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ABSTRACT

Purpose: The article describes the primary renewable energy sources and their geographical
use, which is dictated by energy policy.

Design/Methodology/Approach: The research strategy combines qualitative and quantitative
methods to analyse Ukraine’s renewable energy sector during wartime disruptions and post-
war recovery. A combination of theoretical and empirical methods, such as analysis, synthesis,
theoretical modelling, and generalising materials from the scientific literature, must be used to
solve the task set. The article analysed 38 sources published between 2012 and 2024, which
were searched in 16 databases and search engines: CINAHL, ClinicalTrials.gov, Cochrane
Library, EbscoHost, Embase, ERIC, Google Scholar, LILACS, ProQuest, PsycINFO, PubMed,
ScienceDirect, Scopus, SportDiscus, TRID and Web of Science.

Finding: The main challenges for developing the energy sector in Ukraine include growing
demand for energy resources against the backdrop of declining reserves of traditional energy
resources, rising prices, and growing dependence on energy imports.

Research Limitation: A major limitation is the focus on Ukraine’s unique geopolitical and
economic context, so the results cannot be directly generalised to countries without similar
circumstances, such as ongoing conflicts or dependence on external energy resources.
Practical Implication: This study allowed us to identify the main factors influencing the
solution of energy supply and energy consumption problems as conditions for sustainable and
proportional development of regional economies.

Social Implication: The study offers relevant solutions to meet society's needs, including
recommendations on energy security, job creation, and environmental preservation. This would
improve citizens' quality of life and ensure long-term energy stability.

Originality/ Value: The study is novel because it contributes to the field of renewable energy.
It addresses the intersection of energy security and economic efficiency in times of crisis. It
offers a new framework for sustainable energy policy in the regions of Ukraine during the war.
Keywords: energy policy. gas market. geographical dimension. renewable energy. threats
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INTRODUCTION

The impact of Russian aggression is significantly impeding renewable energy projects and the
sector as a whole, causing a substantial setback compared to its status before the war in Ukraine.
As of September 2022, a quarter of the existing renewable energy capacity was out of
operation, including the large majority of power generation from wind. The number of projects
destroyed, damaged, and under enemy occupation is increasing rapidly.

According to the Statistical Review of World Energy 2024 data, the world's proven oil reserves
reached 239.8 billion tons (1700.1 billion barrels) at the end of 2023. This is enough for
approximately 52 years of global production (R/P), considering the constant growth of global
energy consumption. The world's proven gas reserves at the end of 2023 totalled 186.9 trillion
cubic meters, ensuring 55 years of global production. In 2023, the world's coal reserves were
892 bhillion tons, which is enough to ensure 114 years of global output, and today, it has the
largest reserves of all fossil fuels. Therefore, alternative energy is the key to solving the issues
of resource depletion (Kovalskyi et al., 2024; Ma et al., 2018).

One of the areas of geothermal energy is using low-potential energy from the earth, featuring
low source temperatures (3-30 °C) (Redko et al., 2019). This energy cannot be used directly in
power supply systems. Such energy can be utilised by devices called heat pumps. In other
countries, heat pumps are becoming more widely used in residential heating systems. In Canada
and the United States, heat pumps comprise 45% of the market for heating systems (Pearce &
Sommerfeldt, 2021). The European Union plans to provide more than 50% of its heat supply
through heat pumps in the coming years (Marina et al., 2021).

The ability of matter atoms to absorb electromagnetic radiation ensures solar energy conversion
into thermal energy. In this case, the energy of electromagnetic radiation is converted into the
kinetic energy of atoms and molecules of matter, i.e., thermal energy. As can be seen from
Figure 1, the intensive use of concentrated solar radiation began in the second decade of this
century. The installed load of this type of power plant worldwide was 4.8 GW at the end of
2016.
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Figure 1: Dynamics of using concentrated solar radiation globally
Source: Ma et al. (2018)

The advantage of heating using solar rays is the high speed of the process, exceeding 1000 K/s.
The molten material is not contaminated with foreign inclusions, as the narrow beam melts it
in the form of the same material. An oxidising or reducing atmosphere can be created in the
working chamber. Several dozen solar furnaces have been built worldwide. They are in the
USA, France, Japan, Algeria, Uzbekistan, Armenia, and other countries. The capacity of the
installations varies from 5-10 kW to 1000-5500 kW. The largest solar concentrator in the world
was built in Uzbekistan near Tashkent, as shown in Figure 2. The mirror area is 1840 m? (12090
mirrors). The maximum temperature in the working zone is 2000°C.
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Figure 2: General view of the world's largest solar concentrator (Uzbekistan)
Source: Ang et al. (2022)

In addition to visualising the state of the development of alternative energy sources (in general
and by type), the corresponding features of the regions can be obtained based on either relative
or synthetic indicators (Saez-Martinez et al., 2016; Ang et al., 2022). Regional profiles can be
formed by any set of indicators selected for analysis. The choice of the best value with
subsequent comparison with regional indicators will allow for comparing the selected
indicators and ranking regions based on these estimates.

LITERATURE REVIEW

The development of renewable energy sources in Ukraine is determined by the geographical
diversity of renewable energy sources, such as solar, wind, biomass and hydropower
(Zaichenko et al., 2024; Kovalskyi et al., 2024 ), which remain underutilised due to
infrastructural economic and political barriers (Lukashevych et al., 2024; Zinchenko &
Yakovenko, 2024). In particular, Kostenko et al. (2024) note Ukraine’s strategic advantage for
solar energy production, especially in the southern regions, despite the challenges associated
with military activities that disrupt the operation of installations and grid connections.

In contrast, the economic aspects of renewable energy, highlighted in the works of Sokhan et
al. (2024), lkevuje et al. (2024), and Kukharets et al. (2024), focus on its ability to increase
energy independence and reduce dependence on imported fuels. In particular, as Rokicki et al.
(2023) and llie et al. (2023), the issue of the dependence of EU member states and Ukraine on
energy imports from Russia becomes increasingly critical in wartime. However, Hlushko
(2024) notes that Ukrainian resources remain underutilised, accompanied by infrastructure
vulnerabilities and economic constraints exacerbated by prolonged hostilities.
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Therefore, it should be noted that hydrogen energy has significant potential. The global
hydrogen energy market could reach $2 billion annually by 2025. Burning hydrogen produces
lower greenhouse gas emissions (50 % less than petrol-powered cars). When hydrogen is
produced from renewable raw materials, it has a high energy density and generates only water
as the primary emission source (Kovalskyi et al., 2024; Khoja et al., 2020; Mehrjerdi, 2020).
However, hydrogen is highly explosive, has a low liquefaction temperature, and low density in
its gaseous state, which causes several issues related to its storage and accumulation. The
achievement of the set goals is planned by creating and implementing state support measures
in the fields of hydrogen production, storage, transportation, and storage (Ahmed et al., 2020).

The combustion of biomass for energy production has been practised for a long time. However,
this process causes environmental pollution and is not very efficient, as the full potential of
biomass as an energy source is not utilised (Yang et al., 2015; Xia et al., 2022). Currently,
biomass meets only about 10% of global energy demand, which allows hydrogen to be one of
the leaders among all renewable energy sources (Ampah et al., 2022). Large-scale industrial
hydrogen production is carried out through natural gas reforming (via conversion into synthesis
gas) with an efficiency of about 70-75% or through coal gasification, which has an efficiency
of about 45-65% with a concomitantly high level of CO2 emissions (Mazhar et al., 2021).

Hydrogen technologies do not compete with traditional methods of generating electricity and
heat but rather with decarbonisation systems of the energy system: carbon capture and storage,
bioenergy, and heat pumps (Abbasi et al., 2020; Rej et al., 2022). Hydrogen has proven itself
well in specific niches; for example, serial production of cars that run on alternative engine
sources is already underway. Storage and transportation of hydrogen in cylinders is associated
with increased danger due to its high volatility and explosiveness when in contact with air
(Amrouche et al., 2016). This explains the extremely high material intensity of such
transportation methods — a container weighing approximately 20 kg for every 1 kg of
transported hydrogen, negatively affecting transportation costs.

METHODOLOGY

To solve the tasks set, a combination of theoretical and empirical methods is and will be used,
including theoretical methods such as analysis to determine the aspects of existing concepts of
the development of renewable energy sources and their integration into the economy; the
synthesis was applied to the development of comprehensive strategies for the energy
development of Ukraine; theoretical modelling is used to predict possible scenarios for the
implementation of renewable energy technologies; and generalisation of materials from
scientific literature on the researched issue contributed to the formation of objective
conclusions. Instead, empirical methods of interpretation include: the analysis was used to
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study the current state of development of renewable energy sources in Ukraine; the synthesis
was applied to combine the results of various studies on the concept of the development of
renewable energy sources in the context of post-war reconstruction; and the systematisation of
the obtained data was used to form the characteristics of the efficiency of various energy
systems.

The search engines analysed in this study represent common resources in frequently cited
systematic reviews and meta-analyses in recent years. The article analysed 38 sources
published between 2012 and 2024, which were searched in 16 databases and search engines:
CINAHL, ClinicalTrials.gov, Cochrane Library, EbscoHost, Embase, ERIC, Google Scholar,
LILACS, ProQuest, PsycINFO, PubMed, ScienceDirect, Scopus, SportDiscus, TRID and Web
of Science. Although most of the mentioned search systems contain closed databases, the
emphasis was therefore on open-access publications available for collecting empirical data on
renewable energy implementation, evaluating legislative and institutional frameworks, and
applying comparative analysis with international practices to propose tailored strategies for
Ukraine’s sustainable energy transition.

RESULTS AND DISCUSSION

The war has inflicted significant damage upon Ukraine's renewable energy sector, abruptly
halting its prewar momentum and plunging it into a state of profound disruption. This grim
reality underscores the urgent imperative to prioritise the sector's revitalisation as a cornerstone
of Ukraine's post-war economic and environmental reconstruction. While renewables present
a beacon of hope in this bleak landscape, their resurgence hinges upon establishing critical
regulatory, institutional, and financial preconditions, unlocking their full potential to drive
Ukraine's sustainable and prosperous future.

Alternative energy sources include geothermal, hydrothermal, aerothermal energy, biomass
energy, biogases (gas from organic waste, sewage treatment plants), and secondary energy
resources, which contain blast furnace and coke oven gases, coal seam degasification, and the
conversion of waste energy potential from technological processes (Salem et al., 2022). The
research of legal, economic, organisational, and technical problems related to using alternative
energy sources is reflected in the studies by both Ukrainian and foreign scholars. Anwar et al.
(2021) described the efficiency of photovoltaic converters, which ranges from 12% to 24%,
depending on the design and semiconductor materials used.

Zappa et al. (2019) claimed that in 2016, the total capacity of photovoltaic installations
worldwide reached 303 GW, sufficient to cover 1% of the world's total electricity demand.
China, Germany, and Japan took the leading positions in the global arena of solar energy
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production at that time (Annual Energy Outlook, 2012; China 2030, 2012; Australian Energy
Resource Assessment, 2014).

Having subjected seaweed to fermentation, Parrado et al. (2016) obtained ethanol. Seaweed
can also be composted to produce biogas, dried, and burned for energy.

Adams et al. (2018) list four main methods of converting wave energy into electricity:

the principle of “oscillating water column” (OWC);
attenuators;

the principle of “body oscillation” (point absorber);
the principle of “overflow” (overtopping).

At present, systems for energy storage from renewable sources using fuel cells have been
developed (lkegami & Wang, 2016) and are being implemented. As shown in Figure 3,
electrical energy generated by solar panels (or wind turbines) is used to produce hydrogen (via
electrolysis), which is stored in special containers and supplied to fuel cells to generate
electrical energy during periods of peak energy consumption (or at night when solar radiation
IS absent).

Solar energy source

User endpoints

vV ov v

n

Photovoltaic Array i

|

5 :

|

: Oxygen Oxygen :

I |

I |

_ | < - - Hydrogen storage | = - L |

S M | 1
§ > Electrolyzer . | Fuel Cell —l

1N0 1318\

Figure 3: Principle of Accumulation and Use of Solar Energy: photovoltaic array; hydrogen
storage; oxygen; fuel cell
Source: lkegami & Wang (2016)
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This study aims to analyse the use of renewable energy sources and justify the prospects for
developing them. The paper also analyses engineering and technical approaches to
implementing an energy policy strategy.

At present, the following types of organic biofuels are used for transportation:

bioethanol (mainly made from sugarcane and corn);

bio-methanol (from marine phytoplankton);

biobutanol (C4H100 - butyl alcohol from sugarcane, beets, corn, wheat, etc.);

dimethyl ether (from coal, natural gas, cellulose-paper production waste, and biomass).

— biodiesel (made from animal, vegetable, and microbial fats, as well as products of their
esterification (rapeseed, soybean, palm, coconut oil) (Doppalapudi et al., 2021; Doppalapudi
etal., 2023).

— second-generation biofuel (different fuels obtained by biomass pyrolysis, algae, etc.).

Biodiesel-methyl ester, which possesses fuel properties and is obtained due to a chemical
reaction from plant fats, finds the broadest application in many countries (Sotnyk et al., 2023).
In the world (2021), 185 trillion litres of biofuel were produced, of which about 125 trillion
litres account for fuel ethanol (74%). The leading world producers of biofuels are the USA and
Brazil.

Swiss company Clean Hydrogen Producers (CHP) has developed a technology for hydrogen
production from water using parabolic solar concentrators. The area of the installation's mirrors
is 93 m2. At the concentrator's focus, the temperature reaches 2200°C. Water begins to split
into hydrogen and oxygen at temperatures above 1700°C. Hydrogen production amounts to
3800 kg per year (about 10.4 kg per day). According to the information resource of the
International Network of Renewable Energy (REN21), the contribution of Renewable Energy
Sources (RES) to gross energy consumption is 21.5%. The largest share is traditional biomass
utilisation (7.8%) (Ziegler et al., 2019).

The share of RES in global electricity consumption is somewhat higher, at 24.5%. The
maximum contribution to electricity consumption comes from hydropower (16.6%). As of
2023, China, the United States, and Germany have the largest installed RES capacity. The
intensive development of renewable energy in China in recent years and wind and solar energy
in Germany is worth noting. Germany ranks first globally because it consumes much less per
capita than China.

Significant achievements in the development of renewable energy are evident in the countries
of the European Union (300 GW of installed capacity). When considering the percentage
contribution of RES to the energy consumption of EU countries, significant achievements of
Scandinavian countries and Latvia can be noted. State support and incentives for using RES
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drive Europe's success in this field. From the long-term perspective of world energy
development, by 2100, the consumption of hydrocarbon energy is planned to be reduced by
30-35% by replacing it with renewable energy sources.

Despite its high cost, renewable power has matured sufficiently to outperform non-renewable
energy with accumulated practical experience. Even so, unconventional energy sources
encounter numerous impediments when utilised in a standalone fashion. WT and PV rely on
the environment to produce electricity, whereas FC requires hydrogen-rich fuel. In this context,
Figure 4 shows how non-conventional energy will change the world by 2040.
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Figure 4: Scenario of the World Energy Development
Source: Jain & Sawle (2021)

In Ukraine, as in the rest of the world, the largest contribution to renewable energy comes from
wood fuel sources (firewood, wood chips, wood waste). The country has recently
commissioned new photovoltaic, wind, and hydroelectric power plants in recent years. In
particular, according to a study by the International Energy Agency in 2023, the most important
indicators are solar and wind energy to achieve zero net emissions by 2050 (GW), as indicated
in Figure 5.
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Figure 5: Solar and Wind required to meet Net Zero Emissions by 2050 (GW)
Source: developed by the authors based on IEA (2023)

Given the continued European integration processes even during hostilities, in May 2022, the
European Commission presented the REPowerEU strategic plan. The proposed REPowerEU
plan consists of four interconnected blocks: energy saving, diversification of energy imports,
replacing fossil fuels, accelerating the EU country's transition to clean energy, and smart
investment.

The document proposes comprehensive measures to reduce the consumption of oil, oil products
and natural gas and the active introduction of renewable energy sources. Initiatives within the
framework of REPowerEU are called to respond to the modern challenges of the global energy
crisis by increasing energy efficiency, diversifying energy supplies and accelerating the
transition to renewable resources (EEAS, 2022). Adherence to the course of European
integration, which provides for the observance of measures to improve environmental
conditions, will provide Ukraine with a gradual replacement of fossil fuels in various sectors -
household, industrial, and electricity generation. Therefore, this plan serves as a means to
guarantee the energy security of the populace, thereby enhancing their rights and liberties while
simultaneously promoting the principles of sustainable development.

In addition, Ukraine's most important task currently is mitigating the energy crisis that arose
due to abandoning Russian energy sources. The decision to abandon Russian energy sources is
also made in the European Union member states, and it is included in the REPowerEU strategic
plan.

As a crucial component of this decision, it is imperative to consider diverse economic factors
to implement appropriate measures to alleviate the ramifications of the energy crisis and avert
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a further expansion of the energy deficit, which may soon surpass 4 GW. Therefore, the
economic aspects of the development of renewable energy in Ukraine in the context of military
threats encompass several crucial areas:

— Increasing energy independence by abandoning external (primarily Russian) energy
resources and switching to own renewable energy sources;

— Attracting international investments to support energy projects considers international
standards and environmental sustainability requirements;

— Reducing energy costs is due to reducing the burden on the state budget and diversifying
resources for defence and social needs;

— Supporting economic sustainability at the local level, which involves the creation of new
jobs and the development of infrastructure, stimulates the economy and stabilises local
communities;

— Ensure long-term energy stability by advancing local resources and innovative methods for
generating sustainable energy.

In order to effectively overcome the energy crisis in Ukraine and stabilise the energy system,
it is necessary to implement several strategic measures to ensure long-term energy stability and
independence. Development of renewable energy infrastructure, including the accelerated
construction and modernisation of solar, wind and bioenergy facilities, is critical. This will
reduce the dependence on imported energy sources and establish a solid foundation for meeting
energy requirements. Securing the modernisation of existing energy facilities, maximising
energy usage, and minimising energy losses are some of the complex measures necessary.

Another important step is strengthening international cooperation, in particular within the
framework of the partnership with the EU countries. This includes both the involvement of
technologies and financial support for projects focused on energy restoration.

In addition, it is important to promote the development of scientific research initiatives and
innovative technologies that can increase the efficiency of using renewable energy sources and
create innovative solutions to strengthen the state's energy independence.

Institutional support and improving legal regulation are significant in this context. A stable
regulatory environment contributes to creating favourable conditions for attracting investors.
Creating tax incentives and other support tools for companies specialising in producing clean
energy is necessary to integrate renewable energy into national energy policy effectively.

Discussion

In the context of the formulated results of regional energy policy, it is necessary to focus on
the accelerating rates of economic growth in regions and the growth of energy efficiency in
regions compared to the primary energy resource consumption rates (Gurieiev et al., 2020).
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The factor of energy security of the region through alternative energy sources is one of the
most important characteristics of their development. The choice of appropriate assessment
criteria and their quantitative values will allow for creating appropriate scorecards of
alternative energy potential and the degree of its development (Atstaja et al., 2022).

Suppose solar radiation in the Sahara was used by 10%. It would be possible to produce the
current world energy demand in approximately 700 km by 700 km, as shown in Figure 6.
However, with the current state of technology and engineering, it is impossible to transmit
energy to consumers worldwide cost-effectively. Regarding geographic latitude, solar radiation
in Ukraine is much lower than in the Sahara: the country receives up to 1200 kWh/m? of
radiation per year. This corresponds to the amount of energy contained in 60 litres of oil. In
general, the annual solar radiation throughout the territory of Ukraine represents an amount of
energy that exceeds the gas requirement for energy production by 15 times.

Along with industrial electricity production, solar modules have been used in recent years to
create new environmentally friendly vehicles (hybrid cars, aeroplanes, dirigibles, etc.). As can
be seen, wind power is on the rise globally. The total installed capacity of wind power in 2021
reached 487 GW. The highest growth rate is observed in China (+23%). The top 5 countries in
wind energy development include China, the United States, Germany, India, and Spain.
Considering the size of the countries, Germany has the most tremendous success in developing
wind energy (Azad et al., 2015; Azad et al., 2019).

Figure 6: The potential for solar energy use in the Sahara Desert
Source: Azad et al. (2015)
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The largest solar power plant is in Morocco (Sahara Desert), as shown in Figure 7. Its capacity
equals 500 MW.
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Figure 7: Overview of the largest solar power plant (Morocco)
Source: Azad et al. (2019)
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Geothermal power plants can be effectively used for both heating and electricity generation.
As can be seen, geothermal power plants are most widely used in the United States, the
Philippines, and Indonesia. For example, in the United States, the registered capacity of
geothermal power plants is more than 3.5 GW. Global hydropower generation in 2022 reached
1064 GW. As can be seen, the top 10 countries of the world's hydropower producers include
China (about 28% of global production), Brazil, the United States, Canada, and other countries.
Incineration of municipal solid waste - this technology is used in many European countries.
For example, on the outskirts of Vienna (Austria), four thermal power plants have been set up
that run on industrial and municipal waste (including toxic and medical waste) and provide
thermal energy to the city.

One progressive and still unexplored alternative energy source is tidal energy, which occurs in
shallow waters, ranging from 1-3 TW. The technical potential of tidal currents is 48 TWh/year
(0.17 EJ) in Europe and 30 TWh/year (0.11 EJ/year) in China. Ocean currents also have
significant energy potential. For example, the Gulf Stream has a technical potential for
generating 25 GW of energy equivalent. Ocean thermal energy potential is 44,000 TWh/year
(159 ElJl/year) as shown in Figure 8. As shown in the figure, this type of energy has the
maximum value in equatorial regions.
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Figure 8: Global distribution of oceans' thermal energy
Source: Gurieiev et al. (2020)

The peculiarity of the political orientation in solving optimisation problems based on smart
networks includes the application of artificial intelligence and neural network elements. The
latter are used to search for the most optimal solutions to the problems using previous
experience of similar issues and the experience of leading experts in energy policy. It should
be noted that decision-making using “smart grids” can be carried out online, using all modern
operational types of communication (Internet, cellular, and radio communications).

CONCLUSION

The main challenges for the development of the energy sector in Ukraine compared to the
European countries are as follows: growing demand for energy resources against the backdrop
of declining reserves of traditional energy resources and rising prices; growing dependence on
energy imports; the need to protect the environment; and the need for significant investments
in the energy sector.

The priority areas of energy development in our country include improvement and
diversification of the fuel and energy balance; maximum involvement of domestic energy
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resources, including renewable, unconventional, and secondary energy sources; reconstruction
and modernisation of existing facilities and replacement of retired facilities with the
introduction of new scientifically based energy efficient technologies; and reduction of fuel
consumption for electricity and heat generation.

Practical implications include actionable recommendations for developing renewable energy
infrastructure, fostering international cooperation, and strengthening institutional frameworks.
The study advocates for energy independence, economic stability, and environmental
sustainability as crucial factors in rebuilding resilient communities on a social level. The study's
unique contribution to energy policy strategy is the integration of war-specific challenges into
energy policy strategy.
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