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Abstract. In the context of the global clean and low-carbon energy transition,
hydrogen energy has become an important direction for energy technology inno-
vation in the contemporary world. Many countries around the world have paid great
attention to the development of hydrogen energy and leveraged it to the national
strategies. This study firstly reviews the development of global hydrogen energy,
focusing on the global hydrogen energy supply, hydrogen energy demand, the
current situation and development trend of hydrogen energy. Secondly, based on
data collected from government websites, key R&D institutions and well-known
databases (e.g. CODIS database), a strategic analysis of hydrogen energy poli-
cies and technologies of main countries is conducted. In terms of policy, textual
analysis is used to analyse the global hydrogen energy layout direction and the
strategic positioning, strategic layout and strategic objectives of hydrogen energy
in countries such as the United States, European Union, Japan and China. In terms
of technology, the keyword search method is used to obtain data on scientific
research projects in the field of hydrogen energy, and quantitative analysis is con-
ducted to analyse the characteristics of the technical layout of global hydrogen
energy research projects, and to analyse the funding of hydrogen energy projects
and the focus of hydrogen energy technology research. Finally, suggestions for
the future development of hydrogen energy are discussed.

Keywords: Hydrogen energy - Policy - Technology research and development -
Strategy analysis

1 Introduction

With the acceleration of modern industrial processes and the increase in fossil fuel con-
sumption leading to global warming, green and low-carbon development has become a
global consensus [1]. In response to climate change, more than 130 countries and regions
around the world have proposed carbon neutrality targets, and there is an unprecedented
global determination and effort to accelerate the energy transition [2]. Compared with
traditional fossil fuels, hydrogen energy is a new type of energy with the advantages of
clean and zero carbon, long-term storage, flexibility and efficiency, multi-energy con-
version and rich application scenarios [3]. Accelerating the development of hydrogen
energy is an effective way to tackle the climate problem, reduce dependence on fossil
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energy and help achieve deep decarbonization in areas that are difficult to reduce emis-
sions, such as transport, industry and buildings [4]. In addition, with the development
of renewable energy, hydrogen energy plays an increasingly important role in the new
power system as a power medium and link [5].

Countries around the world attach great importance to the development of hydrogen
energy. China, the United States, Europe, Japan and South Korea have elevated the devel-
opment of hydrogen energy to a high level of national strategy and have continuously
increased their support for hydrogen energy research and development and industri-
alization [6]. At the critical point of global carbon neutrality and economic downturn
after the epidemic, hydrogen energy industry has become an important development
area for many major countries/regions in the world to cope with global climate change
and economic recovery after the epidemic [7, 8]. The literature [9—12] mainly analyzed
the research in the field of hydrogen energy in the US, which is a global leader in
the hydrogen fuel cell vehicle market and hydrogen refueling stations. The literature
[13, 14] analyses Germany’s national hydrogen energy strategy, which focuses on the
transport, aviation, steel and chemical industries. The literature [15-17] analyses the
development of hydrogen energy applications in Japan and South Korea. Due to the
scarcity of resources and energy, both countries hope to develop a high level of hydro-
gen economy and move towards a hydrogen society. The literature [18, 19] analyses
the advantages that Australia has in developing the hydrogen energy industry, and that
new energy generation, hydrogen power generation and hydrogen export will be the
main strategies for the development of hydrogen energy in Australia. China’s hydrogen
energy industry chain is currently focused on storage and transportation and hydrogen
refueling, which drives the common development of upstream and downstream indus-
tries [20]. At present, the hydrogen energy industry chain with fuel cell as the main
application has been initially commercialized globally, and it is expected that hydrogen
energy will usher in an industrial explosion in the next 5 years [21].

The paper introduces the current situation and forecast of global hydrogen energy
supply and demand, analyses the distribution and scale of hydrogen energy projects in
operation, construction and planning worldwide, analyses the national hydrogen energy
strategies of major countries in the world from the perspective of strategic positioning,
strategic layout and strategic objectives, and analyses the progress and R&D direction of
hydrogen energy technology in major countries around the world based on the funding
of hydrogen technology projects and the focus of hydrogen technology research and
development.

2 Overview of the Development of Hydrogen Energy Industry

2.1 Global Hydrogen Energy Supply

Global hydrogen production reaches 94 million tonnes in 2021, up 5% year-on-year,
currently mainly from fossil energy sources. The International Energy Agency predicts
that approximately 520 million tonnes of low-carbon hydrogen will be needed to achieve
net zero global emissions by 2050. About 306 million tonnes of green hydrogen will
come from renewable sources and 197.6 million tonnes of blue hydrogen from natural gas
and coal combined with CCS technology; 16 million tonnes of low carbon electrolytic
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hydrogen will be produced by electrolysis in nuclear and fossil fuel power plants with
CCS. In comparison, 87 million tonnes of gray hydrogen is produced from natural gas
and coal in 2020, mainly for the chemical and refining industries. The forecast for global
hydrogen production in 2050 is shown (Fig. 1).
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Fig. 1. Global hydrogen energy production forecast in 2050.

2.2 Global Hydrogen Energy Demand

In order to achieve net zero global emissions, the International Energy Agency predicts
a total global demand for hydrogen energy of 528 million tonnes by 2050. The largest
demand for hydrogen will come from transport, accounting for about 39% of the total,
or 207 million tonnes, of which 91 million tonnes will be used for road transport, 90
million tonnes for shipping and 50 million tonnes of hydrogen for aviation. The industrial
sector will use 187 million tonnes of hydrogen, about 35% of the total, of which 83
million tonnes will be used in the chemical industry, 54 million tonnes in the steel
industry and 12 million tonnes in the cement industry. Power generation will account
for approximately 19% of the total hydrogen demand, or 102 million tonnes per year.
Hydrogen for construction and agriculture, 0.23 billion tonnes, is about 4% of the total.
The forecast for global hydrogen demand in 2050 is shown (Fig. 2).
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Fig. 2. Global hydrogen energy demand forecast in 2050.
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2.3 Global Hydrogen Engineering

According to statistics, there are currently over 1400 hydrogen energy projects operating,
constructed, and planned around the world. Among them, there are 227 hydrogen energy
projects in operation, with a total hydrogen production scale of about 400 megawatts,
mainly distributed in Europe, mainly producing hydrogen through electrolysis of water.
The hydrogen produced is mainly used in transportation and industrial fields. The dis-
tribution of engineering areas for operation, construction, and planning are as shown in
Fig. 3.
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Fig. 3. Regional distribution of hydrogen energy engineering operations, construction, and
planning around the world.

3 Strategic Analysis of Hydrogen Energy Policy

Atpresent, the US, EU, Japan and other major economies in the world are actively laying
out their hydrogen energy industries, and have released hydrogen energy development
strategies and road maps, setting out a framework of action for hydrogen energy in terms
of production, storage and transportation, application as well as technological innovation
and investment.

3.1 Analysis of Global Hydrogen Energy Strategic Planning

As sustainable energy development and new energy technologies continue to advance,
35 countries and regions have issued strategies related to hydrogen energy by 2022.

In terms of the spatial layout of global hydrogen energy strategy reports, including 17
European countries, 6 Asian countries, 5 South American countries, 2 North American
countries, 2 African countries and 2 Oceanian countries, it can be seen that the largest
number of European countries have published hydrogen energy reports, accounting for
about 50% of the world, becoming the global wind vane of hydrogen energy develop-
ment. In terms of global hydrogen energy strategy report time promotion are as shown
in Fig. 4, Japan took the lead in putting forward the Basic Hydrogen Energy Strategy
in 2017, and in 2019, other countries put forward their national-level hydrogen energy
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Fig. 4. Global hydrogen strategy release time.

strategic plans one after another, especially in 2020 and 2021 when the global hydrogen
energy strategic plan release reaches its peak.

Through the analysis of the strategic planning reports on hydrogen energy in key
countries and regions such as China, the US, Japan, Germany, France, the UK and
the EU, it can be concluded that: countries generally formulate development strate-
gies from the needs of decarbonization development, energy security, economic growth
and the development of applied technologies, focusing on the directions of proton
exchange membrane electrolytic hydrogen production, organic liquid hydrogen stor-
age, low-temperature liquid hydrogen storage, hydrogen for power and scenic hydrogen
production.

3.2 Analysis of Hydrogen Energy Policies in Major Countries

United States

In order to ensure leadership in emerging technologies, the US attaches great importance
to the cultivation of technologies related to the upstream and downstream of the hydrogen
energy industry chain, and policies continue to support research and development of
hydrogen energy and fuel cell technologies. Table 1 shows the strategic policy and
planning objectives for hydrogen energy in the US.

Through analysis, it can be concluded that the US hydrogen energy strategy is posi-
tioned as a reserve emerging technology. The US hydrogen energy is laid out in five
main areas: transportation fuels, power generation and grid balancing, residential and
commercial building fuel, industrial and long-distance transportation raw materials, and
industrial fuel.

European Union

The development of hydrogen energy in the EU mainly relies on the large-scale devel-
opment of renewable energy sources and perfect natural gas pipeline infrastructure to
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Table 1. Hydrogen strategy policy of United States

Country

Strategic planning

Release time

Planning time

Development goals

United States

Road map to a US
hydrogen economy

2019

2025

US $ 2 billion annual
investment, 13 million
tonnes of hydrogen
demand, 150,000
FCEVs, 1000 hydrogen
refueling stations

2030

US $8 billion annual
investment, 17 million
tonnes of hydrogen
demand, 1.2 million
FCEVs, 4300 hydrogen
refueling stations

2050

68 million tonnes of
hydrogen demand,
representing 14% of
US end-use energy
demand and $750
billion in revenue

Department of Energy
Hydrogen Program
Plan

2020

2030

The electrolyzer costs
$300/kW and has a
lifetime of 80,000 h,
the PEMFC system
costs $80/kW and has a
lifetime of 25,000 h and
the SOFC system costs
$900/kW and has a
lifetime of 40,000 h

National clean
hydrogen strategy and
road map draft

2022

2030

10 million tonnes/year
of clean hydrogen
capacity at US$1/kg
clean hydrogen cost

2040

20 million tonnes/year
of clean hydrogen
capacity

2050

50 million tonnes/year
of clean hydrogen
capacity

promote the construction of green hydrogen production and hydrogen energy storage
and transportation systems, and to achieve the deep decarbonization of hydrogen energy
in transport, industry and buildings to support the energy transition and the green and
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low-carbon development of the European economy. Table 2 shows the strategic policies
and planning objectives of the EU on hydrogen energy.

Through the analysis, it can be concluded that the EU’s strategic positioning of
hydrogen energy is to position hydrogen energy as an important guarantee to promote
deep decarbonization and facilitate the energy transition. The EU hydrogen energy is laid
out for decarbonization in industry, the application of hydrogen fuel cell vehicles such as
heavy trucks and coaches, aviation and shipping transport, hydrogen power generation,
and hydrogen for households and buildings.

Table 2. Hydrogen strategy policy of European Union

Country Strategic planning Release time | Planning time | Development goals

European Union | EU hydrogen strategy | 2020 2024 At least 6 GW of
renewable hydrogen
energy electrolyzers
with a renewable
hydrogen production
of 1 million tonnes

2030 At least 40 GW of
renewable hydrogen
electrolyzers, 10
million tonnes of
renewable hydrogen
energy, EUR 24
billion-EUR 42
billion investment in
electrolyzers, EUR
220 billion—-EUR 340
billion scenery to
provide electricity,
EUR 65 billion
hydrogen storage and
transportation

2050 About 1/4 of
renewable energy
generation will be
used for renewable
hydrogen production,
€180 billion—-€470
billion for hydrogen
production and €850
million—€1 billion
for hydrogen
refueling stations

Japan
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Japan is the first country in the world to have a national strategy for hydrogen energy
development, with a clear policy orientation and progressive refinement of its content,
due to the constraints of resource and energy scarcity, and a strong focus on the develop-
ment of hydrogen energy-related technologies and the continued introduction of fiscal
and tax incentives. Table 3 shows Japan’s strategic policies and planning objectives
regarding hydrogen energy.

Through the analysis, it can be concluded that: Japan’s strategic positioning of hydro-
gen energy is to position hydrogen energy as an important way to guarantee energy
security and consolidate industrial foundation. Japan’s hydrogen energy is laid out in
the fields of transportation (hydrogen fuel cell vehicles and hydrogen refueling sta-
tions), hydrogen energy power generation, and domestic fuel cell combined heat and
power supply.

China

China has introduced a number of national-level planning policies to guide and encourage
the development of the hydrogen energy industry and to accelerate the development of
the whole industrial chain of hydrogen energy in “production, storage, transmission and
transportation”. Table 4 shows China’s strategic policies and planning objectives for
hydrogen energy.

Through the analysis, it can be concluded that the strategic positioning of hydrogen
energy in China is to make hydrogen energy an important part of the future national
energy system, an important carrier for the green and low-carbon transformation of
energy-using terminals, a strategic emerging industry and a key development direction
for future industries. China’s hydrogen energy is laid out in the fields of transportation,
energy storage, power generation and industry.

4 Strategic Analysis of Hydrogen Energy Technology

4.1 Analysis of Global Hydrogen Energy Technology Layout

The analysis of over 3000 hydrogen research projects from 2017 to 2022 is based on data
collected from government websites, key R&D institutions and well-known databases
(e.g. CODIS database) for major countries around the world.

The technological layout of global hydrogen research projects is characterized by the
following: the range of hydrogen technologies for electricity involved in hydrogen energy
projects in various countries is expanding; the investment in different technologies in
hydrogen energy projects in various countries is gradually increasing; hydrogen energy
projects in various countries are most deployed in the field of hydrogen for electricity,
followed by electrolytic hydrogen production and hydrogen storage.
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Table 3. Hydrogen strategy policy of Japan

Country | Strategic planning Release time | Planning time | Development goals

Japan Basic hydrogen strategy | 2017 2025 320 hydrogen refueling
stations, 200,000 fuel
cell vehicles

2030 30 yen/standard cube of
hydrogen, 800,000 fuel
cell vehicles, 1200 fuel
cell buses, 10,000 fuel
cell forklifts

2050 Hydrogen Society

Strategy for the 2019 2025 320 hydrogen refueling
development of hydrogen stations, 200,000 fuel
and fuel cell technologies cell vehicles

2030 30 yen/scale-cube
hydrogen supply cost,
900 hydrogen refueling
stations, 800,000 fuel
cell vehicles, 1200 fuel
cell buses

After 2030 20 yen/scale cube
hydrogen power
generation cost, 50,000
yen/kW electrolyzer

Green growth strategy in | 2020 2030 30 yen/scale-cube
conjunction with 2050 hydrogen energy cost, 3
carbon neutrality million tonnes of
hydrogen supply
(including more than
420,000 tonnes of clean
hydrogen)

2050 20 yen/bbl (below)
hydrogen, 20 million
tonnes of hydrogen
supply

4.2 Analysis of Hydrogen Energy Technology in Major Countries

United States

The emphasis on and support for hydrogen energy has increased each year from $13.06
million in 2018 to $7.1 billion in 2022 in the US. From 2018 to 2021, US hydro-
gen energy technology R&D funding focuses on advanced hydrogen production, stor-
age and transportation, fuel cell technology, and hydrogen gas turbine research, and in
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Table 4. Hydrogen strategy policy of China

Release time

2016

Planning time

2030

Development goals

A service life of 10,000 h
or more for PEMFC
distributed generation
systems and 40,000 h or
more for SOFC
distributed generation
systems

Country
China

Strategic planning

Energy technology
revolution innovation
action plan

2050 Breakthroughs in
hydrogen energy
production with the
widespread application of
hydrogen energy and fuel

cells

2022 2025 Approximately 50,000
fuel cell vehicle holdings,
100,000-200,000
tonnes/year of renewable
energy hydrogen
production, and 1-2
million tonnes/year of

CO; reduction

Medium and long-term 2030 A complete hydrogen

plan for the development
of hydrogen energy
industry

energy industry
technology innovation
system, clean energy

hydrogen production and
supply system

2035 To build an ecology of
diverse hydrogen
applications in transport,
energy storage and
industry and to increase
the share of renewable
energy in hydrogen
production

2022 the US focuses on clean hydrogen production, hydrogen transportation and stor-
age infrastructure, and end-use hydrogen including co-generation, and hydrogen power
generation, as shown in Fig. 5 and expanding into emerging market applications for
hydrogen energy, including medium and heavy duty trucks, data centers, ports, steel
manufacturing, stationary power, and building heating.

In recent years, project development in the US has focused on electrolytic hydrogen
production technology and hydrogen for electric power, with the number of projects in
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Fig. 5. Funding for hydrogen energy technology projects in the US.

these two categories accounting for over 70% of the total number of projects in the field
of hydrogen for electric power. This is shown in Fig. 6.

0 _ Share of hydrogen energy projects (%)
40 -
o]
20 '
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0 Hydrogen production by m Hydrogen for Electric hydrogen

electrolysis Storage electric power coupling

Fig. 6. Proportion of total projects in each sector of hydrogen energy in the US.

For hydrogen electrolysis technology, the US laid out both proton exchange mem-
brane electrolysis hydrogen production technology from 2018 to 2020, and began to
focus on solid oxide electrolysis hydrogen production technology from 2019. In 2019,
the frontier laid out research on low-cost, durable electrode materials for alkaline anion
exchange membrane electrolytic cell electrode material. In terms of hydrogen technology
for electric power, the US laid out both proton exchange membrane fuel cell technology
and solid oxide fuel cell technology from 2018 to 2022, and began to focus on hydrogen
gas turbine and co-generation technology research and development in 2021 and 2022,
respectively. In 2022, in addition to hydrogen production and use, the US focused on the
layout of large-capacity, long-cycle hydrogen storage technology, with special attention
to solid-state hydrogen storage and geological hydrogen storage Technologies.

Germany
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The EU provides funding for hydrogen energy research and development in Germany
through the EU research framework program “Horizon 2020” and “Horizon Europe”,
with a focus on hydrogen production from renewable energy sources, high-capacity,
long-cycle hydrogen storage and fuel cells for vehicles, as well as on the application of
hydrogen energy in industry, transport and power generation, as shown in Fig. 7.
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Fig. 7. Proportion of total projects in each sector of hydrogen energy in Germany.

In recent years, German projects in the field of hydrogen energy for electricity have
focused on hydrogen technology for electricity, accounting for more than 50% of the
total number of projects in the field of hydrogen energy for electricity, as shown in Fig. 8.
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Fig. 8. Hydrogen energy in Germany by sector as a proportion of the total number of projects.

In terms of electrolytic hydrogen production technology, Germany has laid out solid
oxide electrolytic hydrogen production technology for four consecutive years from 2019
to 2022, and in 2020, carried out R&D on low-cost and durable electrode materials
for alkaline anion exchange membrane electrolyzers, but Germany has not laid out
research on proton exchange membrane electrolytic hydrogen production technology.
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In terms of hydrogen storage technology, Germany is focusing on low-temperature liquid
hydrogen storage technology and metal solid hydrogen storage material R&D in 2018—
2020, and on underground salt cavern hydrogen storage and organic liquid hydrogen
storage technology in 2021 and 2022 respectively. In terms of hydrogen technology for
electricity, Germany has laid out proton exchange membrane fuel cell technology and
solid oxide fuel cell technology for four consecutive years from 2018 to 2021, carried
out R&D on co-generation technology in 2021, and focused on hydrogen gas turbine
technology from 2021 to 2022. In 2022, Germany mainly focuses on the layout of solid
oxide electrolysis hydrogen production technology, proton exchange membrane fuel cell
technology and hydrogen gas turbine technology.

Japan

Japan’s New Energy Industry and Technology Development Organization (NEDO) has
increased its funding for hydrogen energy year by year, from ¥15.1 billion in 2018 to
¥193.5 billion in 2022, with funding focused on hydrogen supply chains, fuel cells,
hydrogen refueling stations, hydrogen gas turbines, etc. In 2022, it has funded research
and development on the use of hydrogen in the steel-making process, focusing on the
application of hydrogen energy in transport, industry, power generation and construction
as shown in Fig. 9.
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Fig. 9. Japanese hydrogen energy technology project funding.

In recent years, in the field of hydrogen for electricity, project development in Japan
has also focused on hydrogen technology for electricity, accounting for more than 60%
of the total number of projects in the field of hydrogen for electricity, as shown in Fig. 10.

For electrolytic hydrogen production technology, Japan conducted research and
development on proton exchange membrane electrolytic hydrogen production technol-
ogy and solid oxide electrolytic hydrogen production technology in 2018, and then
focused mainly on research on proton exchange membrane electrolytic hydrogen pro-
duction technology. For hydrogen for electricity, Japan has laid out proton exchange
membrane fuel cell technology, solid oxide fuel cell technology and hydrogen gas tur-
bine technology for five consecutive years from 2018 to 2022, with more than 70 projects
deployed for proton exchange membrane fuel cell technology. In 2022, in addition to
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Fig. 10. Proportion of total projects in each sector of hydrogen energy in Japan.

hydrogen production and hydrogen use, Japan has also laid out organic liquid hydrogen
storage and scenic hydrogen production technologies.

China

China’s national key special project on hydrogen energy gradually increased R&D on
hydrogen energy technologies from 2018, with research focus on proton exchange mem-
brane electrolytic hydrogen production, low temperature liquid hydrogen storage, proton
exchange membrane fuel cells, cogeneration and Power-to-X in the last five years, and
hydrogen energy applications mainly focusing on power generation and transportation,
with an all-round layout of R&D on power hydrogen production, storage, hydrogen use
and electric-hydrogen coupling in 2021 and 2022 , as shown in Fig. 11.
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Fig. 11. Funding for China’s hydrogen energy technology projects.

In recent years, in the field of hydrogen energy for electricity, project development
in China has mainly focused on the field of hydrogen-using technology, with the number
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of projects in this field accounting for 50% of the total number of projects in the field of
hydrogen energy for electricity, as shown in Fig. 12.
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Fig. 12. Proportion of China’s hydrogen energy projects in various fields to the total project.

For hydrogen production by electrolysis: China will start to lay out R&D on pro-
ton exchange membrane electrolysis technology from 2021 and increase R&D efforts
in 2022; and lay out R&D on solid oxide electrolysis hydrogen production technol-
ogy from 2022. For hydrogen storage: China will lay out the R&D of low-temperature
liquid hydrogen storage technology every year from 2019, and focus on and lay out
the R&D of metal solid hydrogen storage technology from 2022. For hydrogen use:
China has been laying out R&D on proton exchange membrane and solid oxide fuel cell
technologies since 2018, and on co-generation technologies every year since 2020. For
electric-hydrogen coupling: China lays out R&D on hydrogen production technology
for scenery in 2018 and 2021, focuses on and lays out R&D on Power-to-X technology
from 2021, and lays out R&D on hydrogen-grid interaction technology in 2020 only.
In 2022, China lays out R&D on electrolysis hydrogen production, hydrogen storage,
hydrogen for power and electric-hydrogen coupling.

5 Summary and Outlook

In summary, in terms of global hydrogen energy strategic layout, countries that have
issued hydrogen energy strategies have different development speeds and stages in this
field, but the development trend is roughly the same, that is, promoting the improvement
of hydrogen energy penetration in production and life, and ensuring the development of
low-carbon, clean and sustainable energy. In terms of research and development of sci-
ence and technology projects, different countries have different development priorities.
Compared with other countries, China and Japan all focus on the field of hydrogen gas
turbines. In addition, China has focused on co-generation.
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With the accelerated development of renewable energy, hydrogen production from
renewable energy will become an important direction of hydrogen energy development
in the future, and will form different levels of coupling influence with the power grid.
Establishing the coordination mechanism of electric-hydrogen coupling with clean elec-
tricity as the main source and hydrogen-based energy as the supplement, and building
a new physical form of power system with “electricity as the main source and electric-
hydrogen coupling”, will promote the coupling application of hydrogen energy in the
source, network, load and storage of the new power system, enhance the level of new
energy consumption, realize the large capacity and long time storage of electric energy,
and realize the interconnection and synergy optimization of various energy networks
such as electricity, heating and fuel. It will realize the interconnection and optimization
of various energy networks, such as electricity, heating and fuel, enhance the flexible
regulation capability of the power grid, and ensure the safe and stable operation of the
new power system.
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