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The paper identifies the goals, priorities and objectives of the Hydrogen Strategy of Ukraine, stages
and main measures for its implementation. The main priority is the production, storage, transportation and consumption of green hydrogen, obtained through the use of electricity from renewable
sources by electrolytic decomposition of water.
The main directions and prospects of green hydrogen use in Ukraine are presented: in electric and
thermal power, industry, transportation, autonomous energy supply systems, as well as opportunities for hydrogen integration into gas networks and Ukraine's advantages as an exporter of green
hydrogen. The scientific potential of theoretical and applied research and practical achievements of
domestic scientists in the field of green hydrogen energy is presented.
The indicators of the resource base of modern green hydrogen energy are determined – the energy
potential of renewable energy sources and water resources, on the basis of which the optimal territories in Ukraine for the production of green hydrogen are established.
The developed governance structure to monitor the implementation of the Hydrogen Strategy envisages cooperation between governmental organizations and local authorities, business, civil society,
non-governmental organizations and international partners.
Measures to create the prerequisites for investment attractiveness for the development of hydrogen
technologies and a list of key actions and measures for implementation policy of Ukraine's Hydrogen
Strategy are provided.
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AEL – Alkaline Electrolyser
АЕМ – Anion Exchange Membrane electrolyser
ATR – Autothermal Reforming
CBAM – The Carbon-Border Adjustment Mechanism
CCS – Carbon Capture and Storage
CCUS – Carbon Capture, Utilisation and Storage
СО2 – Carbon dioxide
DOE – Department of Energy
ENTSO-E – European Network of Transmission System Operators for Electricity
Fe – Iron
H2 – Hydrogen
H2О – Water
FCH JU – Fuel Cells and Hydrogen Joint Undertaking
FCV, FCEV – Fuel Cell Vehicle, Fuel Cell Electric Vehicle
GDP – Gross Domestic Product
IRENA – International Renewable Energy Agency
LCOE – Levelized Cost of. Energy
LCOH – Levelized Cost of. Hydrogen
MtCO2e – Metric tons of carbon dioxide equivalent
Nm3 — Normal cubic meter
NOx – Nitric oxide
PEM – Polymer Electrolyte Membrane electrolyser
POX – Partial Oxidation
SMR – Steam Methane Reforming

7

Over the past few years, the ability to achieve rapid results in the energy
transition to new clean energy systems, in which hydrogen technology will
play a central role, has become an increasingly important topic around the
world. About 40 countries have developed their strategies / roadmaps /
plans for the development of hydrogen technology for the period up to
2050–2060.
It is a pleasure to note that Ukraine wants to join the group of these leading
countries and the need to develop its own hydrogen strategy has been under discussion for quite some time. The staff of our Institute, in order to
contribute to the rapid launch of the hydrogen technologies, developed the
Draft Hydrogen Strategy of Ukraine and presented it in the public domain
for wide discussion.

This work is the result of serious research on the resource base required for
large-scale production of green hydrogen, namely: the natural energy potential of RES, water resources and human and educational potential. To understand the experience of leading countries, the strategies or roadmaps /
plans of almost all countries that have such documents at the end of 2021
and internationally recognized energy companies and organizations were
reviewed or analyzed.
The focus of the EU and leading countries on the development of green hydrogen and taking into account the natural potential of Ukraine's RES has
prompted us to focus on green hydrogen. In our opinion, the use of hydrogen produced using fossil fuels (gray) or electrolysis of water from electricity
from nuclear power plants (pink) should be considered exclusively for the
transition period in the process of increasing large-scale implementation of
hydrogen technologies to achieve sufficient green hydrogen production.
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1.1. THE HYDROGEN
Hydrogen (H2), the first element of the periodic table, is the simplest and
lightest element on Earth; it is about fourteen times lighter than air. Hydrogen is the most abundant element in the Universe, accounting for about 75%
of the total mass. In its natural gaseous state, hydrogen is invisible, nontoxic, odorless and tasteless, making it difficult to detect. Like electricity, hydrogen is an energy carrier that transports useful energy created in one
place to another.
1.2. CLASSIFICATION OF HYDROGEN BY PRODUCTION TECHNOLOGIES
In modern hydrogen energy, a whole range of color terms is used to denote
hydrogen, depending on the process of its production. The most common of
these are the following:
 White (natural) hydrogen, which occurs in the gaseous state in nature in
underground deposits;


Gray hydrogen is obtained from fossil fuels under the action of high

temperatures and pressures. At the moment, most hydrogen is obtained
from natural gas using steam methane reforming (SMR), while about 9.3
kg of CO2 per 1 kg of hydrogen are rejected in the atmosphere;


Blue hydrogen is produced using the same technologies as gray hydrogen,
but emissions are captured to prevent them from spreading into the atmosphere using capture and storage technology (CCS). Such methods are
accompanied by much lower emissions, but about 10–20% of CO₂ cannot
be captured;
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Pink hydrogen is produced by the method of electrolysis of water, but
with the use of electricity from nuclear power plants;

Green or clean hydrogen is obtained by electrolysis of water using
electricity from renewable energy sources.


The results of the analysis of technical characteristics and technological parameters of hydrogen production facilities show that the most acceptable
for solving problems in combination with renewable energy sources are currently electrolysis plants, in which the hydrogen is obtained by decomposing
water.
1.3. COMPETITIVENESS OF HYDROGEN AND FORECASTING
CHANGES IN ITS VALUE
1.3.1. Analysis of cost indicators of various
hydrogen production technologies
Currently, about 205 billion m³ of natural gas (about 6% of world consumption) and 107 million tons of coal (about 2% of world consumption) are used
to meet global demand for hydrogen. The production of the required
amount of hydrogen leads to emissions of 850 million tons of CO₂ / year,
which is a carbon footprint of Indonesia and the United Kingdom combined
[1].
According to the Hydrogen Council, the total demand for hydrogen will increase 8 times, from about 68 million tons in 2020 to about 580 million tons
in 2050 [1].
1.3.2. Forecasting and further prospects for changes
in the cost of hydrogen
The high cost of green hydrogen production is currently one of the most important barriers to its widespread use, but various studies show that parity
is expected in 5–10 years between the costs of green hydrogen from, for example, solar energy and current costs of hydrogen obtained from hydrocarbons [1].
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According to research [2], the cost of renewable hydrogen may decrease
from the current level of $ 2.50–6.80 / kg to $ 1.40 / kg by 2030, and by
2050 it will fall to $ 0.80 / kg (Fig. 1).

Figure 1. Projected changes in green hydrogen cost
Sources: Will Mathis and James Thornhill. Hydrogen’s Plunging Price Boosts Role as Climate Solution.
Вloomberg NEF, 2019. https://www.bloomberg.com/news/articles/2019-08-21/cost-of-hydrogen-fromrenewables-to-plummet-next-decade-bnef

To reduce the cost of renewable hydrogen, it is necessary to reduce the cost
of the components that determine its value. The cost of green hydrogen depends on the price of electricity from RES, the cost of electrolysis and the
capacity factor. In addition, the prospect of reducing the cost of hydrogen is
affected by the costs of storage and transportation of green hydrogen.
Financial support, flexible regulation, and clear hydrogen strategies and targets are needed to achieve a significant reduction in the green hydrogen
cost. In its study [3], IRENA recommends a three-step implementation of
strategies focusing on four main aspects at each stage, namely: production
scale, module size, practical training and research (Fig. 2).
Experts confirm that the development of the technology, the capacity, a GW
scale, a low price of electricity from RES and the creation of facilities with
integrated production of renewable electricity and green hydrogen will allow in 2025 to get competitive with low-carbon hydrogen, the renewable
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Figure 2. Potential cost reduction by implementing IRENA’s strategies
of deployment
Sources: Green Hydrogen cost reduction. Scaling up electrolysers to meet 1.5° C climate goal. IRENA, 2020.
https://irena.org/publications/2020/Dec/Green-hydrogen-cost-reduction

hydrogen produced by electrolysis. It is estimated that hydrogen from natural gas by SMR or ATR in combination with CCS technology will cost 1.5–
2.0 € / kg in Europe [4].
Moreover, according to the same study, the price of renewable hydrogen
will be competitive with the price of low-carbon or gray hydrogen in 2025 if
the tax on CO₂ emissions is at 50 €/ ton. The competitiveness of green hydrogen depends significantly on the size of the CO₂ tax, namely: if hydrogen
is produced from natural gas, every 10 Euros / ton in CO₂ price adds about
0.1 € to the cost of 1 kg of this low-carbon hydrogen.
Recent developments in the global energy market, associated with a significant increase in the price of natural gas in 2021, have brought significant
changes. Green hydrogen is already competitive with gray and blue hydrogen. According to estimates published in its newsletter in Australia,
Keynumbers and Energy Flux services have concluded that the current cost
of green hydrogen production is approximately 4.18 € / kg while a kilogram
of gray and blue H2 will be 6.55 € and 6.21 € respectively [5].
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2.1. THE GOALS AND PRIORITIES

The overall goal of the Hydrogen Strategy is to create hydrogen energy as an
important element of the new model of Ukraine's energy system to meet a
significant share of clean energy needs in Ukraine's energy, industrial and
transport sectors. This will contribute to the development of a carbon-free
economy as a priority of state policy, and accordingly, reduce the consumption of fossil fuels and improve the environmental situation.
The provisions of the Hydrogen Strategy of Ukraine outline the main strategic directions for the implementation of hydrogen technologies in Ukraine,
the goals and the main priorities and measures that must be implemented
to achieve these goals.
The formation of hydrogen energy in Ukraine is expected to be carried out
in stages by implementing measures on the main areas of application of hydrogen energy projects of different capacities using different renewable energy sources and hydrogen of various kinds, namely:
1st stage or short-term goals (2022–2025) – laying the foundation of hydrogen energy and launching the export market of green hydrogen;
2nd stage or medium-term goals (2026–2030) – diversification of primary
energy sources due to the growth of hydrogen production;
Stage 3 or long-term goals (2031–2050) – rapid expansion of the market,
including the export component.
In order to effectively implement strategic goals, it is necessary to fulfill a
number of priority tasks that will contribute to the creation of effective

13

mechanisms for their implementation, including regulatory, economic,
methodological, informational, organizational and managerial support:
 Creation of legal and regulatory framework;


Organization of scientific and technical support;



Organization of information support and education;



Organization of management and control over the implementation of
measures;



Definition of implementation mechanisms;



Application of methods of economic incentives;



Use of the system of international cooperation;



Creation of methodological support;



Determining the potential of primary energy resources for hydrogen

production;


Introduction of priority developments in the field of hydrogen energy on
the basis of RES.

The real possibilities of hydrogen use should be determined by sectors of
the economy, taking into account the tasks of decarbonization, as well as
the possibilities of exporting clean hydrogen and fuels based on it.
In order to accelerate the implementation of hydrogen technologies in
Ukraine, it is necessary to cooperate with other countries, primarily EU
members. The objectives of the cooperation are to create a reliable regulatory framework for the production, transportation, storage and use of hydrogen, create a certification system, ensure planning of future projects taking into account potential equipment suppliers, hydrogen consumers and
investors in Ukraine and abroad.
The government should promote the creation of production facilities, the
establishment of export and domestic supplies, and create conditions for
the formation of public and private partnerships in the hydrogen sector. The
result of increasing the hydrogen market should be an increase in employment and budget revenues. In the event of an increase in demand beyond
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expectations, flexible mechanisms should be provided for adjusting the objectives of the Strategy.
For the effective implementation of hydrogen technologies in Ukraine, detailed action plans should be developed for the following sectors: transportation, energy, industry, housing and communal services (utilities), construction and agriculture.

2.1.1. First stage or short-term goals (2022–2025) – laying the foundation
of hydrogen energy and launching the export market of green hydrogen
The priority tasks in the short term are to develop a legal framework to ensure the introduction of hydrogen technologies; creating conditions for
attracting investment in green hydrogen production and rapid launch of the
green hydrogen export market; preparation of the Gas Transport System
(GTS) of Ukraine for the transition to the transportation of green hydrogen.
The main focus in the coming years should be on laying the foundations of
the hydrogen economy in Ukraine. This includes the development and
adoption of a new legal framework, based on existing documents in the European Union, drawing on and supporting the experience of advanced
countries. It is necessary to use the experience of those countries with
which Ukraine has real prospects for establishing mutually beneficial cooperation, focused primarily on the export of green hydrogen to such countries. Germany should take a leading position in this cooperation, given the
existing interest and readiness to use Ukraine's natural potential for the production of green hydrogen for further export to Germany. On the basis of
the Declaration signed on August 26, 2020 in Berlin, representatives of the
Ministry of Energy of Ukraine and the Federal Ministry of Economics and
Energy of Germany launched an energy partnership between the governments of the two countries [6].
At this stage, much attention of the Government should be focused on the
implementation of works aimed at preparing the GTS of Ukraine for the
transportation of green hydrogen – at the initial stage in a mixture with natural gas in available proportions, and then to the possible transportation of
green hydrogen.
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To lay the foundations for a sustainable hydrogen economy in Ukraine, the
Government must focus on creating social, economic and political conditions for the widespread introduction of clean energy technologies, in which
green hydrogen should be central. It is necessary to create information programs to raise public awareness on clean energy and green hydrogen and
the benefits for society from the transition to a clean energy system and the
abandonment of fossil fuels; support the implementation of pilot demonstration projects in various areas of green hydrogen use: in transportation,
in heat generation in a mixture with natural gas, in electricity, in industry to
replace gray hydrogen from fossil fuels. An extremely important step is the
need to review the state policy on GHG emissions tax. Without a significant
increase in this tax to the level, introduced in the EU, laying the foundation
for the widespread introduction of hydrogen technologies will not be realistic in the near future. Here, it is necessary to emphasize the importance of
creating a mechanism to protect vulnerable consumers from the consequences of the revision of these taxes.
To meet export and domestic needs, only green hydrogen production with
the use of renewable energy resources can be most effective. Ukraine has
great potential for hydrogen production. According to the Atlas of Energy
Potential of RES, developed by the Institute of Renewable Energy at the National Academy of Sciences of Ukraine, the total potential for green hydrogen production using electricity from solar and wind power plants alone is
about 500 billion normal m³/year [7]. Using the potential of all renewable
energy sources for hydrogen production, taking into account the available
water resources, should be a priority for Ukraine in the short and medium
term.
It is necessary to create all conditions for the launch of green hydrogen production in 2024–2025 in cooperation with interested international companies and with the participation of the EU in order to achieve the goal of Hydrogen Europe "Green Hydrogen Initiative 2x40 GW under the European
Green Agreement", which provides for Ukraine 10 GW capacity of hydrogen
production for export to the EU by 2030 [4].
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2.1.2 Second stage or medium-term goals (2026–2030) – diversification of
primary energy sources due to the growth of hydrogen production
Actions to stimulate the launch of the hydrogen sector in the coming years
will be accompanied by growth and diversification of the sector in 2026–
2030. Initiated at the previous stage, the use of hydrogen will increase, and
new ones will be launched, which will increase hydrogen production.
Since in the period 2030–2035, according to various studies, the technology
is expected to reach parity, a policy should be developed and all conditions
should be created to stimulate private investment to increase hydrogen production and launch projects for its use in the domestic market on the principle of open, transparent conditions of competition. Hydrogen use in the
medium term will be concentrated in transport, housing, utilities and industry.
Larger production of green hydrogen for export will increase its domestic
use in the medium term, especially in the transportation sector. Increase in
the production of green hydrogen will extend the volume of electricity in
the market due to the availability of storage possibilities, which will raise
the efficiency of the electricity grid and eliminate polluting generation capacity. Sufficient amounts of green hydrogen will also allow more combinations of hydrogen / natural gas for use in housing and communal heating
systems and increase its use in industry and use as a raw material for chemical production instead of carbon hydrogen.
Therefore, at this stage it is necessary to focus on increasing investment to
raise production to 12–15 GW to meet the needs of the export market
(about 10 GW) and launch a domestic market of hydrogen technologies to
stimulate the use of hydrogen in all sectors of the economy.
2.1.3. Long-term goals – rapid expansion of the market, including
the export component
In the period 2030–2050, Ukraine and its citizens will realize all the benefits
of the hydrogen economy, as the scale of implementation will increase and
the number of new commercial applications will rise as a result of improv-
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ing the efficiency and cheapening of hydrogen technologies due to their
widespread use in the world and in Ukraine.
At this stage, Ukraine should focus on consolidating the results achieved.
Making the necessary adjustments based on the results of in-depth analysis
of the work done will contribute to more efficient use of natural potential
for the widespread introduction of green hydrogen technologies and
achieve the maximum possible result in all fields: electricity, housing and
communal services, transportation, agriculture and industry.

During this period, Ukraine must resolve the issue of transition of infrastructure for transportation and distribution of natural gas mixed with hydrogen
to the system of transportation and distribution of pure hydrogen using a
network of pipelines to increase green hydrogen production in all areas with
relevant natural RES potential, which will allow the use of the gas transmission system as a means of storing energy for subsequent consumption in
domestic and export markets.
Ukraine needs to set an ambitious goal of increasing green hydrogen production to use up to 50% of its existing capacity by 2050. This will ensure
widespread use at the domestic level and meet the export market growing
needs.
2.2. HYDROGEN IN UKRAINE
The main resource base of modern green energy for hydrogen production
by electrolytic decomposition of water is electricity from renewable sources
and water resources. An equally important element in determining the optimal areas for the production of green hydrogen is the availability of infrastructures for its storage and transportation to consumers.
The use of the results of scientific theoretical and applied research and
practical achievements of domestic and international scientists in the field
of green hydrogen energy will contribute to its further effective development.

18

2.2.1 Energy potential for green hydrogen production in Ukraine
Today in the world there is a significant increase in the installed capacity of
power plants based on renewable energy sources, primarily wind and solar.
As a result of such growth, the electricity grid operator must sometimes limit the production of energy from renewable sources to balance supply and
demand. The use of hydrogen obtained by electrolysis of water as an intermediate storage of electricity can help to solve this problem. The use of hydrogen makes it possible to create both short-term and long-term offseason energy reserves in energy systems based on renewable energy
sources. Hydrogen and electricity are in fact complementary energy
sources.
According to IRE NAS’s calculations, 82768 MW capacities of solar power
plants in Ukraine can be installed with the potential of average annual electricity generation at the level of 99323 million kWh / year.
Geographical conditions of the land area of Ukraine allow building 438 GW
of cost-effective wind farms on the basis of modern wind turbine models.
Together with the potential of offshore wind farms (250 GW), this will be
688 GW with an average capacity factor of 0.36. The corresponding annual
electricity generation is almost 2200 billion kWh.
It should be emphasized that Ukraine has a significant technically achievable potential for offshore wind energy development in shallow areas of
large waters – Azov and Black Seas, Sivash Bay, reservoirs of the Dnieper
cascade of hydroelectric power plants and estuaries, it is almost 250 GW.
Taking into account the average of real capacity factor for Ukraine's offshore
wind farms, which is 0.45, the corresponding annual electricity generation
will be about 1000 billion kWh, which is more than 8 times higher than the
current annual electricity consumption in Ukraine, which was 117.7 billion
kWh in 2019 [8]. Green hydrogen, produced by electrolytic decomposition
of water using offshore wind energy as a primary energy resource, has the
potential to become a key element of decarbonized energy in Ukraine and
create opportunities for exports to the EU and other countries [9].
Potentially, the possible volume of green hydrogen production in Ukraine is
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calculated based on the
results of scientific research on the potential
of electricity generation
by wind and photovoltaic plants. To calculate
the potentially possible
volume of green hydrogen production by electrolysis, the specific
electricity
consumption is 4.5 kWh / Nm³ H2
or 50.56 kWh / kg H2.
According to the abovementioned potentials of
electricity generation by
solar and wind power
plants, the average annual technical potential
of green hydrogen production is 505,132 billion Nm³ (44,957 thousand tons), of which
218,742 million Nm³
(19,468 thousand tons)
from offshore wind
farms. The distribution
of potential average annual production of
green
hydrogen
is
shown in table 1 [7].

Table 1. The average potential of annual green hydrogen production by Department
№

Administrative department

Volume of hydrogen
production/year
million Nм thousand т
3

1

AR of Crimea

14314

1274

2

Vinnytsia

9055

806

3

Volyn

5074

452

4

Dnipro

24692

2198

5

Donetsk

20516

1826

6

Zhytomyr

7515

669

7

Transcarpathian

1170

104

8

Zaporizhzhia

21029

1872

9

Ivano-Frankivsk

1968

175

10

Kyiv

8263

735

11

Kirovograd

13711

1220

12

Luhansk

20646

1837

13

Lviv

5637

502

14

Mykolaiv

19032

1694

15

Odesa

22173

1973

16

Poltava

9818

874

17

Rivne

5409

481

18

Sumy

7570

674

19

Ternopil

4721

420

20

Kharkiv

17517

1559

21

Kherson

22021

1960

22

Khmelnytsky

7051

628

23

Cherkasy

7138

635

24

Chernivtsi

1753

156

25

Chernihiv

8598

765

Total

286390

25489

Territorial and inland waters

218742

19468

In all

505132

44957

Source: The Atlas of RES potential of Ukraine. IRE NAS of Ukraine, 2020.
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2.2.2 Water resources for the green hydrogen production
Electrolysis of water is currently considered the best technology for green
hydrogen production.
In its report "Global Hydrogen Review 2021", IEA (International Energy
Agency), in the section "Water demand for hydrogen production" states
that in "the Net zero Emissions Scenario" the need of water for the production of green hydrogen in the world is 5,800 million m³, this represents 12%
of water consumption in the energy sector. If the water demand in the electrolysis process is the lowest, using 9 kg of water per kg of hydrogen, the
production of hydrogen from natural gas using CCUS (carbon capture, utilization and storage) technologies leads to an increase in water to 13–18 kg/
kg H2, while coal gasification – up to 40–50 kg/kg H2 [10].
In practice, 1.5–2.0 l of water is used for the production of 1 Nm³ of H2 or
1.5–2.0 thousand m³ of water for the production of 1 million Nm³ of H2.
Taking into account the specified proportion, 757.7 million m³ of water is
required to use the entire average annual potential of green hydrogen
(505,132 billion Nm³).
In terms of industry, in 2019 one of the main water consumers was the industrial sector – 4,277 million m³ of water (38.49%), including the largest of
them: thermal power plants, nuclear power plants, ferrous metallurgy and
coal industry [11].
Ukraine has the opportunity to use seawater to produce green hydrogen.
About 500 million m³ of seawater is used annually in the country, mainly for
the production processes of ferrous metallurgy enterprises [12], but it could
well be used for the production of green hydrogen after its desalination.
Compared to other methods of water desalination, reverse osmosis has significant advantages: relatively low operating costs, simple and compact design. In addition, the advantage of the reverse osmosis system is the ability
to create plants of mixed type, which allows optimizing productivity in the
event of significant fluctuations in the daily or seasonal ratio between water
and electricity production.
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The amount of electricity required for a reverse osmosis system equipped
with a regeneration module is usually 4–8.5 kWh/ m³ of desalinated water.
A single-module system can produce about 4000–7000 m³ or more of fresh
water per day [13].
When using electricity from offshore wind farms for the production of
green hydrogen, the most acceptable at present is desalination of seawater
using reverse osmosis technology. There are examples of such projects in
the world, namely the French company Lhyfe on an industrial scale produces renewable hydrogen from an electrolyze running directly from wind turbines, with a capacity of 300 kg per day and plans to increase production to
one ton per day. Hydrogen production is carried out in an area near the
ocean in Port-du-Bec (France) [14].
Table 2. Energy needs for green hydrogen production using sea water
Electrolyzer
capacity

1 MW

The needs in
electricity,
million kWh

7,01

Hydrogen
production,
million Nm3

1,56

The needs in
freshwater,
million m3

0,003

The quantity
of electricity
for
desalination ,
million kWh

The total
needs in electricity for hydrogen production,
million kWh

The required
wind capacity

0,012–
0,024

7,02

2 MW

Source: Institute for Renewable Energy at NAS of Ukraine.

Table 2 shows the calculated data focused on the use of 4.5 kWh of electricity and 0.002 m³ of fresh water to obtain 1 Nm³ of hydrogen by electrolytic
water decomposition at an electrolyze efficiency of 0.8 and work during the
maximum number of hours per year. The need for electricity for reverse osmosis desalination is 4–8 kWh/m³ of desalinated water [13].

As can be seen, the energy costs of seawater desalination by reverse osmosis account for a small share in total hydrogen production costs.
These data are confirmed in the report of the International Energy Agency:
reverse osmosis desalination technology consumes 3–4 kWh of electricity
per 1 m³ of water, which costs about $ 0.70–2.5 per 1 m³, such costs lead to
an increase in the cost of hydrogen production by only $ 0.01–0.02 / kg of
water [10].
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Thus, it can be argued that in Ukraine there is no problem with large-scale
production of green hydrogen by water resources. For each specific project,
it is necessary to conduct a detailed analysis of existing water resources and
determine which water to use for green hydrogen production, taking into
account the natural potential of electricity production from RES, local potential consumption and transportation routes. Desalination of the waters of
the Azov and Black Seas will be able to ensure hydrogen production not only
in coastal areas but, by laying the appropriate water supply, in regions not
rich in water resources.
Ukraine's available water resources are sufficient to fully realize the potential of green hydrogen production without increasing water intake.
2.2.3. Optimal areas (regions) for green hydrogen production
Water supply in Ukraine is becoming an increasingly acute problem, including the significant consumption in the traditional energy sector.
The average annual amount of water required for the production of one
MWh of electricity at thermal power plants running on fossil fuels is 120–
150 m³ [15], thus, for the amount of electricity generated in 2019 – 24852.3
million kWh – was used about 3 billion m³ of water. In nuclear energy, according to the National Ecological Center of Ukraine [16], almost 5% of all
freshwater resources in Ukraine are passed through nuclear power plants.
Therefore, it is necessary to be very careful in choosing specific sites for the
production of green hydrogen, taking into account the natural potential of
RES and water resources.
To determine the optimal areas for green hydrogen production, the specialists of our Institute calculated the energy potential of wind and solar energy
and water resources in Ukraine as of 2017, including the temporarily occupied Crimea and uncontrolled territories of Luhansk and Donetsk regions
(Table 3).
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Table3. The required quantities of water for the annual hydrogen production
by Department
Department

The potential of
electricity generation from wind
and PV plants,
million kWh/
year

The potential of
Н2 production ,
million Nm3/
year
(4,5 kWh for
1 Nm3 of Н2)

The needs in
water for Н2 production
(1,5 l for 1 Nm3 of
Н2),
million m3

Annual water
consumption,
million m3
(in 2017)

The part of water
for Н2 production
in annual consumption, %

AR of Crimea

64413

14314

21,471

814,630

2,64

Vinnytsia

40746

9055

13,582

98,080

13,85

Volyn

22834

5074

7,611

57,710

13,19

Dnipro

111115

24692

37,038

322,479

11,49

Donetsk

92324

20516

30,775

912,400

3,37

Zhytomyr

33816

7515

11,272

28,030

40,21

Transcarpathian

5266

1170

1,755

21,800

8,05

Zaporizhzhia

94633

21029

31,544

1226,000

2,57

Ivano-Frankivsk

8855

1968

2,952

75,230

3,92

Kyiv

37182

8263

12,394

572,610

2,16

Kirovograd

61698

13711

20,566

54,480

37,75

Luhansk

92906

20646

30,969

48,190

64,26

Lviv

25368

5637

8,456

122,600

6,90

Mykolaiv

85643

19032

28,548

176,900

16,14

Odesa

99779

22173

33,260

304,600

10,92

Poltava

44181

9818

14,727

92,410

15,94

Rivne

24341

5409

8,114

98,010

8,28

Sumy

34065

7570

11,355

63,990

17,75

Ternopil

21244

4721

7,081

37,300

18,98

Kharkiv

78828

17517

26,276

210,900

12,46

Kherson

99093

22021

33,031

1276,000

2,59

Khmelnytsky

31728

7051

10,576

78,260

13,51

Cherkasy

32120

7138

10,707

143,000

7,49

Chernivtsi

7890

1753

2,630

50,127

5,25

Chernihiv

38690

8598

12,897

92,980

13,87

Total

1288756

286390

429,585

6978,716

6,16

Territorial and
inland waters

984337

218742

328,112

In all

2273093

505132

757,698

6978,716

10,86

Source: Institute for Renewable Energy at NAS of Ukraine
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Analysis of research results on the selection of optimal areas showed that
the Dnieper region has the highest opportunity for hydrogen production –
at almost 24700 million Nm³/year, with the Odessa region in second place at
22173 million Nm³/year. Next in terms of production potential is the Kherson region with a rate of 22021 million Nm³/year, mainly due to wind electricity (95%). Conditions for hydrogen production in Zaporizhzhia and Donetsk regions look very attractive – also mainly due to wind energy (95%).
Given the large area, acute energy shortages and the availability of waterways, the Autonomous Republic of Crimea, with a production potential of
14314 million Nm³/year and low water needs ratio (2.64%), could be an
attractive place to build large-scale green hydrogen production and, if using
the offshore potential and water desalination technology, this region can
become one of the main hydrogen hubs in Ukraine.
There are areas in which the production of green hydrogen using wind and
solar energy, such as: Luhansk – 20646 million Nm³/year, Zhytomyr – 7515
million Nm³/year, Kirovograd – 13711 million Nm³/year, can create significant problems in water supply, as the percentage of water consumption is
too high and is 64.26%, 40.21% and 37.75% respectively. This makes the
launch of hydrogen production in these regions possible only with the use
of wastewater or other water.
In some regions there is enough fresh water, but there are also options to
increase the volume of water available, including purification and desalination. The use of desalinated seawater from the Black and Azov Seas or
wastewater may be the most acceptable solution in regions where water
supply problems come to the fore.
2.2.4. Scientific potential in hydrogen energy in Ukraine
Research in the field of green hydrogen energy in Ukraine was initiated simultaneously with the beginning of the development of renewable energy in
the 80s of XX century at the Kyiv Polytechnic Institute (now – National Technical University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute").
As a result of joint work of Danish and Ukrainian scientists under the agree-
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ment between the Folk Center (Denmark) and the Institute of Electrodynamics of the NAS of Ukraine from 1990, on the basis of scientific and technical solutions for hydrogen production, storage and further conversion into
electrical and thermal energy and use as fuel in vehicles, the first wind/
hydrogen farm in Europe was created. The results of its further tests became a real basis for the development of a modern environmentally friendly
hydrogen energy industry.
In 2019–2021, the Program of scientific research at the National Academy
of Sciences of Ukraine "Development of scientific principles of production,
storage and use of hydrogen in autonomous energy supply systems" was
implemented, within which more than 20 research works were performed.
The aim of the Program is to create a scientific and technical basis for the
widespread introduction of fuel cells and hydrogen in the energy sector of
Ukraine, primarily in autonomous energy supply systems, which are mainly
based on the use of RES. The implementation of the Program should contribute to the restructuring of the energy system in the direction of greater
use of "low-carbon" and "carbon-free" technologies to significantly reduce
harmful emissions. As a result of the implementation of the Program, scientific and technical preconditions for the widespread introduction of technologies based on the use of hydrogen in the energy sector of Ukraine have
been created. Appropriate demonstration systems will be created, this will
convince the public, business and government agencies in the prospects for
the development of this innovative energy sector.
The Institute of Renewable Energy at NAS of Ukraine has joint implementations of various developments of complex power systems based on RES:
combined wind and solar installations together with other National Academy Institutes.
IRE NAS of Ukraine will increase the level of basic, applied research and implementation of new developments and hydrogen technologies, the priority
tasks are:
 Development of efficient hydrogen-based storage systems;


Creation of environmentally friendly transport based on hydrogen.
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In Ukraine, governmental and non-governmental organizations are trying to
create a new hydrogen economy and developing hydrogen energy and involving the country in the European hydrogen energy space. IRE NAS of
Ukraine together with other organizations advocates a legislative initiative
to integrate hydrogen solutions into the legislative framework of Ukraine.
2.3. HYDROGEN USE IN UKRAINE
2.3.1. Hydrogen in the power industry, ensuring the reliability
and stability of the UES
The use of hydrogen for energy storage and balancing of Ukraine's electricity system is extremely promising.
The Report of the National Energy Company ''Ukrenergo'' on the assessment of the adequacy (sufficiency) of generating capacity in 2019 notes that
the United Electricity System of Ukraine was created to operate under fundamentally different conditions than those in which it has to operate today.
For the effective transformation of the operating conditions of the UES of
Ukraine, characterized by the rapid introduction of power plants with unguaranteed capacity based on renewable energy sources, it is necessary to
implement energy storage systems.
In his recommendations the transmission system operator proposes to accelerate the introduction of the responsibility of RES generation for imbalances.
Green hydrogen can be used to balance the electrical system and as a seasonal energy accumulator. Hydrogen can provide short-term system flexibility, as electrolyzers can respond to excess electricity from renewable
sources and reduce the load on the grid, thus stabilizing the system. In the
hours of high generation from renewable energy sources (sun, wind), excess
electricity can be used to produce hydrogen. This green hydrogen can be
stored for a long time and in times of high demand (peak hours) provide additional electricity production.
For RES-based power systems, hydrogen as a universal energy source makes
it possible to create energy resources of different shelf life, including long-
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term inter-season energy reserves. This is especially relevant in terms of the
need to create balancing capacity in renewable energy to meet the requirements of 25.04.2019 Law: "Amendments to Certain Laws of Ukraine to Ensure Competitive Conditions for Electricity Production from Alternative Energy Sources".
Accumulation and storage of electricity is a serious problem not only in renewable energy. Traditional power plants operate most efficiently under
conditions of constant capacity and full load, while the demand for electricity is constantly changing during the day, week, month and year and the capacity of power plants has to be adjusted. Only hydroelectric power plants
have the ability to store large reserves of electricity, but this creates a number of problems. The use of hydrogen as an energy source and fuel will
solve the problem of creating balancing capacities in both renewable and
traditional energy.
Green hydrogen has the potential to become a key element of the decarbonized energy system in Ukraine. Creating efficient renewable energy projects for green hydrogen production will reduce the impact of irregular RES
energy supply and increase the flexibility of the energy system, eliminating
the need to limit the generation and forced shutdown of RES-based energy
equipment.
2.3.2. Hydrogen in thermal energy
As only heat and water are released as a result of hydrogen combustion,
this makes it a very attractive alternative to fossil energy sources in the heat
sector.

The most acceptable in the first stage is the use of green hydrogen in those
heating and hot water systems that use natural gas. The operation of the
existing gas transmission system and the existing developed infrastructure,
where green hydrogen will be mixed with natural gas, will contribute to the
development of promising hydrogen projects.
When the issue of hydrogen transportation in the existing gas transmission
system is resolved, it will potentially be able to be used not only for industry
but also for the population.
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Currently, there are already several real projects for the use of green hydrogen for heating buildings, including a project in the Netherlands [17]. In the
city of Rosenburg for heating a residential building, a domestic hydrogen
boiler was commissioned. Pilot testing of a 100% hydrogen boiler has been
carried out by BDR Thermea Group since June 2019 as part of a project initiated by the owner of Stedin gas networks in partnership with the Municipality of Rotterdam and the Ressort Wonen. The boiler burns pure hydrogen, which is produced by wind or solar electricity. The hydrogen boiler was
installed in the boiler room next to the existing conventional natural gas
boiler and constantly provides residents with sufficient heat and hot water.
Stedin uses the existing pipeline to supply hydrogen. In this project, the network operator and its partners are considering the whole chain of the future system: hydrogen production, supply and conversion of consumers to
hydrogen with the ultimate goal of ensuring zero carbon emissions.
2.3.3. Mixing hydrogen in gas systems
The special urgency of hydrogen energy today is due to the fact that supply
of green hydrogen mixed with natural gas can change the role of the Ukrainian gas transportation system in the European energy market and will
strengthen Ukraine's energy security and export potential.
At present, the development of hydrogen technologies to completely replace natural gas with hydrogen for widespread use is not possible for a
number of technical reasons – it is necessary to modernize the gas transportation infrastructure, equipment and devices for its consumption.
Therefore, at the first stage the most acceptable way is the use of hydrogennatural gas mixtures, for which we can use the existing network. Currently,
pilot projects use mixtures with a hydrogen concentration of about 20%. It
is considered that this proportion is optimal for transportation in gas pipelines and does not affect the operation of equipment and appliances running on natural gas.
As the European Commission considers Ukraine as one of the key partners
in the production and transportation of green hydrogen, domestic gas transportation companies need to prepare the appropriate infrastructure.

29

Ukraine has already launched studies that take into account all the features
of hydrogen.
For the first time in Ukraine, the Regional Gas Company, together with
Ukrainian scientists, has launched a large-scale study in Ukrainian networks
on the possibility of transporting mixtures or hydrogen instead of natural
gas. The research will last until 2022. During this time, scientists will answer
several key questions. In particular, what materials can be used to build networks that will be suitable for transporting hydrogen, what is the optimal
mixture of hydrogen and methane in terms of safety and efficiency? And the
most important task is to develop a roadmap for the transformation of natural gas networks. The first results of the research, which began in early August with tests at the test site in Zhytomyr region, were discussed during the
VI Ukrainian Gas Forum [18].
2.3.4. Hydrogen in industry
Significant amounts of hydrogen are used in various industries of Ukraine,
as well as in other countries. The use of hydrogen is aimed at many important chemical processes, primarily such as oil refining, ammonia, methanol, steel and other.
The main source of industrial hydrogen today is fossil fuels. Modern hydrogen production for industry is based on the following main sources: natural
gas, oil, coal and electrolysis of water. As of 2020, most hydrogen (~ 95%) is
produced from fossil fuels – natural gas reforming, partial methane oxidation and coal gasification. A small proportion of hydrogen is obtained by
gasification of biomass and electrolysis of water.
Green hydrogen should be widely used in those industries that use natural
gas and coal, especially in the metallurgy and chemical industries, in the
production of nitrogen fertilizers.
In metallurgy in the production of iron and steel, green hydrogen can replace the use of coal and natural gas. The cement industry is quite promising for the use of green hydrogen.
Thus, with the help of hydrogen we can decarbonize the dirtiest industries.
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Among the significant industrial decarbonization projects already underway
or in the early stages of implementation is the Federal Glass Association of
Germany's glass decarbonization project (BV Glas), which in June 2021 received confirmation of funding for its HyGlass project to test glass production using green hydrogen in real conditions [19]. In Sweden, on August 31
this year, a consortium of 3 Swedish companies: SSAB – a steel producer,
LKAB – a mining company and Vattenfall – a leading Scandinavian energy
company, opened the first steel plant "fossil-free". The partners created Hybrit, which aims to produce steel using green hydrogen instead of coke [20].
2.3.5. The use of hydrogen in autonomous energy supply systems
A particular interest presents the use of hydrogen in autonomous renewable energy complexes located in hard-to-reach areas – military and agricultural facilities, private farms and more. The basis of such energy systems is
the conversion of electricity produced from renewable sources into chemical energy of hydrogen, followed by its use by consumers in the form of
electricity and heat depending on the needs. Hydrogen-based storage systems are universal, they can be used in renewable energy systems (wind,
solar and hydropower), while the energy of primary energy sources is used
to produce hydrogen on electrolysis plants. Their main components are:
 System of electricity generation from RES;


System of obtaining hydrogen by electrolytic method of water decomposition;



Compressed and liquid hydrogen storage systems;



The use of hydrogen, including through the use of hydrogen-oxygen fuel
cells.

In the conditions of autonomous energy complexes on the basis of renewable energy sources various variants of hydrogen use are offered:
 Combustion to obtain thermal energy (hydrogen burners for domestic and
industrial purposes);


Conversion into electrical energy (motor-generator, fuel cells);



Use in motor transport (different options for the use of hydrogen and its
fuel mixtures with gasoline).
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2.3.6. Hydrogen in transportation
The transport sector ranks second in terms of CO₂ emissions after the energy sector, moreover, its emissions are diffuse and cannot be caught. Pollution caused by vehicles, especially in large cities, is detrimental to human
health, so decarbonization of the transport sector is an important part of
protecting the environment.
In Ukraine, the need in transition to the use of hydrogen in the transport
sector is due to environmental and economic factors. Thus, Ukraine was
ranked among the countries with the most polluted air. It took 49th place
out of 73 countries. Ukraine insists on the need to develop plans to improve
air quality based on the analysis of its condition. This type of air pollution,
such as smog over Kyiv, has become a traditional phenomenon – residents
of the capital observe unusual smoke several times a year. Smog is dangerous for residents not only of large cities, but also of rural areas where large
enterprises operate.
From an economic point of view, existing transport uses fuel that is mostly
imported, which increases the cost of transportation. According to state statistics, in 2018 in Ukraine about 1.8 million tons of gasoline and 5.1 million
tons of diesel fuel were consumed as motor fuel, despite the fact that domestic crude oil production only slightly exceeded 2 million tons [21].
Therefore, the need for alternative environmentally friendly local energy
sources is extremely urgent for all modes of transport: road, rail, water, air
and in the field of loading and unloading.
Special attention must be paid to the use of hydrogen and fuel cells in road
transport. Developed countries, in particular many European countries, and
therefore Ukraine, have an urgent task to create an appropriate hydrogen
infrastructure with a sufficient number of hydrogen refueling stations.
At the end of 2019, the total number of hydrogen cars in the world amounted to 25210 units, including 12350 cars sold during this year, which is more
than twice the sales volume in 2018 (5800 units). [22].
Thanks to the enthusiasm of domestic businessmen, the hydrogen Toyota
Mirai hybrid car on fuel cells was certified for the first time in Ukraine in
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2021. Refueling of 2 domestic cars will be carried out in Poland, but work is
underway to create the first hydrogen refueling station in Ukraine. The
plans for the coming years include the development of infrastructure for hydrogen transport [23].
In Ukraine, more than half of passenger traffic is performed by buses. The
railway carries 390 million passengers a year, while road transport carries
7.5 times more – more than 3 billion passengers a year, taking into account
private traffic passengers, yearly passenger’s traffic exceeds 5 billion. Even
according to official statistics, every Ukrainian uses buses on average 70
times a year. At the same time, 90% of large public buses have exhausted
their resources and should be replaced by more comfortable, spacious and
high-quality ones. Today, most transportation in cities is carried out by minibusses, which do not meet modern requirements of cost and environmental
friendliness [21].
To accelerate the decarbonization of the transport sector, Ukraine must pursue an aggressive policy of encouraging local communal authorities and the
population in transition to clean modes of transport, starting with the public
transport and intercity sectors. The main axes of such a national policy
should be:
 A ban on the operation of all types of cars with traditional fuels internal
combustion engines starting in 2035;


Support for the development and implementation of pilot and demonstration projects using hydrogen in various applications;



Development of standard programs of obligatory transition of municipal
and intercity transport to the use of green hydrogen in all large cities – by
2035, and in others – by 2040;



Promoting the creation of networks of hydrogen refueling stations on major roads instead of existing fossil fuels ones;



Development of support programs from the central government and from
regional and local authorities for the purchase of cars with hydrogen fuel
cells.
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In Ukraine, it is necessary to emphasize that the use of hydrogen in water
transport has its own prospects. In particular, over the past 5 years there
has been an increase in the volume of goods transported by river transport,
the potential of which, according to IA "APK-Inform" is not used at full capacity. Thus, the share of transportation of agricultural products by river
transport is currently about 7%. The potential of river transport has been
mastered by only a third; in general it can reach 20% with a volume of traffic
of 10–12 million tons per year. There are all prerequisites for increasing the
volume of traffic, as the cost of goods transporting by river is more profitable compared to the cost of transportation by road and rail. In 2018, 9.9 million tons of cargos were transported across the Dnieper, which is more than
twice as much as in 2013; the volume of cargo flow in the Southern Bug
amounted to 850 thousand tons.
2.3.7. Ukraine as an exporter of green hydrogen
Potentially, Ukraine can produce up to 500 billion m³ of hydrogen that is
equivalent to 160 billion m³ of natural gas; while Ukraine's annual gas needs
are about 30 billion m³. That is, even if 50% of the available potential of
green hydrogen is exploited, it more than doubles the country's consumption.
The timely start of the exploitation of Ukraine's hydrogen potential will
open up enormous opportunities for it to become a leading player in European strategic policy and cease to be the subject of bargaining in the high
offices of the EU and Russia. With great untapped potential for onshore and
offshore wind and solar due to its large territory, Ukraine must become one
of the leaders in exporting green hydrogen to the huge European Union
market, which under the Green Deal firmly pursues decarbonization targets
by 2050. From 2025 to 2030, many countries in the region are planning a
gradual transition to the use of green hydrogen instead of fossil fuels, and in
2030 the demand for green hydrogen in the EU is projected to increase to
15 million tons per year.
Soberly analyzing the geopolitical situation in Europe's gas sector, it is safe
to say that the launch of "Nord Stream 2" is a fateful chance for Ukraine to
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get rid of not only its dependence on Russian gas transit, but also on energy
imports in general. Moreover, the importance of this pipeline will fall sharply
over the next 10–15 years, given that Germany, the main consumer of natural gas, plans to abandon fossil fuels by 2045, and natural gas consumption
will be significantly reduced from 2032. In its Strategy, given the limited capacity of RES to produce the necessary green hydrogen to replace natural
gas, Germany, among other countries (especially North Africa), has identified Ukraine as a priority partner for green hydrogen imports.
According to IEA’s data, more than $ 1200 billion needs to be invested in the
supply and use of low-carbon hydrogen by 2030 to achieve zero emissions
by 2050. By the middle of the century, the annual demand for hydrogen will
be more than 100 million tons. It is obvious that the green hydrogen sector
can provide billions of dollars of investment, thousands of jobs, and innovative development for Ukraine. Strategic partnership with European countries
in the field of hydrogen economy will accelerate Ukraine's integration into
EU structures [24].
To do this, the Government is not required to allocate budget funds and subsidies for business, but it must make the launch and development of the hydrogen sector a priority in its policy, create stable and transparent conditions for a competitive economy with clear, stable, guaranteed and predictable rules for business, which, in turn, will bring Ukraine and its economy to a
new level of development.
An important advantage of Ukraine in hydrogen exports to EU countries is
the presence of a gas transmission system that delivers natural gas to European consumers. It is clear that it will need to be reconstructed, but at the
first stage, it can be used to transport a mixture of hydrogen and natural gas.
However, there are other ways to transport renewable hydrogen to EU countries, such as roads, waterways and new hydrogen pipelines. In September
2021, four companies, namely: EUSTREAM (Slovakia's GTS operator),
Ukraine's GTS Operator (OGTSU), NET4GAS (Czech GTS operator) and OGE
(Germany's leading GTS operator), announced the creation of hydrogen
pipeline through Central Europe "Central European Hydrogen Corridor" to
transport hydrogen from promising areas of hydrogen production in Ukraine
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through Slovakia and the Czech Republic to areas of high demand in the EU
[25]. The hydrogen corridor will also allow the transportation of hydrogen
from production facilities to hydrogen consumers in the Czech Republic and
Slovakia (Fig. 3).

Figure 3. Central European Hydrogen Corridor Project
Source: Gas companies present the project of "Central European Hydrogen Corridor" https://tsoua.com/
news/kompaniyi-gazovogo-sektoru-predstavlyayut-czentralno-yevropejskyj-vodnevyj-korydor/

2.3.7.1. Advantages of Ukraine as an exporter of green hydrogen
Most countries of the European Union have adopted strategies for the development of hydrogen technologies with specific serious goals, which include the production of significant amounts of green hydrogen for various
uses in the coming years. Given the lack of capacity to produce the required
volumes, countries with high levels of energy consumption focus on the import market. Ukraine, having a huge potential for green hydrogen production, should become the partner towards which European consumers will
be oriented, given its political and economic advantages:
 Geographical location on the border with EU countries;
A more stable democratic political system compared to other CIS
countries;
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The position of the people of Ukraine enshrined in the Constitution on accession and integration into the political, economic and energy structures
of the European Union;



The important potential for green hydrogen production using offshore and
onshore wind and solar plants;



Availability of scientific base and high-level specialists;



Commitment of part of the business community and civil organizations;



The availability of a developed infrastructure for the supply of natural gas
to the EU, which in the future may be reequipped to transport pure green
hydrogen;



Availability of significant storage facilities (underground gas storage facilities), which will provide greater flexibility in the energy systems of the EU
and Ukraine;



The possibility of creating short sea corridors;



Inclusion in the EU Hydrogen Strategy of Ukraine as a potential supplier;



The political will of the United States’ and Germany’s leaders to promote
the development of renewable energy in Ukraine;



Availability of a Memorandum between the governments of Ukraine and
Germany on cooperation in the energy sector;



Ukraine is the closest potential supplier to Germany, which needs large
amounts of green hydrogen starting in 2030.

2.3.7.2. Profits of Ukraine from large-scale production of green hydrogen
Ukraine's transition to a new energy system in which green hydrogen will
play a central role is crucial to ensure Ukraine's national, environmental,
economic and energy security, economic growth, improved living standards,
and increase the competitiveness of Ukrainian enterprises and goods on the
international market.
Such an energy transition will have a multiplier effect, the essence of which
is that the large-scale transformation of the energy sector will bring out of
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crisis not only energy but also other sectors of the economy, especially industry and transportation, ensure sustainable development and competitiveness of our country. The positive effect that Ukraine receives from largescale use of green hydrogen is given below.
Solving Ukraine's internal energy and environmental problems:


Solving the issue of wear and tear of generating capacity, uneven distribution of generation and energy consumption between regions, insufficient
flexibility of the energy system, limiting opportunities for energy development;



Use of green hydrogen for decentralized energy production that will significantly reduce losses associated with the transportation of electricity;



Energy security and independence from imported energy carriers;



Strengthening political independence in an era of using energy supplies as
an instrument of political pressure;



Increasing the EU's role in ensuring Ukraine's security;



Solving acute environmental problems and minimizing the negative impact on the environment and the health of citizens;



Creation of new jobs and reorientation of specialists employed in the existing energy sector.

Economic benefits:


Creation of a new innovative economic sector with the attraction of multibillion investments that will contribute to the sustainable development of
Ukraine;



Providing significant foreign exchange earnings for a long period;



Additional GDP growth due to the development of renewable energy
sources, which may be 4–6% in 2030 and 12–15% in 2050 [26];



Reduction of budget expenditures on public health as a result of air pollution.
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At the international level:


Ukraine's fulfillment of its international commitments on energy transition and emission reductions;



Increasing the political and energy importance of Ukraine in international
relationships;



Raising the partnership between Ukraine and the EU to the level of
strategic;



Ensuring access to the EU market and other markets for Ukrainian goods
after the introduction of restrictions related to the establishment of
carbon taxes (The Carbon-Border Adjustment Mechanism (CBAM));



Increasing the prestige of Ukraine before the international community as
a supporter of clean and innovative technologies;



Achieving leading positions in the world market for the export of clean
energy.
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3.1. MANAGEMENT AND CONTROL OVER THE IMPLEMENTATION

OF THE HYDROGEN STRATEGY
On the example of the management scheme adopted to monitor the implementation of the Hydrogen Strategy of Germany, it is proposed to create a
flexible and results-oriented management structure to monitor the implementation and further development of the Ukraine’s Hydrogen Strategy.
3.1.1. Management structure to monitor the implementation
of the Hydrogen Strategy

The management structure for monitoring the implementation and further
development of the Ukraine’s Hydrogen Strategy (hereinafter – HS) is presented in Fig. 4.

Figure 4. Management structure for monitoring the implementation and
further development of Ukraine’s Hydrogen Strategy
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In order to ensure constant coordination of the plans of the Hydrogen Strategy implementation with the development of the industry and to achieve
the set goal in general, the Committee of Representatives from the relevant
ministries will constantly monitor the implementation of the Hydrogen
Strategy (hereinafter – HS Committee). If there are signs of delays in implementation or if the objectives of the Hydrogen Strategy are missed, the HS
Committee, in consultation with the Cabinet of Ministers, will swiftly take
necessary corrective actions and adapt the Action Plans to the new requirements in full coordination with the National Hydrogen Council. The National
Hydrogen Council consists of 20–25 high-ranking non-government experts
from science, business and civil society. Members of the National Hydrogen
Council must have experience in the following areas:
 Energy generation;


Transportation and construction;



Scientific and technical research and innovation;



Decarbonization of industry, transportation, construction and energy infrastructure;



Legal and regulatory framework;



Application of methods of economic incentives;



International partnership;



Fulfilling climate commitments and ensuring sustainable development
plans;



Organization of information support and education.

The National Hydrogen Council, at its first meeting, elects one of its members as chairman. The task of the National Hydrogen Council is to advise
and support the HS Committee with proposals and recommendations on
the implementation, actions, correctives, adjustment and further application of the Hydrogen Strategy.
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3.1.2. The role of government in fulfilling the tasks
of the Hydrogen Strategy
In order to ensure coordination between the Government and the National
Hydrogen Council, close ties between the National Hydrogen Council and
the operational actions of the state structures to implement the plans and
measures of the Hydrogen Strategy, the HS Committee and the National Hydrogen Council hold regular joint meetings. The National Hydrogen Council
meets at least four times a year. In addition, the meetings of the National
Hydrogen Council are attended by the responsible heads of departments of
the concerned ministries.
In addition to the National Hydrogen Council, the government establishes a
Control Center chaired by the Prime Minister. On behalf of the Government, the Control Center Coordinator monitors the implementation of the
Hydrogen Strategy and, in cooperation with the National Hydrogen Council,
ensures the timely implementation of tasks assigned to relevant central and
regional authorities (Ministries, Departments, regional state Administrations, etc.). The Control Center also actively supports the ministries and all
parties involved in the implementation of the Hydrogen Strategy plans by
providing support in overcoming all obstacles in the implementation of the
planned steps, namely:
 Rapid adoption of the necessary legal and certification framework;


Creation of transparent conditions for launching export and domestic
markets of green hydrogen;



Attracting private investment;



Development of pilot projects;



Implementation of investment projects;



Other obstacles that will arise in the implementation process.

The Control Center, in coordination with the HS Committee and the National Hydrogen Council, submits a monitoring report to the Prime Minister at
least once a year to make the necessary decisions. In addition to a brief description of the progress made, the report should focus on unforeseen
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problems and obstacles that arose during the reporting period, with specific
recommendations to overcome them. The report also takes into account
the recommendations made during the implementation of hydrogen strategies in the EU and other leading countries. On the basis of these monitoring
reports, an extended report is prepared every three years, in which the
Strategy and Action Plans are evaluated as a whole and proposals for corrective and further development are developed. Based on this, the constant
adaptation of the HS to market development and achieved goals is ensured.
3.1.3. Cooperation between government bodies and local authorities
In addition to measures at the state level, various measures are taken by regional and local authorities that are equally important for the development
of the hydrogen economy and ensuring the leading role of all interested
stakeholders. Close cooperation between national and local authorities,
business and civil society will help to coordinate activities; exploit synergies,
exchange of experiences and avoidance of misunderstandings and significant mistakes. To this end, the Government will immediately create an appropriate information platform format (for example, set up a working group
of regions) and ensure that the public is informed about the activities of the
National Hydrogen Council. Existing communication ways, initiatives and
working groups on hydrogen are used as needed.
3.1.4. The role of business, civil society and
non-governmental organizations
Civil society, NGO and business must be represented in the National Hydrogen Council, take an active part in monitoring the HS implementation and
be a driving force in adjusting and improving the Action Plans to achieve
these goals. All these parties should work to ensure that the maximum
number of citizens is widely informed by holding information events to inform people in all regional centers and cities that may play an important
role in the implementation of hydrogen technologies. Such information
events can be organized with the help of: workshops, teleconferences/
online conferences, discussions, including with the participation of specialists.
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Civil society, NGO and businesses must also perform other tasks, including:
 Providing expertise of draft regulations aimed at fulfilling the tasks of the
Hydrogen Strategy in coordination with international partners;


Participation in the work of public councils at executive bodies that implement state policy in the energy sector and in other structures, to inform
citizens about the benefits of implementing hydrogen technologies.
3.1.5. The role of international partners

The purpose of participation of international organizations in the implementation of the HS is to develop a policy that promotes open and transparent
conditions, equal opportunities for all participants. Together with the Government, business, NGO and the civil society, international partners work to
establish international norms in Ukraine and find solutions to a number of
social, economic and environmental problems related to corruption risks.
International partners should help Ukraine achieve its goals of rapidly creating a green hydrogen export market in the framework of the EU's Green
Deal, in particular, and in the framework of the decarbonization of the
world economy as a whole.
With the active participation of international partners in the implementation of the HS, Ukraine will be able to quickly achieve tangible results, ensure integration of Ukraine's energy infrastructure with the European system, full implementation of the Third Energy Package, EU directives and
regulations in accordance with its obligations under the Energy Community
Treaty.
3.2. STRATEGIC STEP-BY-STEP ACTION PLAN TO ACHIEVE THE GOALS OF
THE HYDROGEN STRATEGY
3.2.1. List of main actions and measures of the
Hydrogen Strategy implementation policy
As stated in this Strategy, the Government undertakes to provide the political, regulatory and infrastructural support needed to realize the hydrogen
potential of Ukraine. Further actions and measures over the next 10–15
years will continue to allow Ukraine to become one of the world's leading
hydrogen economies.
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The list of main actions and measures of the Hydrogen Strategy implementation policy, which are recommended to be used when developing Action
Plans for each sector, is provided in the appendix.
3.2.2. Step-by-step and sectoral action plans
Action plans, which should include detailed data, measures and timetables
with a clear time frame, should be developed for each stage of implementation of the Strategy for each sector separately, namely: transportation, energy, industry, housing and communal services, construction and agriculture.
The development of Action Plans for each sector is carried out by a team of
relevant experts appointed by the HS Committee on the proposal of the National Hydrogen Council.
3.2.2.1. Formation of the hydrogen sector. Action plan until 2025
3.2.2.2. Optimization and innovative development. Action plan until 2030
3.2.2.3. Ensuring sustainable development. Action plan until 2035
3.2.2.4. Transition period in the use of hydrogen from fossil fuels. Action
plan until 2035
3.2.2.5. Large-scale use of green hydrogen. Action plan until 2050
A detailed step-by-step Action Plan for each phase of the Strategy is developed by the National Hydrogen Council with the involvement of relevant experts from each sector and approved under the auspices of the HS Committee from the relevant ministries.

45

4.1. CREATING ATTRACTIVE CONDITIONS FOR ATTRACTING INVESTMENT
IN HYDROGEN TECHNOLOGY
To date, dozens of countries have adopted national strategies for the introduction of hydrogen technologies, almost all of them allocate substantial
financial resources to implement the measures envisaged in their plans. The
dire state of the economy in the post-crisis period caused by the COVID-19
pandemic has prompted many of these countries to focus on hydrogen
technologies that can be the driving force behind economic growth, spending billions on hydrogen projects.
A fundamental precondition for creating a favorable investment climate in
the energy sector is to radically improve the business climate in Ukraine as a
whole, including the rule of law, independent, permanent and effective
competition supervision and rapid introduction of non-discriminatory market pricing.
Factors limiting hydrogen consumption today are rather economic, as green
hydrogen production technology is not yet competitive with hydrogen produced from fossil fuels (coal or natural gas). But according to many studies,
this situation will change within this decade. The problem today is that GHG
emissions are not always adequately reflected in the market value of fossil
fuels. The introduction of a national clean fuel standard, as well as the introduction and / or increase of the GHG emissions tax will be important steps
in supporting hydrogen technologies in Ukraine.
For the rapid introduction of hydrogen technologies, it is necessary to take
advantage of the interest of EU countries in launching 10 GW electrolysis
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capacity for green hydrogen production in Ukraine [4] and create conditions
for launching investment projects for production, transportation, storage
and green hydrogen use. Business does not need subsidies or government
funding; it needs transparent, clear and, most importantly, stable and unchanging conditions that allow it to plan for the long term.
To do this, at the initial stage (until 2025), it is necessary to:
 Create conditions for the rule of law, respect for the law and the impartial
functioning of the law enforcement and judicial systems;


Form of transparent energy markets, including the market of hydrogen
technologies;



Integrate Ukrainian energy infrastructure and regulatory framework into
the EU one;



As a member of the Energy Community, Ukraine should pursue a joint regulatory policy with the EU with continuous improvement of energy sector
legislation, harmonization and adaptation of the regulatory framework of
the hydrogen sector;



Form investment project programs that will meet the objectives set in this
Strategy to achieve state priorities taking into account the interests of
business and consumers;



Define clear mechanisms of public-private partnership and European level
transparent rules for the attraction of investments in the energy sector in
general, and in hydrogen – in particular;



Develop a policy to support recognized international companies to build
hydrogen production facilities in Ukraine in partnership with local stakeholders.

Although the hydrogen sector ultimately needs to be self-sustaining, temporary state support will be needed over the next 10–15 years to attract investment in the industry and reduce risks. This should be exclusively the following:
 Support of research and educational-information hydrogen sectors;


Support aimed at overcoming obstacles, guaranteeing investments, invest-
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ments in fundamental infrastructure, primarily in the gas transmission
system;
 Encourage final consumers with subsidies and preferences, especially in
the transportation sector and to mix hydrogen with natural gas in the
housing and communal services sector.
4.2. LEGISLATIVE AND REGULATORY SUPPORT
Legislative and regulatory support of the Hydrogen Strategy includes the
necessary laws, regulations and standards, as well as the time frame for
their adoption.
4.2.1. Policy and regulation
To launch the hydrogen technology industry, it is necessary to implement
appropriate policies, create a regulatory framework and set clear targets for
reducing greenhouse gas emissions.
Achieving long-term goals requires a radical transformation of the energy
sector and a clear coordinated effort. Policies and regulations that encourage the use of hydrogen technologies include policies to regulate lowcarbon fuels, regulate car emissions, regulate the operation of zeroemission vehicles, introduce a tax on carbon pollution, create emission-free
zones / territories and develop rules for introducing green hydrogen into
the natural gas system.
Ukraine needs to adopt relevant legislation and find ways to finance the adaptation of EU and international standards needed for Ukraine's hydrogen
industry and to establish large-scale long-term cooperation to attract investment in the production, storage, transportation and export of green hydrogen.
4.2.2. Norms and standards
The introduction of hydrogen technologies in the world is at an early stage
and if there are certain gaps and shortcomings in existing norms and standards, they must be eliminated before harmonization/adaptation in Ukraine.
Harmonization of norms and standards in force in the EU will ensure the ap-
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plication of best practices in the internal market and create conditions to facilitate the establishment of a clear export market. Applications related to
the mixing of hydrogen with natural gas in the gas transmission system,
which are under test, should be the subject of special attention when creating a regulatory framework.
Ukraine should take an active part in developing and adapting international
certification rules and determining the origin of green hydrogen, followed by
their rapid implementation in Ukraine in cooperation with reputable international and/or European organizations to ensure the required level of trust.
4.2.3. Time frame for adoption of normative and legislative documents
2022–2025


Analysis of the Ukrainian and international (especially the EU) legal and
regulatory field for the production, transportation, storage and use of hydrogen and the creation of a clear joint regulatory framework;



Amendments to the regulatory framework to include in the competence
of the relevant regulatory authorities issues related to the production,
transportation, storage and use of green hydrogen;



Development of detailed Action Plans for the transition to the use of hydrogen technologies separately in energy, transportation, housing and
communal services, agriculture, industry and construction with the definition of exact deadlines;



Introduction of a transparent system of certification and determination of
the green hydrogen origin in Ukraine with the participation of recognized
international organizations and partners;



A ban on the operation of all types of cars with traditional fuels engines
starting in 2035;



Support for the development and implementation of pilot and demonstration projects on the use of hydrogen in various industries.
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2026–2030


Continuation of adoption and improvement of norms and standards, using the experience of leading countries in which the introduction of hydrogen technologies is developing intensively;



Creating transparent conditions for launching the green hydrogen export
market in cooperation with the EU and interested countries;



Creating conditions for attracting investment in the production of green
hydrogen for the export market with the participation of international organizations and associations;



Development of standard programs for the mandatory transition of communal and interurban transport to the use of green hydrogen in all major
cities – by 2035, and others – by 2040;



Promoting the creation of networks of hydrogen refueling stations on major roads instead of existing ones based on fossil fuels;



Development of support programs from the central Government and from
regional and local Authorities for the purchase of hydrogen fuel cell vehicles;



Incorporate the use of green hydrogen into communal utilities to reduce
emissions from natural gas combustion.

After 2030


Continuation of the adoption and improvement of the legal framework
and standards for the implementation of hydrogen technologies based on
the experience of previous periods, taking into account the latest developments and the level of technology development;



Creating conditions for launching the domestic market for the use of
green hydrogen in various sectors of the domestic economy;



Monitoring the implementation of programs for the transition to hydrogen technology in energy, industry, construction, transportation, housing
and communal services and the agricultural sector.
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4.3. INFORMATION POLICY AND TRAINING
4.3.1. Information policy
Ukraine's green hydrogen energy development strategy should be aimed at
creating a consistent national information policy that will ensure the perception of green hydrogen as an energy and environmentally efficient energy source, as a central component of a carbon-free energy complex. Dissemination of meaningful information on all areas of development of green
hydrogen energy in general in the world and in Ukraine should concern all
levels of government structures, both central and local, as well as private
companies.
It is important to organize information and advocacy activities through civil
organizations and create effective links between Government agencies and
society by:
 Creation of an appropriate information center and expansion of online
databases on green hydrogen to acquaint potential producers and consumers of hydrogen;


Promoting and advancing the importance of improving the environmental situation by abandoning the use of polluting energy technologies and
the irreversible transition to a new energy system in which RES and green
hydrogen will play a central role;



Creation of demonstration facilities in the main areas of green hydrogen
production, storage, transportation and use to show the areas and benefits of hydrogen use;



Conducting information campaigns and events in the media in order to
form a positive image in the public consciousness to overcome the distrust of potential investors and consumers using all available media;



Conducting information and advocacy activities on the prospects of using
hydrogen energy technologies based on RES, including: conferences,
seminars for authority’s representatives, regional leaders, scientists, energy professionals, youth organizations;



Holding mobile exhibitions, information tours, preparation and printing
of information materials on the introduction of green hydrogen energy
technologies.
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4.3.2. Training
Work on training should include:
 Organization of the educational system, both special technical and for the
formation of environmental energy awareness of the population;


Providing the appropriate scientific and technical, methodological, informational and analytical base for the training of specialists in all areas of
development of hydrogen energy technologies;



Creation of a system of training and retraining of specialists in the field of
hydrogen energy based on the use of RES;



Creation of a system of training and advanced training in the field of hydrogen technology maintenance, including through internships in leading
international companies.

One of the important tasks of education is to prepare teachers for the further creation of educational programs of various levels, from school age to
students of vocational, bachelor's, master's and postgraduate degrees. A
number of incentives should be used for interest, including scholarships, hydrogen grants, and more.
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List of main actions and measures of the implementation policy of
Ukraine’s Hydrogen Strategy
How to start hydrogen production
2022–2025
• Stimulate hydrogen production through direct support and preferences;
• Provide political support to increase the demand for green hydrogen and reduce the
risks of building its production infrastructure;
• Provide political support to communal utilities that produce and purchase hydrogen;
• Support increasing hydrogen production and consumption throughout Ukraine;
• Work with industry partners to establish hydrogen deployment centers.
2026–2030
• Consider the possibility of introduction of alternative tariffs for electricity generated
using hydrogen;
• Stimulate large-scale production of green hydrogen for export and domestic consumption;
• Investigate the possibility of using abandoned / contaminated areas as hydrogen parks
(Chernobyl zone).
After 2030
• Support long-term self-sufficiency in clean energy resources, ensuring political independence and sustainable economic development;
• Support the development of green hydrogen transmission and distribution infrastructure.

How to regulate the hydrogen production
2022–2025
• Analyze national, European and international standards, codes and rules of hydrogen
production and establish an appropriate regulatory framework;
• Amend the principles of the relevant bodies to regulate the production, storage, transportation and use of hydrogen;
• Make changes to water regulations to regulate the use of water in green hydrogen production;
• Make the use of hydrogen the main direction of reducing emissions from natural gas
combustion;
• Develop a carbon emission control system for the production of hydrogen from fossil
fuels;
• Set carbon emissions targets for hydrogen production technologies;
• Support only green hydrogen production technologies;
• Involve the National Hydrogen Council in active participation in the implementation
and adjustment of the tasks of the HS and in the preparation of phased action plans for the
introduction of hydrogen technologies in all sectors of the economy.
2026–2030
• Continue to implement the necessary standards and norms for the development of
hydrogen production, supply infrastructure, operation and maintenance projects;
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• Create and implement a system of green hydrogen certification with the involvement
of reputable international organizations;
• Develop a system of support and preferences to stimulate the production of clean
hydrogen with the subsequent transition to market mechanisms.

After 2030
•
Create a clear and favorable regulatory environment for large-scale hydrogen
production;
•
Require a gradual reduction in carbon emissions from hydrogen production
technologies;
•
Establish mechanisms for implementing a hydrogen energy storage policy.

How to support the mixing of hydrogen with natural gas
2022–2025
• Development of a regulatory framework for the injection of hydrogen into natural gas
distribution systems;
• Include hydrogen in the list of GHG emission reduction regulations;
• Collaborate with utilities to review infrastructure requirements for hydrogen injection
in gas distribution systems in increasing proportions;
• Support for green hydrogen injection projects in gas distribution systems.
2026–2030
• Require new or refurbished natural gas pipelines to be hydrogen compatible;
• Support the introduction of hydrogen compatible equipment;
• Establish the role of hydrogen in achieving the goals of Ukraine's new energy course.

After 2030
Support large-scale injection of green hydrogen into the gas network.

How to encourage the growth of hydrogen use in transport
2022–2025
• Support the pilot use of FC in all types of vehicles, maritime, rail, air and other modes
of transport, as well as in forklifts;
• Support the gradual transition to hydrogen vehicles and the creation of hydrogen
refueling stations in the Transportation Action Plan;
• Investigate the role of FCEV in fulfilling Ukraine's commitments to increase RES and
reduce GHG emissions by 2030;
• Establish financial and / or tax preferences for the purchase of FCEVs and the creation
of hydrogen refueling stations;
• In the Transportation Action Plan establish commitments on the transition to hydrogen
communal transport and a ban on the use of internal combustion engines in the period
2035-2040 years;
• Analyze and determine (in the Action Plan) the minimum share of FCEV in the auto
market until 2025.
2026–2030
• Review and expand the use of FC in all types of cars, sea, rail, air and other modes of
transport, as well as in forklifts;
• Include the objectives for the use of FCEV in the relevant binding documents of
Ukraine;
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• Support the development of green hydrogen production and distribution
infrastructure for the transport sector;
• Establish in the Transportation Action Plan the share of FCEV in the auto market by
2030.

After 2030
• Continue support for the widespread use of FC in all types of vehicles, maritime, rail,
air and other modes of transport, as well as in forklifts;
• In the Transportation Action Plan determine a timeframe for the transition to a 100%
hydrogen transport.

How to support the increase of hydrogen use in industry
2022–2025
• In the Industry Action Plan evaluate the role of hydrogen use in various heavy
industries, such as steel, cement, refining, aluminum, etc;
• In the Industry Action Plan develop incentive mechanisms for transition to
hydrogen use;
• Include targets for the use of hydrogen in industry in the relevant binding documents
of Ukraine.
2026–2030
• Analyze the results of pilot projects in industry in Ukraine and in the world and adjust
the Action Plan;
• Support pilot projects on the use of green hydrogen in all industries;
• Provide strong support to medium and small enterprises interested in the use of green
hydrogen (tax incentives, etc.);
• Encourage local governments to switch to green hydrogen in communal companies.

After 2030
• Introduce appropriate incentives and penalties to support the gradual transition to
hydrogen use in all industries.

How to develop hydrogen as a source of clean energy in communities
2022–2025
• Conduct a comprehensive study on hydrogen in communities, including:
• Awareness and understanding of the importance of moving to a clean energy system;
• New hydrogen applications in communities (gradual replacement of natural gas);
• Ways to increase the capacity of clean energy and hydrogen projects in communities;
• On the example of small and medium-sized communities dependent on fossil fuels,
explore the feasibility of transition to a 100% RES-based energy system using green
hydrogen.
2026–2030
• Implement the findings and results of community research;
• Introduce incentive tools for the development of clean energy and hydrogen projects
in communities;

After 2030
• Support the transition of fossil fuel-dependent communities to a new clean energy
system using green hydrogen;
• Promote the use of green hydrogen for the full energy supply of communities.
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How to create and develop the hydrogen export market in Ukraine
2022–2025
• Work closely with partner countries and companies interested in importing green
hydrogen;
• Create appropriate conditions and promote the attractiveness of Ukraine to attract
large-scale investments in the production, storage, transportation and use of green
hydrogen in Ukraine and for export;
• Promote the natural potential of RES and Ukraine's resources as a reliable supplier of
green hydrogen to world markets;
• Implement an international system of green hydrogen certification with the
participation of relevant world organizations.

2026–2030
Provide conditions for attracting investment in the creation of infrastructure for the export
of green hydrogen.
After 2030
Support investment in the development of green hydrogen export chains.

Hydrogen Strategy of Ukraine
Project

Authors:
Benmenni M.
Ivanchenko I.
Kudrіa S.
Kuznetsov M.
Petrenko K.
Repkin O.
Yatsenko L.

Design: Mariia Klius, Nataliia Brydnia
Photo: Karol Rydlo

Institute for Renewable Energy
02068, 17 Drahomanova St., Kyiv, Ukraine
+38 (044) 206-28-09 www.ive.org.ua
renewable@ukr.net, info@ive.org.ua

