—Nergy
oystems

RESearch

Volume 5 - Number 2 - 2022

Published by
Melentiev Energy. Systems Institute
Siberian Branch of Russian Academy of Sciences

Available online: esrj.ru



ISSN 2618-9992

Energy
Systems
Researc

Volume 5 * Number 2 » 2022

International scientific peer-reviewed journal
Available online: http://esrj.ru

Copyright © 2020 by Melentiev Energy Systems Institute of Siberian Branch of the Russian Academy of Sciences and individual
contributors. All rights reserved.


http://esrj.ru/
http://esrj.ru/
http://esrj.ru/

Energy Systems Research, Vol. 5, No. 2, 2022

About the journal

Energy Systems Research is an international peer-reviewed journal addressing all the aspects of energy systems, includ-
ing their sustainable development and effective use, smart and reliable operation, control and management, integration
and interaction in a complex physical, technical, economic and social environment.

Energy systems research methodology is based on a systems approach considering energy objects as systems with com-
plicated structure and external ties, and includes the methods and technologies of systems analysis.

Within this broad multi-disciplinary scope, topics of particular interest include strategic energy systems development at
the international, regional, national and local levels; energy supply reliability and security; energy markets, regulations
and policy; technological innovations with their impacts and future-oriented transformations of energy systems.

The journal welcomes papers on advances in heat and electric power industries, energy efficiency and energy saving,
renewable energy and clean fossil fuel generation, and other energy technologies.

Energy Systems Research is also concerned with energy systems challenges related to the applications of information
and communication technologies, including intelligent control and cyber security, modern approaches of systems anal-
ysis, modeling, forecasting, numerical computations and optimization.

The journal is published by Melentiev Energy Systems Institute of Siberian Branch of Russian Academy of Sciences.
The journal’s ISSN is 2618-9992. There are 4 issues per year (special issues are available). All articles are available
online on English as Open access articles.

Topics

*  Energy production, conversion, transport and distribution systems
* Integrated energy systems

*  Energy technologies

* International, regional, local energy systems

*  Energy system protection, control and management

*  Smart energy systems, smart grids

*  Energy systems reliability and energy security

»  Electricity, heating, cooling, gas and oil systems

*  Energy system development and operation

*  Demand-side management

*  Energy economics and policy

*  Renewable energy and clean fossil fuel based systems

» Distributed energy systems

*  Sustainable energy transitions

e System problems of power and thermal engineering

» Artificial intelligence in energy systems

*  Information and communication technologies in energy systems
*  Energy systems analysis and modelling

*  Computational methods and optimization in energy systems


http://esrj.ru/

Energy Systems Research, Vol. 5, No. 2, 2022

Editor-in-chief

Valery Stennikov,

Fellow member of Russian Academy of Sciences,

Director of Melentiev Energy Systems Institute SB RAS, Russia

Editorial board

 Valentin Barinov, JSC ENIN, Russia

 Sereeter Batmunkh, Mongolia

* Vitaly Bushuev, Institute of Energy Strategy, Russia

 Elena Bycova, Institute of Power Engineering of Academy of Sciences of Moldova, Republic of Moldova
» Gary Chang, National Chung Cheng University, Taiwan

» Pang Changwei, China University of Petroleum, China

» Cheng-I Chen, National Central University, Taiwan

* Gianfranco Chicco, Politecnico di Torino, Italy

* Van Binh Doan, Institute of Energy Science of VAST, Vietnam

 Petr Ekel, Federal University of Minas Gerais, Pontificial Catholic University of Minas Gerais, Brasil
* Ines Hauer, Otto-von-Guericke-Universitdit, Magdeburg, Germany

» Marija Ilic, Massachusetts Institute of Technology, Cambridge, USA

 James Kendell, Asian Pacific Energy Research Center, Japan

* Oleg Khamisov, Melentiev Energy Systems Institute SB RAS, Russia

* Alexander Kler, Melentiev Energy Systems Institute SB RAS, Russia

* Przemyslaw Komarnicki, University of Applied Sciences Magdeburg-Stendal, Germany

* Nadejda Komendantova, International Institute for Applied Systems Analysis, Austria

* Yuri Kononov, Melentiev Energy Systems Institute SB RAS, Russia

* Marcel Lamoureux, Policy and Governance Research Institute, USA

* Yong Li, Hunan University, China

 Faa-Jeng Lin, National Central University, Taiwan

* Alexey Makarov, Energy Research Institute RAS, Russia

* Lyudmila Massel, Melentiev Energy Systems Institute SB RAS, Russia

* Alexey Mastepanov, Oil and Gas Research Institute RAS, Institute of Energy Strategy, Russia
* Alexander Mikhalevich, Institute of Energy, Belarus

» Mikhael Negnevitsky, Tasmania University, Australia

 Takato Ojimi, Asian Pacific Energy Research Center, Japan

 Sergey Philippov, Energy Research Institute RAS, Russia

» Waldemar Rebizant, Wroclaw University of Science and Technology, Poland

¢ Christian Rehtanz, Dortmund Technical University, Germany

* Boris Saneev, Melentiev Energy Systems Institute SB RAS, Russia

» Sergey Senderov, Melentiev Energy Systems Institute SB RAS, Russia

 Valery Stennikov, Melentiev Energy Systems Institute SB RAS, Russia

» Zbigniew Styczynski, Otto-von-Guericke University Magdeburg, Germany

» Constantine Vournas, National Technical University of Athens, Greece

* Felix Wu, Hong-Kong University, China

* Ryuichi Yokoyama, Energy and Environment Technology Research Institute, Waseda University, Tokyo, Japan
» Jae-Young Yoon, Korea Electrotechnology Research Institute, Republic of Korea

» Xiao-Ping Zhang, University of Birmingham, United Kingdom

Publishing board

Executive secretary: Dmitry Zolotarev

Copyeditor: Marina Ozerova

Math proofreading editor Evgenia Markova

Contacts

Scientific secretary: Alexey Mikheev, Dr. of Eng.

E-mail: info@esrj.ru

Tel: +7 (3952) 950980 (English, Russian)

Fax: +7 (3952) 426796

Address: 130, Lermontov str., Irkutsk, 664033, Russia


http://esrj.ru/

Energy Systems Research, Vol. 5, No. 2, 2022

Contents

Electricity Cooperation Between Russia and Mongolia: From Bilateral Collaboration to
Participation in the Northeast Asia Power System Interconnection

S.V. Podkovalnikov

Prospective Markets for Russian and Mongolian Energy Resources in the Region
of North-East Asia
S.P. Popov, B.G. Saneev, D.V. Maksakova, O.A. Baldynov

Directions for Transition to Low-Carbon Energy in the Baikal-Khuvsgul Transboundary
Territory: Background, Conditions, Effects
L.Yu. Ivanova, V.A. Shakirov, E.P. Maysyuk, R.A. Ivanov

Lightning Risk Assessment Software Design for Photovoltaic Plants in Accordance with IEC
62305-2
Mohammad Parhamfar

Trends and Prospects for Coal Deliveries from Russia’s Eastern Regions
L. Takaishvili, A. Sokolov, G. Agafonov

13

20

34

55


http://esrj.ru/

Energy Systems Research, Vol. 5, No. 2, 2022

Electricity Cooperation Between Russia and
Mongolia: From Bilateral Collaboration
to Participation in the Northeast Asia Power
System Interconnection

S.V. Podkovalnikov*

Melentiev Energy Systems Institute, Siberian Branch of the Russian Academy of Sciences, Irkutsk, Russia

Abstract — The paper discusses the development
of electricity cooperation between Russia and
Mongolia. Historically, bilateral Russian-Mongolian
electricity cooperation has developed along two
lines. As part of the first direction, Russia designed
and supplied equipment, built, and provided loans
for the construction and reconstruction of electric
power facilities in Mongolia. The second direction
involved cross-border trade in electricity and power.
To arrange bilateral electricity cooperation, the
necessary regulatory framework was established in the
form of cooperation agreements between government
agencies and energy companies of Russia and
Mongolia. The Russian-Mongolian Intergovernmental
Commission acts as a kind of catalyst for the signing
of these agreements and ensures contacts between
the interacting parties. In the future, with the
establishment of the cross-border power system
interconnection in Northeast Asia and the creation of
new cross-border power grid infrastructure, bilateral
Russian-Mongolian contacts will be taken to the next
level and grow into multilateral regional electricity
cooperation within the framework of the said power
interconnection. According to the optimization
calculations performed in this research, the role of
Mongolia as a supplier of renewable energy to the
regional cross-border electricity market will increase,
and electricity trading between Mongolia and Russia,
Mongolia and China, and Russia and China (through
Mongolia) will be dramatically strengthened for the
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mutual benefit of all countries within the cross-border
power system interconnection.

Index Terms: Electricity cooperation, cross-border
interconnectors and power system interconnections,
electric power, capacity, agreements, expansion
prospects.

1. INTRODUCTION

Bilateral electricity cooperation between Russia and
Mongolia has a long history. During the Soviet period, the
USSR actively participated in the creation of Mongolia’s
electric power industry at the stages of designing, supplying
equipment, and constructing power generation and grid
facilities. The central power system (CPS) of Mongolia has
been connected for parallel operation to the Interconnected
Power System (IPS) of Siberia and, through it, to the
Unified Energy System (UES) of the USSR since as early as
the 1970s. Cross-border Soviet-Mongolian interconnectors
ensured the trade in electric power and energy, improvement
in the operation of power equipment, an enhancement in
the efficiency of the power systems, and the power supply
reliability. In the post-Soviet period, Russian-Mongolian
electricity cooperation continued along the above lines.

In the future, a cross-border power system
interconnection (CBPSI) is expected to be established in
Northeast Asia (NEA), with Russia and Mongolia as its
participants. In this regard, bilateral electricity cooperation
between these countries will be transformed into multilateral
one within the framework of this CBPSI. At the same time,
bilateral cooperation is taken to the next level with the
intensification of trade in power and electricity, using the
new cross-border power grid infrastructure to be created
within the framework of the Northeast Asia Power System
Interconnection (NAPSI). In what follows, the issues of
cross-border Russian-Mongolian electricity cooperation
will be discussed in more detail.

1. BILATERAL ELECTRICITY COOPERATION

Mongolia’s electric power industry was created with the
active support on the part of the USSR. As a case in point,
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Table 1. Electricity trading between Russia and Mongolia, GWh.

2010 2015 2019 2020 2021
Russia-Mongolia 214 263 372 312 487
Mongolia—Russia 21 21 27 4 23

in the 1950s and 1980s, seven coal-fired thermal power
plants were built there with the predominant participation
of Soviet experts: four plants in Ulaanbaatar and one plant
in each of the following settlements: Darkhan, Erdenet, and
Choibalsan. Today, these plants, the so-called combined
heat and power (CHP) plants, which generate electricity
and heat, are the basis of Mongolia’s centralized energy
supply. They produce up to 4/5 of the country’s electricity
[1].

At present, as part of bilateral cooperation, Russia
continues to deliver power equipment, participate in the
modernization of power plants in Mongolia, and provides
funding for them. For example, the modernization of
Ulaanbaatar CHPP-4 was completed in 2021 [2]. The
cost of the project exceeded $160 million, with funding
provided in part by VEB RF [3]. The Ural Turbine Works
designed and manufactured the turbines. ELSIB Research
and Production Association supplied three new generators
with increased capacity. The new plant units have a
lifespan of at least 40 years, during which time each of
the turbines will save up to $19.5 million in fuel costs
annually, producing 10% fewer air emissions than the old
equipment. The efficiency of the new machines increased
by 9%, and their maneuverability increased by 40% [4].
As a result of the modernization, the installed capacity of
CHPP-4 increased from 540 MW to 752 MW [3].

At present, the Russian energy company InterRAO-
Exportisdevelopinga feasibility study for the modernization
of CHPP-3 in Ulan Bator [5]. The modernization project
will be financed through the Russian export credit. The
modernization of CHPP-3 will improve the reliability of
heat and electricity supply to the capital of Mongolia.

Electricity trading between Mongolia and Russia is an
important strand of electricity cooperation between these
countries. Table 1 shows the volume of electricity trading
since 2010.

As seen in the Table, electricity exports from Russia
exceed the transmission of electricity from Mongolia to
Russia. This is due to the fact that the transmission from
Mongolia is of a flow-based nature when the Mongolian
base-load and low-maneuverable thermal power plants
are not unloaded during the dips in daily load profiles but
deliver electricity to Russia (IPS Siberia). IPS Siberia, with
its considerable flexibility due to the large maneuverable
hydropower capacities has the ability to reduce and
redistribute the load at its power plants by receiving the
flow from Mongolia. The presented scheme of interaction
between the Mongolian power system and IPS Siberia
is actually a description of the manifestation of the

system-wide power flow effect that occurs when power
systems are integrated.

Figure 1 shows the 110 kV and 220 kV tie lines between
Russia and Mongolia. Work is constantly underway to
modernize these interconnectors. For example, in 2015,
the Russian party replaced current transformers at the
220 kV Selenduma substation of IDGC (Interregional
Distribution Grid Company) of Siberia, a subsidiary
of PJSC Rosseti, which made it possible to increase the
maximum allowable power flow in the controlled section
«Selenduma—Darkhan» from 175 MW to 245 MW. This
substation is part of the 220 kV transit system that provides
parallel operation of the Mongolian energy system with the
UES of Russia.

In 2022, emergency control systems were put into
operation at the Selenduma 220 kV substation. At the same
time, the transfer capability of the grid transit line, which is
used for exporting power to the Mongolian power system,
increased by 100 MW to 345 MW.

Bilateral Russian-Mongolian cooperation is backed
by a solid organizational and regulatory basis. There is a
Russian-Mongolian intergovernmental commission on
trade and economic, as well as scientific and technological
cooperation, which ensures close contacts between
Russian and Mongolian government agencies and power
companies. These contacts are backed by various kinds
of agreements. Figure 2 shows the Russian-Mongolian
agreements over the past decade and beyond that have
shaped the legal framework for electricity cooperation.
As can be seen, these agreements are made both between
government agencies and between energy companies.

The above agreements focus on the issues of power
grid construction, implementation of joint projects for
reconstruction and modernization of electric power
facilities, construction of electric power generation
facilities, including highly maneuverable regulating
capacities and renewable energy sources in the Russian
Federation and Mongolia. Within the framework of these
agreements, the parties shall assist the economic entities
of the party countries in amending or prolonging the
documents, which, in particular, concerns the agreement on
technical support for parallel operation, the organization of
information exchange, and on the organization of metering
of power flows through cross-border power lines.

It is important to note that the bilateral Russian-
Mongolian electricity cooperation discussed above
actually lays the foundation for multilateral cooperation
in Northeast Asia. In particular, the 2019 Agreement
between the Government of the Russian Federation and
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Fig. 5. Installed capacity (a), electric energy generation (b) by Mongolia, 2040, CO, tax = $90/1.

the Government of Mongolia on electricity cooperation
notes the implementation of joint projects in electric
power generation, electricity export/import to/from
Mongolia, expansion planning for power grid facilities of
Mongolia, including those used for the electricity transit
to other countries. The document also suggests assessing
the feasibility of a unified market of electric energy and
power within the Russian Federation and Mongolia,
and specifically as part of the integration of energy
markets in Northeast Asia, etc. The 2019 Memorandum
of Understanding between PJSC Rosseti and Erdenes
Mongol LLC was signed for the purpose of long-term
mutually beneficial cooperation in the research and
development of integration links of power systems in
Northeast Asia, including necessary priority measures to
strengthen and improve the reliability of the power system
and develop the electric power infrastructure of Mongolia.
The memorandum noted that the parties agreed to form a
joint working group to develop a common roadmap for
the regional integration of NEA electricity markets, taking
into account the modernized power system of Mongolia,
conduct joint research, and conduct a feasibility study for
the construction of new cross-border power lines.

II1. MULTILATERAL ELECTRICITY COOPERATION

The conditions for multilateral electricity cooperation in
Northeast Asia are currently being created. This is primarily
due to the fact that the United Nations Economic and Social
Commission for Asia and the Pacific (UNESCAP) decided
to support and promote the megaproject of an Asia Super
Grid, including the CBPSI in NEA (Fig. 3).

The establishment of such a power system
interconnection in the Asian region would contribute to the
achievement of sustainable development goals, including
carbon neutrality. In 2017, the UNESCAP established
a working group on energy connectivity. This group
participated in the development of a Regional Electricity
Connectivity Roadmap, with strategies designed to
promote cross-border interconnectors for sustainable
development [6], and is currently involved in preparing a
Regional Trends Report.

Studies on the NAPSI, carried out at the Melentiev

10

ESI SB RAS [7, 8], show the technological and
economic feasibility of this cross-border power system
interconnection made up of six countries of the region,
including Russia and Mongolia. With this interconnection,
tie lines between the latter get substantially strengthened,
and trading of electricity and power increases dramatically
compared to the current bilateral Russian-Mongolian
electricity cooperation.

Figure 4 shows a diagram of the prospective multilateral
CBPSL

It is assumed that with a multilateral CBPSI established
in NEA, Mongolia will actively develop the Gobitek
project based on renewable energy sources [9], which is
of international importance. Its output will be transmitted
to power grids in neighboring countries and will also
be partially used locally to supply power to Mongolian
consumers.

Below are some results of research on Russian-
Mongolian electricity cooperation within the framework of
the NAPSI, based on research presented in [8]. The input
data and assumptions adopted were described in [8] and
therefore are not given here. It is worth noting that a tax
on CO, emissions was used to incentivize the introduction
of renewable energy sources (RES) [10, 11]. The tax
was assumed to be $90/ton of CO, emissions in order
to assess the potential for the introduction of renewable
energy sources in the power systems of the countries under
consideration. The year 2040 was taken as the baseline
year of the calculations.

Figure 5 shows the mix of installed capacity and
electric energy generation in Mongolia provided this
tax is introduced for the considered time frame. As can
be seen, the share of RES, including only wind farms
(WF) and solar photovoltaic power plants (PV), in the
mix of generating capacity is about 49%, and its share in
electricity generation slightly decreases, and amounts to
about 47%. If conventional hydro power plants are added
to wind farms and photovoltaic power plants, the share
of all renewable energy sources in Mongolia will be 60%
in terms of installed capacity and about 53% in terms of
electricity generation.

The amounts of power, including those generated from
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wind and solar installations (Fig. 5) added as part of the
Gobitek project, exceed the needs of Mongolia and are
exported to electricity markets of neighboring countries,
including Russia. These amounts were obtained by
optimization calculations for the entire NAPSI for the time
frame in question, and, accordingly, are optimal from the
perspective of the entire power system interconnection.

Figure 6 shows the daily summer operating mode of
Mongolia’s power system. It also indicates electricity
trading with neighboring power systems, including
Russia (Siberia). As already noted, significant amounts of
electricity are transmitted outside Mongolia, in particular,
to Russia. A significant amount of Mongolia’s energy
imports come from Russia, and then this energy transits
through Mongolia to China. The transfer capability of the
Siberia-Mongolia interconnector in this case is about 13
GW, and that of the Mongolia-China section reaches 15
GW (see Fig. 7).

Apart from the transfer capabilities of cross-border
interconnectors, Figure 7 shows the annual electricity
trading between Russia and Mongolia and between
Mongolia and China. Just as in the daily profile (see
Fig. 6), on an annual basis (see Fig. 7), Mongolia,
transmitting electricity abroad, is mainly a transit country
through which energy is transmitted from Russia to China.
It should be noted that the indicated diagram of flows was
obtained by the optimization model considering the $90/
ton tax on CO, emissions.

IV. ConCLUSION

Currently, there is active bilateral electricity cooperation
between Russia and Mongolia, which is not limited to
electricity trade, but also includes the participation of Russia
in the design, construction, supply of power generating
and electrical machinery, and financing of projects for
expansion of electric power facilities in Mongolia. An
appropriate regulatory and organizational infrastructure is
in place to ensure such cooperation.

In the future, if the CBPSI is established in NEA,
and Russia and Mongolia join it, electricity cooperation
between these countries will be taken to the next (higher)
level. The creation of a powerful grid infrastructure within
the NAPSI will significantly strengthen interconnectors
between Russia and Mongolia and increase electric
energy and power trading, in particular for the more
comprehensive use of highly variable and poorly
predictable renewable energy sources, specifically those
planned to be commissioned as part of the Gobitek
project. Interconnectors with other countries will also be
strengthened. Accordingly, the integration effects of the
joint operation of the power systems of these countries,
both bilaterally and multilaterally, will increase. All
this will make a significant contribution to sustainable
development and the achievement of carbon neutrality by
Russia and Mongolia in the long term.
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Abstract — The paper shows the importance of
East Asian countries for energy export from Russia
and Mongolia. Groups of factors that affect the
development of the global and regional energy the most
and are considered in the long-term forecast of energy
consumption are identified. The high-tech energy
development scenario built by the Institute of Energy
Economics of Japan in 2021 for China and Japan is
analyzed. The scenario assumes a decrease in energy
consumption in Japan and its stagnation in China. This
effect is to be achieved by enhancing energy efficiency
and restructuring energy consumption. Both countries
will reduce coal and oil consumption, but increase the
share of nuclear and renewable energy. Japan will also
cut down the consumption of natural gas. The paper
concludes that, given the limited resource potential in
China and the “island” economies of East Asia, even
in the context of a forced energy transition, there will
remain favorable prospects for the export of traditional
energy sources from Russia and Mongolia to these
markets.

Index Terms: Northeast Asia, energy forecast, energy
transition, energy cooperation.

I. INTRODUCTION

The energy resource exports are and will bSe of great
importance for the development of the energy sector in
Russia and Mongolia in the coming decades [1, 2]. The
availability of significant resources of both traditional
and renewable energy and the proximity to the world’s
largest energy importers (the countries of East Asia (EA))
indicate the need for a systematic update of assessments of
opportunities for the development of energy cooperation
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in Northeast Asia (NEA — The economies of East Asia
include China (with Hong Kong), Japan, Republic of Korea
(R.Korea), Chinese province Taiwan, Democratic People’s
Republic of Korea (hereafter DPRK), and Mongolia. The
economies (countries) of East Asia together with Russia
constitute North-East Asia (NEA). The island economies
of NEA include Japan, R.Korea, and Chinese province
Taiwan.). The region has a traditionally high potential
for cooperation in the trade in primary non-renewable
energy resources (coal, oil, natural gas, uranium, hereafter
NRER), the expansion of the relevant infrastructure, and
for cooperation in the field of renewable energy [3—5] and
hydrogen technologies [6, 7].

Table 1 presents several indicators that characterize the
importance of the energy consumption in the EA countries
for the world energy trade. China, Japan, R. Korea
and Taiwan account for almost a third of world energy
consumption, and their demand for NRER imports makes
up a significant part of demand in the respective world
markets.

For Russia and Mongolia, as the most important NRER
exporters, these countries represent the most promising
export market since their dependence on NRER imports in
physical terms is 90-95%, see Fig. 1.

Further, we will consider three groups of NEA
countries — China, island economies (Japan, R. Korea and
Taiwan (or JKT)), Russia and Mongolia. The prospects for
the energy development in the DPRK and its participation
in the regional energy markets are not considered due to
the significant uncertainty about the development of this
country.

China’s energy balance is characterized by the
predominance of coal in primary energy consumption and
an increasing dependence on oil and gas imports, while
the country is self-sufficient in domestic fuel for nuclear
power plants, has uranium enrichment technologies and
capacities, and has achieved world-class competencies in
the field of nuclear energy and renewable energy. Despite
the lower level of dependence on energy imports in general
compared to the JKT group, the most economically
developed coastal provinces of China are energy deficient
almost to the same extent as the second group of countries
in the region (JKT), and generally follow the directions set


http://esrj.ru/
mailto:maksakova%40isem.irk.ru?subject=
http://dx.doi.org/10.38028/esr.2022.02.0002

S.P. Popov, B.G. Saneev et al.

Energy Systems Research, Vol. 5, No. 2, 2022

TaBLE 1. Importance of East Asian countries in the global energy sector in 2020, percent.

Indices

Total: Including China

China, Japan, R. Korea, Taiwan

Share in total energy consumption 32 26
Share in oil imports 39 25
Share in gas imports 43 17
Share in coal imports 49 17
Solar and wind power generation 30 27

Source: [8, 9].
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Fig. 1. Dependence of large East Asian countries on energy imports in 2020. Source: Estimated based on [8, 9].

by these countries for the development of energy systems.
The second group is characterized by the greatest degree
of dependence on energy imports, and also by a higher
energy efficiency of the economy. In addition, Japan and
Taiwan have restrictions on the use of renewable energy
resources due to elevated seismicity and high land costs.

II. WORLD ENERGY DEVELOPMENT TRENDS

There are four main groups of factors that currently
have the greatest impact on the development of energy
sector as the most important infrastructure subsystem
of human society: technological, social, economic, and
political. All of them fully manifest themselves in the
NEA region and the Indo-Pacific region as a whole. The
following is a list of the main factors for each group, which
are taken into account to predict the global and regional
energy development in the long term.

Technological factors:

* Enhancement of the efficiency of energy resources at
the stages of energy transportation, conversion, and
final consumption;

e Growth of consumer electrification, including the
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electrification of the transport sector through the
introduction of hybrid power plants and electric drives;
Commercialization of solar and wind energy
technologies;

Complication of energy storage and transportation
systems with an increase in the share of renewable
energy sources in the structure of primary energy,
accompanied by an extension of energy supply chains
and, accordingly, an increase in energy losses while
meeting the needs of society in energy services;

Surge in the research on the development of hydrogen
technologies for energy purposes.

Social factors:

Change in lifestyle and increase in the consumption of
energy services aimed at meeting the non-production,
social, and creative needs of social development;
Change in the demographic profile of the population
in economically developed and developing countries.
Economic factors:

Increase in the range of issues about resource support
for technological development, including the transition
to the development of new NRER fields, which are
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TABLE 2. Main indices of the possible energy sector restructuring in the largest economic countries of East Asia in 2020-2050.

Indices China Japan OECD
2019 2050 2019 2050 2019 2050
Final energy consumption, EJ, including 72 74 12 8 155 117
Electricity, % 27 46 29 42 22 37
Total energy consumption, EJ, including 142 114 17 13 219 170
Coal, % 61 30 28 13 15 5
Oil, % 19 19 38 27 35 24
Natural gas, % 14 22 14 29 25
Nuclear energy, % 3 11 4 19 10 14
RES, % 10 27 8 27 11 32

Source: Estimated based on [10].

TABLE 3. Relative change in the capacity of the energy markets of China, Japan and the developed countries of the world, % (a ratio
0f 2050 indices to 2020 indices).

Indices China Japan OECD
Electricity consumption 144 101 127
Energy conversion, storage and transportation losses 90 110 106
Energy consumption, including 80 73 77
Coal 39 33 28
Oil 79 52 53
Natural gas 152 46 67
Nuclear energy 321 341 110
RES 222 259 218

Source: Estimated based on [10].

characterized by high production costs;

» Exacerbation of problems in building the international
value chains in the context of uneven resources
available in the countries and their technological
development.

» Political and geopolitical factors:

* The beginning of a period of active transformation of
all international institutions as a result of the global
financial and economic crisis;

e Transformation of the architecture of world energy
markets and the capital market in the face of political
pressure on energy companies;

* Lobbying for “green” energy at the national and
international level.

In addition to the above, it is worth noting that the
importance of environmental and climatic factors increases
when planning the development of energy infrastructure
and substantiating investment decisions. Furthermore,
the developing global financial and economic systemic
crisis has raised the importance of the geopolitical factor
in assessing the prospects for the transformation of global
and regional energy markets.

Ahead of all Mankind are decades of hard work on
building a new energy infrastructure, as one of the most
crucial components of its civilizational development,
which should be energy efficient, environmentally friendly,
accessible to all, contributing to social and economic
development. East Asian countries are at the forefront of
these processes.

III. ENERGY PROSPECTS FOR EAST ASIA

The total impact of these factors on the energy sector
of'the first two groups of NEA countries will be considered
using the scenario of high-tech energy development in
Asian countries and the world as a whole until 2050,
which was built in the framework of the world energy
development forecast prepared by the Institute of Energy
Economics of Japan (Table 2). The forecast was made
in 2021 and does not reflect the radical changes in the
institutions of world energy trade, as well as the increased
influence of geopolitical factors, which fully manifested
themselves in the autumn and winter of 2021-2022.

Against the backdrop of a significant decline in the final
energy consumption in Japan and the OECD countries, the
stagnation of this indicator for China draws attention. This
is explained, apart from the integration of demographic
and socio-economic factors, by the delay in the processes
of China’s energy sector restructuring, a decrease in the
coal share in the structure of energy consumed, and the
later start of the processes related to the improvement
in the energy efficiency of technologies at the stages of
conversion and final consumption. These conclusions are
supported by the difference in the proportion of electricity
in final energy consumption and changes in electricity
consumption over the period under review for China,
Japan and the OECD as a whole (Tables 2 and 3).

The integrated index of change in the energy
efficiency differs depending on the stage of saturation
with innovative energy technologies. The “Energy
conversion, storage and transportation losses” index in
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Fig. 2. China’s energy consumption forecast 2019-2050. Source: Estimated

based on [10].

Table 3 indicates a significant decrease in energy losses
for China (by 10%, from 38% of total energy consumption
in 2019 to 35% in 2050) and their growth for Japan and the
OECD, respectively, by 10% (from 33% of total energy
consumption in 2019 to 36% in 2050) and 6% (from 29%
of total energy consumption in 2019 to 31% in 2050).

The total energy consumption for all considered
subjects of the world economy will decrease. In 2050,
compared to 2018, energy needs of China may decrease by
20%, the OECD —by 23%, and Japan—by 27%. At the same
time, these countries will see a significant reduction in the
coal and oil consumption, with a decrease in natural gas
consumption in Japan and the OECD as a whole. In China,
the demand for natural gas will increase by 1.5 times. The
need for nuclear energy in China and Japan will rise by
2.2-2.6 times, and the consumption of RES — by 3.2-3.4
times. It is however necessary to factor in the limited
natural potential of RES, the absence of natural potential
of NRER (with the exception of methane hydrates) for the
group of JKT countries and low economic potential for
increasing natural gas production in China, which is due to
the high share of hard-to-recover reserves in their overall
structure. An additional limitation for the JKT countries is
the absence of uranium enrichment facilities.

The forecast of changes in China’s energy consumption
for 2019-2050, presented in Fig. 2, reflects trends in the
structure and scale of the country’s final and total energy
consumption. Given the available domestic NRER and
RES, as well as the advances in the development of the
nuclear energy industry, China will be able to ensure the
highest possible level of independence from coal imports
and uranium enrichment services. At the same time, the
need for oil, natural gas, and unenriched uranium imports
may remain at a fairly high level. The IEEJ calculations
point to an increase in the energy efficiency of the total
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energy resources in China from 62% in 2019 to 65% in
2050. This effect will be primarily achieved through the
enhanced energy efficiency at the stage of end-use. It will
be crucial to replace some energy carriers with others
(coal with gas, nuclear energy, and renewable energy
sources) and to increase the electrification of consumers
of energy services. In addition, it is assumed that after
2030, the creation of hydrogen energy industry will
begin to accelerate, and after 20402050, there will be an
accelerated construction of the infrastructure for large-
scale transportation of green hydrogen and hydrogen
carriers.

IV. RussiaA AND MONGOLIA TO SUPPORT THE ENERGY
EXPORT IN THE LONG TERM

In the context of the expected decline in the total
volumes of imports of all types of NRER in the energy
markets in the NEA region, Russia and Mongolia, acting
as energy exporters, aim at:

* Diversifying buyers of energy carriers and energy
services both in the NEA region and in adjacent markets
in the Asia-Pacific and Indo-Pacific regions;

* Maintaining high competitiveness of their products,
including coal and energy of RES (Russia and
Mongolia), hydrocarbons and uranium enrichment
services (Russia);

* Developing cooperation with purchasing and transit
countries to strengthen the institutions of energy
markets and expand the technological infrastructure for
energy transportation.

As already mentioned, in the coming decades, the
pace of transformation of the international energy
infrastructure in the NEA region will be determined by
political, economic, social, technological, and natural
factors. Energy market institutions, both regional and
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international, will set the conditions for transforming the
energy infrastructure. At the same time, these institutions
can act as objects of influence due to the impact of new
geopolitical factors created by already completed critical
stages in the development of such an infrastructure. Thus,
the creation of an international power interconnection in
NEA requires prior political consent to such close energy
cooperation, which significantly affects national security.
In turn, the fact of a significant share of Russia in the supply
of oil and natural gas to Japan and the Republic of Korea
strongly opposes the US policy pushing the countries of
the second group in the NEA region to refuse from energy
cooperation with Russia.

The economic and geographical features of the NEA
region favor the formation of China’s transit monopoly
on export routes from Mongolia to markets emerging in
the countries of Indo-Pacific region. There are no river
routes bypassing China, and the use of road and rail
transport to deliver the products to the ports of the Russian
Far East, with the obligatory stage of transshipment to
sea vessels, significantly reduces the competitiveness of
energy resource exports. The coastal provinces of China
and the Korean Peninsula will remain areas of competition
between energy supplied by land transport from Russia and
Mongolia, and energy imported by sea. This situation will
be most noticeable in the natural gas market, where the
LNG spot market acts as a source of balancing supplies
during periods of peak demand.

Land freight transport systems are immobile since
they are based on the pipelines, roads and railways,
the construction of which is capital-intensive, and the
transportation of goods by them is an energy-intensive
and costly activity often involving transit through third
countries. Unlike land systems, maritime transport allows
transporting energy carriers at any distance and along
any route, avoiding (for the considered groups of energy
importers) transit problems.

The technological factor, i.e., the commercialization
of electricity generation based on renewable energy
sources, primarily solar and wind energy, supplemented
by storage batteries, allowed oil-importing countries,
relying on transnational corporations, to put forward a new
energy development paradigm, the so-called “carbon-free
energy.” This approach is also supported by advances in the
commercialization of hydrogen technologies (fuel cells,
hydrogen and hydrogen carrier storage and transportation
systems). The political course towards accelerated
«decarbonization» is combined with the expansion of
information technologies and their wide-scale adoption.
The latter involves the automation of control of almost
all technological processes and even a change in social
life, which rely on the creation of global communication
systems (the most significant example is the Internet),
and systems for collecting, storing, and processing large
amounts of data.

The energy transition, which aims to provide “clean,
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green” energy to a technologically renewed society, is
a socio-economic and political project. This project is
implemented relying on the coordination of the efforts
of such influential actors as transnational corporations
and governments of the “most developed countries of the
world,” the so-called generalized West. The process of
globalization at the beginning of 2022, however, shows a
clear lack of unity among the actors, as well as the presence
of other opinions in the world on the pace and mechanisms
for the transition of mankind to a new technological base
for its development.

Based on the above understanding of the Energy
Transition, we will put forward a hypothesis that the
pace of energy transformation will be determined by the
interaction of political, economic, social, technological
and natural factors. They will differ for all three previously
identified groups of NEA countries at the national level
(and subnational — for China and Russia). An even greater
complication of the geopolitical situation in the NEA
region will lead to deeper processes of transformation of
the international cooperation institutions. The political
factor will be aimed at changing the structure of the total
energy consumption in East Asian countries and regulating
the choice of partners for energy imports.

The analysis of the current situation in the energy
markets in the NEA region, the prospects for restructuring
energy consumption in China and the group of JKT
countries, changes in the institutions of international energy
cooperation in the world, in general, and in the NEA region,
in particular, allows some qualitative conclusions about the
prospects for energy exports from Russia and Mongolia
(the third group of countries). Traditional energy sources
(oil, coal, natural gas (methane), and electricity (to China))
will remain competitive. At the same time, quantitative
estimates of the prospective needs of East Asian countries
for energy imports and the development of regional energy
markets require significant joint systematized, coordinated
and regular studies.

By the end of the 2040s, the conditions for a market for
green hydrogen (hydrogen carriers) and the related electro-
hydrogen infrastructure can be created in the region. Given
the extent to which the infrastructure for the maritime
transport of oil, oil products and natural gas in the form of
LNG is developed in the NEA region, one should expect
the formation of a unified gas transmission system in the
region to begin. This system will combine the nodes of
LNG import and regasification, with developed national
and, in the future, international gas pipeline systems, and
the establishment of relevant international institutions
for regional trade in natural gas (methane). In the event
of successful development of this process, the likelihood
that an international electric power (electro-hydrogen)
infrastructure will appear in the NEA region will also
increase since the energy security factor is critical for
creating such an infrastructure.
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V. CONCLUSION

The energy development of the industrialized
economies in East Asia is aimed at transforming the
infrastructure for energy supply to consumers by replacing
fossil energy sources with renewable ones. Given the
availability of sufficiently efficient traditional fuel energy
resources, the increase in the proportion of renewable
energy sources will require the accelerated development
of electricity transportation and storage systems. This
process contributes to a significant complication of the
entire energy system and the restructuring of sectors of the
economy in East Asian countries.

As the economic potential of renewable energy
resources is exhausted at the national level in the countries
of East Asia, the need to create a regional international
infrastructure for the import of green energy will increase.
Russia and Mongolia have abundant natural resources
both non-renewable and renewable, which far exceed the
needs of these countries. These surplus resources can be in
demand in North-East, South, and South-East Asia.

Quantitative estimates of projected energy consumption
can vary over a wide range depending on the assumptions
made in scenario. An example of a long-term high-tech
energy development scenario constructed by the Institute of
Energy Economics of Japan demonstrates that the expected
reduction in energy consumption within its framework is
based on optimistic estimates of energy efficiency and the
commercialization of some innovative technologies. The
multivariate development of the energy industry and the
uncertainty about the prospects for the enhancement of
innovative energy technologies require that our countries
have several independent think tanks able to quantitatively
assess the prospective needs of East Asian countries for
energy imports and conduct regular research into the
development of international transport infrastructure and
energy market institutions in NEA region.
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Abstract — The joint development of transboundary
territories of Russia and Mongolia primarily focuses on
a unique natural formation, the Baikal-Khuvsgul basin.
These territories are a promising area for the expansion
of cooperation in the field of environmental protection,
tourism and energy. The existing energy system,
however, does not provide the appropriate conditions
for this, as it is characterized by low reliability and the
impossibility of connecting new large consumers. Heat
is supplied to consumers from numerous coal-fired and
wood-fired boiler houses of small and medium capacity
with outdated equipment. In the context of energy supply
problems and a focus on environmentally attractive
low-carbon technologies, this study examines the use of
renewable energy and conversion of municipal boilers to
gas. An analysis of the available resources in the territory
showed a high solar energy potential for the development
of generation based on photovoltaic converters. Another
way to use RES in the Baikal-Khuvsgul area is to
replace low-capacity coal-fired boilers with heat pump
units. Conversion of boiler houses to gas does not solve
completely the issue of decarbonization, since CO2
emissions, although to a lesser extent, occur during
the gaseous fuel combustion. At the same time, it will
significantly reduce the human-induced environmental
impact through the elimination of particulate matter
and sulfur dioxide emissions, and ash and slag waste.
The paper presents a feasibility study of solutions for
the development of electricity and heat supply with a
minimum emission of greenhouse gases and pollutants
in the Baikal-Khuvsgul transboundary territory.

Index Terms: power supply systems, environmental
assessment, greenhouse gases, emissions of pollutants,
ash and slag waste.
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1. INTRODUCTION

The key areas of interaction between Russia and
Mongolia are the joint development of the infrastructure
in the transboundary territories and cooperation in the
field of environmental protection, tourism, and energy
(An agreement between the Government of the Russian
Federation and the Government of Mongolia on support of
interregional and cross-border cooperation of 03.09.2019,
Ulaanbaatar).

The central part of the transboundary territory of Russia
and Mongolia is occupied by a unique natural formation
— the Baikal-Khuvsgul basin. The Lake Khuvsgul basin,
which is one of the main stable feeding sources of the
Selenga river and, consequently, that of Lake Baikal, is
virtually not yet affected by human activities. Lake Baikal
is recognized as the oldest and deepest lake on the planet
with the largest volume of fresh water [1]. It is included in
the list of UNESCO World Heritage Sites.

The Baikal-Khuvsgul transboundary territory is
a favorable area for the development of international
tourism. It includes the Khuvsgul aimak of Mongolia
and three districts that are part of the constituent entities
of the Russian Federation (the Okinsky and Tunkinsky
districts of the Republic of Buryatia, and the Slyudyansky
district of the Irkutsk Region) [2]. Within the boundaries
of the territory at issue, there is the Tunka national park,
the Khuvsgul national park, many sanatoriums, recreation
centers, and places for tourism and recreation. Lakes Baikal
and Khuvsgul are connected by a road passing through the
Tunka Valley. The area is dominated by mid-mountain
relief, and there is the highest peak of the Sayan Mountains
— Mount Munku-Sardyk — on the Russian-Mongolian
border, which is a popular sports tourism destination [3].

Currently, specially protected natural areas (SPNA)
are actively involved in ecotourism and integrated
into the socio-economic development [2]. One of the
conditions for the successful sustainable development of
ecotourism in the transboundary area is the creation of
an environmentally friendly infrastructure to minimize
environmental impact. This direction is consistent with the
goals of the Strategy for the socio-economic development
of the Russian Federation with a low level of greenhouse
gas emissions until 2050 (Strategy for socio-economic
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development of the Russia Federation with a low level
of greenhouse gas emissions until 2050, approved by the
Resolution of the Government of the Russian Federation
No. 3052 of 29.102021.). The strategy measures involve
replacing part of coal-fired generation with carbon-free
and low-carbon ones; increasing electricity generation
to meet the needs of the economy through carbon-free
generation; reducing emissions from existing coal-fired
generation plants through the introduction of advanced
technologies.

Numerous works examine the strategies for low-carbon
development of the ecotourism industry and minimization
of anthropogenic impacts on protected areas. He et al.
[4] models a low-carbon ecotourism system and a set of
activities, including the municipal solid waste processing
aimed at minimizing negative impacts on the ecosystem.
Heshmati et al. [5] considers strategies for combining
the development of ecotourism and the protection of
natural resources using a SWOT analysis. The main
proposed measures include regular patrolling and limiting
destructive activities (poaching, arson, plastic waste
dumping).

In [6], the findings statistically confirm a relationship
between the development of tourism and the reduction
in pollution. One of the key factors is the introduction of
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renewable energy sources. In [7], an improved decision-
making tool is proposed for the technical and economic
analysis of multi-energy microgrids for energy supply to
infrastructure facilities in ecotourism development areas.
Minaei et al. [8] consider the issue of developing energy
supply to remote settlements located in protected areas,
national parks and reserves, the preservation of which is
essential for the sustainable development of territories
and minimization of climate impacts. The electricity
production based on fossil fuels and the construction of
electrical networks pose a potential threat to the ecosystem
in such areas. Therefore, the study considered the use of
solar technologies for energy purposes.

The review of the studies shows that they focus on the
identification of the influencing factors and development
of a policy for low-carbon development of tourist areas
and protected areas. Some investigations deal with the
creation of low-carbon power supply systems.

This paper presents a study into the avenues for the
transition to low-carbon energy in the Baikal-Khuvsgul
transboundary territory, including a feasibility study
of solutions for the development of electricity and heat
supply with minimal emissions of greenhouse gases and
pollutants.
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Fig. 2 Location of boiler houses in the Okinsky district with indication of installed boiler capacities, Gcal/h.
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TaBLE 1. Estimated emissions of pollutants from municipal boilers, t/year.

Current state  District Emissions
Total Particulate matter SOz NOx CcO Greenhouse gases
(CO2)
Okinsky 217 73 - 14 130 -
Tunkinsky 1516 1236 119 15 146 10 000

II. THE CURRENT STATE OF POWER SUPPLY SYSTEMS IN THE
STUDIED AREA

A. Power supply systems

The situational plan of a system for power supply to
consumers in the Baikal-Khuvsgul transboundary territory
is presented in Fig. 1. A detailed analysis of the current
state of the power supply systems in this territory is given
in [9-10].

Consumers in the Russian part of the territory receive
power through a long single-circuit 110 kV power
transmission line (TL) Kultuk - Kyren - Zun-Murino -
Mondy - Samarta. Consumers located in the territory of
the Khuvsgul National Park are supplied with electricity
through the 10 kV interstate transmission line Mondy-
Khankh, 35 km long (see Fig. 1). Power supply to
consumers in the territories adjacent to Lake Khuvsgul
from the eastern, western and southern sides is carried out
from the central power system of Mongolia through the
110/35 kV power line Bulgan-Muren-Khatgal, 298 km
long, and further through 6, 10, and 15 kV distribution
networks.

Power transmission lines are characterized by
significant wear and tear and frequent long outages. In the
event of a long-term power outage, diesel power plants
(DPPs) at some substations (for example, Orlik and Soroka
substations) are used to supply consumers with power.

The large length of power lines also causes the problem
of low voltage levels for consumers. The connection of
new consumers in the territory at issue is limited due to the
inability to provide an acceptable voltage level at remote
substations.

Within the boundaries of the considered territory, there
are also remote, hard-to-reach consumers, mainly tourist
sites and cattle breeders, which are supplied with electricity
from DPPs.

B. Heating systems

This study considers the current state of heat supply
to the Baikal-Khubsugul territory focusing on the Okinsky
and Tunkinsky districts of the Republic of Buryatia, which
are adjacent to the Mongolian border from the Russian
side. The populated settlements of the districts are mainly
located along the highway, which is used to provide the
population with the basic essentials. The main consumers
of thermal energy from municipal boiler houses in these
settlements are kindergartens, schools, administration
buildings, and other social facilities. The population is
supplied with heat from individual furnaces that burn

24

mainly firewood.

In the Okinsky district, 5.5 thousand people live on an
area of 26.6 thousand km?. There are 18 municipal low-
capacity boiler houses (up to 3 Geal/h) (Fig. 2). The total
installed capacity of the boiler houses is 6.9 Gceal/h, they
burn 8.8 thousand tons of wood fuel annually.

In the Tunkinsky district, 20.1 thousand people live
on an area of 11.8 thousand km?. There are 24 municipal
boiler houses with a total installed capacity of 38.7 Gcal/h,
of which only one (in the village of Kyren) is of medium
capacity — 5.2 Gcal/h, and the rest are of low capacity
(Fig. 3). The main fuel is coal from the Cheremkhovskoye
deposit, which is delivered from the territory of the Irkutsk
region to meet an annual demand of 6.5 thousand tons/year.

C. Environmental assessment of heat supply systems

Due to the lack of information, environmental
assessments in the study are given only for the systems
supplying heat from municipal boiler houses in the
Tunkinsky and Okinsky districts. It is worth noting that
these boiler houses, along with individual furnaces, make
the most significant contribution to the environmental
situation in the territory, due to the predominance of coal in
the fuel balance and the absence of exhaust gas purification
equipment.

The emissions of pollutants into the atmosphere,
which are among the main environmental characteristics
of heat supply systems, were calculated based on the
methods approved in Russia [11, 12]. The total emission
of pollutants from municipal boilers in the two districts is
estimated at 1.7 thousand tons/year, with the predominant
contribution of boilers in the Tunkinsky district due to coal
combustion (Table 1).

Environmental problems are local in nature and are
associated not only with emissions of pollutants but also
with the energy production and consumption waste, i.e.,
ash and slag waste (ASW). The ASW amount is calculated
on the basis of existing recommendations [13—14] and
makes up 861 tons/year, of which 108 tons are waste from
wood fuel combustion in the Okinsky district and 753 tons
are ASW from coal combustion in the Tunkinsky district.

The issue of climate change associated with greenhouse
gas (CO,) emissions is acute for thermal power facilities.
According to our estimates, the rated carbon dioxide
emissions at the current level of coal consumption are 10
thousand tons/year. CO, emissions from municipal boilers
in the Okinsky district are zero, since carbon dioxide
released into the air during combustion is believed to be
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TaBLE 2. The main directions and effects of the transition to low-carbon energy in the Baikal-Khuvsgul territory.

Direction

Effect

Electricity supply

Use of renewable energy sources and reactive power
compensation devices

requirements;

- increasing the reliability of power supply to consumers;
- ensuring the level of voltage at consumers according to the State standard

- providing the opportunity to connect new consumers;

- reducing diesel fuel consumption

Heat supply

Replacement of coal with gas fuel

- excluding coal deliveries and combustion in boiler houses of the Tunkinsky district

Use of geothermal heat pumps

- replacing low-capacity boiler houses (load up to 0.4 Gceal/h) in the Tunkinsky and

Okinsky districts
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Fig. 4. Total solar radiation incident on a horizontal surface.

previously absorbed from the atmosphere by growing
plants (the closed cycle formed does not lead to an increase
in CO, concentration in the atmosphere) [15-16].

III. MAIN DIRECTIONS FOR TRANSITION TO LOW-CARBON
ENERGY

The issues of environmental protection, energy supply
reliability and efficiency improvement can be resolved,
and the transition to low-carbon energy in the considered
areas can be made through the implementation of some
measures related to both electricity supply and heat supply.
An analysis of possible effects to be gained from these
measures is presented in Table 2.

The choice of directions for the transition to low-carbon
energy should be based on analysis of resource availability,
and environmental and economic assessments of solutions
to be adopted.

A. Resources and efficiency of wind and solar energy
for electricity supply

Analysis of the wind and solar potential in the region
involved geoinformation systems NASA POWER (NASA
POWER- URL: https://power.larc.nasa.gov / (accessed
18.04.2022), Global solar atlas (Global solar atlas. —
URL: https://globalsolaratlas.info (accessed 18.04.2022),
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and Global wind atlas (Global wind atlas — URL: https://
globalwindatlas.info (accessed 18.04.2022).

High indicators of solar energy potential are observed in
the Tunka National Park and on the shore of Lake Khuvsgul
(Fig. 4). The Figure shows the areas with the highest solar
energy potential. The flux of total solar radiation incident
on a horizontal surface in these areas varies from 1 241 to
1 365 kW-h/m? per year, and on an inclined surface — from
1 456 to 1 602 kW-h/m? per year.

The wind energy potential of the territory is
characterized by a low average annual wind speed of 3.3 to
4 m/s at a height of 10 m.

The conditions and results of a comparative analysis of
the cost-effectiveness of low-capacity wind power plants
(WPPs) and solar power plants (SPPs) are presented in
Table 3.

The estimates obtained indicate a promising level
of solar energy potential for the development of solar
generation in the Baikal-Khuvsgul transboundary territory.
The wind energy potential of the territory is, on the
contrary, insufficient for electricity supply purposes.

The feasibility of solar energy in the Baikal-Khuvsgul
territory has been assessed. The locations and installed
capacity of solar power plants have been determined for
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TABLE 3. Comparison of SPP and WPP cost-effectiveness.

Index WPP SPP
Specific capital investments, $/kW* 2 500-3 000 1 200-1 400
Operating costs, $/kW/year 75-90 24-28
Installed capacity utilization factor, % 7.5-10.4 18.3-19.7
Discount rate, % 7
Estimated period, years 30
Levelized cost of electricity generation, $/kW-h 0.31-0.51 0.07-0.09
Note — * Technical and economic estimates were obtained at a rate of 82 rubles for 1 dollar.
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the zone of centralized power supply. These plants, given
the development prospects, will provide acceptable voltage
deviations for consumers and high reliability of power
supply: in Khuzhir — 1.4 MW, Orlik — 0.2 MW, Forty —
0.2 MW, Police station — 0.1 MW, Mondy — 0.3 MW, and
Khankh — 0.2 MW [17].

The optimal power of solar power plants in the zone
of autonomous power supply is 7- 60 kW, depending on
the load of the consumer, and the total required power for
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power supply of remote tourist sites is 250-300 kW [18].

In the southern areas of Lake Khuvsgul, it is advisable
to use reactive power compensators to provide the required
voltage level for the consumer [10].

B. Resources and efficiency of low-grade geothermal
energy for heating purposes

The geothermal energy potential in the Baikal-
Khuvsgul transboundary territory was analyzed using
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TABLE 4. Characteristics of low-capacity coal-fired boiler houses and electricity supply conditions for consumers in the Tunkinsky

and Okinsky districts.
Characteristics Tunkinsky district Okinsky district
Boiler houses with a load of up to 0.4 Gcal/h 22 pieces 14
pieces
Fuel type Cheremkhovsky coal
Firewood
Consumption, tce/year 4683 6396
m’
Fuel price, $*/tce 66.56 92.44

Tariff, $/kW-h

0.04 (population)

0.05-0.06 (others)

Heat consumers

Schools, kindergartens, military commissariat, other social facilities

Note - * at a rate of 82 rubles for 1 dollar.
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Fig. 7. Competitiveness zones for low-capacity coal-fired boiler houses and heat pumps.

the database «Specialized arrays for climate studies»
(Specialized arrays for climate research — URL: http://
aisori-m.meteo.ru/waisori/ (accessed 18.04.2022) and
data from [19]. Due to the high cost and complexity of
temperature measurements at the depth of the earth, the
data are limited in terms of both the period and the number
of observation points. Figures 5 and 6 show graphs of
temperature changes depending on the measurement depth.

The low level of ground temperature allows considering
only a limited set of geothermal energy technologies, the
most promising of which are low-capacity heat pump units
(HPUs).

Low-capacity heat pump units can be used to
completely replace coal-fired or wood-fired low-capacity
boilers (up to 0.4 Gcal/h). They are highly automated
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and have virtually no impact on the environment. Their
widespread use, however, is limited by high capital costs
for the main equipment and the system for extracting heat
from the ground.

Three methods of low-potential heat extraction were
analyzed for the considered area:

1. Open loop with water intake from the reservoir and
subsequent return discharge.

2. Closed horizontal loop at a depth of up to 4 meters
with propylene glycol as heat carrier.

3. Closed vertical loop with a borehole depth of up to

100 meters with propylene glycol as heat carrier.

An open loop with water intake from a reservoir
is the most cost-effective method due to its relatively
low cost [20]. However, a significant limitation is the
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TaBLE 5. Results of the feasibility study of alternative heating options.

PARAMETER Value *
Specific capital investments in the heating system with heat pump, $/kW* 1 085
Specific capital investments in the heating system with heat pump, mln. $/Gcal/h 1.28
Discount rate, % 7
Estimated period, years 30
Discounted payback period of the heating system with heat pump ~50 years
Levelized cost of thermal energy for heat pump, $/Gcal 62.2
Levelized cost of thermal energy for low-capacity coal-fired boilers houses, $/Gcal 41.5

Note — * Technical and economic estimates were obtained at a rate of 82 rubles for 1 dollar.

inaccessibility of this method in areas remote from Lakes
Baikal and Khuvsgul, and the difficulty of assessing the
environmental impact of the project.

Heat extraction with the aid of a closed horizontal
loop can also have only limited application in the coastal
areas of Lakes Baikal and Khuvsgul. In the areas remote
from the lakes, the ground temperature at a depth of up to
4 meters is less than 2°C for most of the year (see Fig. 5).
At such a temperature of the ground, heat extraction is
technically inefficient.

Heat extraction using a closed vertical loop can be
implemented almost everywhere. Figure 6 shows that the
ground temperature at a depth of up to 100 m in different
areas of the Baikal-Khuvsgul transboundary territory is in
the range of 2.8—6.5°C all year round.

The approach presented in [20] was used to assess the
economic efficiency of heat pump unit to replace low-
capacity coal-fired boilers in the territory at issue.

Fig. 8. The route of the main gas pipeline through the territory of the T unisky district.
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The characteristics of low-capacity boiler houses
operating in the studied area are presented in Table 4.
Figure 7 shows the competitiveness limits for low-
capacity coal-fired boilers and heat pumps.

Table 5 shows the feasibility study results for the
alternative heating options.

Based on Figure 7 and Table 5, we can conclude that
under the current technical and economic conditions,
coal and wood-fired boilers have a significantly higher
economic efficiency compared to heat pumps. Only an
increase in the fuel cost up to $135/tce will make heat
pump equally economical with coal-fired boilers. The
heat pump cost-effectiveness can also significantly rise
with an increase in fees for emissions of pollutants into
the atmosphere or the introduction of a carbon tax. Figure
7 indicates that the conditions of the Tunkinsky district
approach the border of competitiveness at an emission fee
of 4 $/t CO,.
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TaBLE 6. Emissions of pollutants and greenhouse gases at conversion of boiler houses to gas in the Tunkinsky district, t/year.

Emission into the atmosphere

Conversion to Pollutants Greenhouse gases (CO2)
gas Total Particulate SO» NOx CcO
matter
9.5 0 0 2.5 7 4000
1 )
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Fig. 9. Reduction in carbon dioxide emissions by converting boiler houses to gas in the Tunkinsky district.

C. Prerequisites for and efficiency of converting
consumers to gas in the Tunkinsky district

One of the possible ways to reduce emissions of
pollutants and greenhouse gases in the Tunkinsky district
may be the transition to more environmentally friendly
energy sources, namely, natural gas. As shown above,
CO, emissions from municipal wood-fired boilers in the
Okinsky district are considered to be zero.

The main preconditions for converting the Tunkinsky
district to gas can be the plans of PJSC Gazprom to build
the Power of Siberia 2 gas pipeline to China through
Mongolia and the presence of specially protected natural
areas (the Tunka and Khuvsgul national parks), where
economic activity should be carried out according to the
special nature management rules to meet some restrictions,
especially for the areas adjacent to Lake Baikal, which
is regulated by the Law on the Protection of Lake Baikal
[21-22].
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Conwversion to gas

In accordance with the prospects for the development
of the gas transmission system in the eastern regions
of Russia, the main gas pipeline will pass through the
territory of only four municipal districts of the Republic of
Buryatia, including the Tunkinsky district. Fig. 8 presents
the gas pipeline route running through the territory of
the Tunkinsky district according to the assignment for
engineering surveys for the project «Rationale for the
investments in the construction of a gas pipeline to the
People’s Republic of China through Mongolia» [23].

An analysis of current prices for coal used in municipal
boiler houses in the Republic of Buryatia, according to [24],
shows that the Tunkinsky district has one of the highest
prices among the districts of the Republic, along with the
Barguzinsky and Bauntovsky districts. The assessment of
competitive prices for natural gas when switching from coal
to gas confirmed the effectiveness of this measure for small
municipal boiler houses in the Tunkinsky district. With the
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TABLE 7. Quantitative indicators of environmental effects.

A decrease in key environmental indicators
compared to the current state, t/year

District

Indicator: Tunkinsky

Okinsky

Main lines of decarbonization

Construction of solar power

plant
Emissions of pollutants 12
Formation of ash and slag waste -
Greenhouse gas emissions (COz) 409

Conversion to gas ~ Heat pump units Heat pump units

1507 1091 207
753 542 103
6010 7205 -

price of coal for boiler houses of $38-44/t, competitive
prices for natural gas are estimated at $146-170/1 000 m?.

The basis for the transition to low-carbon energy
should still be environmental, social, and climate effects.
Estimates of the reduction in the anthropogenic load on the
environment during the transition of the boiler houses to
gas in the Tunkinsky district are given in Table 6.

Conversion of boiler houses to natural gas will
completely eliminate emissions of particulate matter and
sulfur oxides into the atmosphere, and the total emission
of pollutants will be reduced by 159 times or by 99%
compared to the current state. The emission of carbon
dioxide will decrease by 2.5 times, from 10 to 4 thousand
t/year (Fig. 9).

Moreover, a significant environmental benefit of
converting to gas is the complete elimination of ash and
slag waste in the Tunkinsky district.

IV. ENVIRONMENTAL EFFECTS FOR VARIOUS DIRECTIONS OF
TRANSITION TO LOW-CARBON ENERGY

The implementation of the recommended directions for
the transition to low-carbon energy in the Baikal-Khuvsgul
transboundary territory makes it possible to gain some
environmental effects associated with a reduction in the
anthropogenic pressure on the natural environment. The
construction of a solar power plant to replace part of diesel
power plants will provide an opportunity for the Tunkinsky
district to cut down diesel fuel consumption, which will
decrease pollutant emissions by 12 t and carbon dioxide
emissions by 4009 t, yearly.

Conversion of municipal boiler houses in the
Tunkinsky district to gas will reduce pollutant emissions
by 1.5 thousand tons/year, greenhouse gas emissions by
6 thousand tons/year and eliminate the ASW formation.
The most significant measure in the context of low-
carbon energy development in the Tunkinsky district is
to introduce heat pump units to replace 22 small boiler
houses. As a result, only two boiler houses will supply
pollutants, greenhouse gases and ASW to the elements
of the natural environment. In general, the reduction in
pollutant emissions will decrease from 1.5 to 0.5 thousand
tons/year, CO, emissions - from 10 to 2.8 thousand tons,
and ASW — from 753 to 211 tons/year (Table 7).

From a scientific perspective, it is of interest to
compare the environmental effects for various lines of
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transition to low-carbon energy. The comparison for the
Tunkinsky district shows that the greatest reduction in CO,
emissions can be achieved by using heat pumps instead of
numerous low-capacity boiler houses (with a load of up to
0.4 Gcal/h): heat pumps can reduce the existing emission
of 10 thousand t/year by 7.2 thousand t/year, while the
conversion of all heat sources in the district to gas — by 6
thousand t/year. However, conversion to gas wins when it
comes to the emissions of pollutants into the atmosphere
and the ASW production.

To reduce the anthropogenic pollution of the natural
environment in the Okinsky district, it may be quite justified
to use heat pumps instead of low-capacity boilers (only 4,
out of 18, wood-burning boilers will remain in operation).
Studies have shown that in this case, the emission of
pollutants will decrease from 217 to 10 tons/year (22 times)
and the production of ASW will drop from 108 to 5 tons/
year (22 times) (see Table 7). In general, the environmental
impact in this area will be virtually eliminated.

V. CONCLUSION

The Baikal-Khuvsgul transboundary territory is an
advantageous area for the development of recreational
activities and tourism. The existing energy system does not
provide adequate conditions for this. The power system is
characterized by low reliability and inability to connect new
large consumers. Heat is supplied to consumers from many
coal-fired and wood-fired boilers of small and medium
capacity, which are characterized by low performance and
have an inefficient exhaust gas purification system.

To improve the reliability and environmental efficiency
of energy supply to consumers in the Baikal-Khuvsgul
transboundary territory, the research involves studying the
challenges of transitioning to low-carbon technologies.
The use of RES and conversion of municipal boiler houses
to gas are considered as the main avenues.

An analysis of the resources available in the territory
showed a high solar energy potential for the expansion of
generation based on photovoltaic converters. The levelized
cost of electricity generation from low-capacity solar
power plants is estimated to lie in the range of $0.07-0.09/
kWh. This cost is comparable to the electricity tariff for
the population of the considered territories, which reaches
$0.06 /kWh. The placement of solar power plants at remote
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substations offers a combination of benefits: an increase in
the reliability of power supply, opportunity to connect new
consumers, reduction in pollutant emissions from backup
diesel power plants, and elimination of fuel import and
storage.

Another way of using RES in the territory at issue
is to replace low-capacity coal-fired boilers with heat
pumps. The geothermal energy potential is sufficient, but
the capital cost of a heat pump-based heating system is
high, which is why this option can be considered only if
there is a significant increase in air pollution charges or
a carbon tax is introduced. The levelized cost of thermal
energy production from heat pump unit is $62/Gcal, which
significantly exceeds the value of this indicator for the
boiler house ($41.5/Gcal).

Conversion of municipal boiler houses to gas can
become an important alternative to the transition to low-
carbon technologies in the Tunkinsky district, but it will
not completely resolve the issue of decarbonization, since
burning of gas fuel causes CO, emissions too, albeit to a
lesser extent. However, the implementation of this direction
will significantly reduce the environmental impact from the
municipal boilers: the emissions of particulate matter and
sulfur dioxide will be eliminated and no ash and slag waste
will be produced. This is a very important point for the
creation of acceptable conditions for any type of activity
in the territory of the Tunka National Park, which is a zone
of special nature management. It should be emphasized
once again that conversion to gas is possible only under
certain conditions, if the main gas pipeline runs through
the territories at issue.

However, decarbonization technologies can play an
important role when they are aimed at jointly solving
environmental, social, and climate problems.

The findings of the study have enabled us to make
important conclusions, some of which should be
highlighted:

1) The greatest environmental effect for the Tunkinsky
district, as a zone of special nature management, can be
provided by converting municipal boiler houses to gas;

2) The greatest decarbonization effect can be obtained
by eliminating the combustion of fossil fuels;

3) It is advisable to solve the environmental problems
in the considered territories by combining various avenues
and technologies.
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Abstract — The lack of an effective protection scheme
delays the integration of photovoltaic (PV) plants into
distribution networks. Outdoor installation of these
systems always exposes them to direct/indirect lightning
strikes and consequent overvoltages. If lightning
overvoltages are not limited, the PV plant equipment
may be damaged. A lightning protection system
(LPS) consisting of external and internal sections
aims to protect the PV plant against overvoltages of
the atmospheric origin. However, the lightning risk
assessment for determining the need for the LPS
installation and the overvoltage protection system
design are complicated tasks. In the past, there was no
special software for lightning risk assessment in solar
power plants, and only some papers have mentioned
the calculation method and software developed
according to local standards. This paper develops a
software application for lightning protection design
of PV plants especially for risk assessment analyses
according to IEC62305-2. The designed software has
used a comprehensive standard compared to other
software, and in addition to considering solar farmes, it
also covers off-grid and on-grid rooftop systems. The
evaluation results show that the proposed software is
a useful tool for electrical engineers and renewable
energy experts who are active in the PV integration
industry. Using this software, specialists will be able
to easily perform complex calculations and select the
suitable LPS for the projects.

Index Terms: photovoltaic, lightning protection
software, risk assessment, surge protective device.
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1. INTRODUCTION

One of the important topics of electrical engineering
is the study of different aspects of renewable energies.
Accessibility, free primary energy, PV modules
advancement, and government incentives contribute
to increased attention to the PV systems among other
renewable energy sources [ 1]. According to the international
energy agency (IEA) report, despite the COVID-19 crisis,
the global PV will increase every year [2]. The safe and
accurate performance of the PV systems improves their
offered resilience. Therefore, the enhancement of control
algorithms and protection systems ensures that the PV
systems remain at the forefront of renewable energy
technologies.

The design of an effective protection system has always
been one of the main challenges of electrical networks.
Protection system should be simple and economic and
detect any abnormal condition quickly to decrease damage
to the network equipment (reliability and speed). It should
also isolate only the faulty section (selectivity). Due to
outdoor installation, the PV systems are subjected to both
overcurrent due to short-circuit faults and overvoltage
of atmospheric origin. A short-circuit fault results in
overcurrent on the DC/AC side of the PV power plant,
which is usually detected and isolated by the miniature
circuit breakers (MCBs) or molded case circuit breakers
(MCCBSs). A ground fault is detected by the ground fault
protection device. On the other hand, lightning may result
in overvoltages in the PV system equipment. In some
research, computer programs for risk calculations in solar
power plants have been developed based on local and old
standards [3]. Software developed by the world’s largest
companies does not provide the evaluation of solar power
plants separately [4, 5].

Little work has been done as yet to design software
to assess the risk of lightning strikes on photovoltaic
installations. In [6], a comprehensive review of the
superior modeling methods of PV systems during lightning
strikes is presented. The paper displays various platforms
to simulate the transient effects of lightning strikes on PV
systems. This paper also gives some recommendations
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about the modeling methods and protection of PV systems
during lightning strikes. A computer program for lightning
strike risk assessment and design of lightning protection
system for the photovoltaic system is also proposed in [7].

In this paper, a developed software for risk assessment
calculation according to IEC62305-2 and LPS design
for PV plants is introduced and investigated. By using
this software, an engineer can evaluate various lightning
protection system designs in a short time. This software
helps to understand the concepts of lightning protection
design and to view the result of their design without
performing numerous calculations.

II. FUNDAMENTALS OF LIGHTNING PROTECTION SYSTEM
DESIGN FOR PV SYSTEMS

1.1. Basic Principles

Lightning overvoltage protection is one of the main
modules of protection schemes of PV power plants,
especially in countries with stormy and cloudy climates [§].
If an overvoltage condition is not detected and isolated, the
PV system equipment may be damaged, which will lead to
an increase in the return time of investment. PV systems
are subjected to both direct and indirect overvoltages.
In the former case, the lightning strikes the PV structure
while in the latter case, lightning falls near the structure,
or signaling/electrical lines entering the structure are
affected by the lightning. When lightning strikes near the
structure, the resultant variable magnetic field induces the
overvoltages on the building circuit (inductive coupling)
while when lightning strikes the entering lines, through the
line characteristic impedance, the lightning current results
in overvoltage (resistive coupling). If an overvoltage
exceeds the impulse withstand voltage of equipment, it is
damaged and even poses a risk of fire hazard.

An LPS consists of external and internal protection
systems. The external protection system protects the
PV system against direct strikes by using the air-
termination system (ATS), down-conductor system, and
earth-termination system for intercepting the lightning,
conducting the current to the ground, and distributing the
current in the ground, respectively. The internal protection
system protects the PV system against sparking inside
the structure by implementing equipotential bonding or
keeping a separation distance between the LPS components
and other conductive elements of the structure.

In the case of direct lightning, there can be three
conditions [9]:

1. Rooftop PV plant without LPS: If the PV installation
does not change the building outline, the frequency
of the threat does not change, and consequently, no
measures are required. Otherwise, the risk assessment
should be performed.

2. Rooftop PV plant with LPS: If the PV plant does
not significantly change the building outline and the

minimum distance d between the available LPS

and PV system is greater than safety distance §, no

measures are required. However, if d is less than §

, the LPS should be extended and connected to the

PV metal structure. If the PV installation changes the

building outline, a new risk assessment is required.

3. Ground PV plant: In this case, there is no fire threat due
to direct strike.

In the case of indirect lightning strikes, the circuits are
shielded to decrease the magnetic field. In addition, the
module conductors are twisted and the live conductors
are kept near to protective earth conductor to decrease the
induced circuit turn area.

Even for limited overvoltages, surge protective devices
(SPDs) are required to discharge them to the ground. An
SPD presents a high impedance at the nominal voltage
while its impedance significantly decreases in the case
of an overvoltage, making a low-impedance path to the
ground. Thus, the lightning current is discharged to the
ground and the PV plant equipment is protected against
overvoltage.

1.2. Risk Assessment Based on IEC 62305-2

According to IEC 62305-2 standard [ 7], risk assessment
requires that source of damage, type of damage, and type of
losses be determined. The primary source of damage is the
lightning current. There are four damage sources: lightning
strike to a structure (S1), lightning strike near a structure
(S2), lightning strike to a line (S3), and lightning strike near
a line (S4). Depending on the structure characteristic, there
are three damage types: electric shock and the resultant
injury to living beings (D1), physical damage (D2), and
failure of electronic and electrical systems (D3). There are
four types of loss in the structure resultant from various
types of damage: human life loss, including permanent
injury (L1); public service loss (L2); cultural heritage loss
(L3), and economic value loss (L4).

The total potential risk in a structure is calculated as [8]

R=R,+R,+ Ry + R, )]
where R, is the risk of L1 as
R =R,+Ry+R.+R,+R,+R,+R,+R, (2)
R, is the risk of L2 as
Ry=Rp+Re+ Ry+ Ry+ Ry + Ry, 3)

R, is the risk of L3 as
Ry =Ry + Ry, “)
R, is the risk of L4 as
Ry=R;+Ry+ R+ Ry +Ry+Ry+ Ry + Ry, (5)
and

e R, isrelated to the injury to living beings resulting from
step and touch voltages in the case of a direct strike,

e Ry is related to the physical damage resulting from
sparking inside the structure, which triggers explosion
or fire in the case of a direct strike,

* R, is related to the internal system’s failure resulting
from lightning electromagnetic impulse (LEMP) in the
case of a direct strike,
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Fig. 1. Risk components of a PV system.

* R, is related to the internal system’s failure resulting
from LEMP in the case of indirect strike,

* Ry is related to the injury to living beings resulting
from step and touch voltages in the case of a strike to a
line connected to the structure,

* R, is related to the physical damage resulting from
sparking between metallic parts and external installation
due to transmitted lightning current through incoming
services in the case of a strike to a line connected to the
structure,

* R) is related to the internal systems’ failure resulting
from induced overvoltage on incoming lines and
transmitted to the structure in the case of a strike to a
line connected to the structure, and

* R, is related to the internal systems’ failure resulting
from induced overvoltage on incoming lines and
transmitted to the structure in the case of a strike near a
line connected to the structure.

All risk components of R, to R, are calculated as

Rx:NxXPxXLx’ (6)
where N, is the number of dangerous events (Year ), P, is
the structure damage probability, and L, is the consequent
loss. Due to space limitation, the detailed procedure of de-
termining R, is not presented; this procedure is available

in [9].

If R < R, where R, is the tolerable risk, there is no
need for lightning protection. While, if R > R, protection
measures should be adopted in such a way that R < R, for
all risks threatening the structure. The tolerable risk for
human life or permanent injury loss, public service loss,
cultural heritage loss, and economic loss are 107, 1073,
1073, and 1073 (Year™"), respectively.

1.3. Risk Assessment for PV Plants

In the risk assessment of PV systems, there is no need
to consider some risks [10]. Since the structure of PV

systems is nonflammable, the fire hazard can be neglected.
In addition, most of the rooftop PV systems are installed
on small buildings; thus, the probability of a direct strike
is low. Moreover, there are no people in a large PV power
plant. Consequently, human life loss risk (R1) is not
considered. On the other hand, due to the small capacity
of PV systems, even in the case of PV power plants, the
public service is not affected by their failure. Thus, risk R2
can also be neglected. Moreover, the PV systems are not
usually installed in historical places; thus, cultural heritage
loss risk (R3) can be neglected.

Consequently, economic value loss is the only risk
that should be considered in the risk assessment for PV
systems. The risk components of R,, R, and R, are related
to the cases where animals may be lost. Due to installing
PV systems on rooftop or enclosing the PV power plants,
these risk components are neglected and only Ry, R, R,
Ry, Ry, and R, are considered. According to [8], among
these components, R,,, Ry, and R, are more relevant than
others in the case of rooftop PV systems. Figure 1 shows
the risk components of a PV system.

Since there is only one risk in the risk assessment of PV
plants, R =R,. The following measures can be implemented
to decrease the total risk of a PV system to a tolerable level:
» reduction in R, and R, by installing a coordinated SPD

in the low voltage (LV) line entering the building;

» reduction in R, by installing a coordinated SPD in the

DC line of the PV system.

In the case of a PV power plant, in addition to the above-
mentioned protections, an external lightning protection
system can be installed to reduce R. Figure 2 shows the
flowchart of the risk assessment for PV systems.

The above section was aimed at calculating Risk
assessment for solar farms. In addition, the developed
software can be used to make calculations for oft-grid and
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Identify the PV plant to be protected

[

Adopt only R, as the more relevant risk

[ Identify and calculate the risk components of Rs according to IEC 62305-2

YES /k NO

PV plant requires protection PV plant does not require protection

END

Fig. 2. Flowchart of risk assessment for solar farms.
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on-grid rooftop projects. In off-grid solar systems, risk R3
can be excluded because they are rarely used in heritage
buildings. In systems connected to the solar network,
we can eliminate the risk of public services and heritage
buildings (R2, R3). Briefly, the following parameters have
been considered for various solar power plants:

1. Solar Farms: R4.

2. Off-grid projects: R1+R2+R4.

3. On-grid rooftop projects: R1+R4.

1.4. External Lightning Protection System

As mentioned in the previous subsection, an external
LPS may be required to reduce the total risk of a PV power
plant. One of the most important parts of the external LPS
is the air-termination system (ATS), which can consist of
catenary wires (horizontal conductors), rods, and meshed
conductors (Faraday cage) [11]. The ATS prevents direct
flashes on the PV structure. The proper design of ATS
reduces damage to the area to be protected. There are three
methods to determine an ATS protection area [12]:

. Rolling sphere method: It is a universal technique,
especially for complicated applications.
Protective angle method: It is proper for simple-
shaped buildings, but it has a limitation of the ATS
height.
Mesh method: It is suitable to protect the plane
surfaces (for buildings).
The rolling sphere technique is an acceptable method
for designing ATS. In this method, given the lightning rod
height and highest piece of rooftop power plant project, the
protective radius 7, of each rod is calculated as follows [13]:

2R -,

ok =R =2y =R, <,

hr er’

(7

"

where r is the rolling sphere radius, and /, and A, are the
maximum height of the equipment and rod height, respec-
tively.

1.5. Surge Protective Device on DC Side Based on IEC
60364-7-712

IEC 60364-7-712 standard [14] determines whether the
DC side of a PV plant requires SPD or not. According to
this standard, the critical length L, is calculated as

115

crit

, for rooftop PV system,
G

120

crit (8)
, for PV power plant,
G

where N, is the density of lightning ground flash (flash/
km?/year) which depends on the location of the structures
and power lines. L ; is compared with maximum route
length between the connection points of PV modules of the
different strings and the plant inverter L. If L < L, there
is no need for installing SPDs on the DC side; otherwise,
the overvoltage protection system should be equipped with
SPDs on the DC side.

52

III. DEVELOPED PV LIGHTNING PROTECTION SYSTEM
DESIGN SOFTWARE

In the studies, the standard IEC62305-2 was thoroughly
analyzed, the effect of various parameters in solar power
plants was studied, and software was designed based on
solar power plants’ features. In addition, other standards
[15, 16] were examined and compared to other sources.
The major purpose of developers has been the simplicity
of calculations for fast and accurate design. Sometimes,
the complexity of the calculations forces the experts to
overlook the design of the lightning protection, which can
cause irreparable damage in the event of a lightning strike
and delay the return on investment of projects that have
been supported by the off-taker.

The lightning protection design for a PV system,
including risk assessment, is a challenging task due to
numerous variables. There are also many tables in the
IEC-62305-2 for the calculation of R s. To address this
problem, a software application is developed using C#
environment. It provides a user-friendly graphical interface
to simplify LPS calculations. Figure 3 shows the main page
of the “Lightning Overvoltage Protection Designer for PV
Plants” software. It consists of the following six sections:

The number of dangerous events calculations;

The probability of damage calculations;

The amount of loss calculations;

The risk assessment;

The external lightning protection system calculations;

and

The surge protective device calculations.
Upon opening the software, the “Number of Dangerous
Events” section appears. The user enters the dimensions
of the structure and solar farm to be protected. In addition,
if available, the dimensions of the adjacent structure are
specified. Finally, the user enters the line and environmental
data. By clicking on the “calculate” button, the numbers
of various dangerous events due to flashes are calculated
according to IEC 62305-2. The second section is dedicated
to calculating the probability of damage resulting from the
lightning strike, as shown in Fig. 4. In this section, after
entering the required data such as structure characteristic,
line type, and whether a coordinated SPD is provided, the
results are shown.

Figure 5 shows the “Amount of Loss” section of the
software. In this section, the user specifies the input data
such as the amount of risk and various values to calculate
the consequent losses. The fourth section of the developed
software is dedicated to assessing the risk of the PV plant,
as shown in Figure 6. Using the data entered in the previous
tabs, the total risk R is calculated. Then, based on Fig. 2,
it is determined whether the PV plant requires protection
or not.

As mentioned in subsection 2.3, it may be required
to equip a PV power plant with the external LPS. The
“External Lightning Protection System” section of the
software calculates the number and coverage area of ATS

M.
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rods based on the rolling sphere method. In this section,
the user enters the dimension of plant and protection
overlap percentage. Figure 7 shows the fifth section of the
developed software. Finally, the sixth section is dedicated
to determining whether SPD is required on the DC side
or not, as shown in Fig. 8. In this section, the density of
lightning ground flash is transferred from the first tab
or the user enters it; also, the installation type and L are
entered. By clicking on the “calculate” button, the critical
length is calculated and the answer is shown according to
Subsection 2.5.

IV. PERFORMANCE EVALUATION

This section is dedicated to investigating the
performance of the developed software in both 1 MW
power plant systems. The main data of | MW PV power
plant project implemented in the north-west of Iran are
presented as follows:

Length =200 m, Width = 100 m, Height = 3 m;

°

e Adjacent structure power data information:
Length =5 m, Width=5m, H=5 m;
e Adjacent structure telecom data information:

Length =4 m, Width=5m, H=5 m;

Thunderstorm Days (TD) = 10;

Complete length of power line = 1000 m;

Complete length of data line = 900 m;

Other input information is shown in Fig. 8, 9, 10,

and 11
Figure 10 indicates the risk parameters with little

consideration at first.

e According to the input information in the previous
menus, the results can be viewed. Figure 12 shows
the Risk Assessment menu with the selection of solar
farm option first and then calculation. As it turned out,
the risk of R4 was identified with red color, which is
not acceptable. For this reason, according to Fig. 13,
we have used class 2 LPS and SPD. After the new
calculation, the results have been shown in green
color (Fig. 14), which indicates that the solar farm
is protected with this design. In the same way, one
can see the effect of different parameters using the
software and do the best design.

When selecting lightning protection measures, one
must examine whether the risk R determined for the
relevant types of loss exceeds a tolerable value (R;).
According to the IEC 62305-2, the acceptable values are
programmed in the software and compared to the desired
values.

According to the simulation results (Fig. 12),
0.0095479321 is obtained for the first time, which indicates
that this solar farm is not protected. The designer may need
to reconsider the calculations to check various parameters
to find the appropriate protection according to Fig. 13
and 14, which may take a lot of time but this software
has increased the accuracy and speed of calculations and
reached the desired result of 0.00021506.
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V. OVERVIEW OF THE METHODS

The developed software is programmed in the
C# language. In order to develop such software, at
first comprehensive studies must be done to prepare
computational and optimization algorithms. After the
algorithms are developed, according to the Visual Studio
product, we can design the software and reach the desired
results by using C# codes. As mentioned in the paper, there
are applications in this field that do not have the features of
the designed software.

About 4000 lines of code were written for the
development of this software in 9 months. Figures 15 and
16 show a designed software window with some codes.

VI. CONCLUSION

This paper was motivated by the complicated procedure
of risk assessment and lightning protection of PV plants for
engineers. The developed software provides risk assessment
for PV plants to determine the necessity of the LPS. The
number of ATS rods and the necessity to install SPD on
the DC side are also determined. By adopting various
combinations of inputs, the users can evaluate various LPS
designs. The developed software can be used as a helpful
tool to increase the LPS design understanding. In addition,
compared to previous research, this study presents software
designed based on a comprehensive standard and considers
three different categories of solar farms, off-grid systems
and on-grid rooftop systems. In addition, compared to other
software designed, this software determines the number
of air terminals and provides risk calculations for SPD,
especially for solar power plants. By using this software,
simplifying calculations and designing protection against
lightning, the power plant will be safe in the event of a
lightning accident. If the owner sells the electricity to the
network and off-taker, the return period of its investment
will be reduced.

This software can be used in countries with many
lightning strikes such as East Asian countries and some
European countries.
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Abstract — The coal industry in the eastern regions
of Russia is of great economic and social importance.
An analysis of the dynamics of coal deliveries from the
eastern regions of Russia in 2010-2020 attested to a
significant increase in exports while indicating reduced
supplies to the domestic market. The eastern direction
contributed most to the growth in coal exports. The
eastern regions account for about 45% of Russia's coal
balance reserves and have a significant potential for the
expansion of mining the coal suitable for different uses:
export, power generation, coke manufacturing and
coke by-product recovery, and coal chemical industry.
Based on the existing production capacity and coal
mining development projects, the production of coal in
the eastern regions is expected to reach up to 195-275
million tons by 2035 and its export volumes are estimated
at 75-130 million tons. The expansion of coal supplies is
influenced by a variety of factors, including the demand
for coal; the condition and capabilities of transport
infrastructure; the availability of coal balance reserves
and production capacities; the decarbonization of the
world's economies; geographical, climatic, geopolitical,
and other conditions. The minimum levels of coal
supplies correspond to their insignificant growth in
the domestic market with moderate growth in exports,
and the maximum levels correspond to the maximum
possible growth of exports and the commissioning of
coal-fired thermal power plants. The potential of the
region to supply coal far exceeds the demand for it.

Index Terms: coal, coal balance reserves, eastern
regions of Russia, supplies, mining, development of
coal mining, projects, reserves-to-production ratio,
trends.
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1. INTRODUCTION

The eastern regions of Russia include the federal entities
ofthe Russian Far East and Eastern Siberia. For the economy
of Russia as a whole and its eastern regions, coal delivery
to the domestic and international coal markets is important.
In the domestic market, coal consumers are power facilities
(power plants and boilers), coke manufacturing and coke
by-product recovery plants, households, and others. The
policy prioritizing the conversion of Russia’s regions to
gas can lead to a significant reduction in coal consumption.

Coal exports from the eastern regions increase
significantly every year, thanks to the growth of coal
shipments to countries of the Asia-Pacific region (APAC).

The Energy Strategy of the Russian Federation to
2035 and the Program for Development of the Coal
Industry of Russia to 2035 consider the growth of coal
production mostly in the eastern regions of Russia and
mainly for the development of coal export. Coal mining
companies and some power plants using coal as fuel are
mainstay companies for monotowns in some regions. Most
monotowns are situated in the eastern regions of Russia
and Western Siberia. The coal industry is of considerable
social importance, primarily because of the high demand
for labor and the concomitant need for social services and
infrastructure in the coal mining region.

The study of trends and prospects for coal movements
from the eastern regions of Russia and the factors
influencing the coal supplies is relevant because of the
great social and economic significance of coal mining
enterprises in the region.

II. CoAL INDUSTRY OF THE EASTERN REGIONS OF RUSSIA

The eastern regions of Russia have significant coal
reserves suitable for various uses, including coal export.

The balance reserves of coal of categories A+B+C1
in the eastern regions are 88 billion tons [1] and account
for 45% of those registered in the State Balance Sheet
of Mineral Reserves of the Russian Federation (Fig. 1).
The assets of the enterprises currently operating in the
eastern regions amount to 8.35 billion tons or only 9.5%
of the balance reserves of the region, which indicates
a considerable potential for their involvement in the
economic turnover.
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Balance Sheet of Mineral Reserves of the Russian Federation as of

January 1, 2019» [1].

Fig. 1. Distribution of coal balance reserves of categories A+ B + C1 (billion
tons; percentage) by region of Russia.

TaBLE 1. Indicators of the coal industry development in Russia and its eastern regions, million tons.

Year

Indicator 2020-2010
2010 2015 2016 2017 2018 2019 2020
Production total, incl. 323.4 374 386.9  414.1 441.6 442.7  401.6 78.2
- Eastern regions 111.3 131.2 136.9 142.8 155.2 162 153.6 42.3
Processing, total, incl. 117.6 178.3 186.6 190.3 199.0 210.9 207.2 89.7
- Eastern regions 20.4 39.7 41.6 47.4 47.4 49.0 50.1 29.7
Deliveries to the domestic market, total, incl. 199.8 174.6 167.0 169.9 180.5 180.2 164.0 -35.8
- Eastern regions 92.75 89.07 87.08 90.41 95.88 94.41 85.13 -7.62
Exports, total, incl. 96.3 151.4 162.3 186.3 193.2 193.4 195.5 99.2
- Eastern regions 16.3 30.8 342 38.4 42 472 53.4 37.1
Share of eastern regions
- Production 34% 35% 35% 34% 35% 37% 38% 4%
- Processing, 17% 22% 22% 25% 24% 23% 24% 7%
- Domestic market 46% 51% 52% 53% 53% 52% 52% 6%
- Export 17% 20% 21% 21% 22% 24% 27% 10%

Source: The figures for the eastern regions were estimated based on official statistics [3].

A retrospective analysis of the coal industry
development in Russia from 2010 to 2020 shows an
increase in the volume of mining, processing, and supply
of coal in Russia, and especially that of the eastern regions
(Table 1). During the period under review, the proportion
of coal originating from the eastern regions in Russia’s
overall production increased from 34% to 38%. The shares
of other regions, including Western Siberia, where the
main coal mining facilities are located, decreased. Coal is
mined mainly by the open-pit method, which is deemed
most economically feasible [2].

The volume of coal production in the eastern regions
increased by 42.3 million tons over the period in question
(Fig. 2(a)), and in Western Siberia by 37.7 million tons,
while in European Russia, it decreased by 1.8 million tons.

The growth in coal production in Russia’s eastern
regions is mainly due to an increase in exports (Fig. 2(b)) to
eastern destinations. The exports of Russian coal in recent
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years have tended to grow and have exceeded deliveries
to the domestic market since 2016 [3]. The main source of
growth in exports was the eastern direction [3] due to the
strengthening of positions in the markets of countries of
the Asia-Pacific region (APAC).

The share of eastern regions in the mix of exports
increased from 17% in 2010 to 21% in 2020, although the
main growth in supplies was provided by the regions of
Western Siberia. Coal export shipments from Western and
Eastern Siberia increased approximately twofold, and from
the Russian Far East almost fourfold. The growth in coal
exports from the eastern regions was also facilitated by the
increase in coal processing (Table 1). Exports are mainly
high-quality products of coal processing.

Analysis of trends in the production, processing and
supply of Russian coal shows the ever-increasing role of
the eastern regions.
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Fig. 2. Dynamics of coal mining and export by region of Russia: (a) —

mining; (b ) — export.

TaBLE 2. Coal supplies to the domestic market to major consumers, million tons.

Indicator Year 2020-2010
2010 2015 2016 2017 2018 2019 2020
Russia, total, incl. 199.8 174.6 167.0 169.9 180.5 181.3 164.0 -35.8
- Coking needs 38.5 35.2 34.2 31.8 31.6 31.5 34.7 -3.8
- Power plants 95.9 92.1 85.2 87.5 85.8 84.1 73.6 -22.3
- Others 65.4 473 47.6 50.6 63.1 65.7 55.7 -9.7
Eastern regions, total, incl. 92.8 89.1 87.1 90.4 95.9 94.4 85.1 -7.6
- Coking needs 0.1 2.1 22 2.6 2.7 2.1 1.0 0.9
- Power plants 64.3 64.3 60.5 63.1 67.5 68.3 59.4 -5.0
- Others 28.3 22.7 24.4 24.7 25.7 24.5 24.7 -3.6
Share of eastern regions
Coking 0% 6% 6% 8% 9% 7% 3%
Power plants 67% 70% 71% 72% 79% 81% 81%
Others 43% 48% 51% 49% 41% 37% 44%

Source: The figures for eastern regions were estimated based on official statistics [3].

III. CoaL SupPLY TRENDS

A. Domestic coal market.

Analysis of the dynamics of supplies to the domestic
market shows a steady downward trend in the coal
deliveries in the country as a whole (Table 2). The decrease
in coal deliveries across the country as a whole was 35.8
million tons, including 7.62 million tons from the eastern
regions, due to the conversion of some consumers, mainly
power plants, to gas. Coal deliveries decreased in all areas
of its use.

While coal deliveries to the domestic market in Russia
as a whole decreased, the share of domestic supplies from
the eastern regions increased, almost in all areas of coal
use. The main coal consumers in Russia’s domestic market
are power plants and boilers. In the statistical data [3],
boilers are classified as other consumers. Coal supplies
to power plants decreased by 22.3 million tons (23%
compared to 2010), including nearly 5 million tons or 8%
from the eastern regions. At the same time, the coal from
the eastern regions supplied to power plants still prevails
in the country’s supplies, unlike that from the European
regions and Western Siberia (Fig. 3). Coal supplies to coke
manufacturing and coke by-product recovery plants fell by
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7 million tons nationwide, while supplies from the eastern
regions increased by almost 2 million tons by 2019. The
share of coal from the eastern regions in supplies serving
the needs of coke manufacturing and coke by-product
recovery in recent years has amounted to 7-9% of total
supplies.

The 2020 supply volumes are not representative
because of the downturn in the economy associated with
the pandemic.

Most consumers of coal from the eastern regions are
located in the regions of coal mining and those closest
to them. Only coal from Krasnoyarsk Territory (Kansk—
Achinsk) and Khakassia are supplied to the European
regions and the Ural.

B. Export.

Internationally, Russia is one of the leading countries
in terms of available reserves of coal, its production,
consumption, and exports. The eastern regions of Russia
play an important role in this. Data from Russian [3] and
international [4] statistics on coal production in Russia and
other indicators differ, but this has no effect on Russia’s
position in the international coal market. Only the United
States is ahead of Russia in terms of coal reserves. Russia
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Fig. 3. Deliveries of Russian coal: (a) from European regions and Western Siberia; (b) from the eastern regions.

TABLE 3. Export destinations of Russian coal, million tons.

Indicator Year 2020 -
2010 2015 2016 2017 2018 2019 2020 2010
Exports, including 96.3 151.4 162.3 186.3 193.2 192.3 195.4 99.1
Eastern direction 7.1 454 51.2 60.4 60.4 63.1 73.5 66.4
incl. export from the eastern regions 0.9 29.2 324 36.2 36.3 44.6 48.7 47.8
Western and southern directions 89.2 106.0 111.0 125.9 132.8 129.2 122.0 8.7
Share of exports to the eastern directions 7.4% 30.0%  31.6%  32.4%  313% 32.8%  37.6%
Share of eastern regions in export volumes to the eastern 13% 64% 63% 60% 60% 71% 66%

destinations

Source: Calculated according to official statistics [3].
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Fig. 4. The share of Russian coal in total imports of the importing countries.

is second in exports only to Australia and Indonesia, and
ranks 6th after China, India, Indonesia, the United States,
and Australia in terms of production volumes. Russia’s
share in global coal exports grew from 9.9% in 2010 to
17.8% in 2020 [4].

In the period from 2010 to 2020, exports from Russia
more than doubled (Table 3) [3]. Deliveries to castern
destinations increased more than tenfold from 7.1 million
tons to 73.47 million tons, including those of coking coal
from 2.3 million tons to 10.97 million tons. Russian coal
exports to western and southern destinations increased
by about 40% from 89.2 million tons to 122 million tons.
Growth in exports to eastern destinations was provided by
coal mining enterprises in Western Siberia and the eastern
regions. Enterprises based in the eastern regions accounted
for more than 70% of the increase in exports castward.
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Russia delivers coal to the world’s largest coal importers,
including China and Japan, South Korea, Taiwan, India,
Malaysia, and Vietnam [5].

According to international statistics [4-8], the share of
the eastern direction in export deliveries increased from
46% in 2018 to 56% in 2020. There is an upward trend in
the share of coal imports from Russia in the imports of the
world’s main coal importers, including China, Japan and
South Korea (Fig. 4).

The competitors of Russian coal in the APAC coal
market are Indonesia, Australia, USA, South Africa, and
Mongolia. If one takes into account the coal reserves-to-
production ratio in these countries [4], then there may be
fewer competitors in the future (Table 4). Coal reserves-to-
production ratio is calculated by dividing proven reserves
by annual production [4] and stands for the number of
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TABLE 4. The share of the main coal exporters in the coal import by the main importers of Russian coal
at the Asia-Pacific market in 2020.

Country, indicator Russia Australia Indonesia  Mongolia South Africa Others

China 12.8% 32.3% 34.2% 16.0% 4.8%
India 3.9% 14.6% 45.8% 21.1% 14.6%
Japan 11.0% 58.7% 14.4% 15.9%
South Korea 20.9% 36.3% 21.3% 21.5%
Other Asia-Pacific countries 9.7% 28.8% 46.7% 14.8%
Country's share in world imports 16.6% 27.5% 26.0% 29.9%
Coal reserves-to-production ratio, years 407 315 62 58 40

Source: Calculated according to international statistics [4].

years that natural resources will last if consumption rates
remain the same.

Most regions export products of hard coal processing,
i.e., steam and coking coal concentrates. Low-grade coal
processing products are supplied to the domestic market.
Run-of-mine coal is exported in insignificant quantities.

Growth in coal production in the eastern regions is
associated with the growth of exports [3]. The clear leader
is the Sakhalin region, where with an increase in production
by 10 million tons in the period under review, exports rose
by 12.36 million tons, which is partly due the proximity to
target APAC markets. Export shipments from the Republic
of Khakassia, Transbaikal Territory, and the Republic
of Sakha (Yakutia) increased significantly. Khabarovsk
Territory, the Tyva Republic, and Chukotka Autonomous
District, which had not exported coal before 2010, became
coal exporters as well.

An analysis of coal supply trends shows that the coal
industry in Russia and especially in its eastern regions is
becoming more and more export-oriented.

IV. PROSPECTS FOR COAL SUPPLIES FROM THE EASTERN
REGIONS

A. Domestic coal market.

Supply of coal from the eastern regions to the domestic
market depends on its use mainly for the needs of the
energy sector (mostly at power plants). Other uses (coke
manufacturing and coke by-product recovery, coal chemical
industry) and other consumers (boilers, households,
industrial sector, and transport) have a less significant
impact on supply volumes. The tendency to reduce supplies
to consumers will continue due to the activities aimed at
converting certain categories of consumers to gas.

Projects to build coal-fired power plants in Eastern
Siberia and the Russian Far East have been considered
in various state federal and regional strategies and
programs (Program for the Development of the Russian
Coal Industry to 2035; Energy Strategy of the Russian
Federation to 2035; Scenarios for the Development of the
Russian Electric Power Industry to 2030; Federal Target
Program «Economic and Social Development of the
Russian Far East and the Baikal Region to 2025»). The
above documents envisioned the construction of coal-fired

thermal power plants using low-grade products of coking
and steam coal processing, and run-of-mine coal. Projects
to build coal-fired thermal power plants from time to time
appeared in and disappeared from policy documents over
the years. The revision of the Coal Industry Development
Program approved in 2014 considered the construction of
several coal-fired power plants at different coal deposits
of large (2 400—4 800 MW) and smaller (900-1 500 MW)
capacity. The construction of coal-fired power plants was
considered for the Irkutsk and Amur Regions, Transbaikal
and Khabarovsk Territories, and some other eastern
regions.

Most of them were focused on electricity export. In
the latest revision of the program, the number of coal-fired
power plant projects has been reduced and the construction
of power plants for electricity export is not currently
being considered. The coal deliveries from the eastern
regions to the domestic market can be increased mainly
by constructing power plants, However, their decrease is
possible due to the conversion of coal consumers to gas.
In the short term, the conversion of some power plants
in some Russia’s eastern regions to gas cannot have a
significant impact on the volume of coal supplied to power
plants. The conversion of power plants in the Russian Far
East (Vladivostok CHPP-2, Khabarovsk CHPP-2, and
Anadyr CHPP) to gas, leads to a reduction in coal supplies
by about 0.5 million tons, which is much less than the
annual fluctuations of coal deliveries to the region’s power
plants due to climatic conditions.

The program documents do not provide for significant
expansion of coke manufacturing and coke by-product
recovery and it is most likely that the volumes of supplies
targeting this area of coal use will stabilize.

According to the Strategy for Long-Term Development
of the Russian Federation with Low Greenhouse Gas
Emissions to 2050 and the conversion of consumers to gas,
it is projected that the coal consumption by boilers, the
industrial sector, transport, and households will go down.

Almost all brown coal and low-grade hard coal are
suitable for the needs of the coal chemical industry. Their
greatest resources for the development of coal chemical
industry are the coal of the Kansk-Achinsk coal basin, the
Amur Region’s lignite deposits Svobodnoe, Sergievskoe,
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TABLE 5. Possible range of increase in coal production and export, million tons/year.

Indicator Year
2020 2030 2035
Actual Possible range
Production 153.6 182-227 195-275
Export 53.38 64-94 75-130

and Tygdinskoe. Existing projects for the development
of coal chemical manufacturing, differ in their degrees
of completion, from a preliminary assessment to the
specific implementation steps. The most mature project is
presented in the Program for Development of Innovative
Territorial Cluster «Integrated processing of coal and man-
made waste» in the Kemerovo region. In the short term, the
supplies of coal for the needs of the coal chemical industry
cannot have a significant impact on the volume of supplies
for other purposes.

Integrated use of coal is possible when creating a
deposit-based cluster comprising the facilities of coal
production, power generation, coal chemical industry,
and others for processing waste from major enterprises,
including recovery of valuable elements and production
of construction materials. The mix of enterprises of such
clusters is deposit-specific because each deposit has
unique mining, geological, and hydrological conditions of
development; chemical composition of coal and its quality
characteristics; and the state of transport and energy
infrastructure. [9—11].

B. Export.

The decarbonization policy in most countries leads to
adjustments in projections of demand for coal. At the same
time, according to experts, the demand for coal in APAC
countries continues to grow. According to the projection
by the British oil and gas company BP, by 2040 global
coal consumption will increase slightly (0.8%) compared
to 2016, with reduced consumption in most countries of
the world and increased consumption in APAC countries
[12]. China (25% of global coal consumption, despite the
decline in overall consumption) and India (14% of global
coal consumption) will remain the leaders. According to
the projection made by the International Energy Agency
[6, 12], demand for coal is also expected to grow in Asian
countries, with relatively stable volumes of consumption
in other regions of the world. East Asian countries are
importers of Russian coal, and coal mining enterprises in
the Russian Far East are geographically advantageous for
selling coal to Asian markets. The main competitors of
Russian coal in this market are the largest coal exporters:
Australia and Indonesia.

If the state of the coal market is favorable, the prospects
for the development of Russian exports, especially those of
coal from the eastern regions, are quite bright.

Analysis of existing investment projects, disregarding
the demand for coal in the future, indicated the possible
ranges of increasing the coal production and exports
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(Table 5). Growth in coal production is possible in almost
all eastern regions of Russia, which is to be achieved
through the utilization of production capacities to a fuller
extent and the reconstruction of existing facilities and
construction of new ones. First of all, this will affect
regions with sufficient reserves of high-quality coal, which
is in demand in the world market. Coal exports from the
Republics of Khakassia and Sakha (Yakutia); Sakhalin
Region; Krasnoyarsk, Khabarovsk, and Primorsky
Territories could grow by one and a half times or more as
compared to 2020. There may be a significant increase in
coal exports from regions that previously exported coal
in small volumes (the Tyva Republic, Magadan Region,
and Chukotka Autonomous District), as well as from the
Kamchatka Territory and Amur Region, which previously
did not export coal.

V. FACTORS INFLUENCING THE DEVELOPMENT OF COAL
SUPPLIES

The main factors influencing the development of
coal supplies are the demand for coal, the balance coal
reserves, and the condition and capabilities of the transport
infrastructure. With the growing demand for coal, mainly
in the international coal market, there are also factors both
favorable for coal supplies and limiting them. The most
important of these are geopolitical conditions, the policy
of the Ministry of Transport of the Russian Federation on
prioritizing freight carried by rail transport, the availability
of balance reserves and production capacity of facilities,
and the decarbonization policy of the world’s economies.
Other factors such as coal prices, geographic, climatic,
geopolitical, and other conditions can both facilitate and
constrain coal supplies.

A. Demand for coal in the world market.

Projections of coal consumption in the world made
by international organizations in different years are
characterized by great uncertainty and ambiguity [6, 12—
14]. The growth in demand for imported coal is predicted
for APAC countries. Developing APAC countries are
building coal-fired power plants and are planning to build
new facilities using coal as fuel [15].

Volumes of coal imports are influenced by changes in
the economic growth rates in the importing countries and
unpredictable conditions of economic development caused
by political decisions, such as sanctions, and others. The
greatest growth in demand is possible in India, with a drop
in demand in China and its stabilization in South Korea,
Japan, and Taiwan. The decline in demand for imported
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TABLE 6. Balance reserves of coal in the eastern regions, billion tons.

Coal type, mining method

Balance reserves by category Off-balance reserves

A+B+Cl Cc2 A+B+CI1+C2

Total, incl 88.0 39.9 127.8 29.2
- Brown 61.2 254 86.6 12.0
- Hard 26.7 14.4 41.2 17.1
Including coking, of which 8.9 4.5 13.4 1.4

- High-value coals 43 2.7 7.1 0.1

- Anthracite 0.03 0.03 0.07 0.07
Open-pit mining, total, incl. 71.7 28.5 100.1 16.0
- Brown 57.8 22.5 80.3 10.4
- Hard 13.9 6.0 19.8 5.6

Source: Calculated based on the data presented in the «State Balance Sheet of Mineral Reserves of the Russian Federation as of

January 1, 2019» [1].

coal in China is also due to plans to increase domestic coal
production [16].

In May 2021, the independent international pricing
agency Argus held the conference «Russian Coal 2021 —
CIS and Global Markets» [17]. The global market review
at the conference noted the prospects for coal demand
recovery after the Covid-19 pandemic, changes in trade
flows and the strengthening of Russian coal’s position
in premium and growing markets such as China, Japan,
South Korea, and Taiwan. It was also noted that there were
prospects for an increase in the share of Russian coal in
imports of APAC countries.

The reduction in demand for coal in coal-importing
countries is due to the following: domestic policies
regarding energy sources, the achievements in energy
conservation, the shift from energy-intensive industries,
and the development of new, more efficient energy sources.

B. Geopolitical conditions.

Currently, geopolitical conditions have become one
of the most important factors influencing the volume and
destinations of coal exports [18]. In the eastern regions,
restrictions due to sanctions related to Russia’s special
operation in the Ukraine affected only Khakassia, which
supplied coal to Poland and Great Britain. According
to 2020 data, 1.9 million tons of 12.7 million tons were
supplied from Khakassia to the above countries [3].

The largest importers of coal from APAC countries
(China, Japan, and the Republic of Korea) have not joined
the direct sanctions, which is why there is a theoretical
possibility of redirecting exports to APAC countries. The
main obstacle to coal exports to eastern destinations is the
low throughput capacity of the railroads.

Changing geopolitical conditions can not only
fundamentally alter the volume of supplies but also redraw
the map of coal transport destinations.

C. Policy of the Ministry of Transport of the Russian
Federation on prioritization of freight carried by rail
transport.

In the current geopolitical context, the policy of the
Russian Ministry of Transport has become the most
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important factor affecting the volume of coal supplies.
The greatest damage from the sanctions for coal shipments
from the eastern regions is related to restrictions on the
transport of coal eastward since the policy of the Ministry
of Transport of the Russian Federation on prioritizing
freight carried by rail transport has changed.

Freight carried by Russian Railways is divided according
to tariff classes. There are three tariff classes [19]. The first
class, which includes coal, was a top priority, and freight
of this class was transported at lower rates. Freight of the
second class is transported at cost price. Relegation of coal
from the first to the second tariff class is being discussed
[20], which can render coal exports uneconomical.

Due to the insufficient throughput and -carrying
capacity of the railroads of the Eastern Polygon, the
Government of the Russian Federation adopted Resolution
No. 304 of March 6, 2022 «On Suspension of the Decree
of the Government of the Russian Federation No. 710 of
November 25, 2003 [21].

According to the rules of non-discriminatory access to
the railway infrastructure, «transport of export coal from
Kuzbass, Buryatia, and Khakassia in an eastward direction
falls into the category of transport formed by the decision
of Vladimir Putin,» subject to quotas. The total volume of
quotas is 76 million tons, of which 18 million tons are for
the eastern regions of Russia, which is less than 40% of
the coal exported in 2020. Export-quality coal from other
regions is not considered. Such a situation could lead to
«the breakdown of contracts, failure to fulfill obligations,
shutdown of enterprises, job cuts in the regions, a reduction
in tax revenues and foreign exchange earnings [21], and a
significant increase in social tension. This is especially true
of monotowns, where the existing conditions will increase
unemployment.

D. Balance coal reserves.

The availability of significant balance coal reserves
is a favorable factor for the development of production
and increase in coal supplies. A wide range of qualitative
characteristics of coal from the eastern regions of Russia
determines their suitability for different uses: exports,
power generation, coke manufacturing and coke by-product
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recovery, coal chemical industry.

The balance reserves of coal of categories A+B+Cl1
in the eastern regions amount to 88 billion tons (Table 6).
These reserves are promising in terms of their development
with the state-of-the-art technology. Significant volumes of
C2 reserves (39.9 billion tons of balance reserves and 29.2
billion tons of off-balance ones) create prospects for their
further commercial development.

The ratio of balance reserves of categories A+B+Cl1
to inferred resources or the degree of exploration is
low and averages only 10%. The degree of exploration
differs greatly for different entities of the Federation and
different areas of the region - from 0% to 50% or more.
The appropriate exploration work will make it possible to
book the inferred coal resources in the State Balance Sheet
of reserves, which will increase the balance coal reserves.

The share of coal suitable for export in the balance
reserves of categories A+B+C1 (hard coal: steaming
and coking) is 30%. Steaming coal is represented by
hard coal (including that suitable for export) and brown
coal, their share in the balance reserves is 79%, with the
predominance of brown coal. The main possible use of low-
rank brown coal is for power generation. Hard coal from
most of the deposits in the eastern regions can also serve
as fuel for power plants. Other resources for the energy
sector include low-grade products of coking and steaming
coal processing. The coal reserves-to-production ratio
for export from the eastern regions (at the 2020 level of
volumes supplied) is about 500 years. Excluding resources
for export, the lignite reserves-to-production ratio of the
eastern regions alone exceeds 700 years for the needs of
domestic consumption. Such a calculation is approximate;
nevertheless, it allows estimating the possible horizons of
coal deliveries, irrespective of the addition of promising
deposits to the balance sheet of reserves.

Coal is a powerful sorbent. Coal from deposits located
in the eastern regions contains rare-earth and other
components such as germanium, vanadium, chromium,
gold, platinum, silver, titanium, and others, and in the case
of some deposits the above are available in commercially
significant concentrations [22-24]. Development of
new technologies for the recovery of rare and rare-earth
elements from coal and coal combustion products are
subjects of numerous studies in many countries [25-29].

The significant balance coal reserves available in the
eastern regions and favorable mining conditions for most
of the deposits create opportunities for the expansion of
coal production.

E. Current state of the transport infrastructure.

Most of the coal supplies (88% of the production
volume in 2020) are transported by rail to the domestic
coal market and to shipping ports and border crossings for
export [30]. About 90% of Russian coal is exported by sea,
in particular, through the ports in the Russian Far East. A
serious issue is the remoteness of coal mines from export
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ports and the limited capacity of port facilities.

Growth in coal exports to eastern destinations caused
an increase in rail traffic along the key routes of the Eastern
Polygon, which includes the Far Eastern, Trans-Baikal,
Krasnoyarsk, and East Siberian rail lines. The carrying and
throughput capacity of the railroads, as well as that of coal
terminals impose constraints on the transport of demanded
coal volumes. Although the Russian Railways has been
implementing the program to modernize the Eastern
Polygon since 2013, the measures taken to date fail to meet
the growing need to increase the volume of transported
cargo, including coal.

Infrastructure constraints are the main obstacle to the
increase in coal supplies from the eastern regions to APAC
countries. According to analysts from the journal Mining
Industry [31], about 6% of exports to APAC countries has
to be transported via a «bypass» route running through
the ports of the Baltic, Arctic, Black, and Azov Secas.
Because of the poor throughput capacity of the Eastern
Polygon, Elgaugol LLC (owned by A-Property) decided
to put on hold mining at the Ogodzhinskoye deposit in
the Amur Region in 2021 to ensure the shipment of the
produced output from the top-priority Elga open pit [32].
The growth of coal supplies to eastern destinations has
greatly exacerbated the problem of high utilization of the
Eastern Polygon. Technologies are also developed and
used to increase the weight of freight in railcars. SUEK—
Kuzbass Joint-Stock Company’s Transport Department
together with JSC Russian Railways have developed and
implemented a technology to increase the weight of freight
to be carried by standard railcars up to 65-71 tons, and in
the latest generation of railcars — up to 77 tons. The use of
advanced technology allows a more intensive use of the
eastern railway route, which has infrastructure limitations
in terms of throughput and carrying capacity.

Coal deposits deemed promising for development
are often located in regions with underdeveloped or non-
existent transport infrastructure, which significantly
increases the time of development of such deposits, for
example, coal deposits in the Republics of Tyva and Sakha
(Yakutia).

FE Coal prices.

Two types of coal (steaming and coking) are sold in
the world market. Their prices differ significantly. The
average monthly price of coking coal can be higher than
that of steaming coal by 1.5 to 2.8 times [32]. Coking coal
accounted for only 12% of total coal exports from Russia’s
eastern regions in 2020 [3].

The price of steaming coal is also influenced by the
prices of other energy carriers largely by gas and to a lesser
extent by oil. As gas prices rise, coal, being a cheaper
resource, becomes more economically feasible, which can
push coal suppliers to raise coal prices.

Coal prices depend on the type of contract. It is
customary to distinguish between long-term contract
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prices and short-term (spot) ones. Spot prices are more
sensitive to market conditions and are subject to greater
fluctuations than long-term prices. For example, over the
past five years, the average monthly price fluctuations for
Russian steaming coal in contracts ranged from $51 to
$92/t, and spot prices over the same period ranged from
$47 to $170/t [33, 34]. Amid rising gas prices and declining
coal exports from Australia, international coal prices
continued to fluctuate with a pronounced upward trend in
2021, reaching record highs in April 2022 for coking coal
at $444.8/ton and steaming coal at $325.3-333.8/ton in the
Asian market [35].

The most significant price fluctuations are associated
with a slowdown and then an increase in the rate of
economic development related to the pandemic and
geopolitical conditions. Analysis of the dynamics of coal
prices in the APAC market [4] and the volume of coal
exports from the eastern regions [2, 3] shows an increase in
exports regardless of price fluctuations [3, 7]. This indicates
the presence of sufficiently favorable price conditions for
coal export from the eastern regions in the medium term.

Final coal prices depend on the relationship between
supply and demand in the coal market. In the domestic
market, the main consumers of coal are power plants.
Each power plant is designed to burn coal from a specific
deposit and supply volumes, accordingly, depend little on
the price of the coal supplied. Analysis of the dynamics of
average coal prices in the international market compared
to the volume of Russian coal supplies shows that supply
volumes depend less on price and more on demand and
geopolitical conditions.

G. Geographical and climatic conditions.

Climate of most of the eastern regions of Russia is
strongly continental. Temperatures can drop to —40° C
to —50° C during certain periods at some deposits of the
Far North regions and equivalent areas. This imposes
restrictions on certain types of work as compared to other
regions where earthworks can be carried out all year round.

Climatic conditions have a significant effect on the
demand for coal for electricity and heat generation by
cogeneration power plants. The eastern regions are home
to Russia’s most powerful hydroelectric power plants,
whose share in power generation dominates the region
and whose power generation depends on the water content
of the rivers. The power shortage is covered by coal-fired
power plants. The fluctuation of coal supplies from the
eastern regions to power plants ranges from —8% to +11%
compared to the previous year. The fluctuations are mainly
due to climatic conditions (cold and warm winters, the
water content of rivers) and the available coal reserves in
the warehouses of companies, which were unused in the
previous year.

H. Decarbonization of the world economies.

The decarbonization trend followed by many economies
ofthe world has become highly relevant in recent years [36].

Among the countries planning to reduce coal-fired power
generation are the APAC countries importing Russian
coal. In the long term (2040-2050), coal consumption may
reach a plateau with a further decline in demand for coal.
The decline in demand for coal due to the decarbonization
policy pursued in the countries of the world had a greater
impact on coal export to European countries. Russian coal
export to APAC countries will remain lucrative for quite
a long time, primarily because of the inertia of the energy
sector development and the large investment outlays needed
to replace equipment and energy carriers for power and
heat generation. Unpredictable weather conditions (cold
winters) and fluctuations in the cost of gas do not foster
the desired reduction in coal consumption in European
countries either, given that coal is still the cheapest source
of energy. This is especially true for the countries with
scarce energy resources, which include most of the APAC
countries. The share of renewable energy sources (with
the exception of hydropower), which is the focus of the
transition to green energy is quite small [33], the rate of
increase in this share is still limited by the high cost of
energy from renewable sources.

The Strategy for Long-Term Development of the
Russian Federation with Low Greenhouse Gas Emissions
to 2050 suggests measures to improve the energy efficiency
of the Russian economy. However, the process of switching
the production processes to the best available technology
takes much time and requires significant investment. In
addition, there are no legal and methodological framework
for the system of carbon regulation in the Russian
Federation. The economy is currently being decarbonized
through the conversion of energy facilities to gas. In
European Russia, most power plants have been converted
to gas. The eastern regions are dominated by coal power.
According to the Federal Target Program «Economic
and Social Development of the Russian Far East and the
Baikal Region to 2025,» both individual boilers and the
entire cogeneration plants are gradually being converted
to natural gas.

According to the Ministry of Energy of Russia, the
share of renewable energy sources (wind and solar) in
the mix of installed capacity of power plants in Russia in
2020 was 1.1%. By 2027, it can reach 2.2% [35]. The main
obstacle to increasing the capacity of renewable energy
sources is their poor economic competitiveness compared
to other power generation technologies.

1. Other factors.

Other factors affecting coal production and supply

include:

+ State support for the development of coal mining and
supply;

* High dependence on imported mining equipment and
spare parts;

* A lack of highly qualified personnel, not only at coal
mining companies, but also for carrying out exploration
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and other work;

The high capital expenditures required over a long
time;

The need for infrastructure investment and a long
payback period of investment;

Unpredictable world events, such as the fires in
Australia, the coronavirus pandemic, the sanctions
imposed by individual states, and similar phenomena
on a global scale.

Large-scale forest fires in Australia, which is the world’s
main producer of coking coal, may, to some extent, affect
the global market conditions. The coronavirus pandemic
has caused the introduction of temporary transportation
restrictions, which affects the volume and speed of
shipments.

State support to the development of coal mining and
increase in coal deliveries, planned by the Program for the
Development of the Coal Industry and other documents,
has faded into the background against the backdrop of
geopolitical events.

Foreign companies are interested in developing
some of the coal deposits in the eastern regions. The
development of coal mining at these deposits depends not
only on the degree of participation of these companies in
the implementation of projects, but also on the persistence
of the interest manifested.

VI. CONCLUSION

The ecastern regions of Russia have coal reserves
suitable for different uses. The most likely increase in
coal supplies is related to export, but it can be limited due
to the current geopolitical conditions. The coal of some
deposits has valuable elements: rare-earth metals and other
substances that are in demand in the industrial sector and
knowledge-intensive industries. Integrated use of coal
from such deposits with the output of high value-added
products is very promising.

Projections of demand for coal made by international
organizations for the countries that are potential coal
importers are favorable for the intensive development of
coal export from the eastern regions of Russia. The main
competitor of Russian coal is the coal from Australia,
Indonesia, and Mongolia.

The prospects for export of coal depend on the
potential for development of domestic and international
coal markets; the tariff policy and freight priorities set
by Russian Railways; restrictions on coal consumption,
depending on the success of the decarbonization of the
economies worldwide; domestic and foreign policies of
coal-importing countries, and the prevailing geopolitical
conditions.

The state of the global market with respect to energy
prices has little effect on the volume of Russian coal
exports.

Coal reserves in the eastern regions of Russia are
poorly studied. Additional exploration work will not only
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increase the existing balance reserves but may also identify
new deposits or areas promising for development.

The main limitations of an increase in coal export
supplies are related to the capabilities of transport
infrastructure, geopolitical conditions, the lack of demand
for low-grade coal products in the domestic coal market,
and the need for large investment outlays.

The significant coal resources available in the eastern
regions, including high-rank coal, which is much in demand
in the world market; the existing mining capacities, and
high coal reserves-to-production ratio allow considering
the coal of the eastern regions as a reliable resource to be
supplied for export and domestically consumed for the
long term.

The key risk for the coal industry in Russia’s eastern
regions is a potential decline in export volumes due to
the geopolitical situation and the resulting changes in
regulations of freight transport by rail. This can lead to
increased economic instability and social tension in coal-
mining regions.

The research was carried out within the scientific
project X1.174.2 of the program of fundamental research
SB RAS, reg. AAAA-A21-121012090010-7.
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