ESG
competitiveness among the studied metallurgical enterprises. Its ESG investments are the most
risky.

The ESG competitiveness of metallurgical enterprises is determined by the amount of invested
capital. To assess the forecast of ESG competitiveness, let us find out whether there is a
relationship between the ESG competitiveness indicator and total ESG investments. Let’s
determine the total ESG investments:

QE,t = E1,t, QS,t = S1,t + S3,t + S4,t, QG,t = G2,t +G3,t +G4,t (14)

It is proposed to use the hyperbolic tangent function for the functional dependence of the
integrated ESG competitiveness indicator on total ESG investments. This function has a right
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asymptote of one. The value of the index is also limited to one. Using correlation and regression
analysis [15], the authors propose the following model of nonlinear multivariate regression:

IESG,t = 0.680 · tanh0.158(Q̃E,t) · tanh0.123(Q̃S,t) · tanh0.205(Q̃G,t) (15)

tanhx = ex −−e−x

ex+e−x ;
Q̃E,t =

QE,t

QEmax
, Q̃S,t =

QS,t

QSmax
, Q̃G,t =

QG,t

QGmax
are normalized values;

QEmax = 479.348, QSmax = 1237.824, QGmax = 1223.112.
The coefficients of the multivariate nonlinear regression (15) after initial smoothing and

linearization by logarithmization were found by the generalized least squares method in matrix
form [8]. The value of the coefficient of determination R2 = 0.7529 is quite close to one.
There is a relationship between the indicator and the selected factors. The Fisher’s test,
F = 67.05 > F crit(0.95; 4; 66) = 2.51, showed that with a reliability of 95% (significance level),
we can assume that the correspondingR2 are statistically significant. The proposed mathematical
model (15) is adequate to the statistical data. It can be used to diagnose ESG competitiveness.

The regression level surfaces of (15) are shown in figure 2.

Figure 2. Regression level surfaces of the ESG competitiveness indicator at a fixed value at the
level of 2021.

Arcelor Mittal Kryvyi Rih has the lowest level of ESG competitiveness (table 4). We consider
the possibility of its improvement if the volume of investments is doubled by 2050 compared
to 2021. However, the IESG value does not reach the lower level of the optimality boundary.
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According to [13], steel production will remain unchanged in 2050 at the level of 2021, and
metallurgical enterprises will need capital investments of 1 thousand USD per ton of steel, i.e.
4,700 million USD.

Table 7. Forecast of the ESG competitiveness indicator of Arcelor Mittal Kryvyi Rih in 2050.

Years QE,t, mln USD QS,t, mln USD QG,t, mln USD IESG

Scenario 1 (basic) 50 225 960 0,3539
Scenario 2 (optimistic) 3200 1050 4150 0,4277

Adding this amount to QG,t, then rises above the lower level of the optimality bound IESG.
It was found that, subject to an increase in ESG investment, Arcelor Mittal Kryvyi Rih will

be able to enter the zone of conditionally low ESG competitiveness under the baseline scenario.
In the case of the optimistic scenario, the company may get into the zone of optimality.

The threshold values of the limits of optimality of the integrated indicator of ESG
competitiveness of metallurgical enterprises and its components Ej , Sj , Gj are determined. This
made it possible to form a simulation model of the optimality limits, which should become the
fundamental basis for making decisions on ESG investment in metallurgical enterprises.

5. Conclusion
Based on the results of the study, taking into account the requirements of the EU Taxonomy,
Regulation (EU) 2020/852, the CSRD, and stakeholder requests for information support for
assessing the ESG competitiveness of business, the authors propose a system of criteria for
assessing the competitiveness of enterprises. This system is formed according to the cognitive
approach, which is based on a lateral understanding of the clarity of the distinction between
criteria and sub-criteria for assessing the ESG competitiveness indicator. The implementation
of the proposed system in practice will ensure obtaining realistic results, making informed
decisions to strengthen the competitive advantages of enterprises in a competitive environment
and improving their attractiveness to a new generation of “conscious investors”. The article
proposes a methodology for an integrated assessment of the ESG competitiveness of metallurgical
enterprises. The methodology is based on the synthesis of integral and reference approaches
to assessing the homeostasis of competitiveness. It is adapted to the information support of
the Management Report prepared in accordance with the GRI (Global Reporting Initiative)
and SASB (Sustainability Accounting Standards Board) standards. Unlike the generally known
methods, the methodology provides for the assessment of the extended homeostatic plateau of
the dynamic system for determining the thresholds of the optimality of the ESG competitiveness
indicator of enterprises and its components. This is the basis of ESG rating and the fundamental
basis for determining the strategic imperatives of managing the competitiveness of enterprises in
the context of global ESG integration.
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Abstract. Assessing the economic development of countries in the context of the tasks defined
in the UN 2030 Agenda for Sustainable Development is essential from the point of view of
determining progress in achieving the SDGs. It becomes especially relevant in periods of global
challenges and disturbances, one of which is the COVID-19 pandemic. The goals of SDG8
and SDG9 contain indicators that are determined mainly by the state of development of the
country’s economy, so the analysis of trends in their changes is important in the context of
identifying trends in economic growth in general, as well as for evaluating progress in achieving
these goals. The purpose of the study is to identify the impact of the COVID-19 pandemic
on the economic development of countries to achieve sustainable development goals and assess
progress trends in the post-pandemic recovery of the economies of Eastern Europe by analyzing
quantitative data from official statistical sources. The object of the study is the economic
development of Eastern European countries in the conditions of the COVID-19 pandemic. The
study period covers the time range from 2017 to 2021 and includes both the pre-pandemic
and pandemic periods. Eight countries of Eastern Europe were chosen as research objects.
Indicators of official statistics related to SDG8 and SDG9 sub-goals were selected for analysis.
The study showed a significant decrease in the values of most indicators, which was caused
by the destructive effect of the pandemic. To assess the possible development trajectory, we
calculated the estimated value of indicators for 2022 using the Holt-Winters method. The results
showed that, despite some progress in 2021, in 2022, the values of the indicators are decreasing.
Such estimates correspond to the trends provided by international institutions. We have built a
composite indicator to assess the economic development trend comprehensively. The results of
the evaluation confirmed the general trend towards a decrease in the level of economic growth
in the context of the goals of SDG8 and SDG9 for all the countries of Eastern Europe selected
in the study.

1. Introduction
The irrepressible desire to ensure society’s economic and technological development was a
characteristic feature of the last century. The success of the activity and development of the
world’s economies was measured mainly by economic indicators, particularly the growth of the
gross domestic product. There was a generally accepted opinion in society that this is a sufficient
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prerequisite for developing well-being and raising the population’s standard of living, ensuring
the competitiveness of national economies. Achieving appropriate progress was mainly provided
due to exploitation and irrational use of natural and resource potential. The results of such
irresponsible activity actualized problems of a socio-economic nature, problems caused by the
deterioration of the environment, and the loss of value orientations of society. The Sustainable
Development Goals (SDGs) [1] were formed to prevent these disturbances and define the strategic
perspectives of world development that set global growth priorities until 2030.

Despite some progress in the fight against the spread of COVID-19, due, in particular, to
effective restrictive measures, mass vaccination of the population (mandatory in some countries
of the world), the permanent nature of the course of the disease causes a further increase in
the number of victims of the pandemic. As of early 2023, COVID-19 has been recorded in 231
countries and territories with more than 672 million cases, of which about 6.7 million have been
fatal [2]. A sudden spike in cases in Shanghai in May 2022 showed [3] that the pandemic can
return to peaks even for countries like China, where stringent anti-epidemic measures are in
place as part of the “zero-COVID” strategy, which aims to neutralize any facts disease by strict
isolation of all infected. The new increase in morbidity and the continuation of this strategy led
to mass protests at the end of November 2022, eventually forcing the Chinese government to
abandon this policy.

Such a situation leads to a slowdown in the socio-economic development of the world’s
countries and, accordingly, causes negative consequences for the prospects of achieving the
SDGs. Thus, studying the trend of the economic development of the regions during the COVID-
19 pandemic is an urgent problem. The study focuses on the global SDG8 and SDG9, which are
most related to economic development, in the context of establishing the dynamics of target
indicators, the direction of their change during the pandemic period, and compliance with
planned trends. The study is hypothetical and limited to data from 2017 to 2021. The war
launched by Russia against Ukraine in 2014, and especially its “hot” phase, which began in
2022, caused an additional negative effect on economic development. However, the lack of
necessary statistical data does not allow this impact to be considered in the study. Therefore,
all calculated estimates are based exclusively on data, the dynamics of which mainly refer to the
pandemic period.

2. Literature review
Given the new global disturbances caused by the COVID-19 pandemic, issues of monitoring
economic development remain the focus of international institutions and individual scientists.
At the same time, separate countries or territories, as well as global development as a whole,
are subject to analysis.

Issues of progress in achieving sustainable development goals are not left out. Report [4]
provides a brief overview of global and regional development in achieving the SDGs as of the
end of 2021. As can be seen from the charts presented, there is a reduction in the pace of
development for specific goals. In particular, this situation is observed for SDG8 in terms of
ensuring decent work, which is caused by the growth of unemployment rates. On the other
hand, the pandemic gave a significant impetus to the development of remote technologies, which
spread after 2019 in trade, service provision, banking, and education, reflected in the relevant
component of SDG9. It should be noted that part of the actual data from 2019 to 2021 was
not available during the preparation of this report, as the pandemic disrupted the established
data collection procedures by the relevant government institutions. Therefore, such data were
replaced by simulated data, which gives some of the presented results an estimated character.

Annual reports are prepared by Cambridge University specialists, which reflect the state and
dynamics of sustainable development indicators. The report prepared based on the values of
sustainable development indicators as of the end of 2021 [5] states that the average value of the
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global SDG index after 2019 has a downward trend. The slow recovery of poor and vulnerable
countries explains this result.

The report also presents statistics for individual territories by territory, as well as data for
separate countries and territories. The highest value of the SDG index is for EU countries;
the lowest is for Sub-Saharan African countries. However, in this study, there is also a lack of
relevant values of some from 2015 or 2016, which makes it impossible to assess the impact of
COVID-19 on the dynamics of relevant indicators of the SDGs in individual countries and to
conduct a complete comparison of the trajectories of achieving the SDGs.

Considerable attention of researchers is paid to the application of tools of statistical analysis
and economic-mathematical modeling to build possible trajectories of sustainable development
in the context of the impact of COVID-19 According to the results of a study conducted by
the Pardee Center for International Futures at the University of Denver in cooperation with
UNDP based on data for 2020 several scenarios of global development were constructed in the
context of the long-term effect of the pandemic [6]. Considerable attention in the research is
also devoted to the analysis of development trends of countries with a low or average value of
the human development index. The main conclusion formed by the authors is that one of the
strategies enables such countries to get out of the short-term pandemic crisis and return to the
trajectory of sustainable development in the long term.

The use of economic and mathematical models based on expert data to assess progress in
achieving the SDGs, particularly SDG9, during the COVID-19 pandemic is presented in the
article [7]. However, Fulzele et al mainly consider environmental and energy indicators, focusing
on something other than sustainable development’s economic aspects. Research [8] aims to use
machine learning methods to model possible trajectories of sustainable development from up to
2024. Shuai et al concluded that for most of the SDGs, a significant deviation is expected in
the progress of achieving the goals compared to the trajectories that could have taken place in
the absence of the pandemic and the preservation of development trends. To return to the basic
development trajectories, the authors suggest that the main efforts should be devoted to those
sectors of the economy that cause the least negative impact on the environment.

Hryhoruk et al [9] considered the construction of a generalized index for assessing the
consequences of COVID-19 on the socio-economic development indicators of Ukraine’s regions in
the context of sustainable development. As a result, it was established that the pandemic had a
more significant impact on economic development than the social component. At the same time,
the structure of the location of the regions of Ukraine in the space of built integral indicators
of economic and social development remained unchanged. Based on a statistical analysis of
indicators, the economic consequences of the COVID-19 pandemic for the Polish economy
are considered in the article [10]. Dudzik and Brukwicka conclude that Poland’s economy
suffered less from the consequences of the pandemic than other Eastern European countries.
Identifying patterns of the impact of the COVID-19 pandemic on the SDGs, determining the
interrelationship of goals in the context of deviations from the planned development trajectories,
and the formation of proposals for the development of business recovery strategies based on the
theory of catastrophes is presented in the study by Chang et al [11]. Among the shortcomings
of the conducted research, it can be noted that the authors do not associate the obtained results
with sustainable development goals.

Without reliable statistical data, studies are often based on survey results or expert
assessments. In the article [12], based on the analysis of expert data on the impact of COVID-19
on the SDGs, it was concluded that SDG8 is one of the goals for which the effect had particularly
negative consequences. Based on a multifactorial criteria analysis, Elavarasan et al determined
the priorities of the components of sustainable development. They proposed comprehensive
strategies for building optimal trajectories for achieving the SDGs in the post-pandemic period.
According to the authors, this will allow returning to pre-pandemic development trajectories
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faster. In the article [13], based on the results of processing expert data, the impact of the
pandemic on the achievement of SDG8 was investigated using the example of Brazil. Report
[14] contains a thorough analysis of the achievement of SDG8 in the context of COVID-19,
based on the results of a survey of trade unions around the world. At the same time, the
emphasis was placed on evaluating indicators related to sub-goals related to obtaining decent
work. The vast majority of respondents confirmed the thesis of a significant deviation in the
achievement of SDG8 from the planned trajectory for this sub-goal. The authors identified
priorities in developing a strategy to achieve SDG8, among which creating new jobs plays a key
role. In the study [15], an analysis of economic growth trends in Eastern European countries
and an assessment of the effects of the COVID-19 pandemic were carried out. Sheiko and
Storozhenko summarized the forecast assessments provided by international institutions and
individual experts regarding the development trajectories of Eastern European countries after
2021 and assessed potential risks and threats. However, this study does not link the obtained
results to the achievement of the SDGs.

Article [16] contains the results of evaluating changes in the indicators of individual goals,
in particular SDG8, due to the negative manifestation of the COVID-19 pandemic. Based
on expert data, a ranking of indicators corresponding to the goals selected for analysis was
conducted. It was established that one of the most important indicators is the average annual
growth rate of GDP per capita, which characterizes economic recovery. According to Marzouk
et al, this ranking of indicators will help identify trends in SDG indicators in light of COVID-19
and contribute to creating sustainable development strategies.

The issue of determining priorities in developing a strategy to overcome the consequences of
the pandemic to eliminate instabilities and gaps in the interaction between the components
of sustainable development is investigated in studies [17–21]. The authors emphasize that
under current conditions, developing a long-term sustainable development strategy goes beyond
national development policies. This calls for the integration of the SDGs at both the national
and international levels, the identification and prevention of potential risks, and the orientation
of national development strategies towards inclusive green growth and the development of digital
technologies.

The conducted analysis allows us to state the relevance of researching issues of sustainable
development and economic recovery of countries in the post-pandemic period. Considering the
variability of the development of the current situation, assessing the impact of the pandemic
requires constant revision of the forecast estimates and conclusions regarding the development
trends of the countries. Highly appreciating the contribution of scientists and international
institutions to the study of the impact of COVID-19 on the achievement of the SDGs and the
development of approaches to strategies for the recovery of development, including national
economies, in the post-pandemic period, it should be noted that the studies are mainly based on
expert data, which contributes a subjectivity in the obtained results. It should also be noted that
at the level of European countries, such studies mainly concern EU member states. The purpose
of our research is to identify the impact of the COVID-19 pandemic on the economic development
of countries to achieve sustainable development goals and evaluate progress trends in the post-
pandemic recovery of the economies of Eastern Europe countries by analyzing quantitative
data from official statistics. The object of the study is the economic development of Eastern
European countries in the conditions of the COVID-19 pandemic. The subject of the study
is models and methods of assessing the impact of the COVID-19 pandemic on the country’s
economic development.

Following the specified goal, the formulated object, and the subject of the research, the
research objectives are the analysis of economic development indicators of Eastern European
countries in the context of SDG8 and SDG9 in the period from 2017 to 2021, and the
identification of the main trends of their change; comprehensive assessment of progress in the
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recovery of Eastern European countries economic development in the context of SDG8 and SDG9
in the period after 2021.

3. Research methodology
Sustainable development goals are interrelated, so the assessment of progress in achieving
them must be comprehensive. This requires the processing of significant amounts of data;
therefore, in our study, we will limit ourselves to the analysis of those indicators that are
directly related to economic development in the context of the indicators of the goals of SDG8
and SDG9. For the research, we used the toolkit for analyzing the dynamics of indicators –
to identify existing trends in their change; forecasting methods – for assessing the trends of
changes in indicators for the following periods; integrated assessment technologies – to obtain a
comprehensive assessment of the progress of economic development in the post-pandemic period;
generalization – for interpreting the obtained results and formulating conclusions in the context
of research objectives.

The information base of the research is publications on the research topic, data from a
Metadata repository for SDG Indicators [22], a databank of the World Bank [23], the statistical
portal of ILO [24], and results of the author’s studies.

According to [25], statistical data for SDG8 after 2015 are available for only 60 percent of
countries’ indicators. For SDG9, this share of data is 70 percent. This makes it difficult to
carry out a comprehensive analysis of progress in economic development, in particular, and in
the context of the indicators defined in [1] for the goals of SDG8 and SDG9. Therefore, those
indicators supported by the necessary statistics were selected for the study.

As objects for evaluating economic development trends, we will choose the countries of
Eastern Europe: Bulgaria, Czechia, Hungary, Moldova, Poland, Romania, Slovak Republic,
and Ukraine. Most of the countries are members of the EU. According to the World Bank, as of
2021, Ukraine had the status of a country with a Lower middle-income economy; Bulgaria and
Moldova had level of Middle-income economies; the rest of the countries belong to the category
of countries with High-income industrial economies [26]

We select the period from 2017 to 2021 for the research. The choice of such a period is due
to several reasons:

(i) the period from 2017 to 2019 refers to the pre-pandemic period and was used to determine
the direction of the impact of COVID-19 on the economic development of countries in 2020;

(ii) the following period is limited to 2021 since, for the vast majority of indicators, there is no
data for 2022, which is provided in the section of country statistics by world institutions,
in particular, the World Bank, the International Labor Organization, the United Nations
Statistics Division.

The active phase of Russian aggression against Ukraine, which began in February 2020,
caused new global challenges to the progress of economic development in Ukraine and other
Eastern European countries. Hence, their consideration requires a separate study.

We use visual analysis of their values to identify trends in changing indicators. Assessing the
predictive values of indicators we execute using the Holt-Winters method [27]. It belongs to the
group of adaptive forecasting methods and can be successfully used for a series of dynamics in
the absence of a clear trend in changing indicators.

To assess progress in the recovery of the economic development of the countries of Eastern
Europe in the context of SDG8 and SDG9 in the period after 2021, we will use the comprehensive
index method, which will allow us to comprehensively take into account the change in the values
of all partial indicators and reduce them to one measure [9]. This simplifies the interpretation
of the obtained result.
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4. Results and discussions
Let’s consider the dynamics of indicators that determine the economic development of the
countries selected for the study. We have chosen the following indicators: GDP annual growth
(percent); Growth Rate of Per Capita GDP at constant 2015 prices in US Dollars (percent);
Industry (including construction), value added (annual growth, percent); Exports of goods and
services (annual growth, percent); Imports of goods and services (annual growth, percent);
Unemployment rate, total (percent); Employment to population ratio, 15+, total (percent).

The first two indicators are among the determining factors in analyzing the country’s
economic development, as they accumulate all economic activity results. The third indicator
characterizes the industry’s contribution to economic development and is related to SDG9. The
fourth and fifth indicators reflect the foreign economic ties of economic development. The last
two are employment indicators, primarily associated with providing decent work as one of the
sub-goals of SDG8. For ease of analysis, we will also include the estimated values of indicators for
2022 in the tables together with the initial data. This will simplify our analysis of the expected
trend and simplify the calculations of the integral indicator.

The values of GDP change indicators are shown in table 1 and table 2.
The analysis of the presented values shows that in 2020 there was a significant drop in the

GDP value, which was reflected in the negative values of the corresponding growth rates. In
2021, GDP growth resumed, but it should be taken into account that such a result was obtained
in comparison with the previous year and does not reflect the real change in GDP. The highest
growth was observed for Moldova and the Slovak Republic. In general, GDP growth was higher
for countries with high-income industrial economies, except Moldova, which belongs to the

Table 1. GDP annual growth (percent).

Country 2017 2018 2019 2020 2021 2022

Bulgaria 2.8 2.7 4.0 -4.0 7.6 5.7
Czechia 5.2 3.2 3.0 -5.5 3.5 2.1
Hungary 4.3 5.4 4.9 -4.5 7.1 5.3
Moldova 4.7 4.3 3.7 -7.4 13.9 10.3
Poland 5.1 5.9 4.4 -2.0 6.8 5.4
Romania 8.2 6.0 3.9 -3.7 5.1 3.7
Slovak Republic 2.9 4.0 2.5 -3.4 3.0 2.0
Ukraine 2.4 3.5 3.2 -3.8 3.4 2.3

Table 2. Growth Rate of Per Capita GDP at constant 2015 prices in US Dollars (percent).

Country 2017 2018 2019 2020 2021 2022

Bulgaria 3.5 3.4 4.8 -3.4 8.5 6.6
Czechia 4.9 2.9 2.6 -5.7 5.4 3.6
Hungary 4.5 5.5 4.9 -4.3 7.6 5.7
Moldova 6.5 6.2 5.4 -6.4 14.8 11.3
Poland 5.1 5.9 4.5 -1.8 7.3 5.8
Romania 8.8 6.7 4.4 -3.1 5.9 4.5
Slovak Republic 2.8 3.9 2.4 -3.5 3.2 2.2
Ukraine 2.8 4.0 3.8 -3.1 4.3 3.2



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012127

IOP Publishing
doi:10.1088/1755-1315/1254/1/012127

7

group of countries with middle-income economies. According to the estimates of the values of
the indicators for 2022, we note a decrease in the GDP growth rate, which is explained by the
higher values of the indicators in 2021 compared to 2020.

The change in the values of the “indicator Industry (including construction), value added”
is shown in table 3. Let’s draw attention to the fact that for most countries, except Hungary,
there was a downward trend in the values of the indicator from 2017 to 2020. in Hungary, such
a decrease occurred only in 2020. As in the case of GDP, 2020 turned out to be the most critical
year. The reduction or suspension of business activity of many production structures explains
this. The year 2021 was characterized by the recovery of businesses in most countries, although
the negative trend of the change in the indicator remained for Moldova. Estimated values of the
indicator for 2022 also show a tendency to decrease values.

Let’s consider the indicators reflecting the volume of foreign trade. This field of activity
was also significantly limited due to quarantine restrictions. However, such restrictions gave
significant impetus to the development of online trade. Values of indicators are shown in table 4
and table 5.

The analysis of the tables shows that the given indicators in the pre-pandemic period had
a changing trend, but in 2020 they also significantly decreased. The most significant export
decrease occurred in Bulgaria, the Czech Republic, Moldova, and Romania. For the import
indicator, the most significant decrease occurred in the Czech Republic and the Slovak Republic.
In 2021, there was a significant increase in the volume of export-import transactions, and the
growth rates were the highest during the studied period for all countries except the Czech
Republic and Ukraine. For Ukraine, in 2021, the negative trend of decreasing the value of the

Table 3. Industry (including construction), value added (annual growth, percent).

Country 2017 2018 2019 2020 2021 2022

Bulgaria 1.0 0.0 -0.1 -8.2 1.7 0.0
Czechia 6.6 1.4 1.9 -9.9 3.3 1.1
Hungary 4.4 4.3 4.5 -7.9 6.6 4.3
Moldova 3.8 8.3 6.0 -2.8 -0.7 -0.7
Poland 1.2 5.8 3.4 -4.5 3.4 2.2
Romania 6.4 4.5 -0.4 -4.2 4.1 2.6
Slovak Republic 1.5 7.0 3.9 -12.6 2.5 0.1
Ukraine 1.8 2.7 2.3 -3.2 2.6 1.7

Table 4. Exports of goods and services (annual growth, percent).

Country 2017 2018 2019 2020 2021 2022

Bulgaria 5.8 1.7 4.0 -10.4 11.0 7.4
Czechia 7.2 3.7 1.5 -8.0 6.9 4.4
Hungary 6.5 5.0 5.4 -6.1 10.3 7.6
Moldova 10.9 7.2 8.2 -9.6 17.5 13.1
Poland 9.0 6.8 5.3 -1.1 12.5 10.2
Romania 7.8 5.3 5.4 -9.5 12.5 8.9
Slovak Republic 3.7 5.1 0.8 -6.4 10.6 7.7
Ukraine 3.9 -1.4 7.3 -5.8 -10.4 -9.2
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Table 5. Imports of goods and services (annual growth, percent).

Country 2017 2018 2019 2020 2021 2022

Bulgaria 7.4 5.8 5.2 -4.3 10.9 8.4
Czechia 6.3 5.8 1.5 -8.2 13.3 9.6
Hungary 8.4 7.0 8.2 -3.9 9.1 7.1
Moldova 11.0 9.7 6.2 -5.0 19.2 15.1
Poland 9.9 7.5 3.2 -2.4 16.1 12.9
Romania 11.5 8.6 8.6 -5.2 14.6 11.4
Slovak Republic 4.1 4.8 2.2 -8.2 12.1 8.6
Ukraine 12.9 2.8 5.7 -6.4 12.7 9.5

Table 6. Unemployment rate, total (percent).

Country 2017 2018 2019 2020 2021 2022

Bulgaria 6.2 5.2 4.2 5.1 5.4 5.5
Czechia 2.9 2.2 2.0 2.5 2.9 2.9
Hungary 4.2 3.7 3.4 4.3 4.1 4.2
Moldova 4.1 4.1 5.1 3.8 4.0 4.1
Poland 4.9 3.8 3.3 3.2 3.4 3.4
Romania 4.9 4.2 3.9 5.0 5.2 5.2
Slovak Republic 8.1 6.5 5.8 6.7 6.7 6.8
Ukraine 9.5 8.8 8.2 9.1 8.9 9.1

export indicator continued, and the rate of decrease was the highest. The year 2022 showed a
reduction in the growth rate of indicators, and for Ukraine, the negative trend for the import
indicator continued, albeit on a smaller scale.

Analyzing the indicators of unemployment and employment (table 6 and table 7), the
following conclusions can be drawn. Regarding unemployment, from 2017 to 2019, there was
a gradual decrease in the indicator’s value. In 2020, the unemployment rate increased in all
countries except Poland and Moldova. In 2021, the trend of unemployment growth continued
for all countries except Ukraine. However, the given indicators may not reflect the actual state
of the labor market, as they are obtained based on estimates calculated by the ILO [24]. The
calculated estimated values of the unemployment rate for 2022 showed that the unemployment
rate might remain practically at the previous level. However, the recovery of business activity
may be the reason for the decrease in the rate value.

Regarding the employment indicator, from 2017 to 2019, there was also a trend of increasing
values for all Eastern European countries. In 2020, the indicator’s value decreased for all
countries except Romania, and this trend continued in 2021 for all countries except Hungary,
Poland, Slovak Republic, and Ukraine. Estimated values for 2022 show an increase in the level
of employment, which is consistent with the thesis of the recovery of business activity.

In general, evaluating the trends of indicators, we can conclude that the pandemic really
had a negative impact on the economic development of countries, which was reflected in the
reduction of their growth rates. The most negative phenomena appeared for the indicators of
Moldova, Romania, and Ukraine, and the least – for Poland.

Let’s conduct a comprehensive assessment of the level of economic development. For this
purpose, we will construct a composite indicator named the comprehensive index of economic
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Table 7. Employment to population ratio, 15+, total (percent).

Country 2017 2018 2019 2020 2021 2022

Bulgaria 51.9 52.4 54.2 52.7 52.6 53.8
Czechia 58.5 59.2 59.2 58.3 58.0 59.3
Hungary 53.9 54.6 55.1 54.5 56.7 57.5
Moldova 40.5 35.8 40.1 38.8 37.1 38.3
Poland 53.7 54.2 54.4 54.3 55.1 56.1
Romania 52.2 52.7 53.0 52.3 49.5 51.2
Slovak Republic 55.1 55.9 56.3 55.1 56.3 57.3
Ukraine 51.0 51.4 51.7 50.1 50.2 51.3

Table 8. Comprehensive index of economic development.

Country 2017 2018 2019 2020 2021 2022

Bulgaria 0.51 0.48 0.53 0.23 0.64 0.58
Czechia 0.64 0.57 0.53 0.23 0.64 0.58
Hungary 0.59 0.59 0.60 0.26 0.68 0.62
Moldova 0.55 0.53 0.51 0.14 0.70 0.61
Poland 0.59 0.62 0.56 0.35 0.70 0.65
Romania 0.66 0.60 0.54 0.25 0.63 0.58
Slovak Republic 0.49 0.57 0.50 0.20 0.59 0.54
Ukraine 0.50 0.45 0.51 0.23 0.45 0.42

development. For the comparability of the results, the values for all countries for each partial
indicator will be combined into one sample. We will use the rules given in [9] to normalize
partial indicators. At the same time, we take into account that the unemployment rate is a
disincentive. Convolution of partial indicators was carried out according to the rule of linear
additive convolution. Since we do not have any a priori information about the importance of
certain partial indicators, we will choose the same weighting coefficients for their convolution.
The results are presented in table 8.

The analysis of the values of the comprehensive indicator allows us to state that in 2022, its
lowest values for the entire studied period took place. The most significant drop occurred in
Moldova, while the economy of Poland was the most stable. In 2021, an increase in the values of
the comprehensive indicator was observed, and the highest values were for Moldova and Poland.
The phenomenon of Moldova is explained by the significant growth of individual indicators,
which in turn is determined by their low absolute values compared to other Eastern European
countries. The assessment of the value of the generalized indicator of economic development for
2022 shows a slight decrease in values, which is consistent with the conclusions made during the
analysis of the partial indicators that are components of this generalized indicator.

More accurate estimates of the economic development of the countries of Eastern Europe in
2022 could be obtained, taking into account either the actual values of the indicators, which are
currently unavailable, or their expert assessments. Currently, such estimates are available only
for GDP indicators.
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5. Conclusions
Identifying economic development trends both for the country’s economic system as a whole and
at the level of its separate regions remains an important task. Such research acquires special
significance in periods of global challenges, one of which was the COVID-19 pandemic. Deviation
from the trajectory of achieving the stated goals was observed even in the pre-pandemic period,
but the COVID-19 pandemic exacerbated the existing problems. It isn’t easy to assess all the
consequences since this process has not yet ended. In addition, the active phase of Russian
aggression created new challenges for sustainable development. However, identifying trends in
the change of target indicators in terms of individual SDGs, in particular SDG8 and SDG9, is
an urgent task.

The study of the indicators’ values from 2017 to 2019 showed that gradual progress in
economic development was generally observed despite the lack of clear trends for individual
indicators. This allows us to conclude on the gradual improvement and the achievement of the
target indicators for SDG8 and SDG9.

The analysis showed that 2020 was the most critical year by all indicators, which led to
a significant deviation from the planned trajectory of sustainable development. This finding
is consistent with research results provided by other scientists and research institutions. In
2021, the situation began to improve, reflected in the indicator values’ growth. Deviations
occurred only in individual values for Ukraine and the Slovak Republic. Ukraine had a lower
level of development according to the selected indicators, while Poland demonstrated the highest
stability of its economy. At the same time, despite the limitations of statistical data, the obtained
results showed that for many indicators, the rates of their decline in 2020 for Ukraine were lower
than for other Eastern European EU member countries. Estimated values for 2022 showed a
decrease in the growing trend of the indicators selected for analysis. This can be explained by
the fact that the vast majority of indicators are relative and depend on the previous levels of
the corresponding absolute indicators. To comprehensively take into account all indicators, we
have built a generalized indicator of economic development. The analysis of its values confirmed
the earlier conclusions regarding economic development trends in 2020 and 2022.

Study results can be considered when planning economic development strategies as auxiliary
analytical information.
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Abstract. The research objective is an analysis of the participation of the Black Sea Basin
countries (Ukraine, Russia, Kazakhstan, Bulgaria and Romania) in world grain trade. We
started this research before the start of Russia’s military actions in Ukraine, and completed it
during these actions, so we have a vision of the situation before and after start of war. Subject
of research: stability of grain supplies (wheat, corn, barley) from the Black Sea region as a whole
and from some of its countries. Results of the research: The research revealed the growing role
of the Black Sea region in the pre-war period in the world grain market and identified its key
leaders. The share of the Black Sea region in world trade in wheat increased to 34%, barley –
to 40,6%, corn – to 25,3% in 2019/2020 marketing year. The calculated coefficients of variation
confirmed the decrease in the scattering of grain exports in 2015-2020 vs. 2010-2015, which
indicates an increase in stability and reliability of supply in this period. The situation changed
radically after the Russian invasion of Ukrainian territories. The maritime logistics corridors of
Ukraine that is the one of the key players in this region, were blocked and started working only
five months later, but not at full capacity. All these events had its destructive consequences
for world trade, in particular, the increase in world prices, disruption of the stability of grain
supplies from the Black Sea region and the destruction of established logistics corridors, etc.

1. Introduction
The global problem of the modern world is the prospect of lack of food resources for the
ever-growing population of the globe. International organizations (FAO, IFAD, UNICEF, etc.)
warn that before the COVID-19 pandemic, 690 million people didn’t receive enough food, i.e.,
8,9% of the world’s population, and the continuation of this trend could lead to an increase in
malnutrition up to 840 million tons in 2030 [1]. Thus, the problem of food shortages will only
deepen in the near future.

A logical question arises, which countries will be able to provide the growing needs of the
world in food? Therefore, the research is devoted to the study of the role of the Black Sea region
in world grain trade.

This article is structured as follows. The first section focuses on the relevance of this topic.
The second and third sections present a review of the literature and methodological approaches
to solving the tasks. The fourth section demonstrates the results of researches, namely analyzes
the place and role of the Black Sea region in world grain trade (wheat, corn, barley), assesses
the stability of grain supplies from this region as a whole and its individual countries, individual
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aspects of the impact of the war on world prices were analyzed, a SWOT analysis of Ukraine’s
competitive positions on the world grain market was carried out. The fifth section summarizes
this research and identifies areas for further research.

2. Literature review
With the strengthening of the role of the Black Sea region in world trade in the last 10 years,
it was published scientific papers which illuminate the behavior and pricing policy of exporting
countries in this region. However, the export policy of individual countries (Ukraine, Russia,
etc.) is illuminated more often and its cumulative influence on world trade is analyzed less often.

In particular, Götz et al [2] analyze the negative influence of export restrictions in 2007-2008
on the domestic grain market of exporting countries of Ukraine and Russia and its integration
into the world market. However, many changes have taken place since then, with some countries
abandoning ‘manual’ methods of regulation and others abandoning them altogether. In the long
term, the regulation of grain exports should be reduced mainly to a system of economic measures,
but at the moment, government participation is necessary as a driver in the development of
production and logistics infrastructure [3].

One of the conclusions of Svanidze and Götz [4] is the following: unforeseen policy
interventions for grain markets further increase the level of grain market uncertainty and,
hence, costs of grain trade in Russia. At the same time, the authors consider the increase
of spatial market efficiency of grain markets in Russia as the driver of increasing the country’s
export potential. Together, the conducted study of the state of Russian transport capabilities
has revealed the lack of development of the latter, especially railway transport and grain
transshipment capabilities in seaports, which prevents an increase in the volume of grain exports
to strategic foreign partners [5].

Ukraine doesn’t apply strict restrictions and prohibitions, there is a fairly democratic
Memorandum of Understanding between the relevant ministry and economic entities – grain
exporters and there has never been a ‘manual’ restriction of exports. One of the main problems
in the export of Ukrainian grain is a high share of logistics costs, which reaches 35% of the final
cost of production [6].

Some scientists believe that over the last two decades, the Black Sea region developed to be a
key global exporting region for corn and wheat [7]. We fully agree with Heigermoser et al, who
note that many market participants grapple with insufficient knowledge of factors that drive
Black Sea spot prices, while effective futures markets that could facilitate price discovery and
risk management are still missing. That’s why these factors need more profound study.

Among recent studies, the scientific work of Gafarova et al [8], which examines the price
behavior of the main exporters of wheat from the Black Sea region (Ukraine, Russia and
Kazakhstan), identifies importing countries in which price discrimination is applied and countries
where perfect competition does not allow it. In Goychuk et al [9] were performed tests of market
price co-integration (Johansen maximum likelihood test and residual-based tests) as well as
threshold error correction techniques were performed for this purpose. The results suggest that
Russian wheat prices were co-integrated with EU and U.S. Ukrainian wheat prices were found
to be co-integrated with French wheat prices only.

The countries of the Black Sea region have not escaped illicit financial Flows in export
operations with agricultural products. The unstable state of the economy of these countries
has led to significant financial losses in grain exports [10]. The authors’ main contributions are
discovered asymmetry of mirror data such as price, trade value and weight of Ukrainian grain.

China has become an increasingly important actor in the Black Sea Region (BSR), and this
looks set to continue in the future [11]. According to the author, potential Ukrainian economic
growth suggests that Kyiv has the potential to be a key driver in increasing maritime trade and
future investment by China in the BSR. In fact, this is exactly what happened before the war
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in Ukraine. After February 24, 2022, significant transformations took place with the stability of
the supply of grain and other agro-food products from this region.

There is a great deal of uncertainty about the impact of the war on food security is recognized
by most experts and scientists, including Berkhout et al [12], Glauben et al [13], as it is not even
possible to foresee the end date of the war.

However, it is clear that food security in certain regions of the world today is a significant
threat [14,15]. The war in Ukraine is likely to have the greatest impact on regions that depend
on imported wheat, particularly from Russia and Ukraine, as a key part of their diets. Even
countries that are less dependent on wheat imports from the Black Sea region could face food
security issues, as designated by Glauben et al [13].

FAO warns: ‘In the short term, the alternatives to falling exports from Ukraine and Russia
seem limited. For example, according to the FAO, wheat and maize harvests in Canada and
the US have been disappointing, Argentina is applying export restrictions to combat domestic
inflation, and Australia can no longer deliver owing to logistical bottlenecks’ [14].

3. Data and methodology
Time series, arithmetic averages, the method of expert assessments, extrapolations, etc. were
used to assess the influence of the Black Sea basin countries on world trade.

The methodological approach involved the calculation of scattering indicators in sales of
goods for the selected interval relative to the arithmetic mean sales of this good for the selected
period of time to analyze the stability of export deliveries.

σ =

√∑n
i=1(xi − x̃)2

n

σ – the standard deviation
xi – the number of sales of good per interval
n – number of intervals
x̃ – arithmetic mean

The arithmetic mean is determined by the formula:

x̃ =
1

n

n∑
i=1

xi =
1

n
(x1 + . . .+ xn)

We needed the standard deviation to calculate the coefficients of variation, which more
accurately characterize the scattering and reflect the stability of export supplies in the selected
time interval.

V =
σ

x̃

V – the coefficients of variation
σ – the standard deviation
x̃ – arithmetic mean

For data extrapolation, the exponential smoothing method was used, which is the most
effective when developing medium-term forecasts.

Ut+1 = α× yt + (1− α)× Ut

Ut+1 – predicted indicator
t – period preceding the forecast
t+ 1 – forecast period
α – smoothing parameter
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yt – actual indicators for the period preceding the forecast period
Ut – exponentially weighted average for the preceding period predictive

The Delphi method is used to develop the SWOT matrix. The Delphi method relies on
experts who are knowledgeable about a certain topic so they can forecast the outcome of future
scenarios, predict the likelihood of an event, or reach consensus about a particular topic. For
our research, expert opinion was obtained from farmers who are members of the PU ‘Agrarian
Union of Ukraine’.

The information database of our researches was the data of UN Comtrade [16], The Foreign
Agricultural Service (FAS) of United States Department of Agriculture [17], and AgriSupp of
the consulting agency UkrAgroConsult [18].

4. Research findings and discussion
4.1. Black Sea region in world grain trade: before war
Research has shown that the key players in world grain trade from the Black Sea region were
such countries: Ukraine, Russia, Kazakhstan, Romania and Bulgaria. All these countries (except
Kazakhstan) have access to international waterways, its own ports and port elevators, the
number of which has been increasing in recent years. Kazakhstan is located within the continent
and away from sea routes, so the logistics of this country to the Black Sea and Azov ports runs
through the territory of Russia [19].

Over the ten years (2010–2020), grain sales by the above-mentioned countries have increased
significantly: wheat – 3,7 times, corn – 6 times, barley – 1,7 times (figure 1).

A growing trend is still evident despite of fluctuations in export volumes. Manufacturers and
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Figure 1. Dynamics of wheat, corn and barley exports by the Black Sea basin countries in the
2010/2011 – 2019/2020 marketing years, million tons.



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012128

IOP Publishing
doi:10.1088/1755-1315/1254/1/012128

5

exporters received more income from the sale of products for export. Governments have also
realized the undeniable benefits of receiving dollar-denominated export earnings, so it is now
prudent to impose any export restrictions and the situation described by Götz et al [2] is no
longer repeated.

Calculations based on AgriSupp [18] and FAS [17] data show that the share of the Black Sea
region in world wheat trade increased from 13,2% in the 2010/2011 marketing year (hereinafter
– MY) to 34% in 2019/2020 MY, corn – from 7,9% to 25,3%. The share of the Black Sea
region in world barley exports, on the contrary, decreased from 47% in 2010/2011 MY to 40%
in 2019/2020 MY.

The countries of the Black Sea basin competed with each other, so there are leaders in the
export of certain crops. Russia was the leader in wheat exports with a share of 52,1% of the
total sales of wheat from the Black Sea region in 2015/2020 – 2019/2020 MY (figure 2).
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Figure 2. The share of individual countries in the Black Sea region in exports of wheat, corn
and barley, on average over the past 5 years (2015/2016 – 2019/2020 MY), %.
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Ukraine was the undisputed leader in corn exports, with a share of 67,2%. The share of
barley sales in Ukraine and Russia is approximately at the same level – 37% and 38% of the
total export of barley from the Black Sea region, respectively.

The issue of stability of supplies from this region is relevant with the strengthening of the role
of grain-exporting countries from the Black Sea basin. Naturally, deviations in the time series
were quite significant in the period of 10 years (2011–2020) (table 1), because during this period
there was a significant increase in supplies of wheat and corn from the Black Sea region to the
world market, as well as fluctuations in barley supplies. However, it is important to understand
whether the fluctuations of export indicators in recent years are equalizing. Is the Black Sea
region able to ensure the achieved high rates of exports? How reliable is the region as a key
supplier of grain resources to the world market?

Table 1. Coefficients of variation of grain exports from the Black Sea region and individual
leading countries, 2011-2020, %.

Wheat Corn Barley
Country V

(2011-
2020)

V
(2011-
2015)

V
(2016-
2020)

V
(2011-
2020)

V
(2011-
2015)

V
(2016-
2020)

V
(2011-
2020)

V
(2011-
2015)

V
(2016-
2020)

The Black Sea basin countries
Ukraine 43,5 29,5 16,0 37,5 37,8 24,5 33,9 47,4 12,3
Russia 57,6 68,8 16,5 53,0 62,1 24,8 42,9 58,8 18,9
Kazakhstan 37,6 50,1 16,9 . . . . . . . . . 61,2 53,0 31,9
Bulgaria 15,9 26,1 12,2 31,8 19,2 38,1 32,3 50,0 30,0
Romania 35,3 38,7 11,7 45,1 51,7 33,1 34,4 38,5 23,3
Total 44,8 38,1 13,9 37,8 42,5 19,2 27,4 22,0 13,2

Countries are the leaders in the export of grain in the world
USA 15,0 14,9 10,3 24,4 29,0 11,1
EU 25,1 27,9 20,8 28,2 36,8 13,0
Canada 12,5 15,1 6,7 28,2 14,1 26,2
Brazil 35,2 30,1 23,1
Argentina 34,5 19,6 24,7
Australia 28,9 14,2 35,7 27,3 15,2 29,7

It should be noted that, the Black Sea countries tried to maintain the image of reliable
suppliers of grain on the world market in 2011-2020, learning some lessons of failed ‘manual’
management, which traditionally ended with losses for business and the state budget.

We calculated the coefficients of variation with a breakdown of the time series at intervals
of 5 years. Russia showed the largest fluctuations in the export of wheat, corn and barley –
62-69% in the first five-year period (2011-2015), (table 1, figure 3). Grain supplies from other
countries of the Black Sea basin are also not stable: the variability of indicators from year to
year is significant, on average 30-50%.

The scattering of indicators decreases significantly – by 1,7-2,7 times in the second five-year
plan (2016-2020). The highest level of variation in grain exports from the Black Sea region in
2016-2020 remains for corn – 19.2% (table 1, figure 3). The highest deviations in the supply of
corn to the world market are shown by Bulgaria – 38,1% and Romania – 33,1%, while Ukraine
and Russia have a variation rate of 24,5-24,8%, that shows more stable supplies from these
countries.

The rate of variation for wheat from the Black Sea region is quite moderate – an average of
13,9%, with slightly higher rates of variation in Russia, Ukraine and Kazakhstan – 16,0-16,9%.
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Figure 3. Coefficients of variation of export supplies of grain from the countries of the Black
Sea region, 2011-2015, 2016-2020, %.

Kazakhstan and Bulgaria stand out for barley (30,0-31,9%), while Ukraine and Russia had a
moderate variation (12,3-18,9%).

The coefficients of variation for the countries that are key exporters of the respective type of
grain (wheat, corn, barley) were calculated for comparison. It turned out that the most stable
suppliers of wheat to the world market were Canada and USA in 2016-2020, its coefficients of
variation are in the range of 6,7-10,2% (table 1). Stable supply of corn is provided by the USA
with a coefficient of variation of 11,1%, while Brazil and Argentina have the same variation of
export indicators as Ukraine and Russia (23-25%). Ukraine shows the lowest scattering of export
indicators for barley – 11,1% and the EU 13,0%, other countries have a significant variation of
indicators (> 20%).

The influence on export supplies of various factors should be investigated in more detail to
increase the stability of grain supplies from the Black Sea region to world markets, so as gross
duties, transitional grain balances, exchange rate fluctuations, export restrictions, imperfect
logistics, etc. These issues will be the subject of our further researches in the future.

Thus, the calculations allow us to state that the export activity of the countries of the Black
Sea region gained more and more efficiency and stability in the studied period (2011-2020),
which indicates the constant development of international relations between the countries that
are suppliers and buyers of grain in the Black Sea region.

According to the long-term forecast of the International Grains Council (IGC), world grain
trade will grow by 1,3% annually over the next few years. This expansion will be due to increased
demand for grain in Asia and Africa because of 1) population growth and increasing popularity
of grain and flour products 2) increasing demand for grain crops for feed purposes. Whether
these forecasts will come true, taking into account the significant destruction of logistics chains
in the Black Sea region, is an open question.
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4.2. The impact of the war in Ukraine on trade and world prices
Ukraine held a leading position not only among exporters of the Black Sea region, but also
among world exporters before the beginning of the war. Even in the 2021/2022 marketing
year, it still managed to take fifth place among wheat exporting countries, third place among
barley exporting countries and fourth place among corn exporting countries. The majority of
Ukrainian products were exported by sea. The country had almost 3,000 kilometers of sea coast
with 18 active ports, including 5 in the occupied Crimea. About 90% of Ukraine’s grain export
volume passed through sea corridors.

The invasion of Russian troops on the territory of Ukraine led to significant destruction of
infrastructure facilities, including logistics chains. The presence of Russian troops in the Black
Sea ports of Ukraine paralyzed the export of Ukrainian grain, oil, meal, etc. for five months. The
established connections, which were built up over the years, were destroyed, and only starting
from August 2022, the so-called ‘grain corridor’ became to operate that was only partially able
to unload grain-filled elevators in Ukraine.

Immediately after the start of Russia’s armed attack on Ukraine, agricultural markets around
the world were shocked. Commodity prices flew up. In a situation of uncertainty, the demand
for products increased, because market participants did not understand what could be expected
in the near future. The volatility of wheat prices was higher than for other crops, because it is a
food crop that is consumed by the population of the whole world. Futures for American wheat
on the CME jumped by 60% compared to the pre-war period (figure 4). Futures prices for US
corn also rose, but to a lesser extent – there are by 35%.

We cannot agree with the opinion of the authors Glauben et al [13]: “Currently there is no
reason to panic buy or increase export controls on world grain markets in the coming marketing
year, as markets appear to be calming”.

In November 2022, wheat prices were 32% higher compared to the same period last year,

Figure 4. Chicago Board of Trade Wheat and Corn Price Growth Rates, November 2021 –
November 2022.
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corn prices were also 26% higher. The world’s temporary stocks of wheat are decreasing. Thus,
as of November 2022, the indicator of the ratio of temporary stocks of wheat to its consumption
calculated by us was 34.1% in the 2022/2023 marketing year (figure 5). Although this is not a
critical level, it is the lowest level in the last 8 years [20]. A decrease in global wheat stocks will
push prices higher in the future.

The inverse correlation between the level of prices and the level of product reserves was proved
as early as the 17th century by the English economist Gregory King, who, using the example of
the corn market, calculated the proportions of the correlations: the fall in the harvest and the
corresponding increase in prices. In economic science, such a cause-and-effect connection was
called the ‘King effect’ [21]. The reduction of reserves in the current marketing year will lead to
another increase in exchange quotations for grain crops [22].

In 2022, Ukraine lost 30% of its wheat crop (−8 million tons), and 17% of its barley crop
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(−1,1 million tons). In the fall of 2022, it was possible to sow only 61% of the wheat and 69%
of the barley areas. That is, the capacity of the Ukrainian agricultural sector has significantly
decreased. It is expected that 42% less Ukrainian wheat will be exported in the 2022/2023
marketing year than in the 2021/2022 marketing year [20]. The loss of grain export volumes
from Ukraine will increase world prices in the future. This increase in prices will especially hurt
poor countries, which are geographically and economically profitable to buy Ukrainian grain.

Consider the competitiveness of Ukraine in the world grain market under the conditions of
Russia’s military aggression. For this purpose, a SWOT matrix has been developed, which
highlights Ukraine’s competitive position on the world grain market (table 2).

Table 2. SWOT analysis of competitive position of Ukraine on the world grain market.
Strengths Weaknesses

• Natural soil fertility, grain traditions
• Geographical location, proximity of indi-
vidual markets
• Significant excess of production capacity
over domestic needs
• Competitive grain prices compared to the
prices of other exporting countries
• Cheap labor

• Insufficient use of new production tech-
nologies, modern equipment, etc.
• Unstable legal and regulatory framework,
lack of state support for grain producers and
exports
• Lack of opportunities for small and
medium-sized businesses to hedge price risks
on the stock exchange
• “Bottlenecks” in the logistics of grain cargo
• Insufficient quantity of grain of export
quality

Opportunities Threats

• Existing potential for growth of grain
yields and, accordingly, increase of produc-
tion (exports)
• Interest of China, Africa, the Middle East
and other countries in Ukrainian grain and
opportunities to expand exports
• Expansion of the Export Credit Agency,
which has been operating de facto since 2021
• Forceful support of international organiza-
tions and some countries in the organization
of grain supplies to the world market
• Development of alternative logistics
routes – transshipment of grain through ports
or transportation by rail and road through
the western borders

• Military and political instability due to
Russia’s military actions against Ukraine
• The critical environmental situation in the
war zone and other regions subject to shelling
and bombing. In the post-war period, it will
take years to restore disturbed ecosystems, in
particular to restore soil fertility.
• The activity of the operation of logistics
routes in the Black Sea depends on interna-
tional agreements (it is about the operation
of the “grain corridor”)
• Continuation of the war may lead to
further reduction of grain production in
Ukraine
• Global climate change, which is reducing
(moving to the North) the area of favorable
agriculture

The SWOT analysis shows that Ukraine has enough strengths and opportunities to expand
grain supplies for export. All these opportunities will be realized under the conditions of the
most outstanding end to the war and the restoration of normal business activities in the country.

Russia’s aggression against Ukraine also threatens global food security [23]. The problem of
hunger in the world and the tendency to increase the population on the planet is the reason
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that should motivate international organizations and individual countries to help Ukraine in
restoring its vitality and restoring the stability of export grain supplies to the world market
and, accordingly, the sustainability of the development of the Black Sea region.

5. Conclusions and outlook
So, research has shown an increase in the share of the Black Sea region in the supply of grain
to the world market before Russia’s military invasion of Ukraine. Thus, the countries of the
Black Sea basin have provided a third of world wheat exports, a quarter of world exports of
corn and 40% of barley on average in 2016-2020. The leaders of this region were Ukraine and
Russia. With less experience than traditional players in the international market, the Black
Sea countries have shown a fairly steady development of grain export trade in recent years, as
evidenced by our calculated coefficients of variation. Thus, comparing the uniformity of grain
supply to the world market in 2016-2020, we found that the Black Sea basin provided a higher
level of stability of wheat exports than the EU and Australia and the stability of corn supplies
from this region at the level of Argentina and Brazil. The most stable suppliers of corn to the
world market were the United States, wheat – Canada and the United States, barley – Ukraine.
The indicators which were calculated by us confirm the increasing efficiency and sustainability
of the development of the Black Sea region in the pre-war period. However, the war started by
Russia, destroys the established economic relations between the countries, blocks the arrival of
crops from Ukraine, while some countries are in great need of these products.

Because of the complete or partial blockade of Ukrainian ports, the world market did not
receive a significant part of the products, which had influence on world prices. With the
beginning of the armed aggression, stock exchange quotations for wheat and corn jumped by
60% and 35%, but even after 8 months from the start of the war, they still exceed last year’s
level, by 32% and 26%, respectively.

Regarding the prospects for the development of export trade from Ukraine: the results of the
SWOT analysis confirm the sufficient competitiveness of country. However, a significant number
of threats are also present. The best solution to this issue and the elimination of most “threats”
is a complete cessation of hostilities and the withdrawal of troops from Ukrainian territories and
waters. The restoration of full-fledged business activity of Ukraine, as one of the key players
in the world grain market, will allow to restore the sustainable development of world trade and
global food security.
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Abstract. One of the main domestic and foreign policy principles of Ukraine is the
preservation of the environment and its components, which is vital for the human existence,
his current and future generations. It was found that the amount of land resources available at
our disposal is limited, therefore it requires sustainable management. This calls for recognition
of raising awareness importance of the rate at which humans are depleting and destroying land
resources. This formed a new paradigm about the role and importance of land management and
land use. The purpose of the study is to identify the factors that have the greatest impact on
the spread of soil degradation and pollution, and to identify priority environmental measures in
the land management system, specifically offers for land conservation, reduced land areas with
the use of pesticides and agrochemicals, which would improve the state of agro and ecosystems,
would create conditions for the restoration of biodiversity in the agro sphere, would contribute to
the prevention of soil degradation and contamination by chemical substances. Implementation
of the provided measures is aimed at improving the quality of the natural environment and
human living conditions. The indicators dependence of agricultural land use and production
intensification factors was revealed through economic and mathematical modeling.

1. Introduction
Land resources are the main component of Ukraine’s natural resource potential. Therefore, the
concentration of large tracts of land in different types of landowners and land users can become
a factor that will cause changes in the nature of use in the country and its regions, affect their
social and economic development and the environment condition. The nature of land resources
usage affects almost all spheres of social and economic regional development of different levels, in
particular territorial communities, the condition and quality of agricultural lands, determines the
nature of anthropogenic impact on the environment. By endorsing the Sustainable Development
Goals, the global community, including Ukraine, reaffirmed its commitment to sustainable and
inclusive economic growth, social inclusion, environmental protection and the development of
peaceful, just and inclusive societies through a new global partnership. The result of this work
was the national SDG (Sustainable Development Goals) system of the Central Development
System, which consists of national development tasks with corresponding indicators [1]. All
these goals can still be achieved. As the UN Secretary-General’s report states: “The choices we
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make or don’t make today can lead to further destruction or breakthroughs to a greener, better
and safer future”. [2].

Implementation of sustainable development principles requires the formation of development
directions strategic vision based on a new philosophy of thinking and new aspects of political
activity. The transition to the principles of sustainable development will require comprehensive
structural changes in the management of land resources. That is, the management of land
resources is key to achieving the goals of sustainable development, ensuring food security, jobs
and income in the long term. In this paradigm, the concept of sustainable management of
land resources appeared, which means the use of land resources, including soil, water, animals
and plants, for the production of goods to meet changing human needs while simultaneously
ensuring the long-term productive potential of these resources and preserving their ecological
functions. Increasing investments in sustainable management of land resources can significantly
contribute to achieving the Sustainable Development Goals Goal 1 (overcoming poverty in all
its manifestations), Goal 2 (overcoming hunger, achieving food security, promoting the balanced
development of agriculture), Goal 6 (ensuring accessibility and balanced use water resources),
Goal 13 (fighting climate change and its consequences) and Goal 15 (ensuring the protection
and restoration of terrestrial ecosystems and promoting their balanced use; implementing
balanced forest management; fighting desertification; stopping the process of land degradation
and starting their restoration and halting the loss of biodiversity). Thus, ensuring the continued
integration of sustainable land management into all state and local programs is a safe investment
that ensures better sustainability for all, not only in the country, but in a land-degradation-
neutral world.

Effective management of land resources is one of the most important conditions for the
development of the state and territorial communities in Ukraine. Over the past decades, almost
all issues important for the sustainable development of land relations have been regulated at the
legislative level: maintaining a land cadastre, registering rights to real estate, carrying out land
management and land valuation [3].

2. Literature review
Problematic aspects of ecological character in the system of land resources management in
the sustainable development context, features of rational nature management in the field of
agriculture are studied by number of authors [4–10].

Koshkalda et al [5] considered aspects regarding by the need to solve the research and
technical problem of providing information support for the assessment of the state of land
resource mapping and their management using modern geoinformation technologies, the
development and optimization of interconnected algorithms and programs. Used an integrated
land cover classification method targeting low-accuracy regions on large-scale maps. Low-
accuracy areas can be detected by estimating the accuracy of the data with a moderate
resolution spectroradiometer. This method optimizes the entire classification process, including
image selection, as well as the classification algorithm and features. An optimal algorithm of
classification and features for various regions with low accuracy is proposed, which can be used
in the process of regulation and management of land relations.

Tretiak et al [8] claims that today in Ukraine, land (in the form of land use) is not considered
at the government level as a terrestrial biologically productive system, which includes soil,
vegetation, other biomass, as well as ecological and hydrological processes that occur within this
system. According to this the state and quality of land use is not associated with a complex of
security threats to human life.

Dombrovska et al [11] considered Remote Earth Sensing, which makes it possible to obtain
data on dangerous, hard-to-reach objects and places, and also allows for operational monitoring
of large areas of the terrain. The use of modern methods of obtaining data from remote sensing of



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012129

IOP Publishing
doi:10.1088/1755-1315/1254/1/012129

3

the earth has significantly expanded the horizons of using such data, their analysis, interpretation
and modelling of a wide range of natural processes and human activities. Today, the possibilities
of obtaining remote sensing data of the Earth by modern methods, both space and UAV, channel
combinations, image visualization indices in combination with geoinformation technologies solve
some scientific, practical and economic problems that are already used in industry cadastres.

One of the ecological economy founders, Herman Daly, claims that the human-made economy
is “embedded” in the ecological global system. Quality indicators of the environment are
determined by the quality of atmospheric air, the quality of agricultural land, the quality of
surface water and the quality of biotic resources [12].

Scientific views on the sustainable management system of land resources and soil fertility are
actively covered in foreign publications.

Lecarte and Negre [13] provides an overview of the effect of the decline in the number of
farms across the EU on the European farming model (EFM), which is built around the notion
of multifunctionality and provision of public goods by agriculture. It concludes that in order
to foster sustainability and resilience, the EFM and policy tools must embrace the emerging
diversity of farmer profiles and stimulate socially desirable adaptive strategies that preserve the
multifunctionality of farming.

Rosário et al [14] presents a systematic literature review focused on the use of
sociopsychological determinants to understand the adoption of sustainable agriculture
innovations, combining conventional bibliometric analysis with the method of vote-count. This
method enabled an evaluation of the ability of the determinants considered by the models, as well
as respective sociopsychological constructs, to explain the innovation adoption. Our results show
a significant growth in the research employing theory and models built on sociopsychological
factors to understand the decision-making processes undertaken by farmers in the context of
the adoption of sustainable agriculture innovations. The development of statistical models and
techniques, such as the structural equation model (SEM), has facilitated the inclusion of a
growing set of sociopsychological variables. However, our review highlights that the selection of
the sociopsychological constructs used by research to explain farmers’ adoption of sustainability
innovations relies mainly on constructs defined for other decisional contexts, such as the adoption
of innovations by firms in other sectors.

Anderson et al [15] develops a framework for advancing agroecology in transformations
towards more just and sustainable food systems focusing on power, politics and governance.
It explores the potential of agroecology as a sustainable and socially just alternative to today’s
dominant food regime.

The analysis by Migliorini et al [16] has been partly based on results of a dedicated literature
search and partly on grey literature and expert knowledge. After an overview of the history of
agroecology, targeted research and education, collective action(political and social), and some
agroecological practices in the three countries are presented. These countries share a rather
similar use of the term “agroecology”, but they differ regarding(i) the existence/extent of strong
civil and social movements; (ii) the type of study/educational programmes, and the relative
importance of different scientific disciplines and their evolution; (iii) the development of political
support and legal frameworks; and (iv) the elaboration of concepts to rediscover traditional
practices and apply new ones, often taken from the organic agriculture sector. Agroecology
is an emerging concept for the Mediterranean agricultural sector, with huge potential due to
the peculiar socio-cultural, bio-physical, and political-economic features of the region. To boost
agroecology in Mediterranean Europe, better networking and engagement of different actors
within a coherent institutional framework supporting the transition is strongly needed.
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3. Results and discussion
Nowadays, Ukraine’s land resources, especially agricultural lands, are subject to significant
transformation as a result of human activity. The main factor of transformation is the plowing
of soils and their intensive use in agriculture. Lands with fertile soils and geomorphological
conditions favorable for agriculture underwent the greatest transformations.

The increase in agricultural development of land resources, which is accompanied by an
increase in plowing of land, indicates an increase in the anthropogenic load on a unit of land
area, geological imbalance, and the development of soil erosion (figure 1).

Figure 1. Ecological balance indicators of territorial units of Ukraine.

According to the scientists’ methodology of the Land Management Institute of the Ukrainian
Academy of Sciences, the coefficient of ecological stability indicates that: less than 0.33 – the
territory is ecologically unstable; from 0.34 to 0.50 – refers to steady unstable; from 0.51 to
0.66 – passes into the limits of average stability; if it exceeds 0.66, the territory is ecologically
stable. Figure 1 shows that most regions of the country have an ecologically unbalanced and
vulnerable territorial structure, which is associated with high plowed land. Only Zakarpattia
Oblast has an ecologically balanced territory. There is a direct relationship between land erosion
and the degree of ecological stability.
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The dependence of agricultural land use indicators and factors of production intensification
is most accurately determined by economic and mathematical modeling in the form of a
multifactorial regression equation (using the example of agricultural enterprises of the Krasnokut
Territorial Community of the Bogodukhiv District of the Kharkiv Region). On the basis of the
multivariate regression of the 1st degree, the relationship between the value of gross production
(Y ) and the area of arable land (X1), qualitative assessment of arable land (X2), production costs
(X3), and the cost of fixed and working capital (X4) was revealed. The dependence obtained as
a result of data processing is characterized by the equation:

Y = −2828.28 + 0.75X1 + 59.89X2 + 0.17X3 + 0.10X4

To assess the adequacy of the accepted mathematical model, we use Fisher’s test.
The values of the equation parameters give reason to note that with an increase in the cost

of fixed and working capital and the quality of land, the cost of gross production increases by
0.10 UAH and 59.8 thousand UAH, respectively. An increase in the area of arable land and
production costs in farms contributes to an increase in the value of gross products by 0.75 UAH
and 0.17 thousand UAH.

There is a fairly close relationship between the effective and factor characteristics (correlation
coefficient is 0.8743). The test for significance proves the presence of a non-random dependence,
as well as a high level of adequacy of the model construction (the actual F test of F(3.26) = 8.93).

Analysis of standardized beta coefficients showed that the cost of fixed production and
working capital has the greatest influence on the cost of gross production (β4 = 0.688), the
next indicator is the arable land area (β1 = 0.595), and then production costs (β3 = 0.326),
point of qualitative assessment of arable land (β2 = 0.220).

An important issue today is the improvement of the legal, economic and ecological mechanism
for the removal (conservation) of degraded, unproductive and man-made agricultural lands from
intensive use. The legal basis for conservation of degraded and unproductive lands are defined by
the Land Code of Ukraine [17, articles 171–172] and the Law of Ukraine “On Land Protection”
[18, article 51]. The order of land conservation [19] defines the organizational principles of
conservation of degraded, unproductive and technogenically polluted lands, reference indicators
characterizing soil properties and determining the need for land conservation in natural-
agricultural zones. But nowadays, a clear methodology for ensuring its implementation has
not been defined. Therefore, it is necessary at the legislative level, with the participation of
specialized scientific institutions, to develop a methodology for land conservation.

State and regional programs are adopted for the purpose of conducting soil surveys,
protection, rational, ecologically safe use of soils, preservation and reproduction of their fertility.
The implementation of state target programs in the field of reproduction, improvement and
protection of soil fertility is an integral part of agrarian policy and a decisive factor in ensuring
the sustainable development of our country.

Land conservation, regardless of the form of ownership, is carried out according to the working
project of land management on land conservation, which defines the types, methods of land
conservation, the term of conservation, directions of land use [19].

In order to implement the goals of sustainable development of both the state as a whole
and territorial communities (Goal 15 – ensuring the protection and restoration of terrestrial
ecosystems and promoting their balanced use; carrying out balanced forest management;
combating desertification; ending the process of land degradation, restoring and stopping loss
of biodiversity), we developed offers for the conservation of degraded and unproductive lands of
the Krasnokut territorial community of the Bogodukhiv district of the Kharkiv region.

Taking into account the indicators that characterize the soil properties and determine the
need for land conservation in natural and agricultural zones, it is offered to apply the following
directions of conservation:
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Erodibility (eroded and deflated). These are lands with moderately and strongly eroded and
eroded soils, outcrops of soil-forming and underlying rocks. It is planned to remove from the
arable land and further lime and use it for onion pasture lands with standardized livestock
grazing or afforestation. Medium and strongly deflated soils are subject to removal from
agricultural land by afforestation.

The most disturbed lands with rock outcrops, washed-out and heavily washed soils, these
lands should be removed from the arable lands with lime or afforestation. In the Krasnokut
community, the area of such lands is 176 hectares (agro-production groups 57d, 57e, 51e,
51g, 51e). Medium-washed soils on complex slopes of more than 3–5◦ are also subject to
transformation into pasture lands, approximately 1560,9 hectares are allocated for pastures,
176.3 hectares for afforestation. On other lands with moderately washed soils, it is advisable
to carry out rehabilitation. Conservation-rehabilitation of agricultural lands is planned by
allocating them or transferring them to fallows and using them as hayfields and pastures for a
period of 10 to 20 years with subsequent return for agricultural use. The area of these lands is
6,824.3 hectares.

Soils of light mechanical composition. These are sandy and clayey-sandy soils. They are
permanent centers of deflation. From an economic point of view, the impracticality of their use
is due to the inadequacy of costs for maintaining a sufficient level of their fertility, the profit
obtained from the harvest. The conservation of these lands is irreversible, that is, they must be
removed from the agricultural lands with subsequent afforestation. In the community, this is
land on an area of 8.0 hectares (agro-production group 1 a).

Soil salinity. This category of lands is represented by salt marshes, medium and highly
saline mainly hydromorphic soils (meadows, swamps), as well as secondary saline soils. Saline
soils of natural origin are removed for haying or renaturalized (regeneration) without human
intervention. Secondary salinized soils are taken for temporary conservation with subsequent
return to the composition of arable lands, if the indicator of the groundwater level is reduced
below the critical level and desalination. In the Krasnokut community, this category of land is
133.0 hectares (agro-production groups 141,142’, 143’, 144’, 134’d, 134 e), it is offered to allocate
66.5 hectares for haymaking, and 66.5 hectares to be renaturalized without human intervention.

Salinity. These are medium and highly saline soils. Directions for use are the same as the
previous group. These are lands (agro-production groups 165 d, 165 e) on area of 30.0 ha, which
should be converted into hay fields.

Waterlogging and swamping. This category includes lands with meadow and sod-podzolic
soils, as well as sod-clay, mineral and organic bog soils. These lands must be naturally
renaturalized. It practically does not require any expenses, because good watering ensures
their quick settlement with natural fauna and flora, adaptation to the surrounding environment.
The area of these lands is 266.0 hectares (agro-production groups 176 b, 176 c, 209 c, 209 g,
209 d, 209 e, 209 l, 208 d, 208 e).

Offers for the conservation of degraded and unproductive arable lands by types of degradation
and ecologically appropriate directions of their use are given in the table 1.

Removal of degraded and unproductive lands from intensive cultivation will allow: 1) to
concentrate investments on more fertile lands and obtain a higher yield of agricultural crops
on them; to increase the level of the fodder base development and, on their basis, the livestock
industry; 2) to reduce the rate of erosion processes development and further soil degradation;
3) to bring the plowed percentage of the territory of the Krasnokut territorial community of the
Bogodukhiv district of the Kharkiv region to 52% (actual ploughed 60.3%).

One of the necessary and determining prerequisites for the development of the land resources
management system in the context of sustainable development is the application of the latest
technical and technological achievements in the field of protection and reproduction use of land
resources. This form of innovative activity in land resources management was reflected, in
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Table 1. Offers for the conservation of degraded and unproductive arable lands of the Krasnokut
territorial community of the Bogodukhiv district of the Kharkiv region.

Degradation types
Area, hectares Conservation

total %
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Eroded and deflated 8737.5 95.2 6824.3 1913.2 176.0 1560.9 176.3 –
Soils of light mechanical composition 8.0 0.08 – 8.0 – – 8.0 –
Soil salinity 133 1.4 – 133.0 66.5 – – 66.5
Salinity 30.0 0.5 – 30.0 30.0 – – –
Waterlogging and swamping 266.0 2.8 – – – – – 266.0
Total 9174.5 100 6824.3 2084.2 272.5 1560.9 184.3 332.5

particular, in the implementation of the following directions in economic practice: resource-
saving technologies in agriculture, the use of remote land sensing data (RSD), GIS technologies,
the role of soils in the process of mitigating the consequences of climate change, agroforestry,
etc.

Precision agriculture is characterized by the automation of applied methods, in particular,
yield registration with continuous monitoring. This management practice is available mainly to
large commodity producers of agricultural products, but it is also recommended for small farms.
The main obstacles to the wide implementation of precision agriculture are the lack of skills of
working with databases and automated decision support systems among business entities [20].

GIS ensures the practical implementation of non-zero risk concept in the land resources
management as an ecological and economic system. The concept recognizes the fact that
absolute security is insufficient and requires not only the study of factors and sources of
increased risk, but also the forecast of the development of events and the assessment of their
consequences [21]. By predicting the probability of certain events and the expected amount of
profit (losses), investigating alternative solutions, they make the optimal management decision
regarding the use of land resources. RSD and GIS data allow solving the following tasks in
agriculture, particularly: mapping and inventory of agricultural lands; monitoring and control
in crop production; state of crops, evaluation of crop emergence, degree of ripening, damage
by pests/diseases; yield forecasting; monitoring and control of pastures and hayfields in animal
husbandry; monitoring and control of reduction or loss of soil productivity, degradation, water
and wind erosion, salinization, flooding, etc.

In the latest practice of sustainable land resources management, agroforestry is spreading,
which allows economic activities to be carried out with the preservation of biodiversity, greening
of agriculture and industrial landscapes. Agroforestry reduces the anthropogenic load on natural
forests, creates a habitat for native species of plants and animals, and also promotes effective
land use in fragmented landscapes [20]. The use of agroforestry methods allows obtaining not
only a positive economic effect of increasing the biological productivity and sustainability of
agro and forest ecosystems, but also a significant ecological effect.

In order to preserve and reproduce the productivity potential of arable land, the practice of
organic and no-till farming are becoming widespread.
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Increasing the resilience of agricultural production to climate change, especially in the south
of Ukraine, in the areas most affected by drought, requires the expansion of irrigated areas and
the restoration of irrigation infrastructure. According to official statistical data, there are 5.48
million hectares of reclaimed land in Ukraine, including 2.17 million hectares of irrigated land and
3.3 million hectares of drained land with appropriate land reclamation infrastructure (reservoirs,
main and distribution channels, protective dams, pumping stations, pipelines, pools of daily
regulation, collector and drainage network and other hydrotechnical structures and objects).
During the last time, about 550,000 hectares of agricultural land were actually irrigated, and
bilateral regulation was carried out on the area of about 250,000 hectares. Agricultural producers
who use irrigation can increase yields by 30-50%, depending on the crop. The irrigation and
drainage infrastructure of the water management and melioration complex was built in the 1960s
and 1990s, and today it is in critical condition, especially the intra-farm network. Today, there is
no reliable and systematic information about the technical condition of engineering infrastructure
objects and the operation of reclamation systems, distribution by owners and water users,
location, etc. This makes it difficult to make effective management decisions regarding their
use, modernization and restoration. Preliminary calculations and expert assessments indicate
that, if the current rate of increase in the deficit of natural moisture supply of the country’s arable
lands is maintained, by 2050, about 3 million hectares of arable land in the southern regions will
be unsuitable for commercial agrarian production of plant products [22]. As a result, and taking
into account the tendency of dehydration in the central and northern regions of the country,
the gross production of grain (with modern resource supply of agricultural technologies) may
decrease by 20-25% or 14-18 million tons.

4. Conclusions
The modern land management system should encourage agricultural enterprises and other
interested parties to take decisive action in solving the problems of preserving valuable soil
and black soil (chernozem) resources of Ukraine, to economical use and reproduction of their
fertile potential. It is necessary to observe legality in the process of land use and land circulation,
to promote the involvement of local territorial communities in solving priority problems related
to the effective and ecologically safe use of soil resources and the reproduction of their fertile
potential, to direct their activities to the improvement of the regulatory and legal framework on
the problems of soil conservation, their effective use and reproduction of their fertile potential.

The main ecological directions in the land resources management system should be the
following: ensuring the priority of environmental safety requirements in the use of land resources
over economic interests; implementation of agrotechnical measures aimed at improving soil
fertility and recovery; increasing the share of organic production; strengthening control over
illegal plowing of pastures and water protection areas; restoration of forest strips; increase
in investments in agriculture; use of modern resource-saving technologies, in particular,
resource-saving no-till technology, which allows increasing soil moisture retention, improving
water availability, and reducing soil erosion; application of organic fertilizers, in particular,
manure, straw, residues of agricultural production; application of remote sensing data and GIS
technologies.

In order to ensure sustainable development in the face of climate change and reduce
greenhouse gas emissions in Ukraine, it is necessary to start work on the restoration of irrigation
systems, form the structures of sown areas with the introduction of resource-efficient technologies
for growing drought-resistant varieties and hybrids of agricultural crops.
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Abstract. A new (“amber”) branch of the economy is currently developing in Ukraine, which
includes the search for, mining and processing of amber. Ukrainian amber is noted for its
high quality and is one of the most competitive types of domestic coloured stones on world
markets. A significant part of the territory of Ukraine is promising for the discovery of placer
deposits of amber, but their industrial development is currently carried out only within the
boundaries of “the Pripyat amber-bearing basin” (PAB), which covers the regions of Volyn,
Rivne, Zhytomyr, and Kyiv regions. The development of the “amber” industry of Ukraine
caused problems of a production, organizational, socio-economic and environmental nature.
They significantly influence the socio-economic development of amber mining areas. These are:
1) lack of a national program for the development of the “amber” industry; 2) its insufficient
level compared to the real potential; 3) uncontrolled mining of amber; 4) negative impact on
the ecology of the natural environment; 5) socio-economic consequences for the population of
amber mining areas. “The predictive and search system for amber” (PSSA) allows solving these
problems in a complex manner. The PSSA of Ukraine allows systematic research of “the amber-
bearing formation” (AF) developed on its territory. PSSA uses scientific ideas about the origin
of amber and the main natural factors of its formation, develops methods and a specific research
algorithm. The main goal of PSSA is to identify “amber-bearing objects” (AO) in the geological
body of the AF, which may contain high concentrations of amber, the so-called “traps”.

1. Introduction
In recent decades, the “amber” branch of the economy has been developing in Ukraine, which
integrates the search for, mining and processing of amber. Ukrainian amber, thanks to its high
quality, is recognized in the world and represents one of the most competitive types of domestic
colored stones on the world market. The territory of Ukraine is promising for the discovery of
placer deposits of amber, but their industrial development is currently carried out only within
the boundaries of “the Pripyat amber-bearing basin” (PAB), which covers the regions of Volyn,
Rivne, Zhytomyr, and Kyiv regions.

In a short time, the development of the “amber” industry of Ukraine caused a number
of problems of a production, organizational, socio-economic and environmental nature. They
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significantly influence the socio-economic development of amber mining areas and at a certain
stage were considered from the standpoint of national security of Ukraine [1,2]. These problems
can be presented as: 1) lack of a national program for the development of the “amber”
industry; 2) its insufficient level compared to the real potential; 3) uncontrolled mining of amber;
4) negative impact on the ecology of the natural environment; 5) socio-economic consequences
for the population of amber mining areas [3, 4]. A comprehensive solution to these problems is
provided by “the predictive and search system of amber” (PSSA) [5–7].

2. Metods and materials
The methodology of general systems theory is used in the PSSA. The partial methods used
are geological, geomorphological, paleogeographical, paleogeomorphological, laboratory data on
amber, and statistical data on the socio-economic status of amber mining areas. The results
presented in tables, graphically, on general and thematic maps of various scales, geological and
geomorphological sections were further analyzed.

The article is based on the results of the authors’ own research, obtained during the
implementation of research work on amber in Ukraine, as well as international projects with the
Republic of Belarus (“Development of a geological and genetic model of amber-bearing deposits
of Ukraine and Belarus” with the financial support of the State Fund for Financial Development
of Ukraine and Belarus) and the Republic of Poland (“Amber ways: deposits formation-mining.
Scientific-methodical basis, rational use” and “Amber deposits and characteristics” funded by
the EU). Stock materials (Geoinform) and geological expeditions of the Ukrainian Geological
Company were also used.

3. Results
Lack of a national program for the development of the “amber” industry. The national program
for the development of the amber industry in Ukraine is being formed, but its structure and
connections of its components are clearly visible – forecasting, searches, development and
exploitation of amber deposits, practical use of amber raw materials, regulatory and legal
regulation, informational and educational and museum and educational activities. Currently,
the amber industry in Ukraine is being developed by various state and private institutions,
organizations, and individuals. The stage of spontaneous, chaotic development of the industry
has passed and the primary experience of organized work has been acquired by it. To a large
extent, this was facilitated by meetings, conferences, symposia on amber topics held in Ukraine
and abroad, in which Ukrainian and foreign experts participated. Thanks to them, the content
of the national program for the development of the amber industry in Ukraine was determined:
active (anticipatory) conducting of forecasting and search for new amber deposits; the creation of
state guarantees within the framework of international agreements between interested countries
regarding the origin of trade batches of amber; development of quality certification schemes for
Ukrainian raw amber and its adaptation to global schemes; establishment of legal and legislative
norms of the optimal mode of extraction and sale of amber under the control of the state; in-
depth comprehensive study of medicinal properties of amber, succinic acid, processing products
and their introduction into medicine; launch of the “Polissya amber” brand and promotion
to the international level. International conferences devoted to the topic of amber also made
it possible to establish important contacts between scientists of different countries and in the
future to carry out mutually beneficial joint interstate projects [8, 9]. This makes it possible
to improve national programs for the development of the industry, in particular, to create the
PSSA, which, over time, can be integrated into international ones. The PSSA will allow solving
the main strategic task of the amber industry – the opening of new deposits of amber raw
materials and the expansion of the market for amber products.
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A necessary condition for the development of the amber industry in Ukraine is a clear and
reliable legal framework. It is prescribed in the articles of the Constitution of Ukraine, Laws of
Ukraine and Resolutions of the Cabinet of Ministers (CM) of Ukraine. According to them, the
subsoil is an object of the right and property of the Ukrainian people (Constitution of Ukraine,
Article 13). It is owned by the Ukrainian people and some of its representatives. On behalf of
the Ukrainian people, the rights of the owner are exercised by state authorities and local self-
government bodies within the limits set by the Constitution. On behalf of the Ukrainian people,
the rights of the owner are exercised by state authorities and local self-government bodies within
the limits set by the Constitution. The general procedure for the regulation of relations in the
field of the study, extraction and sale of amber raw materials is carried out in accordance with
the Codes of Ukraine – On Subsoil, Land, Forestry, Criminal, the Law of Ukraine “On State
Regulation of Mining, Production and Use of Precious Metals and Precious Stones and Control
of Operations with Them”, by-laws adopted for their implementation. By this law, amber is
classified as a precious stone of organogenic origin and a mineral of national importance [10–13].

Legal relations in the amber industry at the state level appeared in Ukraine only with the
declaration of independence. In 1993, by Resolution (No. 111 dated February 18, 1993),
the State Enterprise “Ukrburshtyn” was established for amber mining and processing. At the
legislative level, changes were made to the Law of Ukraine “On entrepreneurship” (December
22, 1995), according to which amber mining is allowed only to state enterprises. After 10 years,
thanks to the general development trends of our country, the Law of Ukraine (October 18, 2005)
removed restrictions on amber mining only by state enterprises. Thus, the legislation in the
amber industry determines that the subsoil and what is in it is the property of the Ukrainian
people. Protection of the right to them is regulated by legislative acts of Ukraine.

In general, the legislative basis for the development of the amber industry in Ukraine has
been created. Currently, only the issues of its normative and legal regulation are being proved.
Complaints about the imperfection of the laws here are only partially justified. Laws must be
obeyed by everyone – both those to whom it must be done “on duty” and ordinary representatives
of society. Problems in the development of the industry began only after openly criminal elements
became interested in amber.

At the same time, it should be noted that for the population of mining areas, “amber” is
a profound issue. It is history, traditions, life – the opportunity to get an education, build a
house, just live. They may not be at the scientific level, but they protect the ecology of their own
home. In our opinion, the concept of “mentality” can be used here. Mentality is a combination
of inherited (from past generations) and acquired (in current life) elements. The acquisition
of the latter is served by the informational and educational and museum and educational
directions of the development of the amber industry. Kindergarten, school, college, gymnasium,
school, technical school, institute, university, olympics, newspapers, radio, television, Internet,
conferences, exhibitions, expositions in salons and museums, specialized amber museums. As
can be seen from the list, these areas can be developed systematically on the basis of existing
organizational forms.

The insufficient level of development of the amber industry compared to its potential. In
Ukraine, a significant database of lithological-facies, paleontological-stratigraphic, structural-
tectonic, paleogeographical, geomorphological, paleogeomorphological studies has been
accumulated. It gives grounds to predict that Ukraine has perhaps the largest reserves of raw
amber in Europe. Currently, industrial amber mining is carried out within the northwestern part
and the western slope of the Ukrainian Shield, where the main amber deposits of the PAB are
located. However, the northern, northeastern, and southern slopes of the Ukrainian shield and
the adjacent areas of the Black Sea and Dnipro-Donetsk depressions (and in the latter, adjacent
to the southwestern spurs of the Voronezh anteclise) are considered promising for the discovery
of amber raw material deposits. In these territories, in contrast to the PAB, the Paleogene
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lithological-stratigraphic horizons, which are promising for the discovery of new amber deposits,
lie deep.

At the same time, the main resource of raw amber in the explored and currently developed
deposits of the PAB is running out. The limitation of the raw material base is the main problem
of the development of the amber industry in Ukraine. According to experts, its expansion in
the PAB can be achieved by: 1) increasing amber production at known deposits 2) opening new
deposits. The first way is limited by the natural and geographical conditions of the territory –
all known deposits and manifestations of amber are located among valuable forest and land
areas, under swamps; where productive horizons are located at a depth of 5-10 m. The amber
in them is extremely dispersed. Outdated search data used by mining enterprises do not allow
discovering new large deposits of amber. The second way – the discovery of new industrial
deposits of amber is strategic and can determine the development of the amber industry in the
coming years. The figure 1 shows fragments of some special maps of the PAB territory, which,
in combination with other maps and materials, can be used to search for new types of amber
deposits.

The figure 2 and figure 3 shows for the Dubivka area of the Volodymyrets group of deposits:
maps: the paleorelief of the formation of promising amber-bearing horizons of the mezhyhirskya
and obukhiv switas of the Paleogene (eocene-oligocene); the forecast of placer amber deposits.

Uncontrolled mining of amber. Uncontrolled amber mining causes the greatest damage to the
state and the local population. Dangerous due to its predatory lack of control and the annual
increase in the volume of shadow mining, it began to flourish in the country from the end of the
80s of the last century. This problem became especially relevant in the mid-1990s, when massive
systematic illegal mining of amber covered a huge area of Polissya and prospectors began to use
complex mining techniques.

The main reasons for the rapid increase in illegal amber mining are: the growth in
demand for amber on the domestic and foreign markets; the possibility of mining with
inexpensive, efficient equipment, due to the presence of productive layers close to the surface;
the low level of employment of the local population in the districts of Rivne (Rokytniv,
Zarichnen, Dubrovytskyi, Volodymyretskyi, Sarnenskyi), Zhytomyr (Olevskyi, Ovrutskyi),
Volyn (Ratnivskyi, Manevytskyi, Lyubeshivskyi) regions, where the largest illegal amber mining
currently takes place; low level of control of the authorities and law enforcement agencies over
the activities of illegals; inadequate responsibility for the committed crime.

Currently, amber extraction by illegal miners is carried out by open (excavator-transport)
and underground (motor pump) methods. The mined ore is enriched, washed on sieves. The
empty rock is washed away, and the amber remains and is selected. The local population uses
motorized pumps, with the help of which rocks are washed out from a depth of up to 10 m.
This method belongs to complex underground.

Illegal amber miners mine manually and with the help of motor pumps wherever possible – in
the forest, in meadows, in swamps and wetlands, on the banks of rivers and lakes, in exploited or
abandoned granite quarries, in dumps, in terricones, within the boundaries of irrigation facilities,
protected state facilities, under railway tracks, power line towers, in agricultural lands on all
elements of the modern topography of the territory.

The level of qualification of illegal miners is also increasing. In the first years of illegal mining,
there were mutilations among inexperienced executors, and frequent deaths of young people
during the drilling of shafts in loose and waterlogged sands. Now, every year, an increasing
number of qualified workers are involved in shadow production, and not only from among local
residents, who unite in teams equipped with hand drills, motor pumps and other tunneling
equipment.

Illegal extraction of minerals is classified as a crime, the consequences of which are manifested
in the ecological, economic, and social spheres. According to estimates, the development of
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Figure 1. Special maps of the historically-dynamic geomorphosystem territory of the PAB.

amber costs the state UAH 8-10 million per day. According to various estimates, up to 30 tons
are exported from the country annually.

To solve this problem, it is necessary to build relations with prospectors. In order to solve the
problem of employment, individual prospectors are proposed to be united in prospector artels,
for which the possibilities of obtaining permits for simplified subsoil use are opened. But here
there is a question regarding the interpretation of the term “seeker”.

In most countries, a prospector is a person who extracts minerals without the use of heavy
machinery, exclusively by hand. Therefore, for exploratory mining, it is advisable to transfer
small-sized placers that can be developed in an artisanal way. In Polissya, the majority of such
placers are located in the Zhytomyr region. It is proposed to introduce the category “local
prospector – a citizen of Ukraine”, who is registered and lives in settlements located on amber
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Figure 2. Paleorelief of the formation of promising amber-bearing horizons of the mezhyhirskya
and obukhiv switas of the Paleogene (eocene-oligocene) (brown color – denudation relief of
islands; yellow color – abrasive-accumulative relief of beaches; shallow sea bottom – thalwegs of
underwater valleys, buried areas, directions of movement).

deposits, carries out its extraction and primary sale and compensates for the damage caused to
nature as a result of such activities. It is proposed to introduce a special simplified taxation
and reporting system for prospectors. In order to solve the issue of sales, it is proposed to
create specialized exchanges in mining areas, where it is possible to legally purchase amber raw
materials, as well as state points of purchase of mined stone.

The lack of a developed methodology for assessing damages caused by illegal amber mining
leads to the state budget not receiving significant funds. The main criteria here are ecology and
economy.

Violation of the legislation on subsoil entails responsibility: disciplinary, administrative, civil
and criminal.

Negative impact on the ecology of the natural environment. According to the scale of impact
on the natural environment of the territory of Polissya, the illegal activity of illegals is equated
to the action of spontaneous natural processes. Currently, it is difficult to assess the extent of
the damage caused by them. This problem is exacerbated by the fact that uncontrolled amber
mining is imposed on the heavily damaged nature of this territory.

Illegal mining (pits-pits, ditches, hand-drilled wells, erosion of the soil with a motor pump)
without proper backfilling of the trenches with waste rock disrupts the root system of trees,
destroys the shrub and grass undergrowth, and leaves sand mounds and gaping pits filled to the
top on the surface of the soil muddy water Problems arise with animals that fall into holes and
cannot get out. In the forest, where the diggers have already visited, after a few years all the
trees disappear, because the hydrological regime is disturbed by pits and pumps. Unauthorized
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Figure 3. Forecast of placer amber deposits Dubivka area (brown color – low islands – places
of wear and tear; green color – bench, beaches – accumulation of large fractions of amber; blue
color – buried trap areas – accumulation of large fractions of amber).

mining, which is carried out by hydromechanical methods, devalues productive horizons and
deposits lose their industrial value (figure 4).

Very often, amber is mined within the protected natural areas – nature reserves, nature
reserves, etc. Violation of the territorial regime makes it impossible for many species of protected
animals to exist here.

Illegal mining of amber leads to the destruction of surface (4-5 m) productive horizons.
Illegal prospectors choose high-quality and most valuable amber, and the “small stuff” that can
be successfully used in many industries remains in the dumps.

Illegal mining of amber in recent years has created another environmental problem – the
burning of charcoal. Deliberate arsons are carried out, fallen trees are burned.

Thus, illegal mining of amber affects all components of the natural complex: soils – by
removing the fertile layer, disrupting the structure of the soil cover, clogging the land plot,
which causes loss of humus, macro- and microelements, destruction of the upper fertile layer,
increased wind and water erosion; vegetation – violation of the integrity of the grass cover, illegal
destruction of trees, which leads to the violation of the integrity of the grass cover, drying and
destruction of trees; animals – by violation of the usual mode of living of animals, the creation of
an unusual man-made terrain for them, which leads to the migration of animals to other places,
their mutilation, death; water – arbitrary, uncontrolled use of surface and underground water,
which leads to a violation of the hydrological regime of the territory, a decrease in the level of
groundwater; air – as a result of the burning of fuel and lubricants, the burning of charcoal, the
atmosphere is polluted with CO2,CO, SO2,NO2, and hydrocarbons; subsoil – violation of the
geological structure of the territory, loss of subsoil, which leads to deformations of the earth’s
surface, damage to mineral deposits, restriction or complete removal of them from exploitation,



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012130

IOP Publishing
doi:10.1088/1755-1315/1254/1/012130

8

Figure 4. Consequences of illegal amber mining in Zhytomyr region.

impoverishment of subsoil.
Illegal amber mining exacerbated the problem of reclamation of disturbed lands, which is

important for the organization of rational amber mining and prevention of the destruction
of natural landscapes. This problem should be solved by specialized organizations that have
mastered the methodology and have experience in similar work. Reclamation of disturbed lands
takes place during 3 stages – preparatory, hydrotechnical, biological. In the preparatory stage,
a survey and typification of disturbed lands is carried out and the type of reclamation is chosen.
In the hydrotechnical stage, land vacated after mining operations is prepared for their further
use. At this stage, the following is carried out: selective removal, storage and preservation of
overburden suitable for biological reclamation, including the fertile layer; selective formation of
overburden dumps; if necessary, planning and covering the planned surface with a layer of soil;
backfilling and planning of deformed surfaces; creation of access roads; drainage and anti-erosion
measures. The biological stage of reclamation consists in restoring the fertility of disturbed lands,
restoring flora and fauna by agrotechnical and phytoremedial means.

Socio-economic consequences in amber mining areas. Illegal mining of amber within the
territory has revealed many shortcomings of modern social life, these are: lack of an effective
system of combating illegal mining, use and circulation of amber in Ukraine; the invalidity of
some laws regarding the protection of subsoil and the regulatory and legal support of labor
activities on the extraction, production and use of amber; low level of environmental education
of Ukrainian citizens, primarily young people; social roots of criminal activity (unemployment,
etc.).

The results of the work were discussed at scientific and practical conferences in Ukraine
and abroad (Poland – Ambermarket, Amberif), scientific seminars at the Polish and Ukrainian
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Academies of Sciences.

4. Conclusions
All these problems have a complex nature and cover various aspects of the socio-economic,
cultural and political life of the country and can be solved exclusively at the state level. This
requires the adoption of a number of state laws and, first of all, the law on preserving the
country’s national wealth – amber and protecting it from looting. Without the adoption of
these laws, the scale of theft will increase, which will lead to the disappearance of the upper
productive horizon and the transformation of Polissya into a desert.

The PSSA should solve the mentioned problems of the amber mining areas.
The PSSA of Ukraine allows systematic study and use of AF developed on its territory. The

PSSA takes into account scientific ideas about the origin of amber and the main natural factors
of its formation, develops methods and a certain research algorithm.

The AF represents a special type of sedimentary geological formations, since their central,
formation-forming element (amber) at the beginning of its formation came from the biosphere,
and not from the lithosphere (as in most geological formations).

The AF is formed by the processes of tectogenesis, morphogenesis, lithogenesis, oreogenesis of
amber, which interact systematically. As a result, tectonic (neotectonic) structures, landforms,
deposits, amber deposits are formed. The AF of Ukraine is constantly being studied. In
general, its spatio-temporal parameters, structure, trends of transformations of the geological
“body” of the AF are understood. Within the boundaries of the PAB, the geological body
of the AF is exposed on the surface almost everywhere, intersects with modern (and ancient)
“geomorphological formations”, which are parts of the historical-dynamic geomorphosystem.

The main goal of the PSSA is to forecast and search for the AOs located in the geological
body of the AF. AOs include natural formations or their parts that contain or may contain
concentrations of amber. The accumulated experience of amber exploration allows to distinguish
stratigraphic, lithological-stratigraphic, lithological, structural-tectonic, paleogeomorphological,
geomorphological types of the AOs.

The specific stratigraphic horizons of the Paleogene system (charkiv, mezhihirsky, obukhiv
layers) in which primary amber-succinite placers are found belong to the stratigraphic AOs on
the territory of Ukraine. This also includes the stratigraphic horizon of the buchac svita of
the middle Eocene, the amber-like resins from which, according to many researchers, were
the starting point for the formation of the AF of Western and Eastern Europe. AOs of
the lithological-stratigraphic type are revealed in the process of detailed study of promising
Paleogene horizons. Lithological AOs are “lithological bodies-collectors” that are found in
Neogene and Quaternary stratigraphic horizons, in particular cross-cutting “lithological bodies”
that cover several stratigraphic horizons. Identification of the structural-tectonic type of AOs
requires the use of structural-tectonic models of the tectonosphere for the time of formation of
the AF. It will show the tectonic (neotectonic) structures that are dynamically active in the
Neogene-Quaternary (neotectonic) time – newly formed or inherited from the morphostructures
that formed during the Mesozoic. These structures could influence the processes of lithogenesis
and morphogenesis from the time of the accumulation of amber-like resins (middle Eocene), the
formation of primary amber-succinite placers (late Eocene-Oligocene), the destruction of primary
deposits, redeposition of their derivatives, the emergence of new placer deposits in Neogene
and Quaternary horizons. In order to identify paleogeomorphological and geomorphological
AOs, it is necessary to have a modern understanding of the “relief” as a “historical-dynamic
geomorphosystem” and take into account the peculiarities of its functioning. This approach
makes it possible to identify potentially possible relief forms of various stages of the development
of the AF on a systematic basis.

The use, as a basic, geomorphosystem factor, allows to search for AOs on a scientific basis,



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012130

IOP Publishing
doi:10.1088/1755-1315/1254/1/012130

10

which is important for geoecology and protection of the natural environment in amber mining
areas.

It is important to note that the main goal of organized and illegal amber miners today is
the search for AOs of stratigraphic and lithological-stratigraphic types. This is influenced by
the underground occurrence of AF, which allows the use of available and cheap technologies
for the development of amber and does not require the use of relatively expensive scientific
developments.

The PSSA of Ukraine contributes to the strategic development of the amber industry in
Ukraine, which consists in a comprehensive approach to solving the scientific and practical tasks
of finding and developing amber deposits, socio-economic and environmental problems. The
concept of the AF creates scientific and methodical conditions for this.
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Abstract. Sustainable tourism is fundamentally about preserving and enhancing natural,
historical, or cultural heritage, as well as promoting activities related to local identity and
history. For mining regions, one of the ways to diversify their economies on a sustainable basis
is to develop the tourism sector. The development of niche forms of tourism, which are fully
focused on the resources of the industrial area, helps to supplement and diversify the tourist
offer in these regions, including industrial tourism and one of its areas - mining tourism. The
objective of the study is to reveal the importance of sustainable development for an old industrial
region, using Kryvyi Rih as an example, by intensifying tourism activities that would maximize
the social, economic, cultural, and environmental benefits of tourism. The research is based
on the dialectical method of cognition and a systematic approach. The research was carried
out on the basis of parallel use of theoretical (comparative analysis, abstraction, specification
and generalization) and empirical methods (expeditionary methods, observations, the method
of field visual inspections, content analysis, etc.) As a result of the study, approaches to the
concept of “mining tourism” were structured, and the key objects of interest of consumers of
this tourist destination were identified. Global trends in the transformation of industrial areas
for the needs of mining tourism were analyzed. The information on mining facilities in Kryvyi
Rih is systematized and their suitability for the tourism sector is diagnosed. Based on the
diagnostics, the use of various mining facilities in thematic tour programs is proposed, which is
confirmed by the results of practical tourism activities.

1. Introduction
For a long time there have been discussions in various scientific sources about the interpretation
of the term “sustainable development” and its understanding in order to direct the further
harmonious development of the triune global system “nature-economy-society”. In general,
the understanding that further development of society on the planet will be limited by the
irrational use of natural conditions and resources led to the emergence of the paradigm of
sustainable development in the 1970s. The UN is the leading organization aimed at ensuring of
the implementation of the paradigm itself and the achievement of its goals at the global level.
The regional and local levels are implemented at the level of individual regions and countries of
the world. Since “sustainable development” should ensure the rational use of natural conditions
and resources, the attention is usually paid to its ecological essence.
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Therefore, in the vast majority of sources sustainable development is defined as the
development that enables to meet the needs of current generations and leaves the opportunity
for future generations to meet their needs. This is the balanced development of the country
and regions, where economic growth, material production and consumption, as well as other
types of social activities take place within the limits determined by the ability of ecosystems
to recover, absorb pollution and support the livelihoods of current and future generations. The
key tasks of sustainable development are determined by the following: restoration and further
preservation of natural ecosystems and their ability to self-reproduce in the required volume on
the required area; ensuring anticipatory solution of the problem at the same time: economic,
social, demographic and spiritual development.

In order to ensure sustainable development and control the indicators of the implementation
of the paradigm for a specific time period, the Law on the Strategy of Sustainable Development
until 2030 was adopted in Ukraine. The concept is based on the 17 global Sustainable
Development Goals adopted at the UN Sustainable Development Summit. In particular, the
following important provisions are defined in the strategy: as a result of the dominance of
resource- and energy-intensive industries and technologies over many years, the raw material
orientation of exports and the excessive concentration of production in industrial regions,
such a structure of development management was formed, which is generally inefficient and
environmentally dangerous; the level of economic development and welfare of the population
does not correspond to the natural, scientific and technical, agrarian and industrial potential
of Ukraine and the qualification and educational level of the population, socio-historical
and cultural traditions of Ukrainian people; Ukraine has international obligations regarding
sustainable development, defined by UN strategic documents; the basis for the implementation
of innovative transformations in Ukraine in the direction of sustainable development is the
Association Agreement between Ukraine and the European Union, etc. [1].

Tourism is a part of the economic system that has been developing most actively in recent
years; even the COVID-19 pandemic, which had a negative impact on international tourism in
general, on the other hand stimulated the development of domestic tourism within countries
(especially in Ukraine). In this sense, tourism, like any other branch of the economy, performs
a dual role: on one hand, it provides income and stimulates the development of individual
territories, on the other hand, it brings a significant imbalance to the development of ecosystems
(due to seasonal population growth, in particular, the volume of the use of local resources, more
household waste is produced, pollution of all components of ecosystems increases, as production
volumes of all industries increase).

Thus, it is quite fair to apply the concept of sustainable development to tourism as well. The
term “sustainable tourism” is widely known. UNWTO defined sustainable tourism as “tourism
that takes full account of its current and future economic, social and environmental impacts,
meeting the needs of visitors, industry, the environment and host communities” [2].

According to UNWTO, several conditions must be met for sustainable tourism: rational use
of environmental resources and conditions and preservation of natural heritage and biodiversity;
tolerant and careful attitude towards authentic host communities; provision of long-term
economic development programs taking into account socio-economic benefits for all stakeholders
(both tourists and local residents, tourism organizers). UNWTO and UNEP have specified these
provisions and defined 12 goals for sustainable tourism.

A rational approach to the use of natural resources is possible when we understand the finitude
of these resources (bright examples of post-industrial cities and towns are ghost towns scattered
around the world, where life has recently been raging). Over time, the mining areas remain
devoid of economic prospects for development and, in fact, are ecologically unpromising and
unattractive for development. However, the development of mining tourism using the existing
industry (dumps, quarries, mines, reservoirs) and objects of industrial heritage (used quarries
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and reservoirs in them, abandoned mines and backfills, old mines and tunnels) is an important
economic, environmental incentive for the prospective development of mining areas, allows
to diversify the economy. In fact, tourism within mining areas is an important tool that, in
addition to reducing environmental hazards, can help to preserve heritage and bring the economic
revitalization to surrounding areas.

2. Literature review
Mining regions are territories with different spatial coverage, which were formed as a result
of the extraction of minerals from the bowels of the earth, thus they are territorially tied to
deposits of mineral raw materials or entire basins. Mining regions are formed as a result of
close interaction of the processes of human activity with the use of technical means and natural
processes inherent in a specific natural zone. As a result of such a complex genesis, mining regions
are characterized by a significant imbalance of development; they are characterized by not just
the manifestation of natural processes and phenomena, but new ones, which are defined in the
literature as accompanying, natural-anthropogenic, anthropogenic, natural-technogenic, post-
technogenic processes. According to H. Denysyk and H. Zadorozhnya: “The mining landscape
itself is under the influence of exogenous and to some extent endogenous natural processes
(modern and neotectonic movements of the earth’s crust). The totality of the action of human
industrial activity and natural processes generate processes that are layered on the created
mining-industrial complex” [3].

A number of works are devoted to the study of the problem of sustainable tourism in
industrial and mining regions. Leonard [4] raise the acute issue of creating an economically
profitable industrial facility in one of the tourist attractive regions of South Africa (opening of a
mining enterprise) or an alternative option of creating a tourist facility (a facility world heritage
Mapungubwe, Limpopo), focusing on greater perspective and ensuring sustainable development
of the second [4, 5].

The work of Jonsen-Verbeke [6] is of interest and dedicated to the creation of sustainable
tourism enterprises based on former industrial and mining areas. It is in this aspect that this
study points to the relevance of the scientific search of the authors of this article, since the
authors consider the development of mining tourism in the territory of Kryvyi Rih as a promising
economic stable way for further development of an industrial city, taking into account all the
requirements of sustainable tourism. Herdiansyah et al analyses possible options for the further
use of post-industrial areas, one of which is ecological tourism, since it is most aimed at achieving
the goals of sustainable development of heavily changed, damaged areas of the ecosystems of
mining areas [7].

Ilkovičová and Ilkovič consider the possibilities of combining industrial tourism with
educational and ecological ways of creating mining educational trails, entire geoparks in the
territories of mineral extraction (for example, in Slovakia, Spǐs, Gemer, a well-known area around
Banská Štiavnica) [8]. According to the authors, this approach will make it possible to keep the
economic development of post-industrial areas stable and restore their ecological potential (with
the use of reclamation and revitalization means).

First of all, the studies, focused on the need to preserve industrial, including mining heritage,
began to appear in the scientific literature. The issue of including mustard objects in tourist
activities began to be raised much later. Accordingly, it can be noted that a number of scientific
approaches have been formed regarding the interpretation of the concept of mining tourism and
its combination with certain types of tourism.

There is a cohort of scientists who interpret mining tourism exclusively through the lens of
heritage. In particular, Różycki and Dryglas note that mining and tourism activity are growing
side by side in different regions around the world [9]. Some of the mines are closed after the end
of operation. This creates an opportunity for the development of mining tourism [10]. In our
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opinion, this interpretation somewhat narrows the essence of mining tourism exclusively to its
consideration through the prism of heritage. Quite a large number of scientists from different
countries of the world use the concept of mining heritage tourism directly in their research,
but the study of Cole [11] is considered one of the pioneers, in particular, he considered the
transformation of reserve areas of coal mines into objects of industrial heritage in accordance
with the goals of sustainable development. We will undertake research into the sustainability
of UK mining heritage sites as viable tourism businesses, using the results of the UK Mining
Heritage Survey conducted in 2002 [11].

Edwards and Llurdés i Coit examine the importance and perception of mines and quarries
in the article “Mines and quarries: Industrial heritage tourism” as foci for industrial heritage
tourism and its expansion during the last decades [12].

Jelen considers mining tourism as one of the forms of conservation, interpretation of mining
heritage and its transmission to the next generation. At the same time, he emphasizes that “It
is also important to find a balance between all the functions of heritage, and not to focus on
only some of them for the needs of tourism. Mining heritage may meet the needs of tourism, but
it should not be subordinated to these needs and created solely for the purpose of generating
income” [13].

Mining tourism can be seen as an important process that helps both to interpret the mining
heritage and to serve as a further source of employment and business activity after mining
has ended. It is valued as a driving force that may stimulate the economic potential of mining
heritage and contribute to its preservation in a form that is able to generate income [14].

In many studies, mining tourism is considered as a component of geotourism. In particular,
numerous studies assess the potential of mining sites or regions for the development of geotourism
[5,7, 12,15–17].

Slovak scientists led by Rybár carried out a significant fundamental work on revealing the
structure and features of this tourist destination [18, 19]. Thus, Rybár and Štrba [19] define
mining tourism as a form of tourism for both specialists and general public (laics) allowing
visitors, via on-site visits of mines, museums, and cultural-historical monuments related to
mining activity and life of miners, and ex-site visits of museums with mining expositions, to feel
a bond with one of the oldest human activities – raw material extraction, situated and developed
mostly in underground over centuries and connecting the visitor with his/her ancestors [20]. In
general, analysing the relationship between mining tourism, industrial tourism and geotourism,
these scientists come to the conclusion that “mining tourism should be recognized as an
equivalent form of tourism, compared to geotourism and industrial tourism”.

There is a group of scientists who see mining tourism in the structure of industrial tourism. In
particular, Schejbal considers mining tourism a type of industrial tourism that aims to trace the
development of mining disciplines and their practical impact on the history of human society [21].
At the same time, the scientist notes that the theoretical basis of mining tourism is the most
problematic. The reason is that it is a complex transdisciplinary branch of science that uses earth
sciences, related technical disciplines and socio-economic disciplines. Caamaño-Franco and M.
Suárez though studying the planning of industrial mining heritage as a tourist attraction, but
also consider it in the context of industrial tourism [22].

In recent years, the studies have increasingly used the term “post-mining tourism” [5,20,23],
which provides for the organization of tourist activities in territories where the active process
of mineral extraction has been terminated. Indeed, reimagining post-mining spaces and turning
them into tourist spaces has proven to be a successful strategy for mining regions.

Numerous studies devoted to the formation of mining tourism in various geographical
locations testify to the importance and relevance of this direction for mining regions. In
particular, such locations are Kiruna, Pajala and Jokkmokk in Sweden [24], Las Médulas [22]
and Andalusia (Linares, Alquife, Seron and Villanueva del Ŕıo y Minas) in Spain [25], Northern
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Australia [26], Lota y Coronel territory in Chile [27], Ouro Preto, Chapada Diamantina, Ametista
do Sul, Currais Novos and Itu in Brasil [28], Upper Silesia in Poland and Czech-Moravian country
in the Czech Republic [6], Nor-Pas-de Calais in northern France [29] and many others. Similar
examples of the creation of projects or already implemented ideas of sustainable tourism within
mining territories are abundant in various regions of the world.

3. Methodology
The research is based on the dialectical method of cognition and a systematic approach. The
research was carried out on the basis of parallel use of theoretical and empirical methods.
Theoretical research was carried out using the methods of comparative analysis, abstraction,
specification and generalization. The method of content analysis was used in the study of archival
documents on the development of mining in Kryvyi Rih basin, various project documentation
of operating industrial facilities, international documents on preservation of industrial heritage,
and successful foreign examples of successful establishment of mining tourism.

The empirical component of the study included the following stages:

1. Analysis of the terrain. In the course of numerous expeditions to the area during the years
2004–2021, photo-fixation was carried out and the remains of industrial heritage objects
were studied, which gave grounds for asserting the presence of tourist potential of these
objects.

2. Preparation of recommendations regarding the preservation of industrial, including
mining, heritage and its use in tourism. In the current period, since 2013, the city has
adopted a program for development of industrial tourism, in which implementation the
authors of the study were actively involved.

3. Approbation. Since 2013, the authors of the study have prepared a number of highly
specialized excursions on mining topics, as well as complex tours to the city on industrial
topics in general. This made it possible to visually assess the impressions of tourists from
each visited object, as well as to analyse the objects not only from the standpoint of
scientific, in particular, historical and geological value, but also in terms of their tourist
attractiveness and safety for tourist activities.

4. Selection of the most attractive mining objects for tourism. The development of
comprehensive tours of the mining theme in the city of Kryvyi Rih involved the selection
of key objects and their prioritization. For this purpose, criteria for the selection of objects
were formed, on which basis the most attractive objects for visiting, able to satisfy the
aesthetic and cognitive needs of potential tourists, were chosen. For each of the types of
mining objects (quarries, dumps, sinkholes, etc.), diagnostics was applied, which included
an analysis of the positive and negative aspects for tourist activity. The application of these
diagnostics enabled to select the most suitable tour programs for a certain thematic from
the entire cohort of available objects.

5. Offers for mining tourism. The significance of mining tourism as an important direction
of industrial tourism, which development has been supported in the city since 2013
at the municipal level, is substantiated; a mining-themed route has been developed;
recommendations have been made on adaptation of mining facilities for visiting and the
activation of tourist activities in their environment.

The use of this methodological apparatus is aimed at rethinking the tourist potential of the
region in view of the significance of not only the objects that can arouse the interest of tourists,
but also the importance of the mining activity of the industrial region itself.
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4. Securing informed consent for image utilization
The images featuring individuals in this research were captured by the authors of this study,
primarily Volodymyr Kazakov and Viktoriia Patsiuk. Both authors are certified tour guides
affiliated with the All-Ukrainian Association of Guides (Civic Union “Ukrainian Tourist Guides
Association”), an organization that holds partnerships with esteemed entities such as the
World Federation of Tourist Guide Associations and the European Federation of Tourist Guide
Associations.

The authors strictly adhere to global standards for personal data protection and respect for
individual privacy. Before initiating any tour, explicit consent is obtained from participants for
their photographs to be taken. Participants are informed that these images may be utilized for
scientific, educational, or promotional purposes. Individuals who prefer not to be photographed
are respectfully excluded from the images.

In line with the journal’s policy on publishing identifiable individual data (https:
//publishingsupport.iopscience.iop.org/ethical-policy-journals/), we have meticu-
lously followed a robust procedure to secure informed consent from all individuals whose images
are featured in this article. This section provides a detailed account of our methodology to ensure
full compliance with ethical guidelines and the journal’s stipulations regarding image use.

1. Identification of individuals: Figures 6 and 8 are identified as containing identifiable human
subjects. These individuals represent a diverse group, including research study participants
and other relevant persons whose images are included.

2. Contact and consent : We proactively reached out to each of the 12 identifiable individuals
included in our manuscript. Our communication encompassed a thorough explanation of
why their images were being included in this article, addressing any queries or concerns
they might have had about the publication.

3. Documentation: To ensure transparency and compliance, we meticulously documented all
instances of consent obtained. For each individual, we maintained a record of the consent
form, which included their explicit agreement for their images to be used in this article.

4. Awareness of intended publication: We confirmed with each identifiable individual that
they were fully cognizant of the intended publication of their images in this manuscript.
We ensured that they understood the context in which their images would be used and the
potential for a broad readership.

5. Ethical considerations: Throughout this process, we remained committed to adhering to
ethical guidelines and regulations governing the use of images in research publications. Our
primary objective was to respect the privacy and dignity of all individuals featured in our
article.

Additionally, we would like to express our gratitude to Dmytro Antonov for his consent to
publish a photograph taken by him.

5. Results
Usually, mining, mining-industrial, post-mining-industrial regions are perceived as territories
with an extremely tense ecological situation, severely disturbed landscapes (badlands), as
unattractive for life, for development of various types of economic activity and tourism as well.
However, using the concept and goals of sustainable development, it is possible to change such
a sharply negative perception, due to the active involvement of such regions in various types of
industrial tourism. For example, if several new forms of anthropogenic relief were created within
a certain natural landscape as a result of mining (for example, a quarry, dump, sump), this
leads to the appearance of new types of landscapes, and usually contributes to an increase in

https://publishingsupport.iopscience.iop.org/ethical-policy-journals/
https://publishingsupport.iopscience.iop.org/ethical-policy-journals/
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the contrast of the environment, and in future, the growth of its attractiveness, the possibility
of many options for further development.

Mining regions that combine operating industrial enterprises, objects of industrial heritage,
and post-industrial objects within their territory essentially have a whole range of options for
prospective sustainable development. One of these options is mining tourism, with means of
which it is possible to attract numerous tourists to mining areas.

Having analysed the existing approaches to the interpretation of the concept of mining
tourism, we believe this tourist direction does not belong to the structure of geotourism, since
in our understanding geotourism is aimed at studying and visiting mainly natural objects.
Although, indeed, quite often geotourism and mining tourism have a common object to visit
(exposure of mineral deposits, rocks exposed in mines, etc.). At the same time, when the concept
of mining or industrial heritage tourism is used, the attention is focused only on heritage
objects. A similar situation is with postmining tourism, where the emphasis makes on visiting
transformed objects, so these subspecies absolutely exclude the production component. However,
the objects of active industry are working mines, functioning mining and beneficiation plants
definitely are and can be objects of mining tourism. Therefore, we defend the opinion that mining
tourism is an autonomous direction that is a part of the structure of industrial tourism, which
combines heritage objects, active industry and regenerated production objects.

As Rybár and Hronček claim, a mining tourist is particularly interested in [18]:

• mining traditions,

• unique machinery,

• modern mining technology,

• illegal visits of underground mines (adrenaline, adventure, illegal collection (robbery)),

• special events in the underground (weddings, concerts, masses, celebrations),

• sports activities (adrenaline sports: rock climbing, motocross, mountain biking, underground
collective sports: football, table tennis),

• recreation and wellness (recultivated mining works after surface mining: swimming,
sunbathing, walking, in modified spaces of underground mines: health stay rehabilitation
(resting, sleeping) in the unique conditions of some types of rocks, jogging, Nordic walking,

• geology, mineralogy, paleontology, collecting, ecology, and biology, unique fauna moreover,
flora occurring during and after the mining activity as well as in the recultivated area,

• free time activities utilizing vast spaces (mostly connected to surface mining – tank driving
(!), paintball, cross golf),

• other.

Ukraine has a significant potential for development of mining tourism, where work on
extraction of various minerals was and is being actively conducted. Kryvyi Rih is a city with
the largest range of mining facilities and landscapes. This is due to [30]:

• 8 main and 37 auxiliary iron ore mines here;

• 9 operating quarries, 8 of which are iron ore and 1 is a granite quarry;

• 39 completed quarries;

• 85 dumps;

• 26 failure zones and displacement zones in mine fields of underground mines;

• 15 sludge storage facilities of mines and mining and beneficiation plants;
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• 34 speleological objects: 12 open shafts of mines (one lignite and the rest iron ore), 3
shafts (the old mine “Chervonyi Hirnyk”, the old mine of Kolachevskyi, the collapsed mine
“K-D-1”), 11 tunnels (Kochubeyivskyi, Rakhmanivskyi, Pokrovskyi, etc.), 2 underground
workings (at the old Kochubeyivskyi mine), 1 shaft (Northern ventilation mine), 2 downhole
shafts of Kozatska mine, 3 gesenks of rising workings (in the ceiling of the shaft of the old
Northern ventilation mine and on the sides of the bottom shaft of the mine “K-D-1”);

The presence of the listed objects is a powerful resource base for the development of industrial
tourism in general and mining tourism in particular. In 2013, the city adopted the Industrial
Tourism Development Program for 2013–2015 [31], which was subsequently extended until 2020
and then until 2024 inclusive [32]. After that, active work started to transform an exclusively
industrial city into a tourist destination.

However, expeditionary studies of the mining heritage and landscapes of the city took place
long before the adoption of the program. Back in 2004, local history work on the study of
these objects was initiated by the geographer Volodymyr L. Kazakov, who was joined by his
colleagues and students. This made it possible to create a register of mining objects in Kryvyi
Rih. With this, the work on development of tourist activities at mining facilities started. One of
the directions of this work was a detailed study of mining sites, analysis of their tourist potential
and creation of excursion routes. The preparation of these routes and their implementation for
both citizens and city guests made it possible to determine the list of the most attractive objects
in a practical way that are able to stimulate tourists to come to Kryvyi Rih.

The following were the criteria for selecting objects for their inclusion in the tour programs:

• uniqueness and feature of the object;
• significant morphometric parameters;
• the historical significance of both the phenomenon of industrial heritage and from the point

of view of the introduction of innovative technologies at these objects in a certain period of
time;
• the possibility of access to the object (convenience of entrances and approaches, the

possibility of entering without various agreements with enterprises);
• the object illustrates the processes of natural renaturalization and reclamation;
• the object is a part of the cultural landscape of this region and has an aesthetic appeal.

The existing criteria made it possible to determine the key ones for tourists to visit from the
entire list of objects. As experience and communication with tourists show, working quarries and
mines arouse the greatest interest among visitors. And if the quarries were visited on a permanent
basis, and the open pit of Southern Mining-and-Processing Plant was generally considered the
most iconic industrial monument of the city, which is included in the ERIH network [33], then
the visits to the mines took place very fragmentarily. Although the Kryvyi Rih mines are the
deepest mines in Europe (“Yuvileyna”, –1720; “Ternivska”, –1620, “Kozatska”, –1615), and their
headframes are figuratively called “Kryvyi Rih Eiffel Towers” (figure 1). The headframes of some
mines have a height of 102–108 metres [34].

Currently, the programs of tours by functioning mining facilities most often include the open
pits of JSC “Southern Mining-and-Processing Plant” or Hannivskyi open pit of PJSC “Northern
Mining-and-Processing Plant” (figure 2).

Regarding mining complexes, most tourists prefer to go down to the depths of the earth, but
it is very difficult to agree on safety issues with enterprises. Visiting surface mining complexes
with a climb to the top of pitheads looks more promising in the tourist context. Among the
working facilities, the “Yuvileyna” and “Kryvorizka” mines have the best opportunities for this.

The advantages and disadvantages of each of the working objects are presented in the table.
Since there is a large number of mining facilities in the city, it was decided to focus on the
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Table 1. Analysis of existing suitability for tourism of functioning mining facilities.

Name of the
object Positive features for tourism

Negative features
for tourist activity

Open pits
Open pit of
JSC “Southern
Mining-and-
Processing Plant”

• availability of 2 equipped covered
observation decks;

• availability of convenient en-
trances;

• next to one of the observation decks
there is a repair shop for truck ve-
hicles, this allows to see the large-
sized equipment relatively close;

• relative proximity to the adminis-
trative centre of the city;

• the original shape of the career is
heart-shaped;

• significant morphometric parame-
ters;

• facility of the ERIH network;

• the quarry is a part of the struc-
ture of the enterprise, which was
the first mining and beneficiation
enterprise in the territory of the
former USSR.

• the need to coordinate a visit to the
facility with the management of the
enterprise;

• lack of toilets;

• lack of a point of sale of souvenir
products;

Hannivsky open
pit of the PJSC
“Northern
Mining-and-
Processing Plant”

• the possibility of free access;

• considerable length – 5.8 km;

• located in the remote northern part
of the city;

• there is no equipped indoor area for
visiting;

• lack of toilets
Mines

“Yuvileyna” Mine • one of the highest headframe in the
city with a height of 108 metres;

• most of the lifting is carried out in
the elevator;

• a wonderful panorama of the north-
ern part of the city;

• the need to coordinate a visit to the
facility with the management of the
enterprise;

• location in the relatively remote
northern part of the city

“Kryvorizka”
mine

• one of the highest headframe in the
city with a height of 102 metres;

• ascent is carried out in an elevator;

• a wonderful panorama of the cen-
tral part of the city;

• located close to the administrative
centre of the city

• the need to coordinate a visit to the
facility with the management of the
enterprise
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Figure 1. The panorama of mining landscapes and mine’s dills in Kryvyi Rih (photographed
by Volodymyr L. Kazakov from the headframe of the Hihant-Hlyboka mine).

two main facilities, which are the most represented in excursion programs, when analysing the
advantages and disadvantages. At the same time, the attention was focused precisely on the
existing positive and negative features. The topic of military influence was not raised, as we
believe it will be necessary to make a separate study after the end of hostilities.

In addition to the objects of the active mining industry, tour programs in Kryvyi Rih
include abandoned mining objects that have formed various man-made landscapes – flooded
quarries, dumps, failure zones and other specific objects. These objects are freely accessible
for tourists, and some of them could be an excellent springboard for the implementation of
various revitalization projects. The advantages and disadvantages of each of these objects are
also presented in the table 2.

Some of these objects are shown in the figure 3.
In addition to operating mining facilities and various landscapes, tour programs include

auxiliary facilities:

• Open-air museums of mining equipment of PJSC “Northern Mining-and-Processing Plant”
(figure 4) and the Mining Department of PJSC “ArcelorMittal Kryviy Rih”, where a variety
of mining equipment is presented: dump trucks, belt conveyors, magnetic separators, etc.
Both of these facilities are included in the ERIH network;
• Museums of labour glory of mining-and-processing plants: Inguletskyi, Southern, Central

and Northern ones (figure 5). They reveal the history of the creation and development of
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Figure 2. Hannivskyi open pit of PJSC “Northern Mining-and-Processing Plant”
(photographed by Volodymyr L. Kazakov).

enterprises, which is reflected in the main documents and photographic materials. You can
see reduced samples of the machinery that works at the plants. Some museums have mock-
ups of quarries that show installations of the production process. On TV screens, you can
see the production process in quarries in real time, including blasting;

• Geological and Mineralogical Museum of Kryvyi Rih National University. This museum has
a rich collection of rocks and minerals from around the world. Its entire collection of rocks
was included in the State Register of Scientific Objects of National Heritage by a resolution
of the Cabinet of Ministers of Ukraine;

• The Training and Course Centre of Kryvyi Rih Iron Ore Plant, which is a unique training
ground – a model of the mine workings, located at a 3-metre-depth. Future miners are
trained here, and tourists can get to know the essence of mining work, using mining
equipment (scraper winch, jackhammer, drill, etc.). Mining horizons are simulated here,
where samples of real equipment operated at the enterprise are located, as well as a camera
for the temporary stay of miners in case of emergency situations (figure 6);

• 3D video gallery, the object is indirectly related to mining tourism, as it is located in
Europe’s largest flower clock. And it is here that they show films in 3D format about the
history of the city, which is directly related to the formation of the mining industry.
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a) b)

c) d)

Figure 3. Different types of mining landscapes in Kryvyi Rih (photographed by Volodymyr
L. Kazakov (a, b, d) and D. Antonov (c)): a) Karachunivskyi flooded granite quarry; b) the
panorama of man-made landscapes from the Burshchytsky dump; c) the failure zone near the
Ordzhonikidze mine; d) Kryvyi Rih Grand Canyon.

Table 2: Analysis of existing suitability for tourism of mining
landscapes.

Name of the
object Positive features for tourism

Negative features
for tourist activity

Flooded quarries
Oktyabrskyi gran-
ite quarry

• significant dimensions and depth
make it possible to organize vari-
ous types of water activities: swim-
ming; boating, SUP-boarding, div-
ing;

• aesthetically attractive landscapes

• spontaneous recreation;

• lack of small infrastructure facili-
ties (toilets, garbage cans, informa-
tion signs)

Continued on next page
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Table 2 – continued from previous page
Name of the

object Positive features for tourism
Negative features
for tourist activity

Karachunivskyi
granite quarry

• location near one of the largest
man-made waterfalls of Ukraine;

• significant dimensions and depth
make it possible to organize vari-
ous types of water activities: swim-
ming; boating, SUP-boarding, div-
ing;

• aesthetically attractive landscapes

• the presence near the dam of the
Karachunivskyi reservoir, which
was destroyed during rocket fire;

• spontaneous recreation;

• lack of small infrastructure facili-
ties (toilets, garbage cans, informa-
tion signs);

• lack of convenient entrances
Dumps

Burshchytskyi
dump

• a wonderful panoramic view of the
city;

• a gentle rise;

• the possibility of inspecting the
objects of the current industry
(quarry, dump of PJSC “Arcelor-
Mittal Kryvyi Rih”)

• location of industrial heritage sites
nearby – the remains of the mine
No. 5; Belelyubskyi bridge; rem-
nants of the rolling railway of
Hdantsivskyi Iron Foundry, etc.;

• repeated practice of conducting
both daytime and evening excur-
sions to the dump;

• significant relative height – about
60 metres;

• the object was repeatedly filmed in
Ukrainian travel shows

• lack of equipped approach to the
object;

• the presence of a solid household
waste landfill next to the object;

• lack of small infrastructure facili-
ties (toilets, garbage cans, informa-
tion signs)

Petrivskyi dump • a wonderful panoramic view of the
city;

• the possibility of inspecting ob-
jects of active industry (quarry,
dump of the Central Mining-and-
Processing Plant) and industrial
heritage (Shmakivska mine, built
in 1886);

• availability of convenient entrances
to the facility

• an organized celebration of the
New Year was held at the object
for several years in a row;

• lack of equipped approach to the
object;

• the ascent is stony and quite steep;

• lack of small infrastructure facili-
ties (toilets, garbage cans, informa-
tion signs)

Continued on next page
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Table 2 – continued from previous page
Name of the

object Positive features for tourism
Negative features
for tourist activity

• the locals regularly organize ac-
tions to plant trees for the purpose
of landfill reclamation

Failure zones
The failure zone
near the Kozatska
mine

• ccale forms;

• nearby is the active two-hole super-
structure of the Kozatska mine

• the uniqueness of the object;

• availability of convenient entrances
to the facility;

• a significant educational function
from the point of view of sustain-
able development

• located in the remote northern part
of the city;

• lack of small infrastructure facili-
ties (toilets, garbage cans, informa-
tion signs);

The failure zone
near the Or-
dzhonikidze mine

• Scale forms;

• the uniqueness of the object;

• located in the ore field of the oldest
operating mine in Kryvyi Rih
(Ordzhonikidze mine was founded
in 1934 and operates up to this
day);

• availability of convenient entrances
to the facility

• located in the remote northern part
of the city;

• landslide processes are not fully
completed;

• lack of small infrastructure facili-
ties (toilets, garbage cans, informa-
tion signs)

Specific mining objects
Kryvyi Rih Grand
Canyon

• a unique formation that has no
analogues in Ukraine;

• a wonderful panoramic view of
man-made landscapes;

• availability within walking distance
of the site of historic mines formed
in 1881 – dates of the beginning of
iron ore development in the region

• sufficient distance from the admin-
istrative centre of the city;

• lack of convenient entrances;

• lack of toilets

Red lake • proximity to the administrative
centre of the city;

• availability of convenient entrances
to the facility;

• uniqueness;

• a significant educational function
from the point of view of sustain-
able development

• lack of toilets

A number of factors influence the direct inclusion of this or that object in the tour program:

• immediate duration of the tour;

• season of the year;
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Figure 4. Open-air museum of mining equipment of PJSC “Northern Mining-and-Processing
Plant” (photographed by Volodymyr V. Kazakov).

• available weather conditions;

• by which means of transport and where the group is coming from and where it goes next;

• age of tourists;

• specific requests from tourists.

Based on this, a matrix was created for the inclusion of certain mining objects in tour
programs (table 3).

The location of these objects within the city of Kryvyi Rih is shown on the map (figure 7).
Monitoring of the websites of domestic tourist operators confirms that since 2016 the

offers of tours to Kryvyi Rih have appeared from the following tour operators: “Kraina UA”,
“Anga Travel”, “Ukraine Incognita” (Kyiv), “Visit” (Lviv), “Navigator” Ukraine”, “100% Rest”
(Kharkiv), “Globe of Ukraine” (Zaporizhya), “Golden Trips” (Dnipro), as well as Odesa tourist
hub and tourist centre “Ryba Andriy” (Dnipro), tourist clubs “Bidnyazhka” (Vinnytsya), “Good
trip” and “Wild Tour” (Kyiv), tourist companies “Mandrivochka” (Mykolayiv) and “InGreen”
(Poltava) and a number of travel agencies from the cities of Kropyvnytskyi, Mykolayiv, Kherson,
Kremenchuk, Dnipro, Nikopol, etc., which position themselves exclusively in social networks
(figure 8).

6. Conclusions
The development of mining tourism in Kryvyi Rih has all the resource possibilities, but the
presence of a powerful resource is not a guarantee of effective tourism. Before this resource is
consolidated into a quality tourist product, it must be brought to the proper level. For this, we
offer the concept of 3R – reclamation – revitalization – rethinking.
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Table 3. Matrix for including mining objects in tour programs.
Type of tour

The name of the object
of mining tourism

in Kryvyi Rih

Tours over
the southern

part of
the city

Tours over
the northern

part of the city

Tours
in the
winter
period

Tours
for

school
groups

Open pit at JSC “Southern Mining-and-
Processing Plant”

+ + +

Hannivskyi open pit of PJSC “Northern
Mining-and-Processing Plant”

+

Ground part and headframe of the mine
“Yuvileyna”

+

Ground part and headframe of the mine
“Kryvorizka”

+

Oktyabrskyi flooded granite quarry + +
Karachunivskyi flooded granite quarry + +
Burshchytskyi dump + +
Petrivskyi dump +
The failure zone near the “Kozatska” mine + +
The failure zone near the Ordzhonikidze mine + +
Kryvyi Rih Grand Canyon +
Red lake + + + +
Open-air museum of mining equipment of the
Mining Department of PJSC “ArcelorMittal
Kryvyi Rih”

+ + +

Open-air museum of mining equipment
of PJSC “Northern Mining-and-Processing
Plant”

+ + +

The Museum of Labour Glory of the
Southern Mining-and-Processing Plant

+ + +

The Museum of Labour Glory of the
Northern Mining-and-Processing Plant

+ + +

The Museum of Labour Glory of the Central
Mining-and-Processing Plant

+ + +

The Museum of Labour Glory of Inguletskyi
Mining-and-Processing Plant

+ + +

Geological and Mineralogical Museum of
Kryvyi Rih National University

+ + +

Training and Course Centre of Kryvyi Rih
Iron Ore Plant

+ + +

3D video gallery + + +

Reclamation. Its goal is to restore the productivity of areas disturbed by the mining industry
and return them to different uses. This involves carrying out a complex of engineering, mining,
reclamation, agricultural and forestry works. Restoration of lands disturbed by mining operations
is a complex process of landscape regeneration and is carried out in several stages:

• preparatory, on which mining spaces are studied and typified and, due to their specificity,
promising opportunities for their economic use are determined;
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Figure 5. Museums of labour glory of JSC “Southern Mining-and-Processing Plant”
(photographed by Viktoriia S. Patsiuk).

• the stage of mining reclamation is the engineering preparation of the territory for various
types of further reclamation, and includes: surface planning; creation of slopes of optimal
structure and parameters; regulation of the water regime; various amelioration measures;
construction of access roads and other structures;

• the stage of biological reclamation and the transition to the targeted use of mining spaces,
aimed at the final restoration of fertility and biological productivity of disturbed lands, the
implementation of forests and meadow plantations, the arrangement of the infrastructure
of the planned space.

The reclamation of mining spaces and their involvement in the tourism sphere should be
adjusted by knowledge about the structure, properties and technology of operation of a specific
object and all possible directions of improvement or rational changes in its condition. Therefore,
for each landscape, its own development and optimization trend is recommended. Thus, for
example, the mining landscapes of the Oktyabrskyi granite quarry and dump, due to long-term
self-development and spontaneous recreation, do not require special methods of reclamation,
it is enough only to control the volume of water inflows, the ecological quality of the water
body and cultivate the spaces, create tourist infrastructure. At the same time, relatively chaotic
reclamation is taking place at the landfills of the city, especially at Petrivskyi, by local residents.

Revitalization is a process aimed at the complex transformation of depressed industrial
facilities and territories for their functional reformation in order to improve the social living
conditions of the population. In Kryvyi Rih in 2019 “Urban hackathon” took place, within
which framework the prospects of five industrial facilities of the city were discussed. Four
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Figure 6. Lithuanian students during an excursion to the Training and Course Centre of Kryvyi
Rih Iron Ore Plant (photographed by Viktoriia S. Patsiuk).

of these mining-related objects are: the “Artem-2” mine, premises and pithead of the mine
“Ventylyatsiyna-3”, the premises of the former Lenin Mining Administration, and Burshchytskyi
dump.

Expert groups prepared options for the revitalization of these objects. On the site of the
former management office of the Lenin mine it is proposed to create a youth centre, on which
roof it is planned to create an observatory with a relaxation area. Four floors of the building
can be thematic ones, where there will be rooms for work and rest, an art hub, a hostel, a
multifunctional centre, a thematic museum with the involvement of moving and interactive
elements, exhibition halls, etc. Another option was to create a social centre “InTerny” on the
basis of this building. The task of the centre is to help the most affected categories of the
population.

On the territory of the mine “Ventylyatsiyna-3” it is proposed to create an active leisure
centre “StreetTown”. The buildings offer the following locations: an administrative zone, a food
zone, a sanitary zone, an indoor skate park, a trampoline, dance floors. It is also planned to
place speleological training locations in the mine shafts and a climbing wall on the wall of one of
the buildings. Near the buildings a small parking lot, a skate park, a bicycle area and a fountain
with iron fish as a symbol of the iron ore basin are planned to be created [34].

On the territory of Burshchytskyi dump, the creation of a landscape-industrial park “Vidval”
is proposed. The peculiarity of this project is the zoning of the territory into several blocks:
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Figure 7. Map of Kryvyi Rih mining sites included in the tour programmes.
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Figure 8. A group of tourists on the observation deck of the open pit at JSC “Southern Mining-
and-Processing Plant” (photographed by Volodymyr L. Kazakov).

1) sports – since the Ingulets river is nearby, it is planned to equip a zone for riding on water
vehicles, as well as to set aside a zone for dirt track and a motorcycle track; 2) recreational – it
is planned to lay eco-trails on the slopes of the dump; 3) infrastructural – here it is planned to
arrange entrances and parking lots, allocate the territory for a camping site, as well as create
a food and picnic area; 4) animated – it is planned to create the inscription “Crooked Horn”
on the top of the dump, to organize a park of thematic gabions nearby, and also to conduct a
cableway across the Ingulets river to the nearby dump.

The territory of the “Artem-2” mine is the most promising for revitalization. It is proposed to
create a multifunctional park of industrial culture (PIK) “Shakhta”. The main attraction of the
object should be the inclined shaft, which will be used to descend to the mine. On the walls of
the shaft it is proposed to create a historical engraving of the development of metallurgy in the
city. It is proposed to create a museum of mining equipment in the premises of the mothballed
mine. Other premises can be classified as small laboratories and workshops with master classes.
In the surrounding area, it is proposed to create an open-air museum of mining equipment, as
well as a sports sector with existing playgrounds, courts, a climbing wall, etc. [34].

In addition, in Kryvyi Rih there are also significant prospects for revitalization of the “Higant-
Hlyboka” mine pit, which offers a wonderful panorama of the city, the “Pobeda” mine, the
flooded Oktyabrskyi and Karachunivskyi granite quarries, as well as Vizyrka landscape reserve,
which was created on the basis of 3 exhausted iron ore quarries. On the territory of each of
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these objects, it is possible to create landscape and industrial park areas, expanding the range
of possible areas of recreation and provision of services.

Rethinking. The organization of innovative tourist activities for old industrial regions
requires a radical rethinking not only of the resource potential of the territory, but also of
methods and approaches to conducting economic (including pure tourist) activities in these
regions and realizing the need for total diversification of the economy of these territories not
only from the point of view of branching out their production structure, namely due to the
growth of the segment of the sphere of services and creative industries.

It is necessary to radically change the perspective of the assessment of mining objects, that
is, to perceive the mining heritage not only as an echo of the past, and functioning mining
enterprises – not only as a raw material appendage, but to realize that both the heritage and
the operating industry have a significant potential for educational and cognitive direction.

It is the revaluation of directions for the use of mining objects and landscapes that is an
important factor not only in the development of the tourism potential of mining territories, but
also in raising the level of the industrial culture of the population. All this will generally have a
significant positive economic, social and humanitarian effect.
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71687f46-21f8-4e70-8b5c-afb6ab19ad38/GetFile7_1.pdf

[15] Garofano M and Govoni D 2012 Geoheritage 4(1) 79–92 ISSN 1867-2485 URL https://doi.org/10.1007/
s12371-012-0055-3
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Abstract. The article raises the problem of using Earth remote sensing data to collect evidence
of damages caused by the military actions of the Russian army in Ukraine. The core data set
obtained by deciphering aerial photographs reflects the general current and operational situation
in the affected area, reducing the subjectivity and uncertainty of damage characteristics on the
ground. Earth remote sensing data visualize visible damage to the environment, which can be
recognized and assessed using images of different spectral bands with appropriate resolution.
Among the damage caused to the environment as a result of hostilities, according to the Earth
remote sensing data, it is possible to study: degradation of land resources, destruction of natural
ecosystems by fires, destruction of structures (buildings) and structures. Satellite images with
a very high resolution (≤ 1 m) make it possible to quantify the degree of damage to the soil
surface due to shell explosions: the amount of metal fragments and chemicals that have entered
the soil, damage to the biological cover, etc. Images with a resolution of less than 30 meters
in the short-wave infrared (SWIR) range allow to depict the devastating effects of forest and
steppe fires caused by military actions. Using two different time frames, one before the fire
and one after, will ensure the accuracy, objectivity and reliability of the evidence collected.
These very high resolution Earth remote sensing images are used to investigate the destruction
of structures (buildings) and constructions. The analysis of satellite images guarantees the
diagnosis of the condition of the building in three degrees of destruction: completely destroyed,
partially destroyed or not destroyed. In order to ensure the storage, quick search, analysis
and visualization of all useful information obtained from the data of Earth remote sensing, it
is necessary to use geoinformation systems.The proposed methodology for assessing military
destruction is characterized by simplicity, accuracy and versatility, and does not require the use
of expensive equipment.

1. Introduction
Constant armed conflicts on the planet throughout the entire existence of mankind lead to
catastrophic consequences. So, by the end of 2021, almost 80 million people have lost their
homes and been forcibly displaced around the world due to armed conflicts. The full-scale,
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unprecedented war unleashed by the Russian Federation on the territory of Ukraine since
February 24, 2022, in terms of the scale of military operations, human casualties, destruction
and material losses, has virtually no analogues since the Second World War. More than 30% of
the territory of Ukraine suffered losses from war-related pollution, destruction, bombings, etc.
In just half a year of war, the amount of losses from Russia’s military aggression, confirmed by
the World Bank, amounts to more than 340 billion dollars.

In connection with this, there is an urgent issue of receiving reparations and compensations
from the aggressor country for the restoration and reconstruction of Ukraine. The amount and
nature of reparations must be determined in accordance with the caused damage. That is why
there is a need to measure and confirm war losses.

Such information is collected on the base of the analysis of tens of thousands of public reports
from citizens, government, local authorities about loss and damage across the country, as well
as on the basis of public sources. However, considering the scale of the damage, it is clear that
we need to look for more modern and sophisticated forms of collecting evidence of damages for
legal proceedings and lawsuits against the aggressor.

One of the most promising directions in this matter is the use of Earth remote sensing
technologies. Aerospace images ensure the independence and persuasiveness of the evidence
obtained due to the decryption of the data of ERS. Importantly, this baseline data set reflects
the overall actual and operational situation of the damage zone, reducing the subjectivity and
uncertainty of damage characterization on the ground.

This is facilitated by access to high-resolution images at various ranges and with a frequency
of observation ranging from one to two weeks to daily monitoring.

Currently, in the literature, one can find a sufficient number of examples of the use of ERS
methods in areas of armed conflicts in order to study the impact of their consequences on the
geographical environment. Conventionally, all these studies can be divided into three areas:
legal, applied and methodical.

Legal publications address various aspects of the use of Earth remote sensing data as evidence
for legal claims. Most authors [1–3] point to the fact that the value that this unique form
of evidence can have is still underutilized compared to its potential. The main problems
associated with the use of aerial photographs as evidence in international criminal courts are the
limited availability of relevant images, the cognitive bias of external organizations conducting
the analysis of ERS as well as the lack of legal certainty in this area (there are no accepted
forensic medical standards and methodologies).

As a result, in their works the authors consider various ways to overcome these difficulties,
among which the main ones are the following:

• due to the digital and technological nature of satellite evidence, it is especially important
to establish its accuracy, objectivity and reliability;

• the development of standardized methods of collecting, storing and interpreting the data of
ERS is required;

• for the use of aerial photographs as evidence in courts, it is necessary for judges to be
familiar with geospatial data technologies.

Scientific publications of an applied orientation demonstrate the attention of the world public
to the monitoring of armed conflicts with the aim of analyzing the observance of human rights,
tracking genocides, analyzing the migration of refugees, etc. As an example, we can cite the use
of remote sensing data of time series (night lights) to study the development of the crisis and
refugee flows after the “Arab Spring” [4]. By means of satellite analysis using Landsat 8 images
(2013 and 2015), Sawalhah et al identified the impact of population growth and Syrian refugee
settlements on rangeland degradation in Jordan [5].
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Obtaining information in near real time provides an opportunity to develop rapid response
measures in the provision of assistance and crisis management, as well as early warning systems
to minimize civilian casualties in war zones [6].

The impact of armed conflicts on the ecological state of the geographical envelopes of
Asia, Africa, and Latin America is considered by Hoffmann et al [2], Ordway [7], Shatnawi
et al [8]. Thanks to information obtained from satellite images, researchers studied how military
confrontation directly affected the physical environment during the war and the post-war period.

Today, there are examples of the use of ERS data to assess damages from military conflicts by
international organizations, such as the United Nations, the World Bank, Amnesty International,
etc. [9]. Thus, since 2003, the United Nations Satellite Center (UNOSAT) provides analysis
of satellite images during humanitarian emergencies related to natural disasters, complex
emergencies and military conflicts. As an example, we can cite the results of damage assessment
of buildings in Kherson (Ukraine), based on images received from the WorldView-3 satellite.
Analysis of images taken on October 14, 2022 revealed 88 buildings with visible damage. Of
these, 4 are destroyed, 69 are substantially damaged, 4 are moderately damaged, and 11 are
possibly damaged.

The methodical features of the use of ERS technologies during the monitoring of territories
affected by the war were not left out of the attention of scientists. Most of the authors [10–13]
note that damage assessment using satellite images is a complex, painstaking process that takes
a lot of time and often requires site inspection.

In this regard, more and more researchers pay attention to the use of computer vision
to identify different types of damage using aerial imagery. Using the previous stage of
machine learning, it becomes possible to effectively apply the automated building damage
classifier [12, 14]. As a practical embodiment of this approach, we can give an example of
the development of the company “NeuroMarket” (Ukraine), which has created a neural network
algorithm that can analyze the degree of damage caused to a building using images from satellites
and drones.

Therefore, despite the significant interest in this problem in the scientific literature and world
practice in the last 10 years, it should be noted that investigations on the study of environmental
damage as a result of military actions are of a purely local, narrowly regional nature.

The objective of this research is to explore the potential application of Earth remote sensing
techniques in areas affected by armed conflicts. The study aims to investigate and assess the
impact of these conflicts on the geographical environment and the state’s economy.

2. Methods
Different time satellite panchromatic and multispectral images with different resolutions have
been used in the work (table 1). Image sources are open platforms FIRMS, EO Browser, Google
Earth PRO, USGS Earth Explorer and Maxar Technologies. It is important that all the sources of
the images are official and ensure the independence and persuasiveness of the evidence obtained
through the decoding of satellite images. Image processing has been carried out in the open
Quantum GIS environment.

3. Results and discussion
A full-scale war in Ukraine causes significant damage to the state of nature and the country’s
economy. According to the estimates of the KSE Institute, during just six months of the war,
the amount of direct lesion to the economy of Ukraine from the damage and destruction of
residential and non-residential buildings and infrastructure (in monetary terms) amounted to
$108.3 billion. Taking into account indirect losses (reduction in GDP, cessation of investments,
outflow of labor, additional costs for defense and social support, etc.), this figure ranges from
$564 billion to $600 billion. Determining all damages, documenting them, and assessing the
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Table 1. General indicators of the satellites which images were used in the work and the types
of the determined environmental damage.

Spatial Spectral Periodicity Type of environmental
№ Satellite resolution bands of removal damage

(m) (day)

1 Terra MODIS 250–1000 36 1–2 Spatio-temporal indicators of
fires

2 Landsat 8 15, 30 11 16 Destruction of natural ecosys-
tems by fires

3 Sentinel 2A, 2B 10, 20, 60 13 5 Destruction of natural ecosys-
tems by fires

4 GeoEye 0,46 pan 1 Degradation of land resources
and destruction of submitted
and constructions

5 WorldView–3 0,31 pan 1 Degradation of land resources
and destruction of submitted
and constructions

scope for obtaining further reparations and compensations from the aggressor country is a very
important task for various government and scientific structures and organizations.

Earth remote sensing data visualize a variety of environmental damage. But at the same
time, it should be borne in mind that this is a visual monitoring method and it can be used only
to assess those damages that can be visually recognized and evaluated using images of different
spectrum ranges and the corresponding spatial resolution.

Thus, of all the environmental damage caused by hostilities, the following can be studied with
the help of the data of ERS: degradation of land resources, destruction of natural ecosystems by
fires, and destruction of structures (buildings) and constructionls. Let’s consider each of these
damages separately.

A. Degradation of land resources
One of the most negative and destructive consequences of military operations is the disruption of
the soil ecosystem. Millions of exploding projectiles leave behind thousands of square kilometers
of excavated Ukrainian land, contaminated with fragments of metal and chemicals.

Satellite images with a very high spatial resolution (≤ 1 m) make it possible to estimate
the extent of disturbances in the surface soil layer. Figure 1 shows satellite images of fields
in the Donetsk region, taken before and after the intervention of the Russian invaders. In the
picture taken after the beginning of the military aggression, we see agricultural fields dotted
with hundreds of artillery shells. Funnels of such density almost completely destroy the soil
cover and make it unsuitable for use.

Shelling was carried out with the following types of weapons:

• 82 mm — mortars with 82-mm fragmentation and high-explosive fragmentation mines;
• 120 mm — “Grad” installations, field and self-propelled howitzers;
• 152 mm — mortars with 152 mm shells, guns and howitzers;
• 220 mm — rocket salvo fire system “Hurricane”.

The size of the recess in the soil corresponds to the caliber of the projectile: 220 mm – the
diameter of the funnel is about 7 m, 152 mm – 4–6 m, 120 mm – 2.5–3.5 m, 82 mm – about
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Figure 1. Satellite image of agricultural land near the town of Lyman (Donetsk region).
48.988056. 37.833333. Above – 8.05.21. Below – 26.05.22. [Source: Satellite Image 2022 Maxar
Technologies, EPA].
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1 m [15]. Using the scale of the picture, you can easily determine not only the number of shelling,
but also the caliber of the projectiles.

Figure 2 shows an example of soil ecosystem disturbance calculations. On a plot of
agricultural field near the town of Lyman (Donetsk region) with an area of 0.06 square km
(200 m x 300 m) there are 71 funnels from explosions. Among them: 6 – from the caliber of 220
mm, 40 – 152 mm, 12 – 120 mm and 13 – 82 mm (table 2).

Artillery projectiles produce fragments weighing 1 gram or more: caliber 82 mm – 1,200–1,550
pieces, 120 mm – 1,600–2,350 pieces, 152 mm – 2,700–3,500 pieces, respectively [16]. Using these
data, it is possible to calculate that on a certain section of the field with an area of 0.06 square

Figure 2. Counting funnels from projectile explosions of various calibers in a field near the
settlement of Pisky (Donetsk region). 48.075556. 37.664167. [Source: Satellite Image 2022
Maxar Technologies, EPA].

Table 2. Indicators of soil degradation of the specified territory.

Ammunition Number of Number of Amount of chemical Amount of
caliber, mm funnels projectile elements, kg explosive, kg

Fe C S Cu

220 6 23000 570 8.8 9.2 4.4 235
152 40 124000 1500 23 28 10 210
120 12 24000 210 3 4 1.5 25
82 13 18000 38 0.6 0.65 0.25 5

In general 71 189000 2318 35.4 41.85 16.15 475
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km, almost two hundred thousand metal fragments with a total weight of about 2.5 tons fell
into the soil.

These metal fragments are dangerous. In addition to iron and carbon, they also contain
sulfur and copper [15, 16]. Taking into account the number of projectiles and their caliber, it
is possible to calculate the total amount of chemicals that have entered the environment in the
studied area – this is about 35 kg of carbon, 32 kg of sulfur and 16 kg of copper (table 2).

Chemical elements that have entered the soil are very dispersed. This will contribute to their
rapid entry into the soil, and from there into surface water, and in this way they enter the cycle
of environmental substances and will be included in trophic chains. So, for example, copper is
a heavy metal, individual compounds of which can be quite toxic [17].

In addition, all modern high-explosive and high-explosive fragmentation projectiles release
an average of 1.2–1.5 cubic meters of soil per 1 kilogram of explosive [17]. Based on this, as a
result of the explosion of 71 shells, the mass of the explosive substance (amotol, hexane) totaled
475 kg. As a result, almost 700 m³ of soil was uprooted, disrupting its biological cover.

Such destruction of the soil cover together with other negative factors make the territories
of rural lands unsuitable for use. It takes hundreds of years to restore land resources from
pollution. Even now, in 300 days of the war, according to preliminary estimates by experts, no
less than 10 billion dollars will be needed to restore Ukrainian land.

At the same time, it should be taken into account that satellite images can serve as
indirect evidence of the negative consequences of shell explosions on the environment.During
the detonation of amotol and hexogen, a number of chemical compounds are formed – carbon
monoxide, carbon dioxide, nitrogen oxide, nitrogen dioxide, formaldehyde, cyanic acid vapors,
nitrogen, as well as a large amount of identified and unidentified toxic organics [17]. It is
impossible to calculate even an approximate number of these emissions. Under their influence,
surrounding soils, wood, and structures are oxidized.

B. Destruction of natural ecosystems by fires
Monitoring of fire areas is one of the most common areas of practical use of data from ERS So,
for example, NASA has created Fire Information for Resource Management System (FIRMS)
scale fires on the Earth’s surface. The corresponding site shares near-real time data on active
fires from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard the Aqua and
Terra satellites and the Visible Infrared Imaging Radiometer Suite (VIIRS) aboard S-NPP and
NOAA 20 (figure 3).

The resolution of Terra MODIS infrared channels is 1 km/pixel. This means that each
detected fire cell is displayed as a point in the center of a 1 km × 1 km pixel. It is practically
impossible to determine the objects of fires and assess the consequences of fires in images with
such a spatial resolution. They can be used only to determine the spatio-temporal indicator of
the fire: place and time of occurrence. In addition, with the help of these images, it is possible
to record the total number of fires on a daily basis. Thus, most of the fires recorded by the
Terra satellite took place in the period from mid-summer to the beginning of autumn 2022 in
the territory of forests, forest belts and steppes, mainly in the zone of combat clashes.

For a detailed analysis of fires and their consequences, satellites with a resolution of less than
30 meters should be used (Landsat 8, Sentinel 2A, 2B, etc. – see table 1).

Among all natural ecosystems of Ukraine, forests suffer from hostilities mostly. The massive
use of artillery and strike aircraft against military and infrastructure facilities in and near forests
causes forest fires, which in dry conditions destroy tens and sometimes hundreds of square
kilometers of forest. So, for example, according to the official information of the leadership of
Ukraine, almost three million hectares of forests were destroyed during the eight months of the
war as a result of shelling by Russian troops on the country’s territory.

Mapping the destructive effects of wildfires is most effective in the short-wave infrared (SWIR)
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Figure 3. Forest and field fires in the Kherson and Mykolaiv regions. 14.07.22. [Satellite: Terra
MODIS. Source: firms.modaps.eosdis.nasa.gov].

Figure 4. Satellite image of the Kinburn Peninsula (Ukraine). 23.07.22. Areas of burnt forests
are of brown colour [Satellite: Sentinel-2. SWIR range. Source: EO Browser].

range. For the Sentinel 2A satellite, this is a combination of channels B12, B8A, B04. In this
composite, vegetation is shown in shades of green, and recently burned land is shown in brown
(figure 4).

For a semi-automated method of calculating the area of fire-destroyed forests, it is possible to
process a raster image in the environment of a geographic information system. Figure 5 shows
an example of raster classification of a satellite image of the Nedohirsky Forest in the QGIS
program with subsequent area determination using the program’s functionality.
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Figure 5. Satellite images of the Nedogorsky forest (landscape reserve “Inguletsky”, Velyka
Oleksandrivka, Kherson region). On the left – 21.07.15. Case – 22.05.31. [Satellite: Sentinel-2.
SWIR range. Source: EO Browser].

In order to record and calculate the consequences of forest fires, it is necessary to have two
pictures taken at different times: one before the fire, the other after (figure 5). In this way,
we can ensure the accuracy, objectivity and reliability of the collected evidence. The necessary
combination of channels for capturing the analyzed terrain can be obtained using the EO Browser
cloud platform. The functionality of the platform allows us to measure the area of destroyed
forests with the usage of polygons. In order to record and calculate the consequences of forest
fires, it is necessary to have two pictures taken at different times: one before the fire, the other
after (figure 6). In this way, we can ensure the accuracy, objectivity and reliability of the
collected evidence. The necessary combination of channels for capturing the analyzed terrain
can be obtained using the EO Browser cloud platform. The functionality of the platform allows
us to measure the area of destroyed forests with the usage of polygons.

Table 3 shows examples of calculations of the territories of damaged forests of Kherson and
Mykolaiv regions from shelling by Russian troops using this method. In general, during the
period from February 24, 2022 to the moment of the occupation of the right-bank part of
Kherson region, several thousand hectares of forest were destroyed only in the territory of these
two regions. Detailed monitoring is necessary to obtain more accurate data.

The consequences of agricultural land fires are recorded using a similar method. As a result
of Russian shelling in Ukraine, fires were recorded on almost 8,000 km² of agricultural land
with crops of various farming cultures in just six months of the war. Documentation of the
fact of fires is carried out in the presence of public reports from citizens, the government, local
authorities, or based on the fixation of the source of ignition from satellite images of low spatial
resolution (Terra MODIS). Then images of medium spatial resolution are obtained (Landsat 8,
Sentinel 2A, 2B) and the area of the fire is determined in the short-wave infrared range (SWIR)
(figure 7).

Table 4 shows examples of calculations of areas with crops in Zaporizhzhia and Kherson
regions. It should be noted that forest and steppe fires destroy the fertile soil layer, and along
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Figure 6. Raster classification of the satellite image of the Nedohirsky Forest in the QGIS
program. The area of the burnt forest is marked by blue and black colours.

Table 3. Areas of forests damaged by military operations based on the analysis of satellite
images [Satellite: Sentinel-2. SWIR range. Source: EO Browser].

№ Object name Date of the picture Burnt field area, km²

1 Tyuryupynsk forestry (Kherson region) 22-07-15 0.25
2 Heroiske forestry (Kherson region) 22-07-23 0.7
3 Ivanivka forestry (Kherson region) 22-07-23 0.6
4 Nedohirsky forest (Kherson region) 22-05-31 0.4
5 Halytsynove Forestry (Mykolaiv region) 22-08-07 0.015

with it, millions of microorganisms that ensure the natural balance of the environment die.
The number of animal and plant populations is also significantly decreasing. Determining the
catastrophic consequences of these destructions and estimating the economic losses is possible
only by conducting special studies on the area.

C. Destruction of structures (buildings) and constructions
One of the most significant indicators of the destructive actions of the Russian army in Ukraine

is the destruction and damage of civilian and military infrastructure. According to official data
from Ukrinform, during 300 days of the war, the occupiers destroyed at least 412 industrial
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Figure 7. Satellite images of fields near the town of Stepnohirsk (Zaporizhia region). On
the left – 22.06.20. On the right – 15.07.22. [Satellite: Sentinel-2. SWIR range. Source: EO
Browser].

Table 4. Areas of agricultural crops damaged by fire from military operations according to the
results of satellite image analysis [Satellite: Sentinel-2. SWIR range. Source EO Browser].

№ Object name Date of Area of burnt
the picture crops, km²

1 The town of Stepnohirsk (Zaporizhia region) 22-07-15 0.7
2 Novooleksiivka vil. (Genichesk district, Kherson region) 22-09-18 0.6
3 Novopokrovka vil. (Genichesk district, Kherson region) 22-09-18 0.5
4 Rozlyv vil. (Kherson Region) 22-08-24 0.12
5 Mala Tokmachka vil. (Zaporizhia region) 22-08-24 5.2

enterprises, more than 15,000 high-rise buildings, 116,000 private houses, almost a thousand
medical facilities, 511 administrative buildings, etc. For each of these facts, it is necessary to
form an evidentiary base, and considering the volume of work, the ERS becomes important.

To study the destruction of structures (buildings) and constructions, only satellite images
with a very high spatial resolution (less than 1 meter – GeoEye, WorldView-3) are used. These
pictures make it possible to compare the condition of buildings before and after the destruction
(figure 8).

Due to the deciphering of the pictures, it is possible to assess the state of destruction of
buildings. At the same time, it should be borne in mind that the analysis of satellite images,
even with a very high spatial resolution, guarantees the diagnosis of the state of the building
in three degrees of destruction: completely destroyed, partially destroyed or not destroyed. As
an evidence base, such gradation may not be enough. In this case, the obtained data must be
supplemented with additional information from verified sources (for example, an examination
at the site of destruction), or using images from unmanned aerial vehicles
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Figure 8. Visualization of buildings damage in the village of Dovgenkove (Kharkiv region)
from shelling by Russian troops according to satellite images. Top left – 20.08.22, top right –
22.08.15. The picture below has been processed in the QGIS program [Source: Satellite Image
2022 Maxar Technologies, EPA].

So, for example, the companies SmartFarming and Vkursi Zemli launched the RebuildUA
project, the purpose of which is to analyze and document the destruction of the infrastructure
of populated areas as a result of Russia’s war against Ukraine with the help of drones. The use
of drones allows to collect more detailed data about the destruction: to take photos and videos
of objects from different angles, from all sides of buildings.

In future, in order to ensure storage, quick search, analysis and visualization of all useful
information, it is necessary to digitize it in the GIS environment. With the help of the GIS
functionality on the raster image of the satellite photo, destroyed objects are recognized, their
types are classified and the level of destruction is determined. Then these objects are digitized,
with the creation of separate vector layers with appropriate consideration of their types and
level of destruction (figure 8). In this form, the information is analyzed and stored.

Taking into account the amount of destruction in Ukraine, it is clear that recording and
assessing the nature of damage as an evidence base requires a significant amount of work with
the involvement of state and commercial organizations with experience in the field of practical
application of ERS data.

4. Conclusions
1. Aerial photographs are a unique form of evidence of military destruction. The information

obtained with their help reflects the general current and operational situation in the
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destruction zone, reducing the subjectivity and uncertainty of damage characteristics on
the ground.

2. Sources of satellite images are official state or commercial structures which are publicly
available. This ensures the independence and persuasiveness of the obtained evidence for
trials and lawsuits against the aggressor country.

3. Deciphering the data of remote sensing of the Earth makes it possible to obtain an accurate
and complete assessment of environmental damage due to military actions according to the
following indicators: degradation of land resources, destruction of natural ecosystems by
fires, and destruction of structures (buildings) and constructions.

4. The proposed methodology for assessing military destruction is characterized by simplicity,
accuracy and versatility, and does not require the use of expensive equipment.

5. It is possible to increase the effectiveness and evidentiality of the conclusions obtained from
the analysis of the ERS data by applying additional surveys at the site of destruction.
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Abstract. The article addresses one of the relevant global trends – the sharing economy or
participation economy. The authors explore its features and benefits (time and resources saving,
rational consumption, use of communication technologies etc.). The publication considers the
driving forces, namely peering social networks, real-time technologies, the global economic crisis,
environmental issues and a renewed belief in the importance of communities. The authors argue
that BlaBlaCar is one of the world leading online ridesharing platforms. The article defines the
essence of BlaBlaCar as a new model of shared consumption tracing the history of its inception
and development. The authors examine characteristics and peculiarities of BlaBlaCar in terms
of a modern information network; reveal the behavioral traits of BlaBlaCar users worldwide and
in Ukraine. The article attempts to anticipate the prospects of BlaBlaCar development.

1. Introduction
1.1. The problem statement
Information plays a pivotal role in all spheres of post-industrial society. It is common knowledge
that “whoever owns the information owns the world”, as it is even more relevant today than
in the days of Nathan Rothschild. The swift breakthrough of information technologies and
the advance of information production brought about the growing economic importance of the
information sector and the advent of new infrastructural elements – information networks. These
networks contribute to the evolution of the sharing economy, since people exchange goods and
services via them, so the transport is no exception.

The growing demand for transportation causes the creation of new information platforms
offering transport services. To function properly transport service platform improve existing
logistics systems and introduce a new transport trend – the joint trips in private vehicles arranged
via online services for finding fellow travelers now known as ridesharing or carpooling. The term
“ridesharing” is coined from two English words “ride” and “sharing” which mean to share a
trip, and denotes the phenomenon when a driver or a passenger search for a companion to share
a ride in order to travel costs. Carpooling is a shared car trip, agreed upon in advance between
a car owner and passengers to save on fuel costs and to reduce the amount of traffic. Unlike
hitchhiking, with carpooling, the costs of the trip are shared between the car owner and the
passengers. Carpooling used to be practiced only by neighbors and acquaintances, currently
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with the advent of the Internet and social networks, this phenomenon reached a completely new
level.

So, nowadays traditional car transport services are gradually being replaced by car sharing
services, which by nature are an example of responsible consumption of resources.

Responsible consumption and production [1, 2], is correspondently the twelfth goal of
sustainable development proclaimed by the UN General Assembly in 2015. One of the
feasible ways to accomplish this objective is to develop information transport networks, e.g.
BlaBlaCar [3], since their advantages in the environment protection are absolutely apparent,
because car sharing is incomparable means in reducing humanity’s carbon footprint.

The transition to a shared consumption economy is a modern key to sustainable development,
which meets the needs of the current generation without threatening the following generations
to meet their own needs [4].

1.2. The objective of the article
Within the scope of this publication, we aim to examine the characteristics of BlaBlaCar as one
of the world ride-sharing leaders, to consider its advantages and disadvantages, to envision the
prospects for its development.

1.3. Theoretical background
There is a growing body of literature that recognizes the importance of the sharing economy,
among which are the studies of Lessig [5], Deakin et al [6]. We want to acknowledge the works
of Botsman and Rogers [7], Walsh [8], Mazzella [9], Sundararajan [10] on the advantages and
pitfalls of the participation economy. Jiang and Tian [11], Barbu et al [12] recognises the critical
role played by responsible consumption in the sustainable development. Kim and Jin [13],
Mukhopadhyay and Mukhopadhyay [14], Luri Minami et al [15] address the relevant issue of
information transport networks. In Ukraine, the phenomenon of sharing is still relatively new
and is just beginning to spread [16–21].

However, the researches to date have not yet established how the sharing economy works.
Much uncertainty still exists about the advantages of ridesharing compared to traditional
transportation services. It is now well determined whether people are ready to share with
each other and to what extend exactly. The influence of the quarantine restrictions caused by
the global pandemic or the war in Ukraine on carpooling has remained unclear. A number of
questions concerning the prospects for the development of information networks are particularly
relevant.

The research data in this publication is drawn from three main sources: reports and statistical
materials of various companies and their branches, publications and information resources that
are freely available and are relevant to the problem of ridesharing or carpooling. As we consider
the BlaBlaCar information network as an example of a sharing platform, so data for this study
were collected from its official website.

2. Results and discussion
The digitization of modern society encouraged by rapid development of information technologies
has led to the emergence of the sharing economy making it a trend modern world. The basis of
the sharing economy is the sharing of goods or services, not their ownership. Therefore, it is not
the ownership of goods or services that is important nowadays, but timely access to them. Hyper
consumption, widespread in the 20th century, was replaced by joint consumption, characteristic
of the 21st century [6]. Thus, a new responsible model of consumption and a new approach
to any resources use are gradually refined. These models are definitely more appropriate for
present-day, as they contribute to the sustainable development of mankind.
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Rachel Botsman, a well-known propagandist of the sharing economy, convincing responded a
question why humanity should move to a more coherent and responsible consumer culture [22].
In her speech at the TED conference back in 2010, she noted that the majority of people owning
a drill use it for only 12-13 minutes of the entire operation time. A car, of about $8,000 average
cost, is usually idle for 23 hours a day. Botsman introduced the idea of sharing the equipment
or tool by borrowing, lending or leasing them. This constitutes the primary idea of shared
consumption economy – instead of possessing, people can share resources, which makes more
efficient use of material goods and reduces the costs of their acquisition or production.

Fred Mazzella, a founder of BlaBlaCar, characterized the era of sharing and emphasized that
humanity “stands on the threshold of the era of exchange” of goods, knowledge, money, time,
skills, content, etc. “The arrival of the sharing age is a logical evolution from the disruptive
innovations of the early 2000s, all of which are now allowing individuals to scale their network and
gain access to solutions best suited to their needs. But the phenomenal growth and continued
popular support of these models is better explained by the virtuous impacts of sharing” [8].

Botsman and Rogers [7] investigate the positive impact of the sharing of goods and services in
their research. Moreover, their book What’s Mine Is Yours: Rise of Collaborative Consumption,
substantiates the basic principles and driving forces of the sharing economy [6]. Let us briefly
characterize them using the example of ridesharing.

Internet sharing platforms exist all over the world, but they are predominantly developed
in European countries such as Belgium, Great Britain, Italy, Spain, the Netherlands, Germany,
Poland, France and Sweden. The number of sharing companies and their incomes grow annually,
which indicates the growing demand in them among the world’s population [2].

Carpooling came into being in the USA and the countries of Western Europe in the 40s of
the XX century, and with the advent of the Internet, it received an impetus for development.
According to Mordor Intelligence [23], the ride-sharing market will continue to grow rapidly due
to the increasing demand for economical and timesaving vehicles and by 2027 it will grow by
18%. The European region presently demonstrates the largest carpooling market, although the
Asia-Pacific region shows the signs of even faster growth.

Figure 1. Global Ridesharing Market – Growth Rate by Region (2022 – 2027) [23].

Being the booming market, ridesharing constantly attracts new market players offering
transportation services. It is worth mentioning such major players as Via Transportation,
Scoop Technologies, Mahindra Logistics Ltd. UCR, Didi Chuxing Technology Co, Zimride,
Uber, Nuride, Zipcar, Turo, Getaround, Rides Ridingo, and JayRide.
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Table 1. Basic principles and driving forces of the sharing economy on the example of
ridesharing.

Sharing Economy Ridesharing

Basic principles of functioning and their characteristics

Profit. In case of use, it
brings benefit, in case of
idling, it causes lost

Renting a car reduces maintenance costs. Carpooling reduces
transportation costs for trip participants. The car owner saves
money and resources, fuel, parking fees, maintenance of the
vehicle and guarantees to fellow travelers that they will arrive at
their destination on time

Saving time and resources
(to use, it is not necessarily
to own)

Renting a car for a small fee is more profitable than buying it,
as modern young people are not usually tied to the place of their
residence or work

Rational consumption Minimizing traffic should effect total fuel consumption, and
correspondingly the decrease in harmful emissions and the
carbon footprint in the atmosphere

Trust as a basis for sharing The growth of the carpooling market contributes to an increase
in the general level of trust in society

Use of communication tech-
nologies

Information platforms providing car transport services con-
tribute to the connection between the car owner and potential
passengers

Driving forces of sharing

Peering social networks and
real-time technologies

The quality of communication improves because peering social
networks establish a powerful sharing connection between
the physical and virtual spheres of life. The economy of
shared consumption and its platforms have become the most
convenient and cheap means of client information compared
to the traditional ones [19]. All mentioned above leads to a
reduction in traffic and efficient use of motor vehicles.

World economic crisis It caused the refusal of people from mindless consumption in
favor of responsible consumption; the use of resources and
goods, cars particularly, in order to ensure sustainable social
development

Environmental issues The aggravation of environmental issues made the humanity
change the approach to their solution from an anthropocentric
to an eco-centric. Ridesharing is considered to be one of the
means to reduce anthropogenic impact on nature, especially on
the atmosphere

Growing trust between peo-
ple

The basis of ridesharing is the concept of “trust” (client – driver,
driver – client).

BlaBlaCar is considered one of the leaders in the shared ride market, and can serve as a vivid
example of the sharing economy. BlaBlaCar is a carpooling information network that provides
drivers with the opportunity to save on gas expenses and travelers to economize on fares due to
shared cost of trip, which turns out to be lower, compared to rail and airline fares. According
to the BlaBlaCar regulations, drivers compensate most of the fuel costs allowing passengers to
travel cheaper than in public transport.
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BlaBlaCar presently supports the intersection of more than 100 million drivers and passengers
who share the common goal of traveling cheaply and conveniently. BlaBlaCar as a leader in its
field to date offers a variety of route options especially for short distances (less than 150 km).

BlaBlaCar is not only an online platform for a more effective search of traveling companions,
but also a cloud data storage. The company has an Internet service that monitors possible trips,
warns against fraud and organizes correspondence or calls between a driver and passengers. The
international web site of this service is currently functioning in 22 countries worldwide.

We can distinguish three stages of the BlaBlaCar development presented in table 2.
BlaBlaCar is also a powerful information network that takes into account the needs of

every person, regardless of age and gender. The information found in the BlaBlaCar network
can be grouped into the following categories: rules of use, user characteristics, social impact,
environmental efficiency and regional features of user behavior. BlaBlaCar has clear terms of
use that allow everyone convenient and safe travel experience:

• registration and profile filling;

• submission of an application to search for fellow travelers or a vehicle.

Registration and profile filling phase suggests different ways of registration possible (via a
Facebook account, via e-mail) and entering minimal user information (name, gender and year of
birth, preferences, photo). Car owners also need to specify the technical characteristics of their
vehicle.

On the phase of submitting an application for travelling companion or finding a car, users
can fill out a special form with the place of departure and destination, date and time. After
the ride, passengers and drivers leave feedback about the shared ride, which affects trust in
the community. There are several criteria for choosing a travel partner or a vehicle, including
comfort, price, route, time of a trip, age and experience of the driver and reviews on BlaBlaCar.
At the same time, the service is available via mobile applications for iPhone and Android, as
well as on the main website on the Internet.

The findings merged from the data analysis can identify the following generalized
characteristics of BlaBlaCar users:

• the majority (about 2/3) of BlaBlaCar users are males (62%). We believe that the main
reason for the smaller number of female users is the issue of safety, less trust of women in
unfamiliar drivers and passengers. To ensure women feel comfortable and safe, BlaBlaCar
provides the “Girls Only” option;

• the diversity in age with the predomination (more 1/2 making 43%) of young users (aged
25 to 34), people aged 35 make up 30% of users. This can be explained by the fact that
this age group are the most advanced users of social networks, the main consumers of goods
and services of the sharing economy;

• BlaBlaCar enables people with special needs to use network services by changing interface
settings, zoom and navigation using the keyboard.

We believe an important feature of BlaBlaCar is the positive environment effect due to
the reduction of traffic. The report of the French research institute Le BIPE BRO [24] on the
results of a study, commissioned by the BlaBlaCar company, states that in 2018 BlaBlaCar users,
traveling with fellow travelers and sharing fuel costs, reduced CO2 emissions by approximately
1.6 million tons. The projected saving of CO2 emissions (in millions of tons) as of 2023 is
presented in figure 2. According to the 2018 IPCC report, stabilizing global warming at 1.5◦C
requires reducing CO2 emissions by 45% no later than 2030.

Therefore, ridesharing trend and BlaBlaCar particularly can make a huge difference in solving
a number of issues and may contribute to the sustainable development of humanity in the near
future.
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Table 2. Development stages of BlaBlaCar.

Development
stages

Stage characteristics

1. The emergence
of BlaBlaCar (2006–
2010)

The idea to create BlaBlaCar dates back 2004 and belongs to Fred
Mazelli, who wanted to go to visit his relatives outside the city, but could
not get to them. It occurred to Fred to find a driver who was willing to
take him as a passenger on the condition that he shared fuel costs. That
shared trip inspired Fred Mazelli to create an information site for finding
fellow travelers, and in 2006 Fred Mazzelli purchased the covoiturage.fr
domain. The co-founders of the project were Fred Nappeson, Nicolas
Brusson and Olivier Bonnet. At this stage, the product development
strategy was worked out and planned.

2. Development
of BlaBlaCar and
its entry into the
European market of
shared trips (2011–
2014)

BlaBlaCar enters the European market using different websites (for
example, in Spain, the company is called Comuto with the website
comuto.es). In June 2011, the company expanded its services to the
UK and changed the name to BlaBlaCar, as users indicated their level
of “talkativeness” from “Bla” (silent), “BlaBla” (moderately talkative)
to “BlaBlaBla” (very talkative) when registering on the site. In 2012,
BlaBlaCar entered the market of 6 more European countries: Belgium,
Italy, Luxembourg, the Netherlands, Poland and Portugal. The Spanish
and French sites were renamed to standardize the network. At this stage
BlaBlaCar became one of the most expensive startups in Europe thanks
to the investments of Insight Venture Partners and Lead Edge Capital.

3. New markets
extension, new
product offers
(2014–2023)

BlaBlaCar came to Turkey in 2014, and India the following year. 2015
was the year BlaBlaCar expanded into Latin America, particularly
Mexico and Brazil, with $200 million funding. Since 2019, BlaBlaCar
has become part of the BlaBlaCarPro international project, which is
a legal bus carrier service. It assists carriers and bus fleet owners
to find passengers for nearly 100 million BlaBlaCar users. However,
only carriers with legal license to transport passengers can work with
this service. In 2018, BlaBlaCar moved beyond carpooling for the
first time, announcing the purchase of Ouibus, one of France’s largest
bus operators, owned by the state-owned SNCF, which manages the
country’s railways. Later on BlaBlaCar, the world’s largest carpooling
service for long-distance trips, announces a joint effort with Busfor, the
leading service for finding and buying bus tickets in Ukraine and other
countries of Central and Eastern Europe. The merger of companies was
supposed to contribute to the expansion of BlaBlaCar in the passenger
transport market in the region with a population of more than 300
million people. With the onset of the global COVID-19 pandemic,
demand for transportation services and platforms dramatically increased
as public transportation and intercity transportation were shut down. In
this regard, since April 2020, BlaBlaCar has launched a new BlaBlaHelp
app., the application helps buy products or medicines in a pharmacy.
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Figure 2. Projected savings of CO2 emissions [24].

The next stage of our research aims to reveal the behavioral traits of BlaBlaCar users in
various regions worldwide. The results of this study show that the behavior of BlaBlaCar users
in different countries demonstrate no fundamental divergence. However, it has been established
that users from different regions still have some distinctions due to peculiarity of mentality and
cultural customs.

The most interesting finding concerns the time and details of the trip planning. For example,
the users from the Western, Southern and Northern European countries usually plan shared trip
a week or two in advance, and clarify the trip details and check the driver’s profile in 2-3 days
before the trip takes place. The Central and Eastern Europe users also plan a trip, but usually
in 2-3 days, and they clarify the trip details on the day of departure. Moreover, they rarely
carry out a detailed check of the driver’s profile. However, users from Latin American countries
may plan a trip a week in advance, but can often cancel it in 2-3 days; also the driver profile
check may not be very detailed.

In the countries of the Asian region, users strictly observe customs and traditions peculiar to
oriental culture. Thus, women in India, for example, ride only with a female driver. The gender
of the user determines the thoroughness of detail checking in the driver’s profile.

BlaBlaCar entered the Ukrainian market in February 2014 due to the takeover of
Podorozhniki, the Ukrainian startup, whose founder and first regional manager was Oleksiy
Lazorenko. In January 2022, because of personnel changes Roman Miroshnichenko took the
position of general director of BlaBlaCar in Ukraine.

As of 2023, Ukraine is among the top three countries where BlaBlaCar is developing rapidly.
The Ukrainian BlaBlaCar market has currently 8 million users, of which 1 million people use it
every month. About one hundred employees work in the Ukrainian office of the company. The
analysis of the data taken from the company’s official website reveals that 55% of users use the
network for vacation trips, 49% for visiting parents or relatives, and 42% for business trips.

Passenger traffic traditionally increases on the eve of holidays. The most popular in 2019 (in
terms of the number of seats offered in the cars) proved to be summer destinations in Ukraine,
i.e. see resort cities: Berdyansk (Zaporizhia region); Kyrylivka (Zaporizhia region); Iron port
(Kherson region); Zatoka (Odesa region); South (Odesa region). Among the most popular winter
resort regions were: Bukovel (Ivano-Frankivsk region); Vorokhta (Ivano-Frankivsk Region);
Yaremche (Ivano-Frankivsk Region); and Skhidnytsia (Lviv region).

Unfortunately, with the full-scale invasion of Russia into Ukraine, the former popular summer



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012133

IOP Publishing
doi:10.1088/1755-1315/1254/1/012133

8

travel destinations are no longer relevant.
The introduction of quarantine restrictions caused by the COVID-2019 pandemic, followed

by the Russian-Ukrainian war, effected the development of BlaBlaCar in Ukraine.
In March 2020, BlaBlaCar appealed to its users asking to stop traveling temporarily and urged

to use the platform only for exceptional and urgent trips. In accordance with the Government of
Ukraine decision to ban passenger transportation, dated March 16, 2020, BlaBlaCar temporarily
suspended all bus trips, including on the Busfor platform.

Presently, the government of Ukraine gradually allows restoring long-distance travelling.
BlaBlaCar introduced improvements and new features on the platform that are called to assist
traveler’s necessary safety measures and health precautions. BlaBlaCar reminds every user of
safety recommendations the moment he/she post or book a ride, including: not to drive in case
of COVID symptoms arise, to wear a medical mask, to keep a safe distance, and not to hold
hands.

In April 2020, BlaBlaCar announced the launch of BlaBlaHelp (iOS, Android), a free
application that helps buy essentials during the spread of COVID-19 [25]. To date, more than
35,000 users apply BlaBlaHelp and the company encourages its users to share the application
with those who may need help.

One more company’s initiative is the assistance to the Armed Forces of Ukraine by making
quick and free of charge trips for the militaries who need to get to their destination.

In the conclusion, we can summarize the salient features of the BlaBlaCar information
network:

• BlaBlaCar information network is a part of the sharing economy, which is developing at a
fast pace;

• the network provides users with wide possibilities to make trips;

• BlaBlaCar interacts and cooperates with other sharing platforms, expands the car sharing
service on the world market;

• the network differs from traditional types of logistics systems;

• some aspects of BlaBlaCar activities are partly non-commercial, international, global and
informal;

• BlaBlaCar provides cross-cultural exchange through communication opportunities between
users;

• users can travel in any direction and at any time;

• BlaBlaCar site is accessible for users with special needs.

Considering the features listed above, we can distinguish the main advantages and
disadvantages of BlaBlaCar.

The main advantages of BlaBlaCar over its competitors, i.e. transport companies, are: a
slightly lower price of the trip; free choice of more favorable route and time; individually suitable
location of departure and destination; the availability of trip routes that are not provided by
the regular carriers; less emission of CO2 into the atmosphere; and mutual assistance during the
COVID-19 pandemic.

We see the main disadvantages of BlaBlaCar as follows:

• many drivers use the BlaBlaCar platform for commercial purposes, although it is against
the terms of use of the free platform;

• the lack of reporting documentation, which can create problems with taxation and
insurance;

• the issue of income accounting and taxation: the lack of real mechanisms for monitoring
the flow of money which causes the transfer of part of the money into the “shadow”;
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• insufficient safety guarantee for passengers and drivers;

• in most countries, BlaBlaCar works only with long-distance transportation, which limits
the capabilities of the platform;

• passengers have to tolerate the time and route offered by drivers, which may not always
meet their needs;

• the transition from a social platform to a business platform may lead to an increase in
service prices and change BlaBlaCar’s philosophy.

3. Conclusion
Sharing economy in general and ridesharing in particular grounds in financial benefit, time
and resources saving, rational consumption, trust, and communication technologies. Nowadays
BlaBlaCar is a new model and a vivid example of the economy of shared and responsible
consumption. It is one of the world leading online sharing platforms, which has gone a long
path from the idea of finding fellow travelers to mastering the global market of shared trips and
offering new products (bus trips, BlaBlaHelp, etc.).

BlaBlaCar has as advantages (traffic minimization, lower trip price, free route and time
choice, CO2 emission reduction), as some disadvantages (insufficient guarantee of passenger and
driver safety, lack of reporting documentation, restrictions on intercity transportation).

Thus, BlaBlaCar is a special information network with unique characteristics that distinguish
it from other similar networks, and some common features with existing sharing platforms,
such as the user communication available. BlaBlaCar is an innovative solution in passenger
transportation issue, which has gone through successful testing on the world market and proved
competitive with the other companies.

As the prospects of BlaBlaCar development, we can envision the entry of insurance companies
into the BlaBlaCar market and implementation of monetization; expansion of the service market
and entry to the joint transportation market of Japan, South Korea, Indonesia, Colombia, and
Argentina, etc.

Our further scientific research aims at the study of modern trends in the development of the
sharing economy in the global economic system.
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Abstract. Efficient use and protection of the subsoil is a part of rational nature management
in the mineral base of Ukrainian regions and Ukraine as a whole. The components for
the rational use of the subsoil include a comprehensive development of mineral deposits, a
comprehensive use of mineral raw materials and mining waste, optimization of the structure
of mining production and mineral raw materials consumption. The rational use of mineral
resources in the modern interpretation of this issue extends to all stages of their development,
including the issue of waste disposal. A huge amount of mining waste has been accumulated
in administrative regions of Ukraine, and the issue of their disposal has gone beyond just an
economic and ecological problem and has acquired a significant socio-demographic significance.
Environmental problems have become particularly acute due to the accumulation of toxic waste,
among which the most dangerous are heavy metals, petroleum products and acid tars. For the
sustainable development of Ukraine, it is necessary not only to develop new reserves of natural
raw materials, but also technogenic minerals accumulated in more than 1,600 man-made deposits
and objects. The further development of the mineral base requires, at the state level, an urgent
solution to problems that hinder the development and ecological rehabilitation on the ground
of rational use.

1. Introduction
Hundreds of billions of tons of various types of mineral raw materials: combustible minerals,
ores, construction materials, etc., are mined from the subsoil every year. Along the way, in the
process of mining, host rocks are also removed and remain at the mining site. Human activity
has acquired global dimensions and is commensurate with the geological processes involved in
the formation of the planet’s landscapes. Long-term exploitation of mineral resources has led
to the reduction of their reserves and the depletion of rich or unique deposits. At the same
time, the non-restoration and limited reserves are characteristic of the mineral resources, so it is
important to find approaches to the effective use of their reserves in order to prevent depletion
and excessive losses during extraction. The growing technogenic load and disturbance of the
natural environment during the exploration and exploitation of mineral deposits make the issue
of overall protection of the geological environment and landscapes an urgent one.
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The geoecological approach of the mineral resources study arose mainly on the ground of a
need to study the processes accompanying the exploration, extraction and primary processing of
minerals [1]. It is caused by the need to monitor, analyze and forecast, aimed at minimizing the
negative impact of mining production on the environment, the development of rational schemes
for the environmentally safe activities of mining enterprises in the context of optimizing in
nature management. The result of the geoecological study of mining areas is the development of
measures to improve the quality and conservation of the natural environment and reclamation of
mining landscapes. The research is focused on the following issues: protection and rational use
of subsoil, surface and groundwater, air environment, reclamation of lands disturbed by mining,
disposal of mining waste, ecological and landscape problems of disturbed territories. Due to the
global nature of the issue, the purpose of this article is to analyze only the first problem – the
rational (efficient) use of mineral resources and mining waste.

The issue of conservation and rational use of subsoil resources has been of particular interest
to researchers since the late 1960s and early 1970s, but the majority of publications fall into
the 1980s. First and foremost, these are the works of Melnykov [2], Pedan and Mishchenko [3],
Rekitar et al [4], and Bent [5]. Among the publications of the last decades, the works of Rudko
and Shkitsa [6], Andrievsky [7], Galetsky et al [8], Komov [9], Panov [10], Rudenko et al [11],
Mishchenko [12], Syvyi et al [1], Udalov and Kononenko [13], Kilinska and Kostashchuk [14],
Rudko et al [15], Hrinov and Khorolskyi [16] should be mentioned. The mentioned works discuss
methodological approaches to the rational use of mineral resources. In particular, they develop a
conceptual framework, classifications of ways to comprehensively use mineral resources, the main
directions of use, classifications of mining and industrial waste and problems of their disposal,
the role of comprehensive use of mineral resources in improving the territorial organization
of social production, the effectiveness of comprehensive development of mineral resources, and
so on. The theoretical and methodological justification of these directions, the development
of technological schemes for extracting valuable components at different stages of the mining
production process, and finally, the globalization of the problem – i.e., the processing not only of
the methodology of rational use of mineral resources, but also of the rational use and protection
of subsoil resources in general – are some of the topics discussed in these and many other works
that remain relevant today.

2. Results and discussion
Rational use and protection of the subsoil is an integral part of rational nature management
within the mining areas. Rational nature management should be understood not merely as
the optimization of the processes of intensive use of natural resources and their protection,
but also as a system of measures covering the issues of environmental protection and control,
reproduction and preservation of these resources, effective use of capital investments in mining
enterprises, the distribution of the productive forces of the region [17].

From the general issue of rational nature management in the region, one can single out the
rational use of mineral resources. Equally important components of the latter are comprehensive
development of mineral deposits, comprehensive use of mineral raw materials and mining waste,
optimization of the structure of mining production and mineral raw materials consumption
(figure 1).

The maximum satisfaction of society’s needs in certain types of raw materials at specified
costs and under the condition of compliance with environmental standards can be considered as
a criterion for the effective and optimal use of mineral resources. At the same time, factors of an
economic, ecological and social nature should be taken into account; in particular, meeting needs
for a certain resource, a level of current costs in the production and consumption of the product,
economic effect and trends in the development and use of subsoil resources, the implementation
of measures to preserve resources for future generations; minimization of harmful effects of
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Figure 1. Structure of measures to solve the problem of rational use of mineral resources of
the region.

mining on the environment, etc.
Irrational extraction and use of mineral raw materials lead to an increase in costs at all stages

of mining production. Losses of minerals during their extraction and primary processing in some
cases amount to 40-50%. The growth of mineral losses causes a deterioration in the quality or
a decrease in the volume of concentrates produced by mining enterprises due to a decrease in
the volume of useful components, a reduction in reserves due to their faster depletion. Mineral
raw materials depletion of reserves is one of the main problems of environmental protection.
High-waste technologies, non-comprehensive use of mineral raw materials and, as a result,
environmental pollution, violation of its dynamic balance are other parts of this problem.

The list of tasks for rational use of mineral resources at various stages of their development and
environmental protection issues, which need solving, has a following look (table 1). Rational use
of mineral resources covers all stages in their development (search and exploration of deposits,
extraction, transportation, primary and secondary processing), including waste disposal. The
waste disposal is limited to those groups and types of waste processing, which are direct
replacement of certain mineral resources.

The optimal use of mineral resources includes, on the one hand, the most detailed study
of deposits at the stage of exploration, pre-exploration and exploitation, the choice of rational
schemes for the most complete extraction of useful components during mining enrichment and
processing; and, on the other hand, a requirement for a comprehensive use of mineral raw
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Table 1. Tasks of rational use of mineral resources and environmental protection.

Stages of
development of
mineral resources

Main tasks
Study and complete
extraction of mineral
resources

Complex use of min-
eral resources

Environment protec-
tion

Search and explo-
ration of mineral de-
posits

Rational and effective
works on subsoil explo-
ration; complete study
of the geological struc-
ture; reliability of de-
termination of reserves
and quality of minerals;
a rational approach to
establishing the condi-
tions of mineral raw ma-
terials

Research of associated
components of raw ma-
terials and useful com-
ponents in overburden,
lateral and underlying
rocks

Implementation of
works without unjus-
tified loss of minerals;
prevention of pollu-
tion of water horizons;
preservation of ex-
ploratory mines and
wells and their liqui-
dation, if they are not
suitable for use and
have environmental
damage

Extraction of miner-
als

Selection of rational
schemes for exploitation
of deposits; reduction
of losses in the subsoil;
ensuring the maximum
completeness of work-
ing out the reserves of
the deposit

Organization of com-
plex development of
the deposit; preserva-
tion and accounting of
associated components
through their selective
extraction and storage;
utilization of overbur-
den and host rocks

Preventing the negative
impact of mining and
other types of work on
the preservation of min-
eral reserves; protection
of deposits from flood-
ing, pollution and con-
struction; treatment of
mine wastewater; air
protection in quarries;
prevention of oil leak-
age; rehabilitation of
disturbed lands; protec-
tion of nature conserva-
tion objects

Transportation and
processing of mineral
resources

Complete extraction of
useful (including associ-
ated) components from
mineral raw materials;
reduction of losses dur-
ing transportation and
processing

Economically expedient
extraction of associated
components from min-
eral raw materials; use
of waste from primary
and secondary mineral
processing

Use of rational waste
storage and preserva-
tion schemes with mini-
mal loss of land; use of
modern technologies to
prevent pollution of the
air environment, under-
ground and surface wa-
ters, soils, etc

materials (t1). The methods and means of extracting minerals, which are used in modern
technologies, do not solve the issue of their complete extraction from the subsoil. The resulting
losses sometimes exceed the volume of actual production. Particularly significant losses are
recorded in the underground method of development; a quarry method, as a rule, can reduce
the loss of raw materials by 3-8%.

The problem of comprehensive use of mineral resources is considered in two aspects: a
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comprehensive development of deposits and a comprehensive use of raw materials.
A comprehensive development of deposits involves the use of rational, effective methods

of extraction of the main and associated useful components in host and overburden rocks.
Selective extraction of all industrially valuable components, their storage, and shipment to
the consumer, or their accounting, in case of temporary non-use, must be ensured. Most
mineral deposits are multiply. Sometimes the content of accompanying components can have a
completely independent value, and their economic value may even exceed the cost of the main raw
material. Multiple components are an important and permanent feature of mineral resources.
Genetic associations of minerals (paragenesis) are well known in petrology, and the need for a
comprehensive approach in solving the issues of using mineral raw materials is based on the
following: the main component associates with a number of other components. Paragenesis is
especially typical for ores of non-ferrous metals. During the comprehensive processing of ore
raw materials, in addition to 8-12 profiling chemical elements, additional 62-66 elements can be
obtained [15].

The economic effectiveness of the comprehensive use of mineral resources is revealed in various
approaches. First of all, the accompanying extraction of valuable components significantly
expands the mineral base. This is most important for non-ferrous metallurgy, where the
majority of rare elements are contained in ores of basic metals. Sometimes there are much
fewer of them in special deposits of rare metals. At the same time, in the process of mineral raw
materials comprehensive use, conditions are created for increasing the volume of production with
significantly lower capital costs. Many diffuse elements do not have their own minerals at all.
Selenium, tellurium, indium, thallium and rhenium are extracted only from non-ferrous metal
production waste, which is the only possibility of their production through complex processing
of polycomponent ores. Most of the accompanying components are considered valuable, and
even incomplete extraction of them from mineral raw materials makes it possible to expand the
raw material base of the industry, reduce production waste, increase its economic efficiency and
improve the environmental situation.

In addition to the extraction of industrially valuable components from raw materials, its
comprehensive use requires the disposal of host and overburden rocks and residual products of
enrichment and processing of raw materials. Up to 0.5-0.6 billion tons of rocks and mineral
raw materials processing waste are stored annually in surface dumps. The total amount of
accumulated mining waste exceeds billions of tons. Up to 1 billion m3 of mineralized water
is pumped out of mines every year [18]. Today, the bulk of such waste cannot be considered
as mineral resources, as it cannot be used in industry. On the other hand, their use requires
transportation, which is associated with additional costs and makes raw materials uncompetitive.
The hundreds of millions of tons of waste accumulated in Ukraine can significantly improve the
mineral base of enterprises that extract building stones, raw materials for building ceramics,
building sands, and ceramic clays, carbonate raw materials, etc., or drastically reduce the need
to open new quarries of building materials.

The waste of primary processing (enrichment) of raw materials is various sand and sand-clay
sludge. The volumes of this waste in the regions of Ukraine are measured in hundreds of millions
of tons. For example, in Kryvbas area, reserves of sludge from the enrichment of iron ores exceed
1 billion tons. Waste from secondary processing of raw materials is accumulated in significant
quantities at enterprises of ferrous metallurgy enterprises (blast furnace slag, ferroalloy slags,
iron-containing waste), thermal power industry (ash and slag from burning coal), chemical,
petrochemical, coke-chemical industries (phosphogypsum, pyrite cinders, liquid organic and
inorganic waste), etc. Often, the content of mining waste in such elements as copper, cobalt,
molybdenum, zinc, and others makes them suitable for use in agriculture as agronomic ores.

The density of accumulated waste in Ukraine is 6.5 times higher than in the USA and 3.2
times higher than in the countries of the European Union. Every year, more mining waste
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accumulates in Ukraine than in 12 EU countries. Donetsk, Dnipropetrovsk, Luhansk, Lviv, and
Zaporizhzhia regions should be singled out (table 2). In the densely populated areas of Donbas,
Kryvbas, Pre-Dnieper and Pre-Carpathian regions, the level of technogenic load ranges from 2-3
to 10-30 million t/km2. Table 3 shows the volumes of technogenic waste accumulated within
the main mining basins of Ukraine, which account for 79.2% of the total amount of waste [17].

Table 2. Volumes of mining waste in the administrative regions of Ukraine (on the materials
of the Ministry of Ecology and Natural Resources of Ukraine).

Administrative Dump area, Annual waste Volumes of Volumes of
units ha volume, annual waste use accumulated waste

million m3 million m3 million m3

AR of Crimea 17.0 0.10 0.05 1.52
Vinnytsia region 985.0 6.21 1.94 26.33
Volyn region 251.0 1.93 0.23 35.14
Dnipropetrovsk region 18,331.0 245.08 50.86 2,013.40
Donetsk region 12,284.7 127.60 22.82 2,771.14
Zhytomyr region 2,187.7 15.82 6.70 71.20
Transcarpathian region 27,5 0,48 0,23 3,89
Zaporizhzhia region 1,175.3 2.18 0.51 63.30
Ivano-Frankivsk region 384.2 5.94 2.37 86.81
Kyiv region 146.0 1.30 0.16 32.51
Kirovohrad region 953.6 10.71 1.72 128.00
Luhansk region 4,819.2 32.21 4.56 596.27
Lviv region 4,591.5 48.95 3.52 1,054.20
Mykolaiv region 39.3 0.58 – 3.12
Odesa region 160.6 0.26 0.60 5.34
Poltava region 4,440.6 40.59 3.86 591.80
Rivne region 276.9 2.41 0.69 24.65
Sumy region 63.5 0.84 0.46 6.98
Ternopil region 74.8 1.34 0.36 10.45
Kharkiv region 512.4 2.64 0.38 11.09
Kherson region 90.0 1.55 0.52 0.76
Khmelnytskyi region 201.8 5.43 1.93 95.46
Cherkasy region 796.5 1.28 0.59 8.67
Chernihiv region 224.0 0.12 0.19 1.46
Chernivtsi region 94.6 0.12 0.09 0.43

Total 53,128.4 554.67 105.33 7,643.92

Ukrainian enterprises generate up to 100 million tons of toxic waste every year, of which more
than 3 million tons belong to I-III hazard classes. The total amount of toxic waste accumulation
is 4.4 billion tons. In Ukraine, there is no plant for the processing of toxic industrial waste or
landfills for their disposal. The conditions of waste storage and disposal do not meet sanitary
and hygienic requirements and are one of the factors of intense pollution of atmospheric air,
surface, groundwater and soil. It is also worth mentioning the illegal shipment of 25,000 tons
of acid tars into Lviv region; the problem of their disposal has not been resolved by today. In
the developed countries of the world, a considerable attention is paid to the issue of effective
use of mining waste, and the level of their utilization is 65-80% [8]. In Ukraine, this indicator



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012134

IOP Publishing
doi:10.1088/1755-1315/1254/1/012134

7

Table 3. Volumes of accumulation of industrial waste in the main mining basins of Ukraine [17].

Mining Area of disturbed Volumes of Inflows of mine
basin geosystems, accumulated waste, and quarry waters,

km2 billion tons billion m3/year

Donetsk coal (Donbas) 15,000 9.4 788.4
Lviv-Volyn coal 150 0.5 6.2
Dnipro brown coal 38 0.2 –
Kryvyi Rih iron ore (Kryvbas) 170 7.5 –
Pre-Carpathian sulphurous 160 2.6 45.6
Pre-Carpathian saline 24 0.4 2.0

Total 15,542 20.6 –

is estimated to be only 10-12%, there for we have accumulated unused reserves of secondary
mineral raw materials.

For the sustainable development of Ukraine, it is necessary not only to develop new reserves
of natural raw materials, but also to develop technogenic mineral resources accumulated in
more than 1,600 technogenic deposits and objects. Technogenic deposits contain non-ferrous,
rare, noble, ferrous metals, rare earth elements, non-ore, construction and energy raw materials,
limestone and gypsum meliorants, etc. These components can be removed using the latest
technologies. Every year, a technogenic mass accumulates on the earth’s surface: 350 million
tons of iron, 7.4 million tons of phosphorus, 5.7 million tons of copper, 2.8 million tons of lead,
2.5 million tons of barium, 230 thousand tons of uranium, 190 thousand tons of arsenic, 7.9
thousand tons of mercury [19].

The simplest technological option remains the organization of waste disposal for the
production of building materials. A list of construction materials, magnesium and sulfur-
containing fertilizers, limestone and gypsum meliorants can be compiled from mineral raw
materials waste in Ukraine. It is also possible to additionally obtain coal fuel, ferrous, non-
ferrous, rare metals, and fluxes from industrial waste, which is important in conditions of acute
shortage of raw materials. The development of technogenic deposits in Ukraine makes it possible
to expand the mineral base of the mining industry by 15-20%. Up to 30% of overburden and
host rocks removed from the subsoil, as well as waste from their enrichment, can be used for the
production of building materials [17].

The problem of effective use of hydro-mineral raw materials is important. It is possible to
extract industrial quantities of lithium, boron, germanium, etc. from underground mine waters.
For example, the underground waters of Donbas contain from 0.152 to 0.355 mg/dm3 of bromine,
which exceeds the minimum industrial values of bromine by 20-60 times, germanium by 5-8 times,
and lithium by 2 times. It is necessary to continue studying the distribution of useful elements
and components in mine waters and developing technologies for their extraction [19]. Radioactive
waste burial grounds should also be considered as deposits of technogenic raw materials. With
a higher level of technological development, they can serve as a source for the extraction and
enrichment of radioactive elements.

The main mass of disposed mining waste is used for backfilling spent quarry areas and mine
sites, reclamation of disturbed lands. In the backfilling process, not only waste rock is used, but
also industrial waste, which can be processed into useful products. However, the technical level
of extraction and use of these wastes is insufficient to establish their rational use.

In the main mining regions of Ukraine, there are dozens of technogenic mineral deposits
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that are preliminarily prepared for processing, which will significantly reduce the cost of their
development. According to some estimates, with modern technologies, about 40% of industrial
waste can be used to obtain useful raw materials: commercial coal, ore concentrates, cement,
building materials, coagulants, chemical meliorants, etc. The Geological Service of Ukraine
registered 1,500 industrial waste accumulation sites. Among them, only 13 sites have the status
of technogenic deposits (one is being developed), the rest are tentatively classified as potential
deposits or technogenic manifestations [12]. According to the amendments to the legislation in
the field of waste management, the number of industrial technogenic deposits may reach two or
three hundred.

Solving the problem of mining waste as one of the components of the state environmental
policy is envisaged by achieving Sustainable Development Goal 12 “Responsible consumption
and production”. By 2030, it is planned to reduce the share of landfilled waste to 35.0% of
the total volume of generated waste (in 2015, it was 50.0%). At the same time, the number
of enterprises where hazardous substances management systems have been implemented should
be brought up to 100.0% of the total number of enterprises that use them. Achieving the
goal in terms of waste is expected through the use of innovative technologies, which is defined
by national task 12.4 “Reduce the volume of waste generation and increase the volume of its
processing and reuse based on innovative technologies and production”. The processing of
secondary mineral raw materials from mining waste requires significant investments. Solving the
problem of attracting foreign investments for the development of the mining industry complicates
the Russian-Ukrainian war and the difficult economic situation in Ukraine.

Effective use of technogenic mineral raw materials will ensure [18]: 1) reduction of costs for
the search of new and exploration of exploited mineral deposits; 2) preservation of non-renewable
mineral raw materials, extension of the life of mining enterprises; 3) production of additional
volumes of cheap precious metals, non-metallic and construction materials, etc.; 4) filling of
mine and quarry mine sites, planning of post-mining landscapes, carrying out reclamation and
revitalization; 5) reduction of anthropogenic load on disturbed territories; 6) release and rational
use of land occupied by mining waste storage facilities, elimination of sources of pollution of
the natural environment; 7) attraction of investments and improvement of equipment and raw
material processing technology.

The use of energy- and resource-saving technologies in the mining sector will improve the
environmental situation in Ukraine. The latest technologies are proved to be effective within
a short period of time and ensure the maximum output of the final product per unit of raw
mineral. The cost of commercial products from mining waste is 5-15 times lower than from ores
extracted by traditional methods from natural mineral deposits [20]. Solving the problems of
rational use of mineral raw materials is also related to the development and implementation of
waste-free technologies. Today, the involvement of man-made waste in production processes is
restrained by the low economic capacity of the state.

The accumulation of significant amounts of mining waste in Ukraine is a consequence of the
irrational use of certain useful components. Under the condition of comprehensive use of mineral
resources, the amount of waste will be reduced by two times. Such comprehensive use allows to
increase the amount of obtained industrial raw materials and is of a great economic importance.
The reform and development of the mining industry should be based on principles that meet
modern economic and environmental requirements.

In recent years, numerous cases of unauthorized use of subsoil and other violations of the
legislation in this area have been recorded in Ukraine. Individual enterprises that extract local
types of minerals (building stone, sand, loam, sand-gravel mixture, etc.) operate without special
permits. There is an illegal development of coal, oil and amber deposits, as well as geological
exploration of the subsoil. Geological control over the study and use of mineral resources should
be strengthened.
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Subsoil protection involves implementation of a set of measures for the complete removal of
mineral resources from the subsoil and the maximum possible, economically feasible reduction
of losses during their development. Legislation in the field of subsoil protection provides [21]:
1) provision of comprehensive geological study of the subsoil, prevention of unauthorized use of
the subsoil; 2) rational extraction and use of reserves of minerals and components; 3) prevention
of the negative impact of works related to the use of subsoil, the preservation of mineral reserves,
mine sites and operated or mothballed wells, as well as underground structures; 4) protection
of mineral deposits from flooding, waterlogging, fires and other factors affecting the quality of
minerals and the industrial value of deposits or complicating their development; 5) prevention
of unauthorized development of areas of mineral deposits and subsoil pollution during storage of
oil, gas and other substances and materials, burial of harmful substances and production waste,
discharge of wastewater.

In general, the activities of mining enterprises of Ukraine should be aimed both at the
maximum extraction of minerals and the preservation in an undisturbed state of reserves that
may become minerals in the future, as well as at bringing areas of land disturbed by mining
operations into a condition suitable for further use.

Quantitative indicators of the wealth of Ukraine mineral resources, unfortunately, do not
fully reflect the real state of the state’s mineral base. Reserves of certain types of minerals,
in particular oil and gas, are depleted and imported, the probability of discovering new large
deposits is low, and the development of small deposits is unprofitable. Currently, Ukraine mainly
has hard-to-reach reserves, the development of which is becoming unprofitable, as well as a large
mining industry with worn-out equipment, where the majority of the population is employed.

Ukraine is at the beginning of the stage of subsoil depletion. A high degree of geological study
of the territory, the depletion of quality reserves of the main types of mineral raw materials,
a low probability of discovering new large and even medium deposits in terms of reserves
make it impractical to invest significant funds in prospecting and geological exploration. The
technological re-equipment of the mining industry becomes a priority due to the high wear and
tear of fixed assets.

Since the 1990s, the mineral base of Ukraine has experienced degradation in all its constituent
parts. In particular, the overall production of minerals has fallen, the volume of prospecting and
mining exploration decreased to critical values. The consequences of this “collapse” are felt even
today. At the same time, a slow rate of decline in production of mining industries in the early
2000s made it possible to increase the share of production in the overall structure of industry
by two times compared to 1990 (from 21.2% to 42.6%). During this period, the share of ferrous
metallurgy in the overall structure of industry increased by 2.5 times, fuel industry – by 1.8
times, non-ferrous metallurgy – by 2.3 times. Despite this, production of oil with condensate
decreased by 1.4 times, gas – by 1.6 times, coal – by 2.0 times, iron ore – by 2.2 times, and
manganese ore – by 3.6 times. The main factor in the growth of the share of mining industries
is the transition to world prices for mineral raw materials, the preservation of the markets for
iron, manganese and titanium ores, facing stones and certain other types of minerals [19].

Subsoil depletion and the formation of an industry structure burdened by heavy industries
are accompanied by significant long-term environmental consequences. This is due to saving on
environmental costs at the stages of field development that gives a significant economic profit.
At the same time, the costs for elimination of the consequences of emergency environmental
situations, accidents, and disasters often exceed the profit from mineral raw materials sale.

The biased structure of the economy in the direction of heavy industries and depletion of
the mineral base with the accumulation of negative environmental consequences contributed
to the development of a deep economic crisis in the Soviet Union in the mid-1980s. Western
countries experienced similar crises back in the 1970s, from which they came out by restructuring
of their economy with the reduction of heavy industry and the development of knowledge-
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intensive industries. The economic crisis in most states of the post-Soviet space continues to
deepen, and it is exacerbated by a long-lasting and powerful environmental crisis. Ukraine
is still in a crisis situation today, despite some signs of stabilization of its economy that was
actually achieved as a result of the stabilization of mineral raw materials mining. However,
wear and tear of equipment at mining enterprises is very high (up to 70-80%). Due to imperfect
technologies of extraction and mineral raw materials processing, unsatisfactory solutions of issues
of comprehensive development of deposits, there are up to 70% of explored oil reserves, up to
50% of salts, up to 28% of coal, and up to 25% of metals that remain in the state’s subsoil [22].

Ukraine may enter a period of technogenic emergency situations, accidents and catastrophes.
Sustainable development of the mining industry can only be ensured by innovative activities.
Technical re-equipment of mining enterprises should be carried out to reduce losses of minerals
during their extraction and processing; as well as to ensure industrial safety.

The analysis of the mineral base of Ukraine gives reason to include into promising types such
non-traditional mineral raw materials for the country as native gold, native copper, rare metals,
vein quartz, and various types of precious, manufactured and decorative stones. With certain
caveats, this list also includes diamonds, the prospects for opening their deposits have increased.
It is predicted that these types of mineral raw materials, after detailed exploration and further
exploitation, will lead to the improvement of the state’s economic condition, the development
of gold and copper ore, rare metal and quartz industries. To expand the prospects for the
development of the mineral base, it is necessary to expand the development of such minerals as
brown coal, shale gas, development of non-traditional energy sources, in particular gas-methane
from coal deposits and gas hydrates.

Ukraine actively participates in the integration processes in the European and world
communities. Most industries are related to the functioning of the domestic mineral base. The
state’s level of development affects the organization of exploration and exploitation of subsoil
and the development strategy of its mining industry. Developed countries, even having their own
mineral base, are focused on investing into the mining and processing of mineral raw materials in
other countries and its import. Developing countries, on the contrary, count on the intensive use
of their own mineral deposits for economic development and obtaining profits from the export
of raw materials. The current state of the domestic economy is characterized by a significant
export orientation of the mineral base and, at the same time, a high level of industry dependence
on imported supplies of certain types of minerals, especially oil and gas.

The level of mineral reserves in Ukraine depends on many factors. An example is the situation
with stocks of flux raw materials for metallurgical enterprises. Ukraine is provided with dolomite
reserves for many years, but providing enterprises with high-quality raw materials is a difficult
problem and is possible only by increasing extraction in Southern Donbas, which is currently
occupied. An acute situation has developed with flux limestones, the main reserves of which are
also concentrated in Donbas. Several large deposits lie at significant depths or occupy arable
land, so a proper economic and ecological assessment of their exploitation options is required.
Therefore, the prospects for discovering new deposits of high-quality raw materials are limited.

The state is interested in protecting the national producer and promoting the development
of export-oriented industries. In Ukraine, industries that secure export growth and, accordingly,
are sources for foreign hard currency flow into Ukraine, are material- and energy-intensive and
are interconnected with the development and prospects of the mineral base. Today, subsidies
are widely used to stimulate exports which causes various forms of dumping. In other cases,
we have the export of minerals that have not been converted into a product of intermediate
or final consumption. This leads to great losses for the economy of the state, since the prices
of raw materials and final production differ by tens or even hundreds of times. This indicates
a predatory attitude towards the mining industry and causes depletion of the subsoil without
obtaining an economic effect.
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In the development strategy of Ukraine, it is important to outline the directions of movement
in the field of geological study and use of subsoil: 1) a need to build up reserves of mineral
resources, provided that the balance reserves of minerals will be enough for hundreds of years;
2) a need to increase the volume of mineral extraction with significant reserves and complex
geological conditions and adverse environmental consequences of the development of deposits;
3) to attract investments in the study of deposits of fuel and energy raw materials, both
traditional (oil and gas, brown and hard coal, peat), and unconventional (shale gas, coal-bed
methane, gas hydrates of the Black Sea shelf).

3. Conclusions
Analysis of modern approaches to solving the problem of effective mineral raw materials use and
mining waste allows us to state the following.

1. Efficient use and protection of the subsoil is a part of rational nature management in the
mineral base of Ukrainian regions and Ukraine as a whole. Rational nature management
should be understood not only as the optimization of the processes of intensive use of natural
resources and their protection, but also as a system of measures covering the protection
and control of the state of the environment, the reproduction and preservation of these
resources, the effective use of capital investments in mining enterprises, and the placement
of productive forces in the region.

2. The components for the rational use of the subsoil include a comprehensive development
of mineral deposits, a comprehensive use of mineral raw materials and mining waste,
optimization of the structure of mining production and mineral raw materials consumption.
The maximum satisfaction of society’s needs in certain types of raw materials at specified
costs and under the condition of compliance with environmental standards can be considered
as a criterion for an effective and optimal use of mineral resources.

3. The rational use of mineral resources in the modern interpretation of this issue extends to
all stages of their development, including the issue of waste disposal. Solving the waste
problem is limited to covering those groups and types of subsoil resource processing waste
that are direct substitutes for certain types of mineral resources. They are grouped under
the name of mining waste.

4. A huge amount of mining waste has been accumulated in administrative regions of Ukraine,
and the issue of their disposal has gone beyond just an economic and ecological problem and
has acquired a significant socio-demographic significance. Mainly, this applies to densely
populated areas of Donbas, Kryvbas, Pre-Dnieper and Pre-Carpathian regions, where waste
density varies from 2-3 to 10-30 million t/km2. There are no such similar loads in any
country in the world.

5. Environmental problems have become particularly acute due to the accumulation of toxic
waste, among which the most dangerous are heavy metals, petroleum products and acid
tars. Ukrainian enterprises generate up to 100 million tons of toxic waste every year, of
which more than 3 million tons belong to I-III hazard classes. The total volume of toxic
waste accumulation is 4.4 billion tons. In Ukraine, there is no plant for the processing
of toxic industrial waste or landfills for their disposal, and the conditions for storing and
eliminating waste do not meet sanitary and hygienic requirements.

6. For sustainable economic development of Ukraine, it is necessary not only to develop
new reserves of natural mineral resources, but also to utilize technogenic, secondary, and
unconventional mineral resources, which are accumulated in over 1,600 technogenic deposits
and objects. Technogenic deposits of various minerals represent a powerful reserve mineral
resource base for the development of the mining industry. They contain non-ferrous, rare,
precious, and black metals, as well as rare-earth elements, non-ore, construction and energy
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raw materials, mineral fertilizers, limestone and gypsum ameliorants, and so on. The
development of technogenic deposits in Ukraine would expand the resource base of mining
and metallurgical, coal and mining-chemical industries by 15...20%. Up to 30% of extracted
overburden and associated rocks, as well as waste from their beneficiation, can be utilized
for the production of various building materials.

7. The comprehensive utilization of mineral resources can only be achieved through the
development and implementation of advanced modern technologies in the areas of
exploration, extraction, enrichment, and processing of raw materials. In general, solving
the problem of rational use of mineral resources, as well as natural resources in general, is
related to the development and implementation of waste-free technologies. A geological
assessment of waste as technogenic deposits is also necessary (determining the nature
of the distribution of useful components in waste masses, studying their technological
characteristics, determining the amount of reserves, etc.). Only after carrying out a complex
of such assessment works should the issue of ways and methods of waste utilization in specific
territories be addressed. Priority should be given to environmental protection measures
accompanying current mining-industrial production.

8. Currently, scientific research aimed at addressing such problems as improving existing
and developing fundamentally new methods for extracting useful minerals from subsoil
and useful components from complex mineral raw materials and mining waste; developing
methodologies and technological schemes for studying the distribution of useful components
in ores and enclosing rocks at the geological exploration stage; and developing an ecological
and economic assessment of complex deposits, among others, remains relevant.

9. The main factors that have influenced the economic development of Ukraine, based
on intensive and prolonged use of mineral resources, include: 1) gradual depletion of
subsoil; 2) the formation of an economy skewed towards heavy industries; and 3) the
accumulation of long-term negative ecological consequences. An economy deformed towards
heavy industries requires four to five times more material, capital, energy, mineral, and
other resources compared to economies with a balanced industrial structure, where a
significant share is comprised of light industry, the service sector, and modern knowledge-
intensive production. Depletion of subsoil and the formation of an industrial structure
overloaded with heavy industries are accompanied by the accumulation of significant long-
term ecological consequences.

10. Further development of Ukraine’s mineral and raw material complex requires urgent
resolution of state-level problems that significantly hinder the expansion of the mineral
and raw material base, its ecological rehabilitation, and rational use. The current system
of subsoil use in Ukraine does not meet the requirements of modern market economics, and
there are no unified requirements or rules for subsoil use and determination of payments
for their use in economic theory. Although Ukraine’s mineral and raw material base has
sufficient reserves of many types of valuable minerals, some of them are in the stage of
depletion, which requires reform of the economic and ecological mechanism for using mineral
resources. In strategic terms, it is important for Ukraine to determine the directions of
movement in the field of geological exploration and subsoil use.
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Abstract. The article presents the investigation of constructive and technological parameters
of an energy-efficient screw oil press. It is outlined the principle of operation of an energy-
efficient screw oil press. The construction of the oil press is improved by the steam atomizer
that is installed in the receiving hopper under the rifled rollers for moisture-thermal treatment
with steam, which is completed with the heat exchanger, heating element, expansion tank
and hydro group. Also, a steam generator connected to a steam atomizer which is embodied
into the receiving hopper. It was analyzed the influence of the optimization criteria (oil yield,
energy consumption and press productivity) on the efficiency of the technological process. These
optimization criteria depend on the main independent factors: the length of the reception and
preparation chamber, the material (sunflower pulp) moisture; the heating temperature, the screw
rotation speed, the linear speed of movement of screw shaft turns. The optimal constructive and
technological parameters of energy-efficient screw oil press are considered. The energy-efficient
screw oil press refers to the equipment of the oil enterprises of small productivity and due to its
design, it allows to use a simple technological scheme of oil pressing and to reduce the amount
of energy and resources spent on the technological process in the context of use in sustainable
food systems.

1. Introduction
At the current stage of economic evolution, in the conditions of the need to transfer the state’s
economy to an intensive path of development, the most rational use of production potentials is
an urgent problem. One of the main tasks of sustainable food systems is the implementation of
new technologies for the processing of agricultural products in the conditions of enterprises and
farms as well as the production of small-sized, low-energy-consuming equipment for completing
technological lines. In Ukraine sunflower is one of the most widespread agricultural crops. This
is due primarily to the high profitability of crop cultivation, the possibility of effective sale of
both seeds and vegetable oil. There are two methods to get oil from sunflower seeds: pressing
and extraction method. However, the costs of producing oil by pressing are 8-10 times lower
compared to extraction. All known types of screw presses can be divided into three groups:
presses for preliminary and final removal of oil and double-acting presses (both types of removal
of vegetable oil is carried out in one machine). The industry of such countries as the USA, Japan,
India, China produces many options of oil presses. The geometric parameters of the oil presses,
their kinematic and energy indicators are determined by the physical and mechanical properties
of oil-containing seeds. Oil-separating presses can be part of oil raw material processing lines,
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or be independent units. However, according to the principle of action and work process, they
are all of the same type. Oil presses that are used in the conditions of farms that process small
volumes of sunflower have a number of disadvantages: low yield of oil in one pass, increased
time spent on cleaning the press from clogging, which contributes to a significant decrease in
the productivity and demands to manually push the oilcake from the hopper into the receiving
and preparation chamber during repeated pressing, due to its poor flowability.

Food production is used as an entry point to improving food system sustainability [1].
Furthermore, it is important to provide the conceptual foundations of the mechanism of
management of enterprise interaction with environment [2]. Ukrainian sunflower oil is export
oriented product and positive trend on the world market will bring benefits for processing
enterprises despite on uncertainty of country environment [3]. Various production sources
including sunflower oil have the potential for producing improved food and fuel products such
as biodiesel production and a renewable solvent phase [4]. Ukraine is one of the world-leading
countries in production and export of sunflower oil and integration of the Ukrainian and the
EU market is prospective way for economics and further biogas production [5]. The screw
presses for different oil crops have almost identical principles of operation, but the technological
regimes and constructive peculiarities can be varied [6]. There is some development of modern
constructions of oil presses on the basis of analysis of the basic operational concepts for the
screw channel and the influence of its parameters on the productivity [7]. It is considered the
chemical, chromatography research carried out in the area of assessment of edible oils [8], also it
was made a systematic review on effects of plant oil consumption [9]. The rapeseed and sunflower
oil are most widespread not only in food technology but also in production of biogas, but there
is a need to investigate different operating regimes [10] with use analysis methods to optimize
the dimensional parameters and constructional characteristics [11]. The extraction method of
processing vegetable oil is usually used in the conditions of big enterprises and there are a lot of
issues [12], it is challenging during using high-moisture material [13]. The aspect of optimizing
the processing technologies is important for the green manufacturing of oils [14]. It is important
to take into account features of oil sunflower seeds and its input parameters [15]. There are a
lot of by-products during processing sunflower oil such as press cakes and oil meal, which are
high-protein feeds for farm animals [16]. The standardization of biomasses is going to be a key
aspect to get good quality biofuels from those residues [17] and the thermal behaviour of these
materials need to be studied [18]. With regards to the condition of pre- and post-processing
techniques it is suggested to implement the new construction of expellers for oil millers in order
to the fatty acid compositions of sunflower oil did not significantly change [19].

The screw presses have some common technical and technological drawbacks. The service
condition of an oil screw press was analyzed. It was researched the fracture failure of the bearing
rings [20]. Also, there were investigated the major components of the palm oil screw press [21].
The cases of shaft failure indicate common areas of failure that occur around the lower edges of
the keyway and shaft shoulders [22]. The effectiveness of screw presses is evaluated for throughput
capacity, feed rate, press cake oil content, oil expelling efficiency, percentage un-pressed grits
output, percentage sludge output, and specific energy consumption [23]. The driveshaft of screw
press is often found to be susceptible to failure, it is important to discover the root cause of this
failure and the ways of its prevention [24]. The mechanical oil extraction using a commercial
screw press was evaluated in the study [25]. The stress concentration occurred on the keyway
of the tooth wheel holder, which finally caused the fracture at this area [26]. It is proposed to
assess quality management systems through the values of the set of interconnected processes,
to combine the assessments of different processes into one set of data and to estimate this
set, which will allow assessing the system with higher objectivity and reliability, particularly
in the conditions of enterprises of pressing sunflower oil [27]. The optimal constructive and
technological parameters of technological equipment in the processes of agricultural production
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are considered [28], designing modern processing machines requires a study of the regularities
of technological processes, dynamics and conditions of operation [29], but the investigation of
constructive and technological parameters of an energy-efficient screw oil press was not the
specific subject of research.

The aim of the article is to conduct the investigation of constructive and technological
parameters of an energy-efficient screw oil press.

2. Methods
On the basis of the investigation of theoretical provisions of the process of oil separation by
pressing sunflower seeds and engineering calculating methods it is proposed the constructive
and technological parameters of an energy-efficient screw oil press.

In order to intensify the processing of sunflower seeds, the design of the screw press
was improved, the laboratory and experimental studies of the pressing were carried out, the
mathematical model on the basis of the main technological parameters has been developed. There
was theoretically justified method of calculating the constructive and technological parameters
of the screw press, conducted the factor ranking, the insignificant factors were excluded from
further consideration.

The research outlined the optimization criteria and selected the coefficients of variation,
according to which the optimal design and technological parameters of the energy-efficient screw
oil press are presented. In the investigation were used the methods of generalization of theoretical
and laboratory experimental studies, mathematical modelling of the process, substantiation of
the method of processing experimental data, solution of the optimization problem in determining
the constructive and technological parameters of an energy-efficient screw oil press [30].

3. Principle of operation of an energy-efficient screw oil press
The main process of the press method of obtaining oil is squeezing it from the sunflower pulp,
which is a loose, porous material. At the beginning of the squeezing, as a result of the convergence
of the particles, the oil, which was held on their surfaces, begins to flow through the channels
between the particles. Then, with the onset of deformation of the particles, the oil begins to
flow through the capillaries that make up the inner part of the particles themselves. From this
moment the oil phase is considered continuous. Thus, the squeezing of oil from the sunflower pulp
can be considered as the movement of an incompressible fluid in a porous, deformable medium.
As the particles of the pressing sunflower pulp come together, the movement of the oil obeys the
laws of hydrodynamics. When the oil is pressed deeply under high pressure, the surfaces of the
sunflower pulp particles fuse with the encapsulation of the oil in separate areas of the cake. This
phenomenon determines the uneven oiliness of the total mass of cake briquettes (shells). The
part of the material, from which oil is squeezed out, undergoes elastic and plastic deformations
during this process. As a result of the study of the influence of the character of the deformation
on the degree of oil squeezing, it was found that the shear stress of the material created during
squeezing should be less than the shear stress, which contributes to the emergence of plastic
flow. This condition must be observed because in the case of plastic flow, together with the oil,
the sunflower pulp will come out through the holes for its draining. At the same time, due to
the drop in pressure, oil extraction will deteriorate.

When oil is squeezed out in screw presses, the pressure on the pressed material increases and
the oil flows out not only due to the action of external conditions, but also as a result of the
resistance of the sunflower pulp itself as it is compacted and the oil is squeezed out. In turn, the
resistance of the sunflower pulp in the press depends on its plastic properties. When the sunflower
pulp is over-dried, the formation of the cake into a shell stops and the pressed material begins
to leave the press in the form of dry, stiff flour or groats with a high oil content. This transition
is initially accompanied by an increase in the load on the drive electric motor of the press, and
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with the cessation of shell formation, its sharp drop. Often at this moment, structurally weak
presses fail due to breakage of the most heavily loaded elements or stop under load, forming
a pressing due to the failure of safety pins or tripping of protection. When the sunflower pulp
is over moistened, the formation of the cake into a shell also stops and the pressed material
comes out in the form of a shapeless soft mass. This transition is accompanied by a decrease
in the load on the electric drive of the press. Thus, the pressure in the perforated cylinder is
mainly depend on the plasticity of the sunflower pulp, the humidity and the temperature of the
pressed material. In the process of pressing, the volume of the sunflower pulp is reduced due
to the squeezing out of oil, convergence of the inner and outer surfaces of the particles, as well
as due to some evaporation of moisture. The time the sunflower pulp stays in the screw press
during squeezing depends on the speed of rotation of the screw shaft, the degree of capture
of the material by the first turn of screw shaft, the physical and mechanical properties of the
material and the degree of wear of the surfaces of the screw turns.

The energy-efficient screw oil press refers to the equipment of the oil and fat industry, namely
to small-sized screw presses, which can be used in the enterprises of small productivity. During
the development of an improved model, the task of creating a screw press for oil crops was set, in
which, after crushing the seed core with rollers, the wet-thermal treatment of the sunflower seed
pulp will be carried out using a steam-generating device. It will contribute to the improvement
of the intensification of the separation of oil during pressing, and the process of steam heat
treatment will not affect the quality of the oil. The energy-efficient screw oil press consists of
a bed, a receiving hopper with rifled rollers, a perforated cylinder with slats collected in it, a
screw shaft, a steam-generating device, a cone-type adjusting nut and a drive unit. The main
attention during the development of the improved design was paid to the implementation of
a steam-generating device, which makes it possible to intensify the separation of sunflower oil
and thus increase its yield. The use of additional steaming will also contribute to the reduction
of frictional forces and resistance of the processing material, which will allow to reduce the
operation of the screw shaft and parts of the perforated cylinder and increase the service life
of the press. The use of a steam-generating device for moisture-thermal processing makes it
possible to increase the productivity of the press when processing oilseeds, reduce the oiliness of
the cake, and increase the yield of sunflower oil.

The screw shaft is structurally made of individual screw turns, which differ in pitch and
diameter, and intermediate rings, which are mounted on a smooth shaft and fixed against turning
with a key. In the receiving hopper, there is a damper, a pair of threaded rollers, which receive a
rotational movement from the screw shaft through a V-belt transmission. The main element of
the press is the perforated cylinder, which has a welded cylindrical shape. Inside the cylindrical
surface there are slats, which are held in place by a tension wedge. The installation of rifled
rollers in the receiving hopper turns the sunflower seeds into a pulp, which contributes to the
intensification of the oil separation process and the effective use of the perforated cylinder.
Figure 1 shows a screw press for separating oil with a steam-generating device for wet-thermal
processing; figure 2 shows a section of the receiving hopper with rifled rollers and a steam
atomizer, a side view.

The screw press is fixed on the carcass 1. The material is fed into the receiving hopper 5, which
is crushed by the rifled rollers 4, and turns into a sunflower pulp. The gap between the rollers
is regulated depending on the physical and mechanical properties of the material being pressed.
In the hopper, the sunflower pulp is subjected to moisture and thermal treatment with steam,
the yield of the oil increases. In addition, the softening of the sunflower pulp will contribute
to reducing the wear of the oil press parts. After moisture and thermal treatment, through the
loading hole regulated by the valve 11, the material is sent to the middle of the reception and
preparation chamber of the perforated cylinder 15, where it is captured by the turns of the screw
shaft 13 and moves to the exit from the press. When the screw shaft rotates, the material is
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Figure 1. Energy-efficient screw oil press with a steam-generating device for wet-thermal
processing: 1 – carcass; 2 – electric motor; 3 – V-belt transmission; 4 – rifled rollers; 5 – receiving
hopper; 6 – steam atomizer; 7– heat exchanger; 8 – tubular electric heater; 9 – expansion tank;
10 – hydro groups; 11 – valve; 12 – tension wedge; 13 – screw shaft; 14 – adjustable nut; 15 –
perforated cylinder; 16 – perforated panels; 17 – steam generator.

Figure 2. A section of the receiving hopper with rifled rollers and a steam atomizer: 4 – rifled
rollers; 6 – steam atomizer.

transported into the working space, where oil is gradually squeezed out, which passes through
the gaps between the perforated panels 16. Depending on the state of pressing material, the
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pressure in the working chamber is regulated using the adjustable nut 14. The area between the
outer surface of the screw shaft and the inner surface of the perforated cylinder is the working
space. Inside the cylindrical surface there are slats, which are held in place by the tension wedge
12. Steam generator 17 consists of: steam atomizer – 6; heat exchanger – 7; tubular electric
heater – 8; expansion tank – 9; hydro groups – 10. The press and rollers are driven by the
electric motor 2 through the V-belt transmission 3. Thus, the use of a steam-generating device
in the design of the screw press will contribute to the intensification of oil separation to increase
its yield, and will extend the service life of the structural elements of the machine.

4. Results
Analytical expressions obtained as a result of theoretical studies reflect an idealized technological
process. Therefore, the purpose of research was to check the technological reliability, as well as
quality indicators of the technological process according to three optimization criteria: maximum
oil yield, minimum energy consumption, maximum press productivity. Achieving the set goal
was carried out by solving a number of problems, for which: the factors that have the greatest
influence on the quality of the technological process and are subject to regulation have been
determined; the length of the reception and preparation chamber was increased and a steaming
apparatus was installed in the experimental sample of the press; the dependence of oil yield
(OY), energy consumption (EC) and press productivity (PP) on the identified variation factors
was experimentally investigated. According to the results of optimization and determination of
the optimal combination of factors on a sample of the screw press that operated as part of the
sunflower seed processing line, the regularities of the technological process of pressing sunflower
seeds were revealed.

At the initial stage of the study of any object using the theory of experiment planning, it is
necessary, in addition to a thorough study of the literature, to conduct an a priori ranking of
factors, which is performed by the method of expert evaluation. The essence of this method is
in that the researchers are asked to arrange the factors that affect the progress of the process in
the sequence of decreasing influence on the optimization criteria, that is, it is necessary to rank
the correspondingly determined ordinal numbers (ranks) 1, 2, 3, . . . , k. Factor ranking must
be conducted in order to reduce the volume of experimental work, since insignificant factors
can be quickly excluded from further consideration. This facilitates further stages of solving the
experimental problem. The process of ranking the experiment is carried out as follows. During
the interview, each specialist is asked to fill out a questionnaire, in which the factors, their
dimensions and the expected intervals of variation of the factors are indicated. The specialist
must assign the place of each factor, as well as supplement the questionnaire with other factors
not included in the consideration.

The diagram of factor ranks shown in figure 3. There are chosen the factors: X1 – degree of
crushing, mm; X2 – the length of the reception and preparation chamber, m; X3 – the width of
the perforated channels, m; X4 – the working area of the perforated chamber, m2; X5 – material
(sunflower pulp) moisture, %; X6 – density of sunflower seeds, kg/m3; X7 – heating temperature,
C0; X8 – screw rotation speed, s−1 ; X9 – linear speed of movement of screw shaft turns, m/s;
X10 – level of mass input for pressing, kg/s; X11 – total area of perforated channels, m2; X12 –
the length of the perforated cylinder, m.

Conducted experimental studies showed that with an increase in press productivity, the oil
yield ratio decreases, when extracting oil from the cake, oil drains along the entire length of the
perforated chamber, it leads to clogging and stopping the press. The established facts allow to
conclude that the sunflower seeds in the reception and preparation chamber do not have time to
go into the state of pulp, that is, the material is not crushed enough and does not have enough
time to heat up. Getting into the main chamber, this mass continues its transition into the
sunflower pulp. Therefore, the initial part of the main chamber, almost to the middle, does not
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Figure 3. Ranking diagram of factors that affect the quality of work: a) to statistical assessment
of the importance of factors; b) after ranking and determining non-significant factors.

work as intended, but performs the functions of a reception and preparation chamber.
In order to increase the efficiency of the process of extracting oil from sunflower seeds with

a screw press it was enlarged the length of the reception and preparation chamber, that is, the
conditions for obtaining high-quality crushed seeds were ensured. The particle size should be
within 0.2-0.8 mm, and the heating temperature should be 80-125 ◦C.

Obtained experimental data allowed to make an assumption that doubling the length of the
reception and preparation chamber allows a significant increase in the percentage of oil yield.

In accordance with the experimental plan, an assessment of the dependence of technological
process indicators, which have the greatest influence, was carried out. The most important
indicators are: the length of the reception and preparation chamber, m (X2), the moisture
content of the material (sunflower pulp), % (X5), the heating temperature, C0 (X7), the speed
of rotation of the screw shaft, s−1 (X8) and the linear speed of movement of the screw shaft
turns, m/s (X9), which have the greatest effect on the quality of the screw press. The levels of
setting of independent variables (factors) and the range of their variation adopted during the
experiments are given in the table 1.

Table 1. Levels and range of variation factors.

Levels of variation
Factors -1 0 +1 Interval of variation Dimension
X2 0 0.28 0.56 0.28 m
X5 3 9 15 6 %
X7 80 105 130 25 C0

X8 0.014 0.025 0.036 0.11 s−1

X9 0.002 0.04 0.006 0.002 m/s
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The repeatability of experiments for each of the optimization criteria is three times. In each
line of the plan, the average value of OY (oil yield), EC (energy consumption) and PP (press
productivity) was calculated. Two-dimensional intersections of the response surfaces for the
considered cases are shown in figure 4, figure 5 and figure 6.

With an increase in the length of the reception and preparation chamber and the humidity
of the material (sunflower pulp), an increase in the percentage of oil yield and the productivity
of the press is observed (figure 4). The zone of optimal combination of factors is limited by the
arcs of the OY, EI and PP curves. The yield of oil will be in the range of 45-50 %; the energy
consumption will not exceed 59 kW, and the press productivity will increase to 260 kg/h. For
this technological regime, the speed of rotation of the screw shaft is equal to 0.025 s−1 , and the
linear speed of movement of the turns of the screw shaft is 0.004 m/s.

The analysis of the results of the experiment demonstrates the higher quality of indicators
of the technological process when the length of the reception and preparation chamber is 560

Figure 4. Two-dimensional intersections of response surfaces at X7=+1; X8=0; X9=0.
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Figure 5. Two-dimensional intersections of response surfaces at X2=+1; X8=0; X9=0.

mm (figure 5). It is possible to achieve an oil yield of up to 50 % with an equipment power of
55-60 kW and a productivity of 260 kg/h. Humidity in the range of 9-15 % promotes better oil
separation.

In order to achieve better values of the quality indicators of the technological process,
compared to the two previously considered options, it is necessary that the length of the
reception and preparation chamber be increased by 280 mm. As a result, it will be obtained
more qualitatively crushed mass, and the pressing temperature is in the range of 105 – 130C0

(figure 6). The selected combination of factors corresponds to the figure limited by the shaded
area, the curves OY=50%, EC= 55kW and PP=260kg/h.

5. Discussion
In the context of the discussion of the obtained results it is necessary to point that the study
of oil extraction process showed that the remaining oil in the sunflower pulp depends on the
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Figure 6. Two-dimensional intersections of response surfaces at X5=+1; X8=0; X9=0.

total and hydrodynamic pressure [31]. On the oil extraction process affect the thickness of the
sunflower pulp layer, the permeability of the deforming sunflower pulp layer and its porosity, the
viscosity of the oil, the duration of extraction, the degree compaction of the volumetric mass at
the beginning and end of pressing and the density of the pressed oil [32]. Presses for extracting oil
from vegetable raw materials have a similar principle of operation, but different constructive and
technological parameters depending on the crop [33]. As well as the small enterprises or farms
need the improvement of technological process indicators through the development of the energy
efficient equipment in particular for producing sunflower oil [34].The squeezing of oil in the screw
press occurs as a result of the gradual compaction of the sunflower pulp mass due to: reduction
of the volume of mass located between turns, as a result of a gradual decrease in the pitch of
individual turns and their height [35]. The mechanical effect of these turns on the sunflower
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pulp occurs during the rotation of the screw shaft [36]. The friction of the pressed material
arises on the surface of the turns, the walls of the perforated cylinder and the friction of the
particles among themselves [37]. Also, it is important to take into account the resistance of the
mechanism that regulates the size of the outlet opening for the cake (cone, diaphragm, ring) [38].
The friction of the pressed material arises on the surface of the turns, the walls of the perforated
cylinder and the friction of the particles among themselves [39]. The modernization of the energy-
efficient screw oil press, namely the increase of length of the reception and preparation chamber
and installation of steaming device can improve the indicators of the factors that determine
the quality of oil extraction such as oil yield, energy consumption, press productivity, that was
checked experimentally.

6. Conclusion
The technical solutions for pressing oil raw materials in the conditions of farms or small
enterprises usually need the improvement of its efficiency. Also, they are not always technological
when when it comes to increasing oil yield and equipment productivity. Thus, the urgent
task is the production of small-sized, low-energy-consuming equipment for the completion
of technological lines for the processing of agricultural products in the conditions of small
enterprises in the context of food production sustainability. In order to eliminate these
shortcomings, it is proposed to use energy-efficient screw oil press which consist of a carcass,
a receiving hopper with rifled rollers, a perforated cylinder, a screw shaft, a steam-generating
device, a cone-type adjusting nut and a drive unit.

The special feature of the design of screw oil press is that a steam atomizer is installed
in the receiving hopper under the rifled rollers for carrying out moisture-thermal treatment.
It is completed with a heat exchanger, a heating element, an expansion tank and a hydraulic
group. Additionally, a steam generator connected to a steam atomizer that is implemented into
the receiving hopper. The energy consumption of the pressing process is mainly influenced by
the independent factors: the length of the reception and preparation chamber, the material
(sunflower pulp) moisture; the heating temperature, the screw rotation speed, the linear speed
of movement of screw shaft turns. The purpose of research is to check the quality indicators
of the technological process according to the following optimization criteria: oil yield, energy
consumption, press productivity. On the basis of theoretical and experimental studies, the most
profitable constructional and technological parameters of the screw press have been established,
namely: the length of the reception and preparation chamber is 560 mm, the moisture content
of the pulp is within 9-15 %, and the pressing temperature is 130 ◦C. At the same time, the
yield of oil is 45-50 %.
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Geospatial modeling of the location of bomb shelters

in residential areas of the city

O E Pomortseva and S M Kobzan

O. M. Beketov National University of Urban Economy in Kharkiv, 17 Marshal Bazhanov Str.,
Kharkiv, Ukraine

E-mail: elenapomor7@gmail.com, s.kobzan@gmail.com

Abstract. The purpose of the article is to determine the optimal placement of the bomb
shelter in the existing urban development. To achieve this goal, the authors used geoinformation
systems. The authors set the task of processing topographic and geodetic data and related
information. The authors implemented the task employing spatial analysis using existing ArcGis
software modules. The use of the geoinformation system in the article makes it possible to
significantly increase the speed of information processing than when using traditional methods.
The use of the geoinformation system by the authors allows the creation of geodatabases with all
the necessary attribute information. The authors researched the example of 522 micro-districts
of the Saltivsky residential area of Kharkiv. The intellectual analysis of the existing information
was carried out in this work using the geostatistical method for data transformation from a
discrete to a continuous representation. In the article, the authors solved the task of determining
the location of civil protection facilities using many factors and requirements. Visualization of
the dangerous zones of the explosion of building debris during destruction, determination of the
optimal route of movement of the population to the bomb shelter, and determination of the
time required for this carried out. The obtained results, presented in the form of an algorithm,
will make it possible to use the proposed sequence of actions to solve similar problems in the
future. The authors developed an algorithm that significantly reduces the time for processing
topographic and geodetic data and related information and solves the task of determining the
location of civil protection facilities using many factors and requirements.

1. Problem statement
Determining the optimal location of a bomb shelter (object of civil protection of the population)
in already formed residential areas is a time-consuming and long-term task. Such research relates
to the formation of bomb shelters on a plot of land to protect the civilian population from the
shrapnel effect of shells, debris from destroyed buildings, poisonous gases, and radiation.

Over the past 30 years, no one has investigated the problem of determining the optimal
location of a bomb shelter. Bomb shelters were actively built during the Second World War and
several years after its end. In that period of history, specially built bomb shelters were created
and the basements of buildings in large cities were adapted for the protection of the population,
and the use of underground subway facilities was planned.

After the collapse of the USSR, bomb shelters were no longer built, on the contrary, bomb
shelters were only rebuilt or destroyed. Ukraine got the Soviet infrastructure with the lack of
protective structures for the civilian population. Thus, the study of the issue of proper storage
and operation of bomb shelters in Ukraine was not conducted.
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The study of this topic is very relevant for all Ukrainian cities, as well as, for Kharkiv.
Currently, during military operations, the issue of designing and building bomb shelters is
relevant due to many rocket and artillery attacks on the civilian population. The research
carried out by the authors showed that it is possible to design, build or place a room under a
bomb shelter:

• in basements;

• in premises where it was previously planned to place parking spaces;

• at subway stations;

• in rooms on the first floor, protected from the outside by load-bearing walls and with the
absence of window and door openings;

• in a new location determined with the help of GIS.

Today, most civil protection facilities are abandoned, in poor condition, or destroyed. In this
regard, precisely during active hostilities, a problem arose related to the lack of reliable bomb
shelters. In the article, the researchers consider the problem of designing bomb shelters in a new
location determined with the help of GIS.

2. Literature review
The design of the optimal location of bomb shelters in residential areas with subsequent operation
is subject to clause 16 of part 17 of the Civil Defense Code and clauses 11, 18, 19 [1]. This task
is quite complex and requires the analysis of many factors and requirements. The procedure for
the creation and maintenance of protective structures of civil defense and their record keeping
was approved by the Resolution of the Cabinet of Ministers of Ukraine No. 138 [2].

For example, today, in one of the underground parking lots of the Kharkiv office center,
converted into a bomb shelter, residents are hiding from dangerous shelling by Russian soldiers.
The rooms of the bomb shelter have heating, ventilation, a storage tank with water, a certain
supply of food, and even showers – everything necessary [3]. In the future, the design of new
buildings with reinforced underground parking lots, which can be used as a reliable bomb shelter,
is being considered. The mayor’s office of Kharkiv, which suffered the most during the hostilities,
prepared recommendations for developers on the arrangement of “safe rooms” using Israeli
experience. A protective room with reinforced walls with a minimum area of 9 m2 provided
within the apartments. A new building should have a separate riser of such rooms, but the
arrangement of these safe rooms will significantly increase the cost of the apartment. However,
constant rocket and artillery attacks on the cities of Ukraine have shown that for the safety of
the civilian population today, it is necessary to build new bomb shelters in populated areas.

Thus, today the government of Ukraine plans to introduce changes to building regulations.
There is a need to consider Israel’s experience in the planned reconstruction of housing,
infrastructure, and bomb shelters. The issue of security is planned to be regulated at the
legislative level with prescribed norms and rules [4].

Bomb shelters made of reinforced concrete are of great importance for the protection of people
during hostilities. Functional requirements for such structures differ from ordinary residential
or commercial structures. Therefore, other approaches are used for the design and construction
of bomb shelters. For example, the explosion resistance of such structures should be maximum,
especially in the conditions of hostilities, in such countries as Ukraine, Afghanistan, Israel, Syria,
and Lebanon. There are developments in the use of ground explosion-proof sheltered cylindrical
configurations consisting of vertical and inclined walls with a flat roof made of concrete and
steel [5].

It is also necessary to add that the creation of bomb shelters or places to accommodate the
population during natural disasters are costly project. The cost of the bomb shelter construction
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program depends on the population in the risk zone. Such a cost can be equal to the cost of a
large military strategic system [6].

For houses that were built earlier, it is necessary to build separate bomb shelters where people
can feel safe. The location of such civil protection facilities must be chosen carefully, based on
many factors [7]. The issue of finding a city for a future bomb shelter is quite difficult because
it is necessary not only to find a free place for construction in an already built-up massif but
also to consider psychological and physiological factors of human life [8]. An important feature
is that it is necessary to consider the fact that much of the young population either evacuated
or is serving in the army, that is, most elderly people remained in the cities.

That is why great importance should be attached to the optimization of evacuation routes
for vulnerable population groups when searching for a place to locate a bomb shelter. Also, it
is important to develop a road map showing the routes to bomb shelters [9].

Emergency shelters, which provide places for temporary accommodation of the population
during natural disasters, play a dual role, they can also be used as bomb shelters. Great attention
should be paid to the optimization of location selection. It is necessary to pay attention to the
experience of other countries. Special attention should be paid to the optimization of site
selection issues using spatiotemporal regularities. Such storage facilities should be designed
considering different types of natural disasters [10].

3. Materials and method
Currently, in the city of Kharkiv (Ukraine), as in most modern large cities, there are “sleeping”
districts. The peculiarity of these compact places of residence of the population is that almost
all the buildings are multi-story and quite close to each other. There are almost no undeveloped
areas of the territory. Low-rise buildings (two- and three-story) – kindergartens, schools, and
heat distribution stations are unevenly located in the district and in small numbers. To solve
the goal set by the authors, namely, to determine the place of the optimal location of the
bomb shelter in the already existing urban development, a typical micro district of the Saltivka
residential area number 522 was chosen as an example (figure 1).

The peculiarity of this residential massif is the very compact living of people and the fact
that the construction was carried out on alluvial soils and sands. The compositions decision of

Figure 1. View of the 522nd micro district left – map; on right – is a satellite.
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the designers was based on the discovery of plastic groups of rhythmically repeating buildings
located along the central pedestrian alley leading to the Zhuravlivsky Hydro-park. The cultural
and household services of this consolidated neighborhood were decided according to the principle
of “focusing” [11]. Approximately 28,587 people live in the micro-district.

Choosing the location of a bomb shelter in such a densely populated neighborhood requires the
processing of large volumes of diverse information and using information technologies designed
for modeling spatial data. Modern means of analysis and visualization of territorial placement
and modeling based on the use of geoinformation technologies [12,13].

The main reason for the inclusion of geographic information systems (GIS) in solving the task
of designing the placement of a bomb shelter is spatial analysis and decision support based on
mathematical and cartographic modeling, visualization, forecasting, and evaluation. The use of

Figure 2. Digital model of the 522nd micro district.
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GIS allows you to create a detailed visualization and conduct a qualitative spatial analysis [14,15]
of the location of the bomb shelter concerning the territory. The simulation, the results of which
are presented in this work, was done using the capabilities of the software product from the
American company Esri – ArcGIS.

A personal geodatabase with the necessary layers was created to display the built-up objects
of the micro-district. As a result of studying the necessary objects for further analysis, it was
decided to use the following layers in the geodatabase:

• Layer Building1 (polygonal) – for displaying buildings.

• Layer Luki1 (point) – for displaying sewer hatches.

• Layer Polygon1 (polygonal) – for displaying the boundaries of the neighborhood.

• Layer Streets ND (dotted) – for displaying walking routes to the bomb shelter.

• Layer Streets1 (linear) – for displaying highways.

• Layer Streets2 (linear) – for displaying footpaths.

For all layers, the USC 2000 zone 7 coordinate system was set. The initial data for
vectorization were the materials of the general plan of the Kharkiv. As a result, a digital model
of the territory of micro-district 522 of the Saltivsky residential massif was created, considering
residential and non-residential buildings (figure 2).

After vectorization, the data was entered into the attribute tables of the corresponding layers.
These data will be needed in the future for calculations and analysis of the land plot. An example
of a filled attribute table for a point layer of sewer hatches (Luki1) is shown in figure 3.

One of the important characteristics of the 522 micro district is the presence of two metro
stations (Heroiv Pratsi and Studentska). During air raids and shelling, they can perform a

Figure 3. The fragment of the attributive table with data on sewer manholes.
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protective function for people living nearby. There are also three three-story school buildings in
the neighborhood. The peculiarity is that all three schools are located next to each other, and
thanks to the presence of stadiums with football fields in two of them, all these schools are at a
considerable distance from the adjacent residential development.

To mark on the digital map dangerous zones (on which debris does not fall in the event of a
building collapse), it is necessary to calculate the distance of debris falling around the buildings.
For this, we will use the following formula:

L = (E · 2.9 + 1.5 + 2)/2.9 (1)

where
E is the number of floors;
2.9 is the floor height;
1.5 is the height of the semi-basement;
2 is the height of the technical floor.
To determine the height of the only 25-story building in the neighborhood, you need to add

7.2 m, since the technical floor and semi-basement are much higher, unlike the buildings of the
old version, which built the entire neighborhood. On the given fragment of the digital map
(figure 4) the zones of debris spread around all the houses in the neighborhood are marked.

Figure 4. A view of the scattered debris zones around the houses.
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From figure 4, from the south, schools are at a safe distance from residential buildings, and
if they collapse due to the impact of shells, a large free area remains. Therefore, the authors
proposed the creation of bomb shelters on the territory of school sports fields. The location of the
bomb shelters themselves are marked on the digital map with dots. Thanks to the calculations
carried out in the work, it is proposed to create three warehouses with 2500 places in each.

None of the bomb shelters fall into the area of the explosion of building debris, so the entrance
to them not be blocked for the public. Three bomb shelters can accommodate 7,500 people.
Approximately 28,587 people live in the micro-district. It means that approximately 30 percent
of the population will be to stay in a safe place. The rest of the population can find shelter in
the two existing metro stations.

In our opinion, a large civil defense structure should not be built, since, in case of damage
to the bomb shelter with high-precision heavy weapons, it will not be possible to move the
population to another shelter. In the case of a blockage of the entrance door of the protective
structure due to a direct hit, several emergencies exit for evacuation are provided in each
structure. And thanks to the fact that the three storage facilities are located next to each
other, the civilian population will be able to quickly move to another storage facility. It is more
appropriate to build three small bomb shelters, and place sports school grounds and stadiums on
top of them. Thus, children are not left without the opportunity to conduct physical education
classes in the open air.

To reach the bomb shelter in the event of an alarm, the civilian population needs
approximately 15 minutes according to safety standards. Therefore, it is necessary to perform
the following calculations for each of the four corners of the neighborhood and determine the time
and optimal walking route. The Network Analyst module of the ArcGIS geographic information
system was used for this task. The results of the analysis shown in the figure 5. Routes of
movement to the bomb shelter from different ends of the 522 micro district and they demonstrate
optimal routes from the northeast corner (10 minutes), from the southwest corner (11 minutes),

Figure 5. Routes of movement to the bomb shelter from different ends of the 522nd micro
district.
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from the southeast corner (4 minutes), from the northwest corner (15 minutes) (figure 5). As
you can see, no route exceeds the 15 minutes recommended by regulations.

The received optimal walking routes to bomb shelters must be sent in advance to all residents
of the neighborhood using social networks and printed and distributed.

One of the most important stages of determining the optimal place for a bomb shelter in
an already existing residential building (figure 6) is the development of a geodatabase, which
includes all the necessary factors for choosing the location of a civil defense facility.

Figure 6. Algorithm for finding the optimal place for the location of the civil protection facility.

4. Results
1. The authors developed a digital geoinformation model of 522nd micro-district of the

Saltivska residential area of the city of Kharkiv with the introduction of a significant amount
of attribute data.

2. The optimal routes to the designed bomb shelters were calculated using geographic
information systems and displayed on digital maps.

3. In the article, calculations are made regarding the distance of debris flying around buildings,
and dangerous zones are displayed on a digital map.
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4. Reference with the fact that the task of finding a place for the location of a civil protection
facility in an already built residential area must be solved not only in Ukraine but also in
many other countries of the world. An important feature of the work is that such a design
was not foreseen at the stage of development of the master plan of the city’s residential
area. The authors have developed an algorithm for solving the task of finding a place for
the location of a civil protection facility in an already built, crowded residential area.

5. In the research conducted by the authors, the locations of bomb shelters were determined
based on the results of the analysis of many factors.

5. Conclusions
Thus, the geospatial modeling used by the authors made it possible to carry out actions to
determine the optimal location of the protective structures of the civilian population. The
calculations obtained by the authors enable the government and regional authorities to create a
civil protection facility for the population in built-up areas.

The application of geoinformation technologies for modeling the optimal placement of bomb
shelters in residential areas allowed for considering many factors, such as the spread of debris
around buildings, and the optimal route of movement to the bomb shelter. That is, the authors
proposed how to solve the task with minimal time expenditure and with the lowest probability
of error. With the help of a spatial analysis performed in the ArcGIS geoinformation system,
a place was chosen for the construction of a bomb shelter for the civilian population in the
522nd micro district of Kharkiv. A digital geoinformation model of 522 micro districts of the
residential area of the city of Kharkiv has been developed.

In the work, with the help of the ArcGIS software package, a geodatabase of this neighborhood
was developed, which made it possible to determine the number and location of civil protection
facilities. In the future, it is possible to use the proposed sequence of actions to solve similar
problems.

In general, the intelligent analysis of geostatic models can be used to process data in any
locality thanks to the use of a geostatistical method to transform data from a discrete to a
continuous representation.
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D D Khainus1, V Gurskienė2, R M Stupen3, D O Hoptsii1 and
A O Siedov1

1 State Biotechnological University, 44 Alchevskykh Str., Kharkiv, 61002, Ukraine
2 Vytautas Magnus University, 23 V. Putvinskio Str., Kaunas, 44248, Lithuania
3 Lviv National Environmental University, 1 Volodymyra Velykoho Str., Dubliany, 80381,
Ukraine

E-mail: dmitry.khainus@gmail.com, virginija.gurskiene@vdu.lt, romomas@ukr.net,

dmytro.goptsii@gmail.com, shakhmet1985@gmail.com

Abstract. Using GIS technologies, the article analyzes, systematizes, and processes, the data
obtained in the process of geodetic monitoring of man-made territories and objects, which
will make it possible to analyze the existing state of the object and provide an opportunity
to determine critical spatial deviations that can lead to irreversible processes of destruction
of buildings and structures. This provides an opportunity to prevent processes that can lead
to large-scale disasters, as well as determines the adoption of timely measures to prevent the
destruction of structures and predict emergencies.

1. Introduction
On the territory of Ukraine, there are many potentially dangerous objects of the fuel and energy
complex, hydraulic structures, industrial facilities, mineral extraction enterprises, and others,
of which operational resource is almost exhausted. Therefore, any dangerous phenomena of an
endogenous and exogenous nature (earthquakes, landslides, and floods), or man-made factors
caused by human activity can lead to large-scale disasters. We must not forget about the energy
issue of state security, which is currently gaining great importance. Therefore, a necessary factor
in preventing the destruction of objects and predicting deformations of engineering structures
is the use of GIS technologies for geodetic monitoring of man-made territories and objects.

2. Methodology
On April 26, 1986, the largest man-made disaster in the history of mankind occurred – the
explosion at the Chornobyl nuclear power plant. In a short time – from July to November
1986 – a protective structure was erected over the destroyed fourth power unit of the Chornobyl
NPP (a little later it received the unofficial name “Shelter”) to protect the environment from
further pollution [1].

Since the “Shelter” facility was built within a short period and under extreme conditions, it
does not comply with the rules and regulations for the design, construction, commissioning,
and operation of either nuclear installations or radioactive waste management facilities, or
regular industrial buildings. Therefore, after its construction, constant engineering, and geodetic
monitoring of the state of the entire complex of buildings and structures of the “Shelter” facility
became the key task.
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The volume of engineering and geodetic observations of the “Shelter” facility includes the
regular determination of the height position of the settlement control marks on the foundations
and the spatial position of the deformation marks located, respectively, in the plinth (lower tier)
and on the upper tiers of the “Shelter” facility (figure 1).

Figure 1. The scheme of the location of control marks at the “Shelter” facility.

The signs installed on the foundations of buildings are placed on the transverse and
longitudinal axes of at least four signs around the perimeter. They are installed on the end
walls of the “Shelter” facility according to the assembly diagram. In the places of temperature
seams on both sides of them, control marks are installed.

When laying sedimentary marks, the conditions of access to them and the possibility of
attaching a leveling rail to them should be considered, as a rule, at 0.4–0.8 m from the level of
the intersection or the level of the clean floor. Sediment deformation marks should be painted
with indelible masking paint, numbered, and tied to the corners of the walls or protrusions
according to the scheme [2].
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Observations at the points are performed in groups of 4–5 directions to eliminate errors of
focus change during one reception of observations due to different distances and errors of closing
the horizon. Angular measurements are carried out by high-precision tacheometers [3]. Angles
and lines are measured by the method of tunnel triangulation of the 1-T discharge and tunnel
trilateration of the 1-T discharge, respectively. The scheme of determining the spatial position
of control marks from the points of the plan-altitude network is shown in figures 2 and 3.

Figure 2. The scheme for determining the spatial position of control marks of the northern
cascade wall from the points of the plan-elevation geodetic network at the “Shelter” facility.

Conducting geodetic monitoring by settlement marks requires relevant qualification skills
and focus on the process. During the tachymetric survey procedure under the conditions of the
increased radiation background, as a rule, two or three surveyors are involved in the work at the
same time, which ensures the continuity of the process, since one cycle of observations must be
carried out in the same natural and climatic conditions. The obtained survey results are saved
on a USB drive in the form of a txt file, which indicates the date of the survey and the object.
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Figure 3. The scheme for determining the coordinates of control marks.

3. Result
Processing of the results is carried out using the CREDO software complex, which allows
performing in-camera processing of traditional geodetic measurements and post-processing
results of satellite measurements of various accuracy classes in the selected coordinate system
with the possibility of considering the geoid model and a complex of reduction corrections.
Moreover, various geodetic constructions are performed in the system [4]. The CREDO software
product allows importing data from field measurements obtained from electronic tacheometers
within accepted formats. After entering the initial data and importing the measurements, the
CREDO system automatically recognizes and separates the data by types of measurements and
forms the network connections.

The system pre-processes the measurements, calculates, considers the necessary corrections
and reductions, and calculates the preliminary coordinates of the points. If necessary, the system
allows you to detect, localize and neutralize gross errors in the coordinates and heights of the
starting points, linear and angular measurements, and leveling using several methods, including
the analysis of the MSE (mean square error) of a unit of weight, automatically in dialog and
automatic (tracing) modes by the method of sequential exclusion [5].

The CREDO program analyzes and interprets the results of repeated geodetic measurements
during the observation of deformation and sedimentary processes. The program can be used
to monitor the condition of buildings and structures, monitor deformation and sedimentary
processes, control dangerous areas and solve other local tasks, such as the executive survey of
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crane tracks, calculation of the deformation of tower-type structures, etc. It is possible to work
with graphical data on a plane (2D) and view the deformation surface in a 3D format, both in
a static mode and in the dynamics of changes according to the observation cycles [6].

The export of digital models of the terrain, situation, and project solutions made in
CREDO systems is implemented in DXF (AutoCAD), MIF / MID (MapInfo), and TXF /
SXF (Panorama) format files. At the same time, information about point marks, as well as
point, linear, and planar thematic objects is transmitted [7].

After the obtained results of the sediment marks survey, the exported file is uploaded to the
CREDO program. As a result, an array of directed vectors to the corresponding points with
starting points and names of observation points is obtained (figure 4).

Figure 4. Data processing in the CREDO program.

Next, the file is exported to the AutoCAD software package, where a vector display of the
directions of the monitoring points is obtained (figure 5).

Vector directions intersect to form a triangle of measurement error from different survey
points (minimum three) under the same observation conditions. At the intersection point of
the medians is the center of the observation point (figure 6), where the coordinates of the X
and Y point are determined (figure 8). Then the obtained results are entered into the table of
observations according to the cycle the geodetic monitoring was carried out.

Since the beginning of the observations, the horizontal movements of 10 control marks of the
northern wall of the “Shelter” facility amount to 28 mm on average with the northern direction
of the vector. The mark M-18 (figure 8) has the maximum horizontal movements – 34 mm from
the beginning of observations.

The average horizontal movements of the control marks (M-16, M-20) of the northwest corner
from the beginning of observations are 31 mm with the northern direction of the vector. At the
same time, the maximum values of horizontal movements are 33 mm (the M-16 mark).

The average horizontal movements of control marks M-4 and the “Pin” of the roof of the
central hall from the beginning of observations is 19 mm with the northern direction of the
vector. The maximum values of horizontal movements are 24 mm (for the M-4 mark).
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Figure 5. A vector display of directions of monitoring points.

Figure 6. An error triangle, the center of the observation point.

The control marks of the MKU tower along the Z row received average horizontal movements
from the beginning of observations – 8 mm with the north-west direction of the vector, and the
marks of the P row got respectively 9 mm with the west direction of the vector. The control
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Figure 7. Determined point coordinates.

marks of beams B1 and B2 in rows Z and P received average horizontal movements of 5 mm
and 7 mm from the beginning of observations.

Control marks M-50Z and M-50P on the wall axis 50 have received horizontal displacements
of 5 mm and 13 mm from the initial observation. The horizontal displacement of the new control
marks on the southern wall of the machine hall in row A, from mark M-302 to M-312, during
the observation period ranges from 2 mm to 10 mm. The horizontal displacement of the control
mark on the western wall of the machine hall on axis 68, mark M-301, has become 6mm since
the beginning of the observation.

Analysis of the magnitudes of horizontal and vertical displacements of control marks indicates
that the process of deformation is taking place in the object and adjacent buildings and
structures.

4. Conclusion
The analysis of the horizontal and vertical movements of the control marks shows that the
deformation process of the “Shelter” object and its adjacent buildings and structures continues.

For the analysis of movements of control marks “over a year”, operational limits of safe
operation are established, since geodetic measurements are equalized between observation same
seasons “over a year” with minor fluctuations in measurement temperatures. The obtained
results will be used as input data for tracking the dynamics of movements, the stability of
building structures and taking timely measures to prevent the destruction of structures, and
forecasting emergencies of the “Shelter” facility, as well as its adjacent buildings and structures.
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Figure 8. The values of horizontal and vertical movements of control marks of the “Shelter”
object.
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The values of movements of the control marks of the structures of the northern cascade wall
for the annual period, between the seasonal observations of the same name, do not exceed the
permissible parameters of movements established by regulatory documents.

The use of GIS technologies allows for fast data processing, reduces the workload on the
employee, and makes it impossible to make mistakes during data processing and analysis. With
the help of the CREDO software complex, the processing of the results of geodetic surveying
of monitoring points reduces the time burden, which allows for a more in-depth analysis of
deformation processes, which, in turn, makes it possible to timely identify critical indicators, if
any, during data analysis.

ORCID iDs
D D Khainus https://orcid.org/0000-0001-6097-1464

V Gurskienė https://orcid.org/0000-0001-6493-7298

R M Stupen https://orcid.org/0000-0002-4951-2838

D O Hoptsii https://orcid.org/0000-0001-7430-1154
A O Siedov https://orcid.org/0000-0003-0604-4015

References
[1] State enterprise “Scientific and research institute of construction production” 2009 DBN A.3.2-2-2009

System of occupational safety standards. Occupational safety and industrial safety in construction URL
https://e-construction.gov.ua/laws_detail/3074220455066862610?doc_type=2

[2] Tekhnichnyi komitet standartyzatsii “Systemy upravlinnia yakistiu” (TK 189) 2019 DSTU ISO 10005:2019
Upravlinnia yakistiu. Nastanovy shchodo prohram yakosti (ISO 10005:2018, IDT) URL http://online.

budstandart.com/ua/catalog/doc-page.html?id_doc=87682

[3] Chen F, Zhou W, Chen C and Ma P 2019 Remote Sensing 11(22) 2623 ISSN 2072-4292 URL https:

//doi.org/10.3390/rs11222623

[4] Mohylnyy S, Sholomytskyy A, Shmohun E and Pryharov V 2010 Automated system of geodetic monitoring
Suchasni dosyahnennya heodezychnoyi nauky ta vyrobnytstva vol 1 (Lviv: Vyd-vo Nats. un-tu Lvivska
politekhnika) pp 193–197

[5] Dvulit P, Dvulit Z P and Sidorov I S 2019 Geodesy, Cartography and Aeral Photography 89 12–19 URL
https://doi.org/10.23939/istcgcap2019.01.012

[6] Chen F, Xu H, Zhou W, Zheng W, Deng Y and Parcharidis I 2021 GIScience & Remote Sensing 58(2) 217–234
URL https://doi.org/10.1080/15481603.2020.1871188

[7] Khainus D, Anopriienko T, Sopov D, Iukhno A and Savchenko M 2022 Perspectives of three-dimensional
modelling of geodetic surveys in the assessment of real estate International Conference of Young
Professionals “GeoTerrace-2022” vol 2022 (European Association of Geoscientists and Engineers) pp 1–
5 ISSN 2214-4609 URL https://doi.org/10.3997/2214-4609.2022590047

https://orcid.org/0000-0001-6097-1464
https://orcid.org/0000-0001-6493-7298
https://orcid.org/0000-0002-4951-2838
https://orcid.org/0000-0001-7430-1154
https://orcid.org/0000-0003-0604-4015
https://e-construction.gov.ua/laws_detail/3074220455066862610?doc_type=2
http://online.budstandart.com/ua/catalog/doc-page.html?id_doc=87682
http://online.budstandart.com/ua/catalog/doc-page.html?id_doc=87682
https://doi.org/10.3390/rs11222623
https://doi.org/10.3390/rs11222623
https://doi.org/10.23939/istcgcap2019.01.012
https://doi.org/10.1080/15481603.2020.1871188
https://doi.org/10.3997/2214-4609.2022590047


IOP Conference Series: Earth and Environmental Science

PAPER • OPEN ACCESS

Geographical foundations of the sustainable development concept: the
paradigmatic level
To cite this article: S P Sonko et al 2023 IOP Conf. Ser.: Earth Environ. Sci. 1254 012138

 

View the article online for updates and enhancements.

This content was downloaded by semerikov from IP address 193.151.14.31 on 30/10/2023 at 13:41

https://doi.org/10.1088/1755-1315/1254/1/012138
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssLpjqsxQjsfwDX2ZafjY04A4sETbl5jikP1pbndn5BsWlA_Qu0dr6XzU5Dalq3z5aEwKUAr6fsiCLw9CKOOnu8rU8SMa9KAnC35dJ3P8oJx1HL379eJ5lKg3aN1fX1EJ3UOPeK1CC9CGiZ4Ls-9gFYtaPifPL5Ia3m2QYWeqJ7UM0R55CVx_Hst5luNZQjvyZZjjj87Mdf4-fAf4-n4jNhV4Kv5EgaOb2TH2cfJeCVH4WihrvpNBngcDwJ9gBJfTuD3Dl1DDOvclnLGcrjhcXCX6HHZxUuHah7LWqcM8h-BLV8r23O&sai=AMfl-YTWXCWdCd9gD0aMz_TlYavlrl-pveIZOS6mARNGue69t6cvoyNdvIjpSeveVOqVZvamO5SVbDHQo-H2mLU&sig=Cg0ArKJSzEkRDoQV_mPj&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/245/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DJournals%26utm_campaign%3D245Abstract%26utm_id%3D245


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012138

IOP Publishing
doi:10.1088/1755-1315/1254/1/012138

1

Geographical foundations of the sustainable

development concept: the paradigmatic level

S P Sonko1, D V Shiyan2, N V Maksymenko3, O V Vasylenko1 and
S P Ogilko1

1 Uman National University of Horticulture, 1 Instytutska Str., Uman, 20300, Ukraine
2 Kryvyi Rih State Pedagogical University, 54 Gagarin Ave., Kryvyi Rih, 50086, Ukraine
3 V. N. Karazin Kharkiv National University, Karazin Institute of Environmental Sciences,
6 Svobody Sq., Kharkiv, 61022, Ukraine

E-mail: sp.sonko@gmail.com, shiyandv2017@gmail.com, nadezdav08@gmail.com,

Vsolga05@gmail.com, zrivola153@gmail.com

Abstract. A constructive solution to the global environmental problem is possible within the
framework of the information-space-time paradigm, the main of which is a constant (in terms
of the main laws of conservation) amount of information, space and time, and thus deriving
equivalent interchangeable units of their measurement. The methodological uncertainty of the
very idea of sustainable development prompts the interpretation of this idea precisely taking into
account the geographical picture of the world in the context of the informational-spatial-time
paradigm.

1. Introduction
During the 30 years of existence of the sustainable development concept (SDC), the global
environmental problem, the solution of which it was aimed at, has not been solved, but continues
to worsen. Such aggravation forces scientists to revise the methodological guidelines for the
development of the subjects of their sciences [1, 2].

Geography has certain advantages compared to other sciences in the correctness of the
formulation and subsequent solution of the global environmental problem, on which the complex
interrelationships of Nature-Population-Economy are closed [3, 4]. The correct formulation and
justification of real ways of solving the global environmental problem is a unique chance for
geography to strengthen its fundamental theoretical and methodological positions in the system
of sciences and strengthen its applied status [5].

Ukraine’s modern progress towards a “post-industrial”, “informational”, “globalized” society
under the banner of the concept of sustainable development, the methodological guidelines of
which have not yet been definitively determined, and therefore are rather dubious, forces us
to think about the more general principles of human, regional, and national development –
development, which determines the social demand for the formation of certain paradigms of
scientific research [6, 7].

For a long time, geography has been dominated by the spatial paradigm, which in modern
conditions requires further in-depth development and improvement in accordance with the
requirements of the time. The scientific community is only beginning to realize the connection
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between the correct formulation of many global problems, primarily ecological, and the use of
geographical space by Man. Most likely, the correct formulation of the ecological problem with
the aim of its further solution lies in the optimization of the geographical space – optimization
that can be carried out only by researching modern trends in the development of spatial socio-
natural systems – Important objects of geographical science.

In fact, the global environmental problem, embodied in the concept of sustainable
development, has all the signs of interdisciplinary nature and fundamentally cannot be solved
in the realm of only geographical paradigms [8, 9]. The study of the general scientific origins of
the global environmental problem allowed the authors to choose an integrative direction for its
solution, as well as to consider the typological principles of the formation of spatial socio-natural
systems, within which it should be solved as soon as possible.

2. Research methodology and methods
The concept of noosphere genesis, the geographical roots of which are interpreted in the
geographical theory of noosphere genesis and in the geographical picture of the world [10],
lies in the field of correct formulation of the global ecological problem. The essence of the
geographical theory of noosphere genesis lies in a completely different interpretation of the
civilizational development of mankind, considered from the standpoint of ecosystemology [11].
The primary spatial unit of noosphere genesis is not a civilization, but a modified human
ecosystem, or an agroecosystem, the evolution of which leads to the formation of other noospheric
ecosystems – urboecosystems and infraecosystems [10]. In the process of noosphere genesis, a
person modifies trophic relations in a natural ecosystem primarily due to a conscious change in
its edaphic (spatial) component. This happens due to the formation of “traps” for time, space
and information [10]. As a result, an agroecosystem is formed in which spatial relations have
changed. But such a change does not make the modified ecosystem of Man less “natural”. The
synthetic nature of the global environmental problem is manifested in specific relationships, the
symbiosis of which ensures its correct formulation. In particular, geography provides awareness
of spatial relations, ecology – trophic, history – evolutionary, philosophy – cognitive.

The basis of the author’s ideas about the geographical content of the global environmental
problem is that when any phenomenon (body, process) develops (moves), it necessarily leaves
behind a projection of this movement in a dimension one unit higher than the previous one.
Thus, the movement (development) of any material body in the direction of a higher dimension
gives this body emergent (qualitatively new) properties. If the above approach is applied to
spatial phenomena, when projecting (superimposing) any two-dimensional bodies, one should
expect the formation in the “fourth dimension” of some qualitatively new spatial formation.
But this statement is valid only for such objects, the proof of the objective existence of which
is already feasible and a recognized fact – landscape complexes, ecosystems, agricultural areas,
types of land use, types of agricultural territory organization [12].

The ecological (geo-ecological) content of noosphere genesis today is not in doubt among
almost anyone, primarily because the spatial boundaries of landscapes and ecosystems have
almost been equated [13]. It is from this that the conclusion is drawn that the unifying beginning
for the development of socio-natural (noospheric) laws is the territory. At the same time, such a
unity does not exclude the formation of their divergent borders in a two-dimensional sense, and,
therefore, involves the search for the mechanism of their formation in such a “nature-society”
dichotomy, where society is the “Homo Sapiens population” [14].

The general concept of the agroecosystem, or Homo Sapiens ecosystem, was developed in
previous works. An agroecosystem is an ecosystem that combines the anthropic and social
nature of man [15]. Awareness of the spatial essence of such ecosystems lies within the scope of
the subject of geographical sciences and is closest to the content of socio-natural systems. Such
a view is also correct because it does not differ from the main position of ecosystemology [11]
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and gives the right to include a person in biocenotic ecological niches, in which food relations
include humanity. However, the role of inanimate (dead according to Vernadskyi) matter in the
vital activity of the human population is very special. So, if in other populations this substance
does not go beyond the biological limits of the organism, entering it (albeit in transit) as a
biochemical component (i.e., included at the organismal level), then the phenomenon of the
human population consists in the fact that an inanimate (fossil) substance taken from nature,
in its vast majority is deliberately excluded by man from the organismic level and brought to
the level of joint consumption by the entire population (figure 1).

Figure 1. The general direction of the material transformation of the natural environment,
which leads to the “compression” of the geographical space (N – nature; S – society).

At the same time, such consumption either does not reach the body, or completely leaves
its physiological limits, confirming the purpose of this exchange in only one direction – the
extraction of natural inert substance without its return to food chains. It is at this stage that
thanks to the technical-cultural-transformative activity of man with the involvement of the
inert substance of the biosphere, “materialized information” is formed in the form of “consumer
values” [16].

Thus, the transition from the organismic to the population level is conceptually significant in
understanding the geoecological essence of the human population. Taking into account the
spatio-temporal existence and the total mass of ecological groups of organisms (producers,
consumers, reducers) in the biosphere, we concluded that plant species are characterized by
a stationary-dispersed type of mediation of geographical space. Animal species and groups
(consumers) carry out dynamic and dispersed mediation of geographical space. In contrast to
the purely “natural” ones, the human population has a dynamic-continuous type of mediation
of geographical space, which is carried out in the direction of its constant “compresion” [17]
and fundamental energy-material-informational transformation. At the same time, if in natural
geobiocenoses such information exchange is aimed at improving the competitive struggle for
the environment (while not going beyond the boundaries of the ecotope), then the human
population long ago won this competitive struggle with other species and conducts it within its
own population, thereby reaching ecosystem level of organization of living matter. Therefore, the
“ecotope” of Homo Sapiens in the classical sense of this term goes beyond the organismic level of
the organization of the species and includes the population and even the ecosystem level. Thus,
it is more logical to talk about an ecological niche with vaguely defined spatial boundaries.
Considering the spatial behavior of Man as the search and subsequent transformation of his
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ecological niche in the process of noosphere genesis, the spatial dynamics of the Homo Sapiens
population was investigated in historical retrospect [18].

3. Research results
As a result of the existing spatial dynamics of Homo Sapiens, the information influence
of urboecosystems (hinterlands) on the surrounding space is gradually increasing thanks
to the means and tools of the information infrastructure [19], which is where the name
“infraecosystems” actually comes from. At the same time, the highest level of information
influence, which leads to an increase in planetary entropy, is characteristic of today’s so-called
“world cities” [20]. This influence is manifested in the diversification and inversion of the
geographical space by world cities, studied in previous publications [10, 16]. According to the
results of the author’s research, the territories that fall into the hinterlands of neighboring
“world” or the highest ranked “central” places are forcibly transformed by them into service,
or into infrastructure [10]. From this, an important methodological conclusion is drawn, that
in W. Chrystaller’s theory, central places have always performed not serving, but diversifying
functions, redistributing the geographical space to their advantage.

Research in previous publications of the ontological content of the space of time and
information made it possible to build a methodological scheme of the interconnection of agro-,
urban- and infra-ecosystems (figure 2).

Figure 2. The system of relations in the modified ecosystem of Homo Sapiens and its
development over time. Agroecosystems (A) – urban ecosystems, (Y) – infraecosystems (I).

At the early stages of the formation of the modified human ecosystem (agroecosystem), the
greatest attention was paid to the actual “food extraction” (figure 2.1). At the same time,
information connections between different ecosystems were embodied in the primitive cults of
paganism, primarily due to the lack of study of nature and the blind worship of its individual
material components. At the same stage, urbo-ecosystems were just beginning to be born
(recruitment of the supreme power, priests, and troops into stationary settlements). The degree
of compression of the geographical space is the lowest.

At the second stage (figure 2.2) as a result of the Neolithic revolution, which is also called
the “axial time” (with the beginning of the process of noosphere genesis), the informational
component of this process in the form of the main world religions began to relentlessly and
predestinedly form infraecosystems by introducing a spiritual beginning into international spatial
relations. Cities (urboecosystems) become the main centers of such informational influence,
around which hinterlands are gradually formed, which leads to a gradual “compression” of
geographical space.

The third stage – modern – is associated with the acquisition of the highest level of information
density by urban ecosystems and the transformation of some of them (world cities) into
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infraecosystems (figure 2.3). At the same time, global entropy acquires the highest degree,
the result of which is the greatest “compression” of geographical space due to the growth of its
material filling.

At the fourth stage (figure 2.4), the most developed infraecosystems “pull up” other types
of noospheric ecosystems to their level. All three types of ecosystems will grow spatially due to
the increase in interdependence, which will lead to the maximum compression of geographical
space and the maximum growth of global entropy. According to the author’s concept of border
conflicts, the next stage of the formation of the modified ecosystem of Man is now beginning –
the cosmic one, when cosmoecosystems are already beginning to form [21].

The deepening of general scientific ideas about the role of geographical space as a carrier of
physical interactions, gravity, landscape and morphogenesis, the process of interaction between
nature and society, modern globalization and post-industrialism, and many other things that are
carried out in Nature and perceived by Man, encourage the construction of a proper geographical
picture of the world [10].

The existing space-time paradigm of geography – an idea about the participation of the
category of time in the development of the geographical process – is developed in a number of
works. Just as the classical spatial paradigm (Kant-Ritter-Hettner) was focused on the selection
of geocomplexes and geosystems according to their spatial form and territorial structure, the
new paradigm is focused on the selection of geographic complexes and systems according to their
functioning and vital activity, on the analysis of life cycles of geographic complexes of various
types and scales.

For our study, the idea of time as an integral attribute of the process of interaction between
nature and society plays a special role, since this process is inextricably linked with the space
that life fills as a result of noosphere genesis. In our case, the process of interaction between
nature and society (movement) in planetary space-time is considered. It is imagined in the form
of its two main components – nature and society. Together, they actively fill the geographical
space since the Neolithic, which gradually leads to its compression [10]. Considering the process
of noosphere genesis as one that is formed in a certain frame of reference, it is concluded that the
compression of geographical space must be compensated by real time. For such compensation,
a person creates “time traps” as if putting it off “for later”. To a certain extent, humanity has
“borrowed” time from nature, by which it is “ahead” of it in the process of its development.

Thus, the main cause of the environmental problem lies in the different rates of development
of nature and society. The result of this difference is necessarily “postponed” in geographical
space. For a constructive solution to the “global ecological problem”, it is necessary to find such
areas of space, in which the difference in the speed of nature and society is reflected, and in the
future, gradually reducing them, bring them to optimal ratios.

In the future, according to logic, in addition to the real territory, it is necessary to find
those “segments” of time that are “borrowed” and that are reflected in space. In order to
search for “negative” segments of space, the spatial dynamics of agroecosystems formed on the
territory of the Kharkiv region were investigated (figure 3). The study of agroecosystems made
it possible to draw a conclusion about the simultaneous existence of two types of borders, the
dynamics of which go beyond the limits of two-dimensional understanding. According to modern
ideas, such ”non-coincidence” leads to an increase in the level of planetary entropy [10], and,
therefore, to informational “tension”, which, most likely, is the cause of the emergence of not
only environmental, but also many other global problems. The above analysis was carried out in
the context of the modern space-time paradigm. The absence of an interpretation of the category
of information (entropy/negentropy) explains, in the opinion of the author, the impossibility of
correctly posing the environmental problem.

It is from this antithesis that the general logic and stage sequence of the development of the
new – information-space-time paradigm, reflected in the diagram (figure 4), originates. In this
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Figure 3. Spatial “mismatch” of agroecosystem boundaries. Explanation of symbols:
1. Numbers of agricultural districts; 2. Boundaries of agricultural districts (economic boundaries
of agroecosystems); 3. Boundaries of type of territory organization (natural boundaries of
agroecosystems); 4. Areas (segments) of space, on which natural and economic boundaries do
not “coincide”.

scheme, each of the blocks (stages) that reflect the development of the specified paradigm is a
cybernetic system with feedback, where the most contradictory theses that were put forward
during the research act as a regulator (R). The horizontal directions of the table reflect the logic
of the formation of scientific knowledge from the extraction of empirical facts to the construction
of a new theory, and on its basis – a scientific picture of the world. The process of scientific
research logically ends with the practical implementation of the results of theoretical research.

At the same time, the main features of the new information-space-time paradigm should be:

1. Genetic unity of space, time and information in the interpretation, description and modeling
of geographical process.

2. Equal “participation” of space-time and information in the ontological content of the
information-space-time paradigm, which implies the same equal “inclusion” of them by
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Figure 4. Development of information-space-time paradigm.

geographers and philosophers in the corresponding types of models, classifications and
typologies.

3. A constant (in accordance with the main laws of preservation) amount of information, space
and time in the areas of development of the geographical process in the entire oecumene.

4. A close cause-and-effect relationship between the qualitative structure of information, time
and space and the level of planetary entropy.

5. The presence of invariant information, space and time, consistent with the logic of the
process of noosphere genesis.

6. Closeness of the development of ideal models of space use to calculations of world constants.

7. The possibility of deriving equivalent interchangeable units of measurement of space and
time information.

Based on the above signs of the new information-space-time paradigm, it is necessary to
consider several examples of “deviation” of the development of its information component from
the invariant. Thus, in the modified ecosystem of Homo Sapiens, trophic relations are artificially
“stuffed” by humans into “time traps” – grain storage in elevators, meat freezing in refrigerators,
preservation of vegetables, fruits, meat, milk, production of concentrated products, which almost
do not deteriorate over time. “Traps for space” are manifested at the level of agroecosystems
in the organization of crop rotations, fodder arable land [22], contour-ameliorative farming
systems, and other types of land use, with the help of which Homo Sapiens artificially regulates
trophic relations in its own modified ecosystem. Urboecosystems generally lead to asymmetry
of geographical space [19].

In our opinion, similar to “traps” for time and space, there are also “traps for information”,
skillfully “set” by man in the process of noosphere genesis. A very large-scale “trap for
information” is the phenomenon of “stretching” by Man of the single gene pool of cultivated
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plants (N. Vavilov) in the process of noosphere genesis. The difference from time traps at the
organismal level is quite significant, since this process vividly embodies the transformation of
geographical space through the spatial destructurization of the ecological niche and time, if
we consider the desire to breed new high-yielding varieties as “saving time”. It is significant
that the share of genetically modified food products has been constantly increasing since the
beginning of the noosphere genesis process and, according to modern estimates, almost doubles
the area of UK [23]. At the same time, there is an increasing decrease in the resistance of the
human population to microbiological disturbances [24]. “Traps for information” are manifested
in the economy as well. In particular, the very term “shadow economy” comes from hidden
(at least from the payment of taxes) commodity and information flows. As for the production
of contraband products under the brand name of well-known brands, this is generally an ideal
case of “traps for information”. Given that such products are much cheaper than the original,
the price difference between them can be the monetary equivalent of “stolen” information.
Therefore, searches in the geographical space for informational imprints such as the Retheum
sphragides can help in understanding the complex structure of planetary space-time. According
to our concept, any socio-natural systems carry and leave complex sphragide information, which
actually regulates all spatial relations [10].

4. Conclusions
The basis of the modern informational-space-time paradigm of geography is the following basic
theoretical propositions, which should help in the formation of the modern geographical picture
of the world:

1. During the evolutionary development of humanity on the planet Earth, significant spatial
transformations of its surface took place. The modern stage of these transformations is
described by complex information processes, which in turn cause the corresponding energy-
matter flows. Thus, modern “globalization” of production and social life is carried out under
the slogans of the civilizational process, which seems to be able to lead underdeveloped
countries to a better fate.

2. At the same time, with the help of a system of repeaters (urboecosystems), there is a
spatial redistribution of various resources in favor of developed countries due to the indirect
influence on the resource potential of the planet.

3. “Civilization” and anthropocentrism embedded in this term acquires modern forms of
spatial chauvinism, which gives reason to automatically assign individual ethnic groups and
even entire countries from the standpoint of “civilization” to “civilized” and “uncivilized”,
“developed” and “underdeveloped”. However, the biosphere role of the Australian
aborigines, or the “primitive” naturalized societies of South Asia, is much more positive than
that of the superpowers. And even further – there is a desire to distinguish between “higher
animals” and “lower animals”. However, the role of these “lower animals” in maintaining
the stability of the biosphere (reducers) is much more positive than the “higher” ones and,
above all, the Homo Sapiens species.

4. The so-called “global environmental problem” is the result of spatial incoherence of
territorial combinations of different types of relays – infraecosystems, agroecosystems, urban
ecosystems; from here, the search for optimal models of the territorial organization of society
is quite logically perceived.

5. Higher “informatization” will imply at some stage the oversaturation (compression) of
geographical space with various combinations of “retransmitters”, which will lead to
qualitatively new shifts in the spatial being of humanity. Most likely, such shifts will lead to
the identification of two main directions of information density reduction. The first direction
is extensive – artificial stretching of the critical limit of compaction due to the development
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and implementation of optimization models of geographic space (W. Christaller, W. Isard,
B. Rodoman, O. Topchiiev). The second direction is intensive – the gradual formation of
artificial ecosystems (cosmoecosystems) in extraterrestrial space.

6. When implementing an extensive (more realistic) way of further development, one should
be guided by the principle of marginal sufficiency, according to which the optimization
of the geographical space by humans should take place in the direction of rotation of
individual groups of elements of the territorial structure and their functions. In particular,
the gradual conscious transformation of urboecosystems into agroecosystems and vice versa
(A. Chaianov) while preserving the binding function of infraecosystems.

7. The civilization process is a certain period (qualitatively a new stage) of a much longer-
term process, which went back to the “axial time” (K. Jaspers) and which is based on the
informational processes of the universe, which were embodied in the birth of the biosphere,
its further complication, fundamental its transformation by the species Homo Sapiens due
to the spatial re-planning of the flows of matter and energy and the subsequent exit beyond
the limits of the terrestrial biosphere into the Cosmos.

8. The biosphere-noosphere theory of V. Vernadsky – is the ultimate ideal model of the
development of the biosphere, in the event that Humanity becomes “smarter”. Predecessors
of V. Vernadsky in the spatial sciences developed models narrower in scope (J. Thunen, A.
Weber, W. Christaller). The development of such models relates the mentioned studies to
the finding of world constants (absolute zero, acceleration of free fall, speed of light, etc.),
but in our case these constants are spatial.

9. The development of ideal models of spatial organization may continue in the search for
spatial equivalents of time, energy, and information, based even on the existing laws of
conservation. Based on the assumption that the amount of planetary space is constant
(invariant), it is possible to search for excess or negative segments of space that arise in the
process of noosphere genesis as a result of the formation of “time traps” and “information
traps”. Thus, it becomes possible to calculate the corresponding coefficients of “exceeding”
the invariant due to going beyond its limits. Most likely, the highest coefficient of space
consumption (spatial entropy) will be developed countries that most actively structure it.

10. The system of spirituals and ethical values of humanity should be based on the principles
of observing biosphere interests, which requires a deep understanding of one’s place
(humanity), and therefore participation in biosphere processes. Instead, humanity should
not separate itself within the framework of “globalist”, “post-industrial”, “civilizational”
concepts from the process taking place in the biosphere of its evolutionary development.
When developing development programs at the national level, it is necessary to take into
account global trends in the structuring of geographical space with the subsequent “search”
of one’s place in the process. This forces us to look for other perspectives of Ukraine’s
“entry” into the “post-industrial” society.

Developing a geographical world picture in the context of the information-space-time
paradigm allows for the modification of the main theoretical foundations of modern geography,
as well as a new look at the structuring and awareness of the global environmental problem.
“Hopelessness” in its solution comes from an incorrect definition of methodological guidelines in
the study of the main foundations of the interaction of nature and society, and a derived from
this erroneous understanding of the phrase “sustainable development”. The methodological
uncertainty of the very idea of sustainable development prompts the interpretation of this
idea precisely taking into account the geographical picture of the world in the context of the
information-space-time paradigm.
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Abstract. Aviation is an integral and vital part of modern society. The growth over the
last decades has consequences for greenhouse gas emissions and reducing this through efficiency
within the same framework is difficult. Precision flight planning is crucial for reliably and
optimized real environment aircraft operation. The presented study gives an overview of the
status of the legal requirements for flight planning under the current fuel requirements of
the European Union Aviation Safety Agency (EASA) and the emerging opportunities for fuel
savings. As part of the larger study, planned and actual fuel figures of an international cargo
airline were statistically analyzed. The overall analysis showed that there was no significant
deviation between planned and consumed fuel. Based on the results, an adjustment of the
planned alternative fuel quantity can be considered within the framework of an individual fuel
plan. The possible savings potential using the example of Destination Alternate Airport fuel is
presented.

1. Introduction
In the 100 or so years since the first powered flight, the aviation industry has experienced rapid
growth [1]. Fuel needed to operate thousands of flights worldwide every day is one of the most
important cost factors in the airlines’ business. According to the International Air Transport
Association (IATA) report on the economic performance of the airline industry, global fuel costs
were predicted to be $206 billion in 2019, later estimated to be around $188 billion in the
2019 end-of-year report. For 2020, the same report predicted fuel costs to fall to $182 billion,
equivalent to 22.1% of average operating costs [2]. Figure 1 shows a corresponding chart by
Airbus [3].

Aviation emissions have a climate impact, which came more and more into focus. In 2020
almost every commercially used aircraft still has a propulsion system based on fossil fuels.
Emissions from aircraft are greenhouse gases and noise. Fuel costs are therefor not the only
driver for reducing the amount of fuel consumed. In recent years, the impact on the environment
has become more and more important. The high traffic volume is associated with an enormous
demand for aviation fuel and the associated high emissions on the other side. Lee et al. provide
an overview of CO2 and other related emissions and impacts of aviation on the climate [4],
likewise Fleming and Ziegler [5] and Filippone [6] – to name just a few examples. Reducing the
effects of global warming due to emissions has become a goal. As a result, reducing emissions
has become an important issue. The commercial aviation industry has already developed and
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Figure 1. Operating Cost Breakdown.

implemented many techniques to reduce fuel consumption for reasons of economy and efficiency.
On the operator side, these are mostly operational improvements, such as reducing the weight
of on-board equipment or using a fixed ground power supply instead of the aircraft’s auxiliary
power unit on the ground. Airlines are searching fuel-efficient routes or flight profiles for most
of the time. Measures to reduce noise and pollution are taken by airlines, airports and air
navigation service providers in their daily operations [7].

Regulators to reflect the development of emission reduction and fuel saving. ICAO published
Doc 10013 – Operational Opportunities to Reduce Fuel Burn and Emissions. It supposes the
most effective way to minimize emissions: via the amount of fuel used [8]. For a given route
fuel burn depends, if environmental aspects like weather or routing are said to be the same,
on the weight of an aircraft. Specific range, flying at given altitude, temperature and speed,
depends on aircraft mass. It is the physics of flight, that for an aircraft to fly it must generate
lift to overcome its weight. The generation of the required lift and the movement of the airframe
through the air create drag. The engines generate the necessary thrust to overcome this drag
and enable the movement to generate lift (figure 2). The heavier the aircraft, the higher the fuel
consumption. Fuel consumption, for carrying extra weight or extra fuel, is called Fuel Carriage
Penalty (FCP). EASA gives a value of about 3 % difference in fuel consumption per kg and
flight hour for additional weight [9]. ICAO Doc 10013 gives a value of 2.5 – 4.5 % additional fuel
consumption, depending on the characteristics of the aircraft [8]. In addition, fuel savings can
be made during climb since the lighter aircraft would reach it’s optimal flight level earlier [10].
To minimize fuel burn it is most economical to carry the minimum required fuel for the sector.

New regulations will also be applied in the area of European regulations in 2022. EASA

Figure 2. Elementary forces on an airframe [10].



ICSF 2023
IOP Conf. Series: Earth and Environmental Science 1254 (2023) 012139

IOP Publishing
doi:10.1088/1755-1315/1254/1/012139

3

published Notice of Proposed Amendment (NPA) 2016-06, which follows a performance-based
approach by updating the regulatory requirements for fuel planning, selection of aerodromes
and in-flight fuel management, thus aims to increase operational efficiency and to have cost
and environmental benefits [9]. This proposal to amend the regulations was followed by
Opinion 2020-02 and finally by Regulation (EU) 2021/1296, which amends Operating Regulation
(EU) 965/2012 in the area of Fuel/energy planning and management, support programmes
and psychological assessment of flight crew, as well as testing of psychoactive substances.
With the development of Commission Regulation (EU) 2021/1296, changes in ICAO Annex
6 have been transferred to the European regulatory. Fuel-related amendments to Annex 6
of the Convention on International Civil Aviation Organization (ICAO) and new guidance in
ICAO document 9976 “Fuel planning manual” are to be incorporated into Regulation (EU)
965/2012 [11]. Various areas of the regulation shift, e. g. CAT.OP.MPA.150 is intentionally
left blank and CAT.OP.MPA.151 is deleted [11]. CAT.OP.MPA.180 establishes new fuel/energy
plan requirements for aircraft. For the fuel policy, until the adjustment in 2022, the following
item was relevant: according to CAT.OP.MPA.150, the operator must establish a fuel policy
and purpose of flight planning and in-flight replanning:

...to ensure that every flight carries sufficient fuel for the planned operation and reserves to
cover deviations therefrom [12].

The fuel policy is transferred to the so-called Fuel Schemes. The consequences are illustrated
below with the use of an example.

2. Methods
Fuel data of an operating airline were examined to explore a statistical background. The airline
utilizes Boeing B777-200 aircraft in a freighter version. The operated network contains large
airports, together with some local airports. The network destinations result in a mix of short,
medium and long-haul flights. Planning and actual consumption were also evaluated. Here,
two periods were considered in two steps: a five-year period covering all flights operated and a
one-year period for extremely long long-haul flights with high loads.

In order to use the optimization possibilities in the area of fuel planning, which would
be possible from 30th October 2022, the corresponding prerequisites must be met. The
GM2 to CAT.OP.MPA.180 of Regulation (EU) 965/2012 shows a non-exhaustive list of safety
performance indicators (SPI) that can be used to measure safety performance [13]. This served
as the reference point for the statistical fuel data evaluation.

In order to illustrate the possible optimisations, using the example of alternate fuel, the legal
situation up to 30th October and thereafter is compared below.

CAT.OP.MPA.150 Fuel policy, which will be omitted in the future, requires:

...(c) The operator shall ensure that the pre-flight calculation of usable fuel required for a
flight includes: ...

(3) reserve fuel consisting of: ...
(ii) alternate fuel, if a destination alternate aerodrome is required ... [14]

Additional information on compliance with the implementing rules can be found in the
Acceptable Means of Compliance (AMC). AMCs are non-binding standards adopted by EASA
to illustrate means of determining compliance. Furthermore, there is Guidance Material (GM),
as non-binding material for explanation and interpretation. So, in AMC1 CAT.OP.MPA.150
further explanations are given, regarding the content of the fuel policy:

... (4) Alternate fuel, which should:

(i) include:
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(A) fuel for a missed approach from the applicable DA/H or MDA/H at the
destination aerodrome to missed approach altitude, taking into account the complete
missed approach procedure;
(B) fuel for climb from missed approach altitude to cruising level/altitude, taking
into account the expected departure routing;
(C) fuel for cruise from top of climb to top of descent, taking into account the
expected routing;
(D) fuel for descent from top of descent to the point where the approach is initiated,
taking into account the expected arrival procedure; and
(E) fuel for executing an approach and landing at the destination alternate
aerodrome;... [14]

Figure 3, figure 4 and figure 5 illustrate the possible consequences of the regulatory changes
and optimisation options.

Figure 3 shows the missed approach procedure for Runway 26L of the instrument approach
for Leipzig Airport (EDDP). In the event of a missed approach, the blue dashed path should be
flown, highlighted in green. The corresponding description of the instrument flight procedure

Figure 3. Leipzig Airport Misses Approach Procedure Track [15].
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Figure 4. Leipzig Airport Missed Approach Procedure description [15].

can be found in figure 4. As can be seen above, according to the current requirements, the
complete missed approach must be taken into account in the planning – here this is approx.
45 – 50 nautical miles, or approx. 12 minutes flying time, to the start of the new approach.

In practice, however, it must be taken into account that, in the event of a missed approach,
radar guidance is usually quick and the entire track is not usually flown. In only a few cases does
a missed approach occur at all. In the case of a missed approach to the destination alternate
airport, this airport may be located in a completely different direction, so that the aircraft would
fly directly in this direction after a missed approach.

Figure 5 shows an example of such planning. Here, the approach to Leipzig is planned in a
westerly direction. The alternate airport is also in a westerly direction, it is Erfurt (EDDE).
Unless a new approach is attempted in Leipzig, the direct route to Erfurt will certainly be chosen

Figure 5. Erfurt as Alternate Airport [16].
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without flying the entire missed approach. For these three reasons (infrequent need for a missed
approach, often shorter route in the case of a second approach, and a more direct route in the
case of a diversion under certain circumstances), a reduction of the fuel required in the planning
can be considered. The regulatory basis is presented next.

As mentioned above, the fuel policy will be converted into a fuel scheme. The requirements
for this can be found in CAT.OP.MPA.180 Fuel/energy scheme – aeroplanes.

(a) The operator shall establish, implement, and maintain a fuel/energy scheme that:

(1) is appropriate for the type(s) of operation performed;
(2) corresponds to the capability of the operator to support its implementation; and
(3) is either:

(i) a basic fuel/energy scheme, which shall form the basis for a basic fuel/energy
scheme with variations and an individual fuel/energy scheme; the basic fuel/energy
scheme derives from a large-scale analysis of safety and operational data from
previous performance and experience of the industry, applying scientific principles;
the basic fuel/energy scheme shall ensure, in this order, a safe, effective, and
efficient operation of the aircraft; or
(ii) a basic fuel/energy scheme with variations, which is a basic fuel/energy scheme
where the analysis referred to in point (i) is used to establish a variation to the
basic fuel/energy scheme that ensures, in this order, a safe, effective, and efficient
operation of the aircraft; or
(iii) an individual fuel/energy scheme, which derives from a comparative analysis
of the operator’s safety and operational data, applying scientific principles; the
analysis is used to establish a fuel/energy scheme with a higher or equivalent level
of safety to that of the basic fuel/energy scheme that ensures, in this order, a safe,
effective, and efficient operation of the aircraft.

In the associated GM1 to CAT.OP.MPA.180 explanations are given on the AMC to be
applied. In principle, an operator may choose between three different fuel schemes. The following
AMCs apply to the development of each fuel scheme:

(a) Basic fuel scheme: all the AMC that apply to the basic fuel scheme.

(b) Basic fuel scheme with variations: when an operator decides to deviate fully or partly
from the basic fuel schemes, the AMC for basic fuel schemes with variations apply to the
specific deviation.

(c) Individual fuel scheme: when an operator wishes to apply an individual fuel scheme, the
AMC for the individual fuel scheme apply; for the part of the scheme where the operator
still follows the basic fuel scheme, the operator should apply the AMC referred to in (a) and
(b) [14].

Depending on the chosen level of the scheme, different AMCs, if any, are applied.
As previously in CAT.OP.MPA.150, in future in CAT.OP.MPA.181 Fuel/energy scheme –
fuel/energy planning and inflight re-planning policy – aeroplanes the requirements for the
destination alternate fuel are listed:

(4) destination alternate fuel/energy:

(i) when a flight is operated with at least one destination alternate aerodrome, it shall
be the amount of fuel/energy required to fly from the destination aerodrome to the
destination alternate aerodrome; or... [14]

However, the supplementary AMC1 to CAT.OP.MPA.181 only refers to the basic fuel scheme
for Performance Class A aeroplanes. Performance Class A refers to multi-engine aircraft powered
by turbojet or turboprop engines that can carry more than nine passengers or weigh more than
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5 700 kilograms. In terms of content, the requirements in point (d) corresponds in principle
to AMC1 of CAT.OP.MP.150 (see above). However, if companies choose a basic fuel scheme
with variations or an individual fuel scheme, the AMC is not applicable. As a consequence,
consideration could be given, for example, to reduce the amount of alternative fuel, e. g. based
on statistical experience. This can result in savings, which are presented below.

The examples shown below are based on statistical fuel data from a globally operating cargo
airline. Boeing 777 freighter aircraft are used. For the statistical evaluation, various information
was provided via the reporting system. Numerous information can be condensed from the
reports. Over a period of five years, for which the data were available, the following points were
especially found:

• 187 flights, equals 0.59% of 31 315 flights, where planned with no alternate (fuel),

• six flights, out of 39 467 flights, could be identified as have to be diverted, which gives a
diversion rate of 0.015%.

This information shows the rare event of landing at the alternate airport and the equally rare
legal possibility of planning without an alternate airport (where additional fuel must be planned
for 15 minutes of flight time). As shown above, when using a basic fuel scheme with variations
or an individual fuel scheme, the AMC1 to CAT.OP.MPA.181 is not necessarily applicable.
Airlines could, based on statistical data and a corresponding risk assessment, make a reduction
in the planned alternate fuel compared to the current planning/requirement.

In the following it is assumed that a reduction of the alternative fuel by 5 minutes is possible.
This corresponds to a value of approx. 700 kg of fuel for a Boeing 777-200 freighter examined.
This value can be derived from the final reserve fuel plan – which provides for 30 minutes of flight
time at 1500 feet above the airfield. In figure 6 and figure 7 an excerpt from the operational flight
plan is presented, in particular the fuel planning and the mass and loading. Figure 6 shows the
comparison of fuel planning for a flight from Hong Kong to Leipzig. Since the current approved
planning program does not allow a reduction of the alternate fuel, the value of 5 minutes of fuel
was included as additional fuel, for comparison. On the left is the original plan, on the right the
plan with 5 minutes more fuel.

The values for alternate and final reserve fuel shown in figure 6 do not correspond to those that
would result from an actual reduction of the alternate fuel by 5 minutes. The 700 kg / 5 minutes
in the right column only affects trip and contingency fuel, but not per legal requirements needed
alternate and final reserve fuel. With a real alternate fuel reduction, these values would also be
lower and would lead to a more significant reduction in trip and contingency fuel. Therefore,
the resulting delta, in this case an additional consumption of 257 kg, is lower than the actual
savings would be. This would be possible in the case of alternate fuel reduction. But the trend
and thus a rough figure for evaluation is evident. The average additional consumption for this
route is 21.34 kg/flight hour, i.e. this would be the savings potential. In the lower part, the
corresponding weight information is also listed as a comparison. As can be seen, 700 kg of extra
fuel led to a reduction of the maximum possible load from 1 548 kg before to 589 kg after. Here
too, a reduction of the alternate fuel would be correspondingly positive. Figure 7 shows the
same considerations for the route Hong-Kong to Cincinnati. Here, the difference in fuel, i.e. the
savings potential, is 364 kilograms. The average additional consumption for this route is 25.1
kg/flight hour, i.e. this would be the savings potential in this case.

Both examples show the savings opportunities. A single aircraft, with an average flight time
of 15 hours, would consume something like 300 kg less fuel per day. Even if these savings seem
small, already with a relatively small fleet of only 20 aircraft, the total value is correspondingly
high. A conservative projection of 20 kg/flight hour and 15 hours flight time per day with twenty
aircraft results in potentially 6 000 kg fuel saving per day. The associated savings in emissions
of carbon dioxide are ∼18 900 kg, water ∼7 500 kg and 30 to 150 kg nitrogen oxides per day
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Figure 6. Comparison route Hong Kong – Leipzig.

Figure 7. Route Comparison Hong Kong – Cincinnati.

– for a fleet of 20 aircraft. These figures are based on the indication that carbon dioxide and
water vapor are the most abundant products of jet fuel combustion, with emission indices for
CO2 and H2O of 3.15 kg/kg fuel and 1.26 kg/kg fuel burned [17]. These considerations are
conservative and do not consider all the other advantages of a lighter aircraft. The values of
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21 – 25 kg of additional fuel consumption determined above correspond to a fuel penalty factor
of approx. 3%. In the further consideration of the savings effects, the savings of the 5-minute
fuel weight (here 700 kg for 5 minutes) and the additional consumption added up per flight hour
must also be considered as freight delta cumulatively. For the two flights examined above, this
results in approx. 1 000 kg difference for freight at take-off.

3. Results
As part of an overarching study, statistical flight data of an airline were analysed over a period
of five years. In the first step, information on individual fuel components was examined. In the
second step, long flights with high freight volumes were examined in more detail with regard
to planning and actual consumption. Analysis of the fuel data has shown that consumption
in planning and in practice is at a high and reliable level. As a result of this evaluation, an
approach to reducing the alternative fuel consumption is possible. This is based on changes in
the underlying operational regulations.

A reduction of fuel has an impact on overall fuel and emission reduction. On this basis, it
is recommended that airline operators may evaluate their operational procedures, management-
and safety system in preparation of the implementation of a choose a basic fuel scheme with
variations or an individual fuel scheme. This allows the planning of lower fuel quantities, reducing
emissions.

Evaluation in Piano-x and further reduction of other fuel values possible.
Figure 8 shows almost no difference for an single flight, in the end the results are quit clearly,

seen over a year.

Figure 8. Impact of 5 minutes of fuel.

4. Discussion
The above proposal is the starting point for consideration. Improved risk assessment,
calculations based on better data and better decision-making can optimise the amount of
additional fuel needed without compromising safety levels. Aviation remains committed to
progress towards climate-neutral aviation by 2050 [18]. New concepts are also necessary for this.
Further research is needed to identify safety and performance indicators. An in deep evaluation
of planning and used alternate fuel figures is recommended. Reducing the fuel components can
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free up space for additional cargo, which in turn can reduce the total number of flights required.
Further considerations should be made here.

Further research is needed to identify performance indicators. The above assessment has
focused only on one fuel component. A more in-depth assessment of total fuel numbers is
recommended, as well as consideration of other factors such as aircraft system reliability, the
influence of weather or airfield processes. Based on these investigations, a risk assessment can
be made to further reduce the amount of fuel carried.
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Abstract. The article presents the results of the research into the transverse loading of the
container during rail transportation. The peculiarity of the container is its walls made of
sandwich panels. Such a solution will help to reduce the dynamic loading on the container in
operation and, accordingly, improve its strength. Appropriate calculations have been carried out
in order to determine the optimum (minimum) sheet thickness, provided that the permissible
deflection in operation is ensured. The transverse loading on the container placed on a flat wagon
at the side rolling has been investigated. It is found that the acceleration value obtained is almost
5% lower than that acting on the container of a typical design. The strength of the container
with sandwich-panel walls is calculated using the finite element method. The results of the
calculation show that the maximum stresses are 6% lower than those occurring in the container
of a typical design. The research may be of values for those who develop recommendations for
designing advanced modular vehicles and improving the efficiency of transportation.

1. Introduction
The efficient performance of the machine-building industry requires development and putting
into operation modern structures of vehicles. For a long time railway transport has been the
most competitive industry of machine engineering, which accounts for a large proportion of
freight transportation [1].

The experience of development of the wagon fleet in the UIC member countries indicates a
steady trend in improving the level of traffic safety, which ensures operational reliability and
environmental compatibility of vehicles. At the same time, one of the most optimal solutions
to achieve these requirements is the introduction of modular vehicles, in particular, containers,
into operation.

In addition to a number of advantages of these vehicles in operation compared to others,
there are also significant disadvantages associated with insufficient strength of their structures.
The reason for it is significant operational loads, including dynamic sign-variable ones affecting
the vehicles. These loads affect not only the container, but also the freight inside. Due to the
fact that this freight has its own degree of freedom, the container structure can have additional
loading. And this loading can damage the container (figure 1 [2]).

This requires additional maintenance costs. Besides, it can also affect the traffic safety and
cause ecological damage.
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(a) (b)

Figure 1. Damage to containers in operation: (a) design diagram of a flat wagon;
(b) deformation and cracks in the cover.

Therefore it is important to research into structural improvements for containers in order to
reduce their dynamic loading at operational modes.

Research devoted to the structural improvements in the container is quite relevant, which is
confirmed by a large number of publications. For example, in article [3] the authors propose and
substantiate the design of a container for fruit and vegetable products. All structural solutions
regarding the improvements in the container are confirmed by appropriate strength calculations.
The study presents main operational loading diagrams for containers.

Also, the design of a container for transportation of fruit and vegetable products is proposed
in [4]. The study presents the results of strength calculation and the operational requirements
for the container. At the same time, when designing these container structures, the authors did
not propose any solution to improve the strength of container walls.

Special features of designing the ISO container are studied in [5]. The main loading diagrams
for the container in operation are analysed, as well as the structural resistance to external loads.
However, it should be noted that the improvements proposed in this work do not increase the
strength of container walls when containers are transported either by rail or by other transport
mode.

To reduce the dynamic loads on vehicles and, thereby, improve their strength characteristics,
it is advisable to use sandwich panels in their structures. The use of sandwich panels in the
rail vehicle design is substantiated in [6]. The study presents an algorithm for optimizing the
bearing structure of a vehicle. The results of the calculations demonstrate that this solution
contributes to a 16.36% reduction in the bearing structure if compared to the prototype.

The use of sandwich panels in the vehicle body structure is also substantiated in studies [7,8].
The research was carried out on the example of a rail car. These solutions are implementable in
both manufacture and modernization of rail cars. The feasibility of the proposed solutions has
been proved by theoretical calculations of the strength for the bearing rail car structure.

A similar solution is proposed in [9]. The author’s team focus on improving the reliability of
the bearing structure of a vehicle by introducing composite panels. It was proven that the use
of such panels could improve the endurance of vehicle bodies.

However, it should be noted that the authors of these studies did not consider the use of
sandwich panels for the structure of removable vehicles, in particular, containers.

The review of literature allows us to conclude that the issues of improvements for the container
are quite relevant. At the same time, their higher strength by means of sandwich panels in the
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bearing structures has not yet been thoroughly studies. In this regard, there is a need to conduct
research in this area.

The objective of the study is to highlight the results of determining the transverse dynamics
and the strength of a container with sandwich panel walls when transported by rail. To achieve
the objective the following tasks were set:

• to substantiate the structural solutions to make the container sidewalls of sandwich panels;

• to determine the transverse dynamics of the container;

• to calculate the container strength.

2. The substantiation of the structural solution to make the container sidewalls of
sandwich panels
It is proposed to introduce sandwich panels as the components of container sidewalls to ensure
their strength. The sandwich panels are composed of two metal sheets with an energy-absorbing
material between them (figure 2). Such a solution will improve the strength of the container by
reducing its loading.

Figure 2. Sandwich-panel construction: 1 – metal sheet, 2 – energy-absorbing material.

Appropriate calculations were carried out to determine the thickness of the cover sheet of the
container. The cover sheets for each section were considered as thin-walled slabs with a width
of 6.058 m and a height of 2.591 m.

The sheet thickness was determined by the formula [10]:

δ =

√
P · 96 · (b2 + µ · a2) · a2 · b2

σ · π4 · (a2 + b2)2
, (1)

where P – the pressure acting on the sheet area; σ – the allowable stresses of the material of
the cover; a – the sheet width; b – the sheet height; µ – Poisson’s ratio; π – to constant, which
is equaled to 3.14.

On the basis of the calculations it was found that at [σ] = 210 MPa, µ = 0.28 (steel), the
transverse force value 0.6·Pk·g, where Pk – the carrying capacity of the container, the value
δ = 1.6 mm. Taking this into account, the thickness of the energy-absorbing layer can be taken
as 32.8 mm, based on the condition of maintaining the wall size within that of a typical container.
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3. The determination of the transverse dynamics of the container with sandwich
panel walls
To substantiate the use of sandwich panels in the sidewalls of the container, mathematical
modelling of its dynamic loading was carried out, provided that the container was placed on a
flat wagon at side rolling oscillations. The design diagram of the container placed on the flat
wagon is shown in figure 3.

Figure 3. The design diagram of the container placed on the flat wagon.

For this purpose, mathematical model (2) was formed.
IFM · q̈1 + cB · b · (sign(b · q1)) = FC ;

IC · q̈2 − g · (Mk · z2) · q2 = FFM + Ff − c · b2 · (q2 − q3) − β · b2 · (q̇2 − q̇3);

If · q̈3 = FC − c · b2 · (q2 − q3) − β · b2 · (q̇2 − q̇3),

(2)

where IFM – the inertia moment of the flat wagon; cB – the stiffness of the springs of the
suspension group of the bogie; b – the half-width of the flat-wagon frame; FC – the moment
of forces occurring between the container and the flat wagon frame; IC – the inertia moment
of the container relative to the longitudinal axis; g – the free fall acceleration; Mk – the mass
of the container; z – the half-height of the container; FFW – the moment of forces occurring
between the flat wagon and the container; Ff – the moment of forces occurring between the
container and the freight; c – the stiffness of the energy-absorbing material; β – the viscous
resistance coefficient of the energy-absorbing material; If – the inertia moment of the freight;
q1, q2, q3 – the generalised coordinates that determine the movement of the flat wagon, container
and freight, respectively.

Mathematical model (2) was solved in MathCad at the initial conditions equalling zero
[11–13]. The model was reduced to the normal Cauchy form with a subsequent solution according
to the Runge-Kutta method [14–16]. On the basis of the calculation it was found that the
maximum accelerations to the container were 1.7 m/s2 (figure 4).

The value of the acceleration obtained was almost 5% lower than that to the container of
a typical design. The calculation was made at the stiffness coefficient of the energy-absorbing
material 1.5 kN/m and the viscous resistance coefficient 2.0 kN·s/m. These parameters were
determined by a sequential selection, provided that the accelerations were within the permissible
values.
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Figure 4. Accelerations to the container.

4. The strength calculation for the container with sandwich-panel walls
The resulting acceleration value was included in the strength calculation of the container. The
spatial model of the container was built in SolidWorks (figure 5). It included the structural
elements rigidly interacting with each other. The strength calculation was made in SolidWorks
Simulation with the finite element method. The Mises criterion was used as the calculation
criterion [17,18].

The viscoelastic connection in the sandwich panels that form the sidewalls was included as
the spring-damper connection by means of the software complex options (figure 6).

The design diagram of the container included the following loads (figure 7): vertical static
Pv, transverse Pt applied to the sidewall. The transverse loading included the pressure from
the freight (grain), as well as the dynamic loading. The dynamic loading was applied from the
container slope side.

The pressure from the freight to the container walls was determined with the Coulomb method
using Sinelnikov’s adjustment:

p = γ · h · cos 2 · (ρ− α)[
1 +

√
sin ρ·sin(ρ−α)

cosα

]
2 · cosα

, (3)

where γ – the volumetric mass of the freight; h – the container height; ρ – the angle of the
internal friction; α – the angle of inclination of the container (taken equal to about 6°).

Figure 5. 1CC container with sandwich-panel walls.
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Figure 6. Diagram of viscoelastic bonds in the container walls.

Figure 7. Calculation diagram of the container.

Figure 8. Stress state of the container.

When building the finite-element model of the container, spatial tetrahedrons were used. The
model consisted of 373575 nodes and 11119509 elements. The maximum element size was 80
mm and the minimal element size was 16 mm.

The model was secured by fittings. Steel 09C2Cu was used as the structural material [19,20].
The results of the calculation are given in figure 8.

The maximum stresses were recorded in the contact areas between the bottom side rail and
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the fitting stops; they amounted to about 180 MPa (stress in the external layer). The resulting
stresses were 6% lower than those in a typical container design.

The research conducted will be of value for those who develop recommendations for designing
advanced structures of modular vehicles and improving the efficiency of transportation.

5. Conclusions
The structural solution to make the container sidewalls of sandwich panels has been
substantiated. In this case, the thickness of the sheets that form the sandwich panel should
be 1.6 mm, thus ensuring their strength. The thickness of the energy-absorbing layer can be
taken as 32.8 mm, while observing the wall size within that of a typical container.

The research deals with determination of the transverse dynamics of the container with
sandwich-panel walls. The maximum accelerations on the container are 1.7 m/s2. The value
of the acceleration obtained is almost 5% lower than that acting to the container of a typical
design. The calculation is made at the stiffness coefficient of the energy-absorbing material 1.5
kN/m and the viscous resistance coefficient 2.0 kN·s/m).

The research also includes the strength calculation for the container with sandwich-panel
walls. The results of the calculation show that the maximum stresses occur in the contact areas
between the bottom side rail and the fitting stops; they are equal to about 180 MPa. It should
be noted that the resulting stresses are 6% lower than those occurring in a typical container
design.
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Abstract. The article provides the results of determining the thermal stress state of the
composite brake pad of a wagon. The research is made by means of computer simulation with
the finite element method using the SolidWorks Simulation options. The design diagram of
the pad includes not only the horizontal loads due to its pressing to the rolling surface of the
wheel and the friction force, but also the temperature impact taken equal to 400°C. Since the
composite material of the pad is fragile, the Mohr–Coulomb criterion is used as a calculation
criterion. It has been found that the maximum stresses occur in the upper part of the pad in
the contact area between the back plate and the side plate and do not exceed the permissible
values. The article presents the results of the calculation of the thermal stress state of the
pad with dual wedge-shaped wear. The study includes the actual parameters of the pad wear
determined during operational research. The results of the calculation show that the maximum
stresses occur in the back plate of the pad and exceed the permissible values by 19.8%. This
is explained by the fact that the useful area of the pad decreases, and therefore its loading
increases. The research conducted proves the negative impact of dual wedge-shaped wear on
the braking efficiency and the strength of the brake pad. This requires development of measures
for eliminating this wear.

1. Introduction
The rapid development of the rail industry is accompanied by an increase of the train speed
and the axle loading, the need to improve the structures and materials for the rolling stock, an
increase in the tare load ratio of rail cars, etc. [1]. In this regard, friction materials used in the
railway industry, in particular, for braking systems, should provide a fixed friction coefficient
and low wear at various operational (speed, temperature, pressure) and environmental (noise,
extreme weather) conditions.

The violation of the operational requirements causes an increased wear of brake pads
(figure 1), and therefore, in operation brake shoes can be used for braking. This certainly
leads to damage to the rolling surfaces of the wheels and directly affects the train traffic safety.

Therefore, in order to prevent abnormal wears of brake pads, including dual wedge-shaped
wear, it is advisable to develop requirements and devices that will ensure the uniform wear of
brake pads so that they can serve during the whole repair-to-repair period at depots. This makes
it possible to dispose of such brake pads with a minor portion of the working composite mass
remaining and save hundreds of thousands of hryvnias for Ukrainian Railways or industrial
enterprises with their own freight rolling stock, so that they will purchase brake pads and
significantly reduce operational costs.
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(a) (b)

Figure 1. Consequences of abnormal wear of composite brake pads: (a) damaged brake shoe
with wire instead of the key, used for braking without a pad; (b) part of the damaged pad
remaining in the brake shoe.

The issue of traffic safety of freight trains is quite relevant and depends on many factors
including the technical condition and the loading of structural components of their brakes. In
study [2], for example, the authors analyse stresses and temperatures occurring in the brake
pad by applying SolidWorks. They propose an alternative solution to use a composite based on
modified alkyl benzene resin to increase the friction coefficient.

Koptovets et al [3] provides the results of testing on freight rolling stock of industrial
transport in terms of the efficient braking, as well as structural and dynamic analysis of the
brake mechanism. It includes the determination of the type and parameters of the empirical
dependence between the friction coefficient of the brake pad on the rolling surface of the wheel
and the braking speed, as well as the determination of the kinetic characteristic of the brake for
freight rolling stock of industrial transport. However, the authors did not take into account dual
wedge-shaped wear of the pads of wagons, which very significantly affects the braking efficiency
of industrial transport.

Kiss et al [4] presents a new friction material for brake pads, which affects the service life
of the wheels of rolling stock. Particular attention is paid to the problems related to the use
of modern brake materials and their influence on thermal and mechanical properties during the
transmission of loading to railway wheels when braking.

Muradian et al [5,6] presents the results of operational research into the assessment of factors
causing defects of thermal origin on the rolling surface of the wheel pair when interacting with
composite brake pads. To prevent such defects, the authors propose using composite pads with
metal inserts that will reduce their wear. During the inspection of the brake equipment of the
freight train, various malfunctions of the mechanical and pneumatic parts of the brakes were
detected; the inspection of the brake pads demonstrated that their wear was wedge-shaped due
to touching the upper end against the rolling surface. However, the works do not describe the
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impact of dual wedge-shaped wear on the strength of brake pads and braking efficiency.
Mazur et al [7] analyse the operational quality indicators of cast-iron and composite brake

pads used on various types of rolling stock. The study describes some negative factors of
composite pads and explains how they affect the environment and cause damage to rolling
surfaces of wheels of rolling stock.

A lot of studies on the use of composite brake pads for rolling stock are dedicated primarily to
the issues of traffic safety and environment protection. Therefore, the reduction in operational
costs for the railway industry often means that brake pads are considered as a product that is
often purchased at the lowest price if it performs satisfactorily. However, this may not imply
the lowest operating costs, and the choice of friction material may have a direct impact on the
service life of the wheel, the replacement of which is usually much more expensive than that of
other car assemblies [8].

Mazur and Sirenko [9] compare the quality indicators and performance characteristics of
cast-iron moulded and composite brake pads on the basis of publications overview. They also
describe some disadvantages in using composite pads, such as, low thermal conductivity, which
causes a thermal impact on the rolling surface of the wheel of rolling stock. This leads to an
increase in the maintenance costs for wheel pairs. Another significant disadvantage is the fact
that the manufacturing specifications, standards and technical documents do not include the list
of components of the rubber mixture and their chemical composition; it contradicts the current
legislation of Ukraine and makes it impossible to control these substances. However, the article
does not mention the expenses caused by abnormal wear of composite brake pads, which can
occur during movement of freight rolling stock when brakes are not applied.

Sharma et al [10] describe various friction braking devices used to reduce the resistance of
movement. It is noted that friction brake mechanisms, in which composite brake pads are used,
adversely affect the rolling surface of the wheel due to very high temperatures in the pad-wheel
friction area, so preference is given to disc brakes.

Some scientists focus on studying disc brakes, calculating the strength of their elements,
monitoring their operation, as well as calculating temperature modes for some parts of brake
systems used for rolling stock [11, 12]. When friction brakes are applied, thermal energy is
generated in the contact area of tribotechnical bodies; this energy is dissipated by forced
convection, conduction and radiation from the exposed brake surfaces rotating during the train
movement. Day et al [13,14] state that overheated tribotechnical pairs can cause failures in the
brake system, thus it can lead to violation of traffic safety. In this regard, significant theoretical
research is being done to reduce the temperature during braking according to movement speeds
and brake disc designs.

Other studies [15,16], aimed at introducing modern materials into the design of tribotechnical
units, substantiate the effectiveness of their application in modern rolling stock; this makes it
possible to increase the speed of movement, the axial load, the efficiency of the brake system,
etc. But, at the same time, there are a number of problems associated with abnormal wear of
brake pads in wagons that need to be solved. And the problems associated with wear of brake
pads and wheels of freight rolling stock actually exist [17]. In this regard, the work related to
improvements of the lever transmission elements of wagons to protect the movement of freight
trains by increasing the efficiency of their brakes is being carried out.

The analysis of literature allows us to conclude that the issues of dual wedge-shaped wear of
composite brake pads used in the brake systems of bogies in Ukraine at present are relevant and
require research and development.

The objective of the research was to determine the thermal stress state of the composite
brake pad used for a wagon at operational loads. To achieve this objective the following tasks
were set:

• to investigate the thermal stress state of the composite brake pad with rated parameters;
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• to investigate the thermal stress state of the composite brake pad with dual wedge-shaped
wear.

2. The research into the thermal stress state of the composite brake pad with
rated parameters
The thermal stress state of the brake pad at operation loading modes was determined using
the strength calculation. It was carried out with the finite element methods in SolidWorks
Simulation [18].

A composite brake pad 2TP-11 was chosen as the prototype. The main characteristics of the
pad are given in table 1.

Table 1. The main characteristics of the brake pad.

Parameter Measurement unit Value

Overall dimensions
– width mm 80+2

−1
– thickness mm 65+5

−1.5
Mass
– for asbestos pad kg 3.15±0.2
– for asbestos-free pad kg 3.2±0.25

The spatial model of the pad was built in accordance with its album of drawings in SolidWorks
(figure 2). The finite-element model of the pad was built with spatial isoparametic tetrahedrons
with four Jacobian points (figure 3). The optimal number of elements of the model was
determined by the graphoanalytic method. The mesh was based on the curvature. The number
of elements in the mesh was 2829, and nodes – 12219. The maximum element size of the mesh
was 15 mm and the minimal element size was 6.2 mm. The number of elements in the circle
was 9. The element size gain ratio was 1.6.

The model was fixed by the back plate in the area adjacent to the shoe. The material of the
pad was composite with linear elastic orthotropic properties. At the same time, the compressive

Figure 2. Spatial model of the brake pad. Figure 3. Finite-element model of the brake pad.
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strength of the material was taken equal to 15 MPa, and the tensile strength was taken close to
zero.

The design diagram of the pad is shown in figure 4. It included the horizontal load PH to
the working part of the pad, the value of which was taken according to the operational mode
of the air distributor: 41.69 – freight mode; 34.34 – medium mode; 17.5 kN – empty mode [19].
Also, the model included the friction force PFR determined by the formula:

PFR = PH · µ, (1)

where µ – the friction coefficient (µ = 0.34...0.65).
The authors took into account the average value of the friction coefficient µ = 0.5.

Figure 4. Design diagram of the pad.

It’s worth noting that the pad suffered the temperature load during braking. The temperature
on the rolling surface of the wheel in operation could be determined using the analytical
expression [20]:

∆τn =
qT
α0

·
[
1 − e

− 2·α0√
π·λ·γ·c ·

√
t·
(
1− 2

3
· t
tB

)]
, (2)

where qT – the density of heat flux, kcal/(m2 · °C); α0 – the coefficient of heat transfer to the
environment; λ – the thermal conductivity coefficient, kcal/(m2 · °C); γ – the specific weight,
kN/m3); c – the specific heat capacity, kcal/(kgf · °C); tB – the braking time until a complete
stop, s.

The highest temperature during braking on the wheel surface was reached in the middle of
this process t = 0.5 · tB:

∆τnmax =
qT
α0

·
[
1 − e

−0.9433· α0√
π·λ·γ·c ·

√
tB
]
. (3)
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The temperature on the surface of the wheel when the train stopped was t = tB:

∆τnK =
qT
α0

·
[
1 − e

−0.667· α0√
π·λ·γ·c ·

√
tB
]
. (4)

The temperature as it was set during braking (at a constant speed):

∆τn∞ =
qT
α0

·
[
1 − e

−2· α0√
π·λ·γ·c ·

√
tB
]
. (5)

The following input parameters were used in the calculation: qT = 25.8 kcal/(m2 · °C);
α0 = 0.03; λ = 2 · 10−4 kcal/(m2 · °C); γ = 2.2 · 103 kN/m3; c = 0.28 kcal/(kgf · °C);
tB = 120 s.

By analysing dependencies (2) – (5), can conclude that the temperature on the pad surface
was constantly changing by braking time. Therefore, when calculating the strength of the pad,
the maximum allowable value of the temperature load PT was taken into account. This load was
applied to the working surface of the pad (figure 5) and was taken equal to 400 °C. The effect
of this temperature on the pad material was estimated by introducing a coefficient of thermal
expansion of 4.1 · 10−6 K−1 for the material.

Figure 5. Diagram of the temperature loading applied to the pad.

Since the material mentioned had a small tensile strength and no yield strength, the strength
calculation was made according to the Mohr–Coulomb criterion, i.e., the theory of internal
friction. It is known that this criterion predicts failures if the simultaneous action of the
maximum principle tensile stress and the minimum principle compression stress exceeds the
appropriate stress limits [19].

In the case of a uniaxial stress state, the law of strength had the form [21]:

τ ≤ (σ − U) · tgϕ+ c, (6)

where τ and σ – the tangential and normal stresses acting at some point of the base; U – the
pressure in the pore liquid; ϕ – the internal friction angle, c – the specific adhesion.
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For the case of the spatial state, the formula took the form:

σ1 − σ3
σ1 + σ3 + 2 · c · ctgϕ

≤ sinϕ; (7)

σ1 > σ2 > σ3, (8)

where σ1, σ2 and σ3 – the principal stresses.
In accordance with this criterion, failures were predicted in the following cases:

• the principal tensile stresses were greater than zero σ1 > 0 and σ3 > 0 . In this case, the
failure criterion was taken into account if the principal stress exceeded the boundary tensile
stress, i.e. σ1 > σ;

• the principal compression stresses were less than zero σ1 < 0 and σ3 < 0. In this case,
the failure criterion was taken into account if the admissible principal stress exceeded the
boundary compression stress, i.e. σ1 > σ;

• the principal tensile stress was σ1 > 0, and principal compression stress was σ3 < 0. The
failure criterion in this case was:

σ1
σ

+
σ3
σs

> 1; (9)

The results of the calculations are given in figures 6 – 8.
By analysing the results obtained, we can conclude that the maximum stresses occur in the

upper part of the pad in the contact area between the back plate and the side plate; they amount
to 14.9 MPa and do not exceed the permissible values (15 MPa [22]).

3. The research into the thermal stress state of the composite brake pad with dual
wedge-shaped wear
The strength of the brake pad was calculated and its dual wedge-shaped wear was taken into
account. The calculation was made for the composite brake pad with dual wedge-shaped wear
used for the wagon with a mileage of 63400 km. According to the measurements (figure 9, a), the

Figure 6. First principal stress in the pad. Figure 7. Second principal stress in the pad.
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Figure 8. Third principal stress in the pad.

(a) (b)

Figure 9. General view of the composite brake pad with dual wedge-shaped wear: (a)
measurements of the geometric parameters of the pad to determine abnormal wear; (b) spatial
model.
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pad had the following abnormal wear characteristics: thickness at the upper end ∆U = 10 mm;
thickness along the borderline of the plates ∆BL = 27 mm; thickness at the bottom end
∆B = 20 mm and length of harmful abrasion at the top of the pad lH = 85 mm.

The design diagram of the pad included the loads identical to those shown in figure 10 and
figure 11.

The finite-element model of the brake pad with wear consisted of 5429 elements and 24502
nodes (figure 12). The maximum element size of the mesh was 12 mm and the minimal element
size was 2.4 mm. The number of elements in the circle was 9. The element size gain ratio was

Figure 10. Design diagram of the pad with
wear.

Figure 11. Diagram of the temperature load
applied to the pad with wear.

Figure 12. Finite-element model of the brake pad with wear.
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Figure 13. First principal stress in the pad
with wears.

Figure 14. Second principal stress in the pad
with wears.

1.6.
The results of the calculations are given in figures 13 – 15. The maximum stresses were

recorded in the back plate of the pad and amounted to 18.7 MPa (third principal stress); they
exceeded the permissible values by 19.8%.

The distribution of stresses along the upper part of the brake pad is shown in figure 16.
The graph presents the stresses by module. Their numerical values were determined using

the probing option in SolidWorks Simulation. From this figure it can be concluded that the
maximum stresses occur at a height of 135 – 140 mm from the top of the pad.

4. Conclusions
The research deals with the thermal stress state of the composite brake pad with rated
parameters. It has been found that the maximum stresses (third principal stress) occur in
the upper part of the pad in the contact area between the back plate and the side plate; they
amount to 14.9 MPa and do not exceed the permissible values (15 MPa). The maximum stress
distribution in the pad is explained by the fact that the frictional force is taken as upward in
the calculation. When pointing it downward, which may be typical for the opposite triangle of
the bogie, the dislocation of the stresses is opposite to the resulting loading diagram.

The research includes the thermal stress state of the composite brake pad with dual wedge-
shaped wear. The maximum stresses occur in the back plate of the pad and amount to 18.7
MPa (third principal stress); they exceed the permissible values by 19.8%. This is explained by
the fact that the useful area of the pad decreases, and, accordingly, its loading increases.

The research conducted proves the negative impact of dual wedge-shaped wear not only on
the braking efficiency, but also on the strength of brake pads. This requires the development of
measures aimed at eliminating this wear.
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Figure 15. Third principal stress in the pad with wears.

Figure 16. Distribution of stresses along the upper part of the brake pad.
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Abstract. Review and Justify use of new alternative way of gold ore transportation on
high altitude mining operations in Kyrgyzstan in prime purpose of the study. Glaciers of
Kyrgyzstan are main source of fresh water supply in Central Asia. Local ecosystem preservation
is important part of metal mining in Kyrgyzstan and specific needs of nomads should be taken
in the account. Novelty of study is preliminary assessment of mine in Kyrgyzstan for potential
gravity energy by loading and dumping point’s GPS coordinates are taken on site and review
of appropriate technologies for ore transportation in order to reduce carbon emissions. Aerial
ropeway specific energy consumption formula and recuperating ropeway system from previous
studies are reviewed and used in study. Improvement of existing mine operations by improving
transportation practices should be further studied. The design and maintenance of haul roads
may allow to reduce diesel fuel consumption by 10% and more. Preliminary potential energy
for recuperation by aerial ropeway application in Jerooy and Jamgyr gold mines of Kyrgyzstan
are identified. Energy recuperating aerial ropeway system with fuel cells can be strategically
long-term preferred solution for mines in Kyrgyzstan located in high altitude.

1. Introduction
About 45% of all glaciers in Central Asia are situated on the territory of Kyrgyzstan. They
are the major source of water-supply for rivers, and forecasts of their condition are of particular
concern due to the effects of global climate change. Glaciers and snowfields on the mountain tops
are of great importance in the regulation for water supply and regulation of natural features
of the region. There are 8200 glaciers with total area of 8169, 4 square kilometers within
Kyrgyzstan, occupying 4.2% of the country. Water resources of the glaciers of Kyrgyzstan are
estimated at 650 km3 [1].

17 deposits gold deposits are on the state balance nowadays which are: Kumtor,
Jerooy, Jamgyr, Makmal, Soltonsary, Terekskoe, Kuru-Tegerek, Taldybulak Levoberezhny,
Kurandzhailyau, Terekkan, Terek-Mezhplastovoe, Mironovskoe, Abshyr, Ishtamberdy, Dolpran,
Perevalnoe, Chalkuiryuk-Akdzhylga. Officially registered reserves of gold are 1055.256t [2].

As 90% of country territory is located in mountain landscape. Number of gold deposits
located above 3000 meters above sea level on visible proximity to glaciers and significant snow
walls. Lower hills and valleys are valuable assets for local nomad for cattle and crop farming.
Mineral mining in mountain countries like Kyrgyzstan typically has advantages that processing
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plants can be located bellow mine. This opens opportunity to use potential gravity energy of
gold ore are being transported down to processing plant. The main purpose of this paper is
to review and evaluate the latest technologies to reduce carbon emission to reduce impact of
mining operation to environment.

According to the International Energy Agency mining companies should reduce their carbon
emissions by 58% by 2050 compared with 2010 [3]. Meeting this target is going to be the big
challenge considering that demand for minerals is growing as the population is growing. The
globe is running out high grade deposits and mining low grade ore means task to move more
tonnage to longer distances and increase mineral mining at remote locations such us mining in
mountains at high altitude.

Nowadays there are solutions for significant reduction of carbon emission while transportation
of materials from equipment manufacturers are available. Assessment of running mining
operations for emission reduction opportunities must be one of the key elements in this initiative.
As transportation costs can take 40-60% of overall mining costs improvement of haul road design
and maintenance can reduce consumption diesel fuel and as well. If the rolling resistance is
higher than that used during mine planning, the trucks are unable to achieve the expected
productivity [4].

There are 4 types of hybrid technology under study by developers: 1. Battery
hybrid powertrain; 2. Supercapacitor hybrid powertrain; 3. Hydraulic hybrid powertrain;
4. Compressed-air hybrid powertrain. The power saving of mining hybrid haul truck studied by
Chun Jin and others in 2019 [5]. Recycling of lithium batteries are studied by Rahman and Afroz
in 2016 [6]. Hydro-Pneumatic Energy Storage System for Hybrid Mining Trucks was studied by
Yi and other in 2022 [7]. Niuric and others studied the trolley assist diesel-electric AC trucks in
2009 [8].

Mtu Rolls-Royce engineers’ states 220 tonnes payload mining haul truck traveling downhill
potentially can recuperate 22% of energy and on loaded downhill application up to 54% of energy
can be recuperated. Fuel performance simulation on 220 tonns payload truck shows 29% less
green-house gas emission for factory installed hybrid system [9].

The foregoing allows us to conclude that the research for alternative types of transportation
of mining material in the development of high-altitude deposits is an actual problem.

The purpose of this research was to find and justify an alternative method of transporting
minerals in the high-mountain mines of the Kyrgyz Republic, providing a reduction in energy
consumption, a reduction in emissions of harmful gases, and an improvement in the technical
and economic indicators of transportation of minerals.

Based on the analysis of existing operations in high-altitude mines, two technological schemes
for transporting ore were selected for further study: the use of aerial ropeway and the use of
dump trucks with diesel drives.

At the same time, the following main tasks were solved: ensuring cheaper transportation
of ore, saving expensive diesel fuel, improving the environmental situation (reducing harmful
emissions).

1.1. Related works
Climate change [1] and greenhouse gas emission assessment [10] is vital aspect of further
development of energy profile [11] and mineral resource industry of Kyrgyzstan [2]. As
transportation of materials is one of the main cost structures of mining operation decarbonization
of this process [3] has strategical importance. Improving haul road maintenance and design [4]
can be the first action to be considered by miners in their decarbonization plans. Mining trucks
widely used in open pit mines have the potential to recover around 30% of potential energy [5] by
hybrid trucks technologies. Increasing lithium battery capacity and availability makes feasible
use of hybrid and electric trucks in mining industry [12]. Recycling of lithium batteries has
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great meaning for sustainable resource saving initiative. More than 90% of Cobalt (Co) can be
extracted from composition of CoSO4 [6]. Novel energy storage technologies for hybrid trucks
is being studied such us the hydro-pneumatic hybrid truck with optimized scheme reduces its
fuel consumption and carbon emission by 23.57 kg/day and 72.12 kg/day respectively compare
with reverse dragging scheme [7]. For any open pit mines dipper than 150 meters trolley assist
diesel-electric mining trucks can be seriously considered [8]. 54% of potential energy can be
recuperated on system introduced by Mtu Rolls-Royce [9]. For mine located on mountain
terrain conditions aerial rope way can be long term solution. Self-propelled wagons as one of
the possible solutions [13] to increase productivity of rope ways can be considered depending on
mine’s conditions. Recuperation of potential gravity [14] energy can further increase return on
investment in aerial rope ways in Kyrgyzstan mines.

1.2. Purpose
Transportation costs may reach 50-70% of overall mining costs. The present work aims to study
status of ore transportation from mine sites to processing plans in mines located in Kyrgyzstan
at high altitude mountain conditions and possibility to use alternative technologies in order to
reduce costs of transportation as well as carbon emission and impact to environment.

To achieve this goal study covers two areas:

1. Review and asses modern alternative technologies for application on mine sites of
Kyrgyzstan.

2. Identify potential energy and carbon emission savings while application various
transportation technologies.

2. Research methodology
When conducting research, a comprehensive methodology was used, including the analysis of
literary sources, the experience of mining operations in high altitude mountains, the study of
the terrain of the Jerooy and Jamgyr mines of the Kyrgyz Republic, a technical and economic
assessment of the proposed new technological and economic solutions.

The technology of transporting mining material by dump trucks with a diesel drive was
adopted as the base for the research. As alternative schemes, the transportation of rock mass
by aerial ropeway.

2.1. Methodology and analysis
Aerial ropeway application can be optimal solution for miners in Kyrgyzstan as long terms
solution. It can help to reduce impact to glacier ecology and wildlife as well as increase safety
for personal. Jerooy and Jamgyr gold mines have significant energy recuperation potential as
ore processing plants are located at lower altitude than mine sites.

Table 1 shows the ore loading and dumping point’s GPS locations that were taken on site.

Table 1. Ore loading and dumping points of Jerooy and Jamgyr mine sites.

Locations Title Jerooy mine data Jamgyr mine data
Coordinates Altitude Coordinates Altitude

Loading point – A h1 42◦17’32”N 3150 m 42◦11’13”N 3240 m
72◦45’34”E 71◦32’59”E

Dumping point - B h2 42◦23’34”N 2062 m 42◦10’32”N 2988 m
72◦43’34”E 71◦31’45”E
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Table 2 shows potential energy data for related mine sites.

Table 2. Annual potential enegry data of Jerooy and Jamgyr mine sites.

Parameters Title Units of Jerooy Jamgyr
measure mine value mine value

Ore transportation target per year m tonnes 1 300 000 150 000
Height of transportation H meter 1088 252
Acceleration of gravity g meters per second 9,81 9,81
Potential energy E Mega Joules 13 875 264 370 818

Potential energy is calculated by formula (1):

E = mg(h1 − h2). (1)

2.2. Calculation methodology of energy consumption of ropeway
Specific energy consumption is the amount of energy consumed by a ropeway for transporting
cargo. The specific energy consumption of the ropeway can be calculated by formula (2) [13].
Specific energy consumption for traditional design (with haul rope)

eHR = 2

(
1 + km +

qTλ

m1

)
(fL+H) g, (2)

where km is the wagon loading coefficient, km = m0/m1; qT is the distributed load taking into
account the weight of rope and wagons; λ is the wagon hanging spacing; m1 is the total weight
of cargo; f is the resistance factor of wagon movement and haul rope; L is the track length in
the plan; g is the acceleration of gravity; m0 is the wagon weight (empty).

Specific energy consuption for ropeway carriyng loaded wagons down the hill can be calculated
by formula (3):

eHR = 2

(
1 +

m0

m1
+

qTλ

m1

)
(fL+H) g. (3)

3. Results and discussion
Jerroy and Jamgyr mine operations demonstarate sugnificant potential for energy recuperation.
It is importante to evaluate ways to recuperate potential gravity energy and store it.

Figure 1 describes the way recuperative cableway system with fuel cells works [14]. Unit (10)
serves for transportation of the load using a skyline (1), mainly for skidding, which uses gravity
of the carriage and load to run an electric generator (8) with the help of a winding device (3)
and a clutch (5), and voltage from electric generator (8) helps electrolysis of water in fuel cells
(10), where oxygen and hydrogen and produced, and consequently they synthesize in fuel cells
(10) into water when pulling an carriage up the hill, and at the same time, voltage is produced,
and it is transmitted through the switch (13) into an electric motor (9), it runs the winding
device (3) using a clutch (6) and it helps to move the carriage down the hill.

The recuperative cableway system with fuel cells can be a practical solution to recuperate
energy of cargo traveling down the hill. As Lithium-Ion batteries become widely available at
reasonable cost they can can be used as fuel cells in mentioned solution to store recuperated
energy. Recycling of Lithium-Ion batteries are very important issue for environment. Recovery
of valuable metals from used Lithium-Ion batteries are studied by Wang et al [12].
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Figure 1. The recuperative cableway system with fuel cells.

The system for transportation of the load, mainly for downhill storage (1), is characterized
obtaining energy for the system running from fuel cells (10).

According to claim 1, the system is characterized by the winding device (3) is connected
with the electric generator (8) connected with fuel cells using electric conductors in the phase
of gravitational approaching.

The system is characterized by that the fuel cell (10) is connected by electric conductors
with the electric motor (9), which is connected to the winding device (3) in the phase of moving
carriage down the hill.

Results of cycle timing study on site displayed productivity and CO2 emission estimation
because of common way of ore transportation by diesel engine driven truck on one of the gold
mines in Kyrgyzstan (table 3).

CO2 emission calculated by formula (4) [10]:

CO2(t) =
∑

V K, (4)

where K is the Diesel fuel burn CO2 emission coefficient CO2 EF kg CO2/l – 2.65; V is the
Diesel fuel consumption.

Performance of arial ropeway implemented in Cerattepe copper mine in Turkiye described
in [15]. Diesel equivalent consumption is estimated as per ration of 0.88 US gallons per 37.95
kWt/hour (table 4).

Specific equivalent fuel consumption of aerial ropeway per one ton at Cerattepe mine in 0.6
liters per ton. Whereas the same parameter for diesel driven dump truck is 2 liters per ton.
Thus, CO2 emission with aerial rope way is 3.3 times lower from fuel consumption point of view.
Study does not consist of CO2 emission and energy consumption for auxiliary processes such as
maintenance and repair of equipment and haul road and ropeway.

The mining industry is increasing its electrification processes to meet global demand to
reduce carbon emissions. As per International Energy Agency Kyrgyzstan has around 90%
of total electricity generation in hydro-based making it one the county with highest shares of
renewable electricity in the world. However only about 10% of hydro energy potential has been
developed [11].
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Table 3. Site performance results of ore transportation by on-high way truck in gold mine in
Kyrgyzstan.

Parameters Units of measure Value

Payload of truck tonnes 25
Engine power kWt 295
Distance kilometer 35
Average time per trip hour 2.75
Average fuel consumption per trip liter 50
Productivity per truck tonnes per hour 9.09
Fuel consumption liters per hour 18.18
Average operating time motor hours 6500
Annual CO2 emission kilogram 311968.8
Horizontal length on plan meters 11749
Vertical fall meter -1088
Established power per produced ton kWt per tons per hour 32.45
Specific fuel consumption liters per ton per kilometer 2

Table 4. Performance of arial ropeway implemented in Cerattepe copper mine.

Parameters Units of measure Value

Productivity tonnes per hour 60
Motor power kWt 414
Horizontal length on plan meters 4471
Vertical fall meters -1515
Established power per produced tonn kWt per tons per hour 6.9
Equivalent of diesel fuel consumption liter per hour 36.38
Specific equivalent fuel consumption liter per ton 0.6

4. Conclusions
In this research various drive systems of transportation technologies and their performance in
open mine operations located in high altitudes in Kyrgyz Republic.

Main results and conclusions are in following:

1. Analyses of operational performance of aerial ropeway and diesel driven dump trucks shows
that aerial ropeway in 3.3 times more energy efficient. Transportation path on aerial
ropeway is 3-7 times shorter in compare with haul road for dump trucks operation.

2. Cycle timing study on various mines shows that equivalent diesel fuel consumption of aerial
ropeway in high altitude mine conditions can be only 0.6 liters per ton, for transport systems
with diesel driven dump truck can reach 2 liters per ton.

Considering amount of renewable energy share in electricity generation of Kyrgyzstan use of
aerial ropeways in mining can be significant contribution to environment and local ecosystems.
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Abstract. The model of before- and intrahepatic blockage of the portal system was proposed.
Modeling of before-hepatic blockage of the portal system after development of toxic liver
dystrophy lead to formation of the liver cirrhosis with stable portal hypertension. Gastritis with
signs of hyperplastic and atrophy processes of the mucosa, formation of erosia, inflammatory
infiltration of intermediate tissue and rebuilding of the glandulae were the basis of morphological
changes of gastric mucosa in rats with experimental before- and intrahepatic portal blockage.
Transformation of the cardiac mucosa with expressed polymorphism occured in the patients with
the portal liver cirrhosis. Dystrophic and necrobiotic changes typical of hepatic gastropathy with
signs of acute or chronic gastritis, formation of inflammatory infiltrates and rebuilding of the
cardial mucosa into intestinal type were established microscopically. It is possible to believe
that a widening of the veins leads to venous hyperemia and stasis in the portal hypertension.
Therefore the morphology of the gastric mucosa was disturbed. It was accompanied bythe
indurate changes and cellular destruction with erosia formation. These erosia may be a cause of
rupture of the gastric mucosa in strong vomiting in Mallory-Weiss syndrome. This hypothesis
needs clinic and experimental study in the future.

1. Introduction
In economically developed countries, cirrhosis of the liver is one of the six main causes of death
in patients aged 35 to 60 years. Geographic features of mortality from cirrhosis among men and
women are similar [1].

Significant geographic differences in the incidence and mortality of liver cirrhosis are observed
in developing and developed regions of the world. This is due to the different level of the economy
and the development of medicine [2].

Globally, an estimated 58 million people have chronic hepatitis C virus infection, with about
1.5 million new infections occurring per year [3].

One of the goals of sustainable development in Ukraine is good health and well-being to
ensure healthy lifestyles and promote well-being for all, regardless of age. To solve this goal,
one of the tasks is to reduce the premature mortality of the population by a quarter, including
through the introduction of innovative approaches to the diagnosis of diseases [4].

Therefore the actuality for clinical and experimental researches of etiopathogenetic
mechanisms of development and elimination of liver diseases and their complications. The
basis of experimental research is working out the methods of the liver cirrhosis modeling, acute
and chronic liver insufficiency developed with before, and intrahepatic portal blockage.
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The known methods of modeling of before-hepatic blockage of the portal system include the
ligation of the portal vein and its intrahepatic branches or to apply cuff on the portal vein
decreasing its diameter [5, 6]. The animals die in hours after ligation of the main trunk of the
portal vein, and in days (4 – 10) after ligation of its branches. The cirrhotic changes in the
liver have no time to appear [6,7]. It is not possible to apply muff on the portal vein for dosage
change of its diameter for small laboratory animals (rats). The portal hypertension developed
in such method of modeling in dogs after some months [6]. Opie [8] proposed to model the

Figure 1. The liver acquired a view of Muscat in the 20th day of experiment.

Figure 2. Liver cirrhosis formation in the 30th day of experiment.
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intrahepatic portal blockage by injection of chloroform into the jugular vein in a combination of
injection of culture of E. coli. The liver cirrhosis developed in 23 days [6, 7].

The famous methods of modeling of before- and intrahepatic blockage of the portal system
have low reproduction, it is not possible to do it in small laboratory animals. It has some
technical difficulties and low economic effect.

Therefore the purpose of the research includes to elaborate some effective, easy reproductive
model of before- and intrahepatic blockage of the portal system. The main purpose of the
research was to study pathophysiological mechanisms of adaptation of the mucosa of the gastric
cardia to portal hypertension in experiment at rats and in patients.

2. Experimental procedures
The first step of the research was carried out in 20 healthy adult Wistar rats with weights
between 240 – 280 gram in period from September to December. Intrahepatic portal blockage
was modeled by intraperitoneal injection of Chloroform 0.5 ml/kg two times a week. Before-
hepatic portal blockage was modeled by injection of warm (40 – 5◦C) Glycerinum 0.1 ml/100
gram from 20th day after the beginning of Chloroform injection. The pressure in the portal
vein was measured by surgical polygraphe “Salyut” before and after Glycerinum injection, and
also for 20th, 25th and 30th days after the first Chloroform injection. Then the animals were
taken out of experiment. The preparations were fixed in 10% Formaline solution on phosphate
buffer pH 7.2–7.4 with the temperature +4◦C. Histological sections with thickness 10, 15 and 20
mkm were colored by Hematoxilin-eosin, described and photoed by digital photocamera Mustek
MDC-3000.

The pressure in the portal vein was measured and analogous histological researches of stomach
preparations were done in 5 false operated animals (the control group). A maintenance of the
animals including feeding, anaesthesia and euthanasia were carried out according to the rules
regimenting the experiments on animals.

The second step of the research was done in 20 preparations of the cardia of the gastric
mucosa in patients with the portal liver cirrhosis. The areas of the cardia of the gastric mucosa
were taken within 30–45 minutes after patient’s death. The preparations were fixed in fresh 10%
Formaline solution in phosphate buffer pH 7.2–7.4 at temperature +4◦C. Histological sections
with thickness 10, 15 and 20 mkm were colored by hematoxilin-eosin, studied under microscope,
described and photos made. The statistical analysis of results was done.

The experimental procedures outlined in this section were conducted in strict adherence to
a comprehensive set of ethical guidelines, including both international and national regulations.
We have provided a more detailed account of the ethical rules and procedures followed during
our experiments to ensure transparency and compliance with the ethical standards governing
research in Ukraine and internationally.

Our research was conducted in accordance with the regulatory requirements of Ukraine and
the norms widely accepted in international research practice. Specifically, we adhered to the
following ethical frameworks:

1. We conducted our research in compliance with the principles outlined in the ICH GCP
(International Conference on Harmonisation Good Clinical Practice) guidelines, which
ensure the ethical conduct of clinical trials and the protection of human subjects’ rights
and well-being.

2. We followed the principles set forth in the Declaration of Helsinki (2000), which provides
guidance on ethical research involving human subjects. This declaration emphasizes the
importance of informed consent, confidentiality, and the well-being of research participants.

3. Our research adhered to the provisions of the Council of Europe’s Convention on Human
Rights and Biomedicine, which addresses the ethical aspects of biomedicine and human
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rights, including the protection of personal data.

4. To protect the privacy and identity of individuals participating in our study, we employed
encryption identifiers for personal data in accordance with the Convention on the Protection
of Personal Data.

All patients who participated in our study provided written informed consent. We ensured
that participants were fully informed about the nature and purpose of the research, the
procedures involved, potential risks, and their right to withdraw from the study at any time
without consequences. Consent forms were used to document their voluntary agreement to
participate.

The experiments involving animals were conducted with the utmost respect for ethical
considerations. We followed established rules and regulations governing experiments on animals,
including:

1. The animals were provided with appropriate nutrition to ensure their well-being throughout
the experiment.

2. When necessary, anesthesia was administered to animals to minimize discomfort and pain.

3. Euthanasia procedures were carried out in strict accordance with ethical guidelines to
minimize any suffering experienced by the animals.

In addition to the aforementioned international guidelines, our research also adhered to
specific institutional policies and ethical review processes at our university and affiliated
institutions in Ukraine. These policies encompassed a range of ethical considerations, including
patient consent, animal welfare, and the handling of biological samples.

3. Results and discussion
The mean pressure in the portal vein was 58.6 ±6.72 mm H2O in rats of control group. The
mean pressure in the portal vein was 78.8 ±9.43 mm H2O on the 20th day after the experiment
began, 223.4 ±21.71 mm H2O on the 25th day, 244.0 ±20.56 mm H2O on the 30th day. The mean
pressure in the portal vein was 323 mm H2O on the 30th day. Weak relationship between an
increasing of the portal pressure and the experiment was revealed in the 20th day of experiment.
There was strong direct correlation on the 25th and the 30th day of experiment. The coefficient of
correlation and its range was 0.512 ±0.43 (p<0.1) for study of control data and data of the 20th

day experiment, 0.965 ±0.11 (p<0.001) for study of control data of the 25th day experiment,
0.981 ±0.17 (p<0.001) for study of control data and data of the 30th day experiment. The
strong direct correlation between an increasing of the portal pressure and term of experiment
was established in comparison data between series of experiment. The coefficient of correlation
and its range was 0.953 ±0.28 (p<0.001) for study of data of the 20th day and data of the
25th day experiment, 0.961 ±0.27 (p<0.001) for study of data of the 20th day and data of the
30th day experiment. The results of the 25th day experiment were correlated with the 30th day
experiment (0.615 ±0.45, p<0.05).

The changes in the liver parenchyma to be analogous to the toxic liver dystrophy was revealed.
The partial necrosis of hepatocytes was discovered, mainly in the center of lobes. There was
adipose dystrophy. The relief of the lobes was changed and absent in some parts of the liver.
The liver acquired a view of Muscat (figure 1). It may divide some areas of the liver tissue of
preserved lobulae in the 20th day of experiment, showed loss of its specific view (figure 2, 3).

In the 30th day of experiment some areas of the liver tissue with necrosis, adiposal distrophy,
disintegration of hepatocytes with formation of indefinite blockes appeared (figure 3). Areas of
increasing connective tissue were revealed. The cirrhosis began to form.

A view of superficial gastritis was established among the 80% of the rats in the 20th day
of experiment before Glycerinum injection. The epithelium loses its high-prismatic shape and
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stands more plain, the cytoplasm was pellucid. The nuclei pushed to the apical part of cell, were
different by size and color. Borders between the cells were indistinct.

In 50% of rats the changes were according to gastritis with disturbance of the glandulae
without atrophy. The glandulae and stroma were involved in process in these animals. There
was vacuolization of the cytoplasm, necrobiosis of the cells, widening of the glandulae gap. An

Figure 3. Expressed changes in the gastric mucosa in portal hypertension. 1 – sharply widening
vein with stasis and fibrinoid necrosis of the wall. Hematoxilin-eosin. x200.

Figure 4. Erosion (arrow) of the gastric mucosa above widening veins (1). Hematoxilin-eosin.
x50.
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intensive cell infiltration was revealed in terminal parts of the glandulae and intermediate tissue.
Basal membrane looked for thickening. Fiberous structures were increased in the stroma.

In 20% of rats changes were analogous to atrophic gastritis and thinning of the mucosa. The
glandulae were conserved in small islands among the connective tissue. There were changes in
the superficial epithelium and in the epithelium of the glandulae looking for intestinal metaplasia
was discovered.

A lot of animals had atrophic gastritis with thinning of the mucosa in the 30th day of
experiment. There were multiple erosia of the mucosa in 75% of cases. The submucosal level
was widened. The muscular plate of the mucosa had the areas of hypertrophy. The elastic fibers
were hyperplastic.

The changes of the vessels in the submucosal level were established. The veins were widened.
The epithelium was desquamoused above them. It led to formation of microerosia and erosia.
The walls of the veins were thickened. Tunica propria mucosae was oedematic. It had
hemorrhages and areas of polymorphic cell infiltration consisting mainly of neutrophills and
eosinophills. Thre was proliferation of histiocytes and fibroblasts. Besides there were plasmatic,
plump cells and lymphocytes in composition of the infiltrate.

The changes of the glandulae were oppression of formation of the mucus. the gap of the
glandulae was widened. There was an increase of fiberous structures in the stroma. The quantity
of the glandulae was decreased in any areas.

A death of smooth myocytes and substitution of them by the connective tissue were revealed
in areas of the inflammatory infiltrates of the muscular plate in the 30th day of experiment.
Sometimes the muscular plate was substituted by fibrous tissue. Hemorrhages into the mucosa
and the submucosa were discovered in areas of sclerosis of the tunica muscularis mucosae.

The varices of the gastric submucosal layer and atrophy of the mucosa above them were
revealed in 75% all the cases.

The sharply expressed changes of the vessels of gastric cardia were established in the patients
of portal hypertension. They manifested by widening, stasis, plasmatic saturation and fibrinoid
necrosis of the vessel wall (figure 4).

The desquamation of superficial epithelium was increased above widening veins. It was
resulted by formation of microerosion and erosion of different degree (figure 5). Microscopic
picture of such type erosion was not typical and depends on stage of the process and the depth
of occurrence of the blood vessels. The walls of the vessels were thick as a result of productive
vasculitis. There were oedema, hemorrhages and polymorphic cell infiltration in the tunica
propria mucosae. A zone of infiltration may be distributed into the submucosal and muscular
layers. The neutrophills and eosinophills composed the main part of the infiltrate. There were
a lot of lymphocytes, plasmatic and plump cells. A proliferation of histiocytes and fibroblasts
was revealed. The lymphocytes and plasmatic cells predominated in small infiltrates (figure 6).

The formation of mucus in the gastric glandulae occured unevenly in zone of inflammatory
infiltration. There were cells having significant amount of mucus granules and cells having
cytoplasm filled to overflowing of mucus. Some of them lose a connection with the basal
membrane and desquamated into the aperture of the glandulae. There was oppression of secret
formation in the glandulae epithelium (figure 7).

A combination of dystrophic changes of the glandulae, hyperplastic and atrophic processes in
the gastric mucosa with formation of erosia, an inflammatory infiltration of intermediate tissue
and changes of the glandulae are the basis of morphological changes of the gastric mucosa in the
patients with the portal liver cirrhosis. A cellular composition of the glandulae and a depression
of their fumctional activity were connected with dystrophic changes in the gastric mucosa.
Borders between the cells were indistinct. Nuclei looked like bubble with hyperchromatosis of
the nuclear membrane or piknotic (figure 8).
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Figure 5. Zone of inflammatory infiltration. Lymphocytes and plasmatic cells predominate.
Hematoxilin-eosin. x400.

Figure 6. Oppression of secret formation in the epithelium of glandulae in zone of inflammatory
infiltration. A part of glandular cell has no connection with the basal membrane, desquamation
into aperture of the glandulae (arrow). Hematoxilin-eosin. x200.
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Figure 7. Borders between the cells were indistinct. Nuclei looked like bubble with
hyperchromatosis of the nuclear membrane or picknotic. Hematoxilin-eosin. x400.

Figure 8. Polymorphic cell infiltration in the gastric holes of the tunica propria mucosae.
Transformation of the gastric mucosa into intestine type. Hematoxilin-eosin. x50.
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4. Conclusion
Results of the research allow to constant that it is necessary to create the complex effect for
reliable modeling of the liver cirrhosis. Weak expressed portal hypertension during formation of
model of the intrahepatic portal blockage was revealed. However such increasing of pressure
in the portal vein was not stable. A sharp increasing of the pressure in the portal vein
was established after modeling before-hepatic blockage of the portal system. Modeling of
before-hepatic blockage of the portal system after development of toxic liver dystrophic lead
to formation of the liver cirrhosis with stable portal hypertension. Gastritis with signs of
hyperplastic and atrophy processes of the mucosa, formation of erosia, inflammatory infiltration
of intermediate tissue and rebuilding of the glandulae were the basis of morphological changes
of gastric mucosa in rats with experimental before- and intrahepatic portal blockage.

Transformation of the cardial mucosa with expressed polymorphism occured in the patients
with the portal liver cirrhosis. Dystrophic and necrobiotic changes typical for hepatic
gastropathy with signs of acute or chronic gastritis, formation of inflammatory infiltrates and
rebuilding of the cardiac mucosa into intestinal type were established microscopically. It is
possible to believe that a widening of the veins leads to venous hyperemia and stasis in the
portal hypertension. Therefore the morphology of the gastric mucosa was disturbed. It was
accompanied by the indurate changes and cellular destruction with erosia formation. These
erosia may be a cause of rupture of the gastric mucosa in strong vomiting in Mallory-Weiss
syndrome. This hypothesis needs clinic and experimental study in the future.
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