Article citation info:

MENES, M. Program initiatives of public authorities in the field of hydrogenation of the economy in a global perspective, as of the end
of 2020. Combustion Engines. 2022, 189(2), 18-29. https://doi.org/10.19206/CE-142170

Maciej MENES

GCombhustion Engines

Polish Scientific Society of Combustion Engines

Program initiatives of public authorities in the field of hydrogenation
of the economy in a global perspective, as of the end of 2020

ARTICLE INFO

Received: 14 July 2021
Revised: 20 August 2021
Accepted: 12 September 2021

In the years 2016-2020, there has been a significant acceleration in the development of technologies for the
hydrogen energy use and their popularization in practice. The value of the global hydrogen market in 2018 was
estimated at US $122 billion, predicted that it will increase to US $155 billion by the 2022. The appropriate
policy framework has a major impact on the development of new technologies, in particular during research,
prototype implementations and the initial phase of their commercialization. Of course, this also fully applies to
hydrogen technologies, which was confirmed, i.a., in its study by The Hydrogen Council, a leading global
organization in this field. The spearheading countries intensively involved in the development and dissemination
of hydrogen technologies are primarily: Japan, China, South Korea, Germany, France, Great Britain, Scandi-
navian and Benelux countries, as well as Canada and the USA. A dozen more countries making up the leading
group, such as: ltaly, Spain, Portugal, Australia, New Zealand, Brazil, India and South Africa are making efforts
to join the global hydrogen race and complete the leading group. The scale of the global development of
hydrogen technologies is illustrated by the fact that at the end of 2019, vehicles with hydrogen fuel cells and the
publicly accessible hydrogen refuelling stations serving them already operated in 18 countries. An effective use
of the incurred expenditures undoubtedly requires the interested states to formulate an appropriate policy
(strategy) for the hydrogenation of the economy, including, in addition to precisely defined long-term objectives,
e.g. elements of support from public administration, assurance of: stable investment conditions and the neces-
sary regulatory conditions. The article attempts to synthetically present the political framework, i.e. the function-
ing plans and programs as well as national strategies for the development of hydrogen technology and economy
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1. Introduction

In the years 2016-2020, there has been a significant ac-
celeration in the development of technologies for the hy-
drogen energy use and their popularization in practice. The
value of the global hydrogen market in 2018 was estimated
at US $122 billion, predicted that it will increase to US
$155 billion by the 2022 [1].

The appropriate policy framework has a major impact
on the development of new technologies, in particular dur-
ing research, prototype implementations and the initial
phase of their commercialization. Of course, this also fully
applies to hydrogen technologies, which was confirmed,
i.a., in its study by The Hydrogen Council, a leading global
organization in this field.

In the 2017 study, it clearly stated that the development
of appropriate programs and strategies for the hydrogena-
tion of the economy should be the starting point and the
way to the dynamic development of hydrogen technologies,
optimizing the costs of this development and achieving an
adequate level of profitability as soon as possible [2].

The spearheading countries intensively involved in the
development and dissemination of hydrogen technologies
are primarily: Japan, China, South Korea, Germany,
France, Great Britain, Scandinavian and Benelux countries,
as well as Canada and the USA.

A dozen more countries making up the leading group,
such as: Italy, Spain, Portugal, Australia, New Zealand,
Brazil, India and South Africa are making efforts to join the
global hydrogen race and complete the leading group. The
scale of the global development of hydrogen technologies is

illustrated by the fact that at the end of 2019, vehicles with
hydrogen fuel cells and the publicly accessible hydrogen
refuelling stations serving them already operated in 18
countries [3].

The article attempts to synthetically present the political
framework, i.e. the functioning plans and programs as well
as national strategies for the development of hydrogen
technology and economy in 19 countries.

2. National strategies for the development of
hydrogen technology and economy in 19 countries

Australia

Work on the hydrogen energy use was undertaken in
Australia in the last years of the 20th century.

Australia is a specific country where, apart from numer-
ous projects related to the development of hydrogen technol-
ogies, a lot is related to the production of hydrogen itself (out
of 120 hydrogen projects carried out by the 2005, 55 were
related to obtaining hydrogen from fossil fuels and in water
electrolysis processes) [4]. This is due, on the one hand, to
Australia’s possession of raw materials and climate condi-
tions, and on the other hand, to the relative proximity of the
large hydrogen markets of Japan, China and South Korea.

Awustralia’s hydrogen export potential was a precondition
for undertaking work on a hydrogen economy in this coun-
try as early as the early 2000s. The export of the hydrogen
produced is considered not only the most important stimu-
lator of the development of the hydrogen economy in Aus-
tralia, but also one of the basic levers of the assumed eco-
nomic development of the country [5].
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Transport in Australia has been adopted as the primary
national area for the energy use of hydrogen, including also
technological transport in mining plants or handling equip-
ment [6].

The national roadmap for building a sustainable and ef-
fective hydrogen industry has defined the directions for the
development of a clean, innovative, safe and competitive
hydrogen industry prepared by the government administra-
tion, and at the same time established an expert group (Hy-
drogen Working Group) which was tasked with developing
the National Hydrogen Strategy. The Australian Hydrogen
Strategy, which includes 57 necessary measures, was pub-
lished in 2019 [7].

Relevant strategies were also published by the largest Aus-
tralian states, incl. South Australia [8] and Queensland [9].

The Australian central government alone allocated US
$256 million to the research, feasibility studies and demon-
stration projects in 2015-2019.

Chile

The first country on the South American continent to
prepare a strategic document for the development of the
hydrogen economy is Chile. The leading element in the
national hydrogen strategy published in November 2020 is
"green" hydrogen, with the production of which Chile in-
tends to conquer world markets [10].

It is supported by the country's natural conditions,
which provide potentially large amounts of cheap electricity
from renewable sources (highly sunny desert areas in the
north of the country and windy areas in the south of the
country), which exceed the domestic demand 70 times.
With the cheap electricity, the cost of producing hydrogen,
oscillating around 0.8-1 dollar/kg of hydrogen, is among
the lowest in the world.

Cheap sources of renewable energy and the "green" hy-
drogen produced, on the one hand, is to ensure Chile's
emission neutrality by 2050, on the other hand, by the 2030,
it is to make it one of the three leading exporters of green
hydrogen. According to McKinsey & Co's estimates, by the
2030 the Chilean production potential will reach 25 million
tons of "green" hydrogen (5% of global demand), for which
the country will export 30 billion dollars annually, ensuring
50% of supplies of this energy carrier to Japan and South
Korea, and 20% to China [11].

The use of "green" hydrogen energy in the country,
which is to ensure a 20% share in reducing CO, emissions,
is to be concentrated in the gas industry and ecological
refining of the mined copper ores.

The assumed development of the hydrogen sector will
require investments of approximately USD 200 billion in
the next 20 years, which will generate 100,000 new jobs.
The Strategy assumes that by the 2025 the total capacity of
electrolysers installed in the country will exceed 5 GW. The
first Chilean green hydrogen plant to be built in Cabo Ne-
gro north of Punta Arenas, consisting of a 3.4 MW wind
farm and a 1.25 MW electrolyser, will be commissioned in
early 2022.

China
Chinese work on the use of hydrogen energy began in
the mid-1950s in the space and military sector.

At the end of the 1980s, research into hydrogen tech-
nologies was also undertaken by the civilian sector, and
mainly related to road transport. From the very beginning,
these studies were carried out under centralized research
programs, five-year economic and social development plans
of the country as well as regulations and orders of public
administration.

The first program with hydrogen propulsion technolo-
gies as a component — "National High Technology Re-
search and Development Program™ launched in 1987, oper-
ated until 2016 [12]. In 1997, the Basic Research Program
was launched, which also ran until 2016. Since 2016, re-
search and development work has been carried out under
the National Key Research and Development Programs
[13]. The directions of the conducted research result from
the findings of the next five-year plans for China's socio-
economic development.

In the tenth plan for 2001-2005 the issues of hydrogen
vehicles were included in the "Electric Vehicle" part, in the
eleventh plan for the years 20062010 in the "Energy saving
a new energy vehicle" part, and in the twelfth plan for 2011—
2015 in the "Electric vehicle critical technology "and in the
thirteenth plan for 2016-2020 in the part "Energy storage and
distributed energy and new energy vehicles" [14].

In May 2015, the Chinese authorities published a ten-
year program "Made in China 2025" to modernize ten pri-
ority industrial sectors, including the automotive sector,
with particular emphasis on the production of vehicles with
alternative drives, including hydrogen one [15].

In reference to the above, in 2016 the Strategic Adviso-
ry Committee for the technological roadmap for the devel-
opment of energy-saving technologies and vehicles with
alternative drives published, inter alia, “Roadmap for Hy-
drogen Technologies” [16]. The study assumes that by the
2020, 5,000 hydrogen powered vehicles will be used in
China, served by 100 hydrogen refuelling stations, and in
2030 one million vehicles served by more than 1,000 sta-
tions.

The specifics of this report, as well as other research
works, resulting from the Chinese economic model, is the
precise setting of not only strategic objectives, but also
dozens of specific goals regarding, for example, the param-
eters of hydrogen-powered vehicles and their components,
and even individual components.

Hydrogenization of transport, as one of the 15 develop-
ment directions, was also established in the "energy techno-
logical revolution and innovative action plan for 2016-
2030" published in 2016 by the Development and Reform
Committee and the National Energy Agency [17].

The development of hydrogenation in the road transport
achieved by the first quarter of 2020: 72 refuelling stations
and 6,564 vehicles (mainly low-capacity buses and light-
duty trucks) — fulfilling the assumptions of the roadmap
from 2016, is a derivative of the public administration's
commitment, which spent on the development of the elec-
tric car sector over USD 58 billion, including USD 12 bil-
lion alone on the development of hydrogenation of
transport in 2018 [18].

In recent years in China, the issue of the development of
hydrogen technologies outside the transport sector, includ-
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ing in March 2019, the issue of the hydrogen energy use
was included in the annual speech of the Chinese Prime
Minister at the session of the 13th Chinese People's Assem-
bly [19]. The issue of the hydrogen economy was also
raised by Chinese President Xi Jinping in his speech on
September 22, 2020 announcing China's intention to
achieve carbon neutrality by the 2060 [19].

This does not change the fact that to date China does not
have a national strategy for the hydrogenation of the econ-
omy. In June 2019, the Chinese Hydrogen Alliance (H2CN)
established in 2018 by 18 different types of entities, super-
vised and supported primarily by the Chinese Ministry of
Science and Technology, published its own version of the
vision of the development of Chinese economy hydrogena-
tion by 2050, which was not an official document [20].

The assumed vision envisages that by the 2050 the share
of hydrogen in the national energy balance will increase
from 2.7% in 2019 to 10%, the turnover of the hydrogen
market will increase from USD 43.5 billion to USD 1.7
trillion, the number of hydrogen refuelling stations will
increase 72 to 10,000, and the number of hydrogen-
powered passenger cars will increase from several hundred
to 5 million. In China, there will be more and more buses
and trucks with fuel cells, and the number of hydrogen fuel
cell installations will increase from 10,000. up to 5.5 mil-
lion [19].

Denmark

Denmark is one of the countries in which work on a na-
tional strategy for the development of hydrogen economy
was initiated at the earliest. As early as 1998, work began
on the development of an appropriate program "The Danish
hydrogen energy program" [21].

In the Danish activities, the emphasis was placed, apart
from the use of hydrogen as a carrier of electricity, on its
use in transport. In 2008, the first version of the relevant
sectoral program — "National R&D and demostration strat-
egy for FCH transport" was prepared [22]. Based on the
above document, in 2014 the Danish transport hydrogena-
tion program "National Implementation Plan (NIP) for
hydrogen refuelling infrastructure in Denmark™ was pub-
lished. The program assumed significant financial reliefs
both in relation to the costs of purchasing hydrogen vehi-
cles (exemption from registration taxes amounting to 105%
of the purchase price and 180% if their price exceeds 10.6
thousand euro), and also in relation to the costs of their
operation (exemption from annual road tax) [23].

Exemption from the registration tax, amounting to ap-
prox. 30,000 EURO already makes the cost of purchasing
a car equipped with hydrogen fuel cells competitive with
respect to corresponding mid-range car with an internal
combustion engine.

Hydrogen refuelling stations are co-financed up to 50%
in both, the construction costs and the costs of subsequent
operation. The above rules for promoting the development
of hydrogenation in Danish transport are to apply according
to the current regulations until 2025.

Finland
Work on the use of hydrogen energy began in Finland in
the early 2000s. In 2007, a multi-annual (until 2013) hydro-

gen program was launched, coordinated by the Finnish
Agency for Technology and Innovation (Tekes) [24].

In 2013, the Finnish research centre VTT developed the
first national roadmap for the development of hydrogena-
tion in the road transport. The above-mentioned Research
Centre also prepared a roadmap for the development of
hydrogen technologies in Finland in 2020, at the request of
Business Finland [25].

Apart from the advantages of hydrogen as an energy
carrier, the paper describes the state of development of
hydrogen technologies in the country, discusses the role and
costs of production, including the costs of producing
"green" hydrogen (the total capacity of wind farms installed
in Finland already exceeds 2.3 GW). The basis for the de-
velopment of the production of "green" hydrogen is to be
a well-developed potential of renewable energy production.
Based on the SWOT analysis conducted, recommendations
and a schedule of actions were formulated, as a result of
which the energy use of hydrogen is to significantly con-
tribute to Finland's achievement of carbon neutrality by the
2050. The material prepared by the consulting company
Nordic West Office was also devoted to the issue of hydro-
genation of the Finnish economy [26].

France

Work on the use of hydrogen energy begun in France at
the end of the last decade of the 20th century. In 1998,
public administration units, energy companies, producers of
hydrogen and hydrogen installations, electrolysers, motor
vehicles, scientific research centres as well as regional
authorities established the AFHYPAC association (Associa-
tion Francaise pour | hydrogene et les piles a combustible).
In 2013, the H2Mobilite France Consortium, organisation
established by the above-mentioned association, developed
the first plan for the development of hydrogenation of the
French economy limited to the road transport [27]. The
ambitious objectives formulated in the Plan, both in terms
of the fleet of hydrogen-powered vehicles and the network
of hydrogen refuelling stations, have not been achieved to
date.

Another, broader-spectrum Program, treating hydrogen
technologies as one of the pillars of the planned transformation
of the French energy system, was developed in 2018 [28].

Yet another French hydrogen program referred to the
findings and even the structure of the content of the quoted
report “Hydrogen scaling up. A sustainable pathway for the
global Energy transition” prepared in 2017 by the Hydro-
gen Council.

The findings of the above Program became the basis for
the 14-point plan of N. Hulot (the then minister for envi-
ronmental protection), published on June 1, 2018, to popu-
larize hydrogen as an element of the transformation of the
French energy economy [29].

The plan was part of France's second multi-annual ener-
gy program covering 2018-2028. As part of the Plan, it was
assumed that, starting from 2019, 100 million euro will be
spent annually in public funds to support the hydrogenation
of the French economy, including for the manufacture of
electrolysers producing "green” hydrogen. In September
2020, the national strategy for the development and produc-
tion of "green" hydrogen was published.
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As part of the above strategy, it was assumed that 7 bil-
lion euro will be spent by the 2030, including 2 billion euro
of the public funds in 2020-2022 for the development of
production and use of "green" hydrogen (for the total
amount of planned investments exceeding 32 billion euro).
The three main objectives of the strategy are:

— reaching the total capacity of the electrolyser park pow-
ered by energy from renewable sources of 6.5 GW by
the 2030

— development of hydrogenation of transport, in the first
place: trucks, buses and railways, on a scale ensuring
a reduction of CO, emissions by 6 million tonnes by the
2030 (with a reduction of emissions due to the use of
"green™ hydrogen in all applications of approx. 10 mil-
lion tonnes)

— development of the research and development facilities
and a modern sector of the hydrogen industry employ-
ing from 50 to 150 thousand people [30].

Spain

Spain joined the EU efforts to develop hydrogen tech-
nologies practically only in 2020. By the end of 2019, only
3 hydrogen refuelling stations were in operation, servicing
approx. 35 hydrogen vehicles. In Spain, the industry has so
far consumed about 0.5 Mt of hydrogen per year, mainly
from the steam reforming processes of natural gas.

The basis for accelerating the activities in the field of
hydrogen energy use in Spain were: the final version of the
"Integrated Energy and Climate Plan" [31] adopted in Janu-
ary 2020 and the "Long-term strategy for the development
of a modern, competitive and climate-neutral Spanish
economy in the 2050 perspective” published in July 2020
(ELP), which was approved by the Spanish Council of
Ministers on November 3, 2020 [32].

The document assumes that the emission of greenhouse
gases by the 2050 will be reduced compared to the emis-
sions from 2018 by 90% (from 334 Mt to 29 Mt). This will
be a consequence of, on the one hand, reduction as a result
of increased savings and efficiency of energy use (50%
reduction in final energy consumption by the 2050), and on
the other hand, the development of the renewable energy
sector (42% share in final energy consumption in 2030 and
72% share in electricity production). Based on the above
findings, the "Roadmap for the development of the hydro-
genation of the economy based on green hydrogen", adopt-
ed by the Spanish government on October 6, 2020, was
developed [33].

The document contains a plan of 60 different types of
actions (regulatory, organizational, financial) to ensure that
by the 2030 electrolysers with a total capacity of 4 GW
(300-600 MW by 2024) will be installed in the country,
100 hydrogen refuelling stations will be built, which should
service 5,000 hydrogen cars, there will be 150 buses and
two railways with hydrogen train traffic. In the industry,
25% of hydrogen consumed in 2030 is to be produced
based on electricity from renewable sources. The planned
investments (public and private) will cost about 9 billion
euro, and their implementation should ensure that as early
as 2030 the national CO, emission will be reduced by 4.6
Mt.

The Netherlands

The Netherlands has been a European giant in the pro-
duction of hydrogen for years. Most of the approximately
one million tonnes of hydrogen produced primarily from
natural gas is consumed by the chemical and refining indus-
tries. The issue of using hydrogen for energy purposes,
primarily in the road transport, was undertaken in the early
years of the 21st century. The first major transport hydro-
genation program was published by the Dutch Ministry of
Transport and the Environment in 2013 [34].

Another version of the Dutch transport hydrogenation
development plan was presented in the Dutch hydrogen
infrastructure development plan (NIP-NL) implemented in
2014/2015 as part of the EU project TEN-T-HIT (Hydrogen
Infrastructure for Transport) [35].

The adopted assumptions and goals were verified and ex-
panded in the roadmap for the development of hydrogenation
in the Dutch economy, commissioned by the Dutch Ministry
of Economy and Economic Policy in 2018 [36].

In the report covering 7 areas of hydrogen use, apart
from quantitative projections, the directions of desired
activities supporting the development and dissemination of
hydrogen technologies by the public administration and
other stakeholders as well as the effects in reducing green-
house gas emissions were defined.

In April 2020, the Dutch government published a na-
tional hydrogen strategy based, among the others, on the
findings of the above report as well as the findings of the
National Climate Agreement, signed in 2019 with social
partners [37].

Japan

Work on the use of hydrogen as an energy source began
in Japan in the last years of the 20th century and initially
focused on the most emissive area of heating and supplying
indoor facilities (40% of total Japanese CO, emissions).

In 2002, the first multi-year (2002-2013) research and
demonstration program "Japan Hydrogen and Fuel Cell
Demonstration Project” was launched. Since 2003, the
control of the program has been taken over by a specialized
governmental agency "New Energy and Industrial Technol-
ogy Development Organization" (NEDO).

As part of the program, the first projections of the num-
ber of hydrogen refuelling stations and hydrogen vehicles
for 2010-2020-2030 were formulated.

In order to accelerate the unsatisfactory development of
hydrogen technologies, in 2013 the Council for a Strategy
for Hydrogen and Fuel Cell was established. In 2014,
a roadmap prepared under the auspices of the Council was
published, in which the objectives and schedule for the
development of hydrogen technologies in various areas
were specified [38].

The directions for the development of the hydrogen
economy, updated and supplemented in 2016, became the
basis for the official announcement by the Japanese prime
minister in April 2017 of the idea of building the world's
first "hydrogen society". Following the above declaration,
in December 2017, a document specifying the strategy for
building a "hydrogen society" was published (Basic Hydro-
gen Strategy) [39].
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The development objectives set in the strategy are ac-
companied by specific recommendations, as well as the fi-
nancial parametrisation of their economic conditions. Despite
the state's involvement (in the years 2013-2018 alone, the
Japanese administration supported the research and demon-
stration projects underway with USD 1.458 billion), the
assumed objectives were not fully implemented [40].

The assumptions and objectives for building a "hydro-
gen society" formulated in the "Basic Hydrogen Strategy"
based on the acquired knowledge and practical experience
in the implementation of the hydrogen energy use technol-
ogy have been updated in the next version of the strategic
roadmap, published in March 2019 [41].

In the current modification of the assumptions and ob-
jectives of the Japanese strategy for building a "hydrogen
society" it was emphasized that these goals will be subject
to constant evaluation by appropriate expert groups.

Japanese activities in the field of the development of the
hydrogen energy use are characterized by systematic and
long-term nature and, above all, a comprehensive approach
to hydrogen technologies as an instrument for transforming
the country's energy system. This does not change the fact
that at least the current versions of the development plans in
question, in the context of the ambitious goals clashing with
reality, are significantly toned down.

Canada

Work on the hydrogen energy use began in Canada in
the 1980s. The research and implementation of the results
made Canada one of the world leaders in the development
of hydrogen technologies.

The first report on the development of hydrogen
transport commissioned by the Canadian Natural Resources
Agency was produced as early as 2005 [42]. In the same
year, the discussions on the need to develop a strategy for
the hydrogenation of the Canadian economy began [43].
The issue of hydrogen-powered vehicles was also men-
tioned in the directional document "Electric Vehicle Tech-
nology Roadmap for Canada"[44] published in 2010. In
2016, the Canadian administration adopted a framework for
the development of a zero-emission economy, including the
use of hydrogen [45].

The first strictly hydrogen oriented document defining
12 basic directions for the development of the use of hy-
drogen in the Canadian economy, along with relevant im-
plementation recommendations, was published in 2019
[46]. In June 2020, the governmental agency Natural Re-
sources Canada announced that the work on the preparation
of the Canadian hydrogen strategy, which had been postu-
lated for years, had been initiated [47]. The above initiative
was supported, among the others, by the Canadian hydro-
gen association The Canadian Transportation Fuel Cell
Association. The date of publishing the strategy has not yet
been specified [48].

South Korea

Research on the hydrogen energy use began in South
Korea as part of the 10-year plan — "10 Year Alternative
Energy Technology Development Program” in 1988. Work
continued under the next edition of the program in 1998—
2007 [49].

The development of hydrogen technologies accelerated
after 2000, when the Ministry of Science and Technology
(MOST) launched the "High Efficient Hydrogen Program"
based on which in 2003 the "21 Century Frontier Hydrogen
Production Program™ was formulated. At the same time, in
2004, the National DR&D Organization for Hydrogen and
Fuel Cell launched a long-term implementation and demon-
stration program on hydrogen technologies. A year later,
the first directional plan for the development of hydrogena-
tion in the South Korean economy was announced — "Plan
for hydrogen economy" [50].

As a result of the combined efforts of the public admin-
istration, which supported activities related to the develop-
ment of hydrogen technologies with an amount of USD 586
million in 20042011 alone, and the efforts of the industrial
sector in February 2013, the world's first commercial hy-
drogen FCEV Hyundai ix35 cars rolled off the production
lines of the Ulsan factory.

In 2016, the Hydrogen Fusion Alliance associating cen-
tral and local administration units, automotive companies,
energy companies, and research and development centres,
published a report on the development of hydrogenation of
Korean car transport in 2020—2030 [51].

In order to boost the hydrogenation of the Korean econ-
omy, a working group was established in 2018, consisting of
representatives of the public administration and the private
sector, with the task of developing a road map for the devel-
opment and dissemination of hydrogen technologies [52].

This document presenting a vision of the development
of hydrogen technologies in South Korea by the 2050 was
published in early 2019 [53].

Germany

In Germany, work on the hydrogen energy use was un-
dertaken in the 1990s. This work focused primarily on the
use of hydrogen in transport.

The subject theoretical studies were launched i.a. as part
of the work that began in 1998 on the development of an
energy strategy for transport — "Verkehrswirtschaftliche
Energiestrategie” (VES). The implementation of clean
energy technologies, including hydrogenation of transport,
was undertaken within the framework of the Clean Energy
Partnership (CEP), established in 2002 by the interested
entities, on the initiative of the Federal Minister of
Transport, Environment and Construction (BMVBS). In
March 2006, the same Minister announced the first gov-
ernment plan to support the development of hydrogen tech-
nologies in 2006-2016, amounting to 500 million euro
(which eventually increased to 700 million euro) [54].

The funds were used to finance the implementation of
the National Innovation Program Hydrogen and Fuel Cell
Technology (NIP ). In order to manage the above program,
in 2008 the governmental organization National Organiza-
tion Hydrogen and Fuel Cell Technology — NOW Gmbh
was established. Today, this organization manages the
second edition of the program (NIP Il) covering the years
2016-2026 (Program for Hydrogen and Fuel Cell Technol-
ogy 2016-2026 — for market preparation for competitive
products). Despite the involvement of significant funds,
also from public budgets, the implementation of German
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transport hydrogenation development plans has been

marked by significant delays from the very beginning.

The plan from 2008 assumed, inter alia, that in 2015,
100,000 hydrogen cars should be operated in Germany,
served by 142-218 hydrogen refuelling stations, and in 2020
respectively 350-580 thousand hydrogen passenger cars and
56-96 thousand hydrogen vans served by 1296-2666 [55]
hydrogen refuelling stations. In the next version of the plan
in 2020, 150 thousand. hydrogen-powered cars served by 400
hydrogen refuelling stations [56]. In fact, at the end of 2019,
there were 81 hydrogen refuelling stations in Germany serv-
ing just 679 hydrogen powered vehicles [57].

Some dynamics of the implementation of the assumed
plans was brought about by the establishment in 2009, by
the interested entities, primarily automotive and energy
ones, with the participation of NOW GmbH, of a public-
private initiative supporting the development of hydrogena-
tion of the German H2Mobility transport.

The implementation of the German strategy for the hy-
drogenation of the economy published in June 2020 should
bring a fundamental breakthrough [58]. The strategy de-
fines the necessary actions to achieve the German climate
objectives. The basic directions of activities are:

— increasing the competitiveness of hydrogen as an energy
medium,

— development of the German market for hydrogen tech-
nologies (from 55 TWh currently to 90-110 TWh in the
2030) associated with the development of international
cooperation ensuring the necessary import of "green hy-
drogen”,

— development of knowledge and highly qualified labour
resources,

— development of raw material use of hydrogen,

— increase in the share of hydrogen in the country's energy
balance,

— development of infrastructure for transport and distribu-
tion of hydrogen,

— modelling and support of energy transformation pro-
cesses by the public authorities,

— development of German industry and securing access to
the world markets for German companies,

— participation in the creation and cooperation on the
global hydrogen market,

— taking advantage of the opportunities arising from glob-
al cooperation,

— creating and ensuring a safe infrastructure for the pro-
duction, transport, storage and use of hydrogen,

— improvement of the environmental protection policy.
The strategy, which is to be evaluated every 3 years

[58], assumes 38 concrete activities of various nature, cov-

ering both the production of hydrogen and various areas of

its use, including:

— improving the competitiveness of electricity from re-
newable sources (including the introduction of pay-
ments for CO, emissions from transport and heating), as
well as limiting the taxation of electricity used to pro-
duce "green" hydrogen,

— share of public funds in the construction of electroly-
Sers,

— strengthening financial activities under the National
Innovation Program for Hydrogen and Fuel Cell Tech-
nology with funds from the Energy and Climate Found
fund (3.6 billion euro by the 2023),

— financing from the above Fund for the development of
production of advanced biofuels based on hydrogen (1.1
billion euro by the 2025) and the development of charg-
ing and refuelling infrastructure for alternative fuels (3.4
billion euro),

— changes to the Eurovignette Directive to make road tolls
dependent on the level of CO, emissions.

Similar activities supporting the development of hydro-
gen use are also planned for aviation and water transport, as
well as for other industries such as steel, chemical industry,
logistics and heating [58].

For the hydrogenation of industrial production processes
leading to the reduction of CO, emissions, over a billion
euro of public funds alone have been allocated for the peri-
od 2020-2023.

The implementation of strategy is to be managed by the
interministerial Hydrogen Committee composed of the
heads of the ministries involved, supported by the National
Hydrogen Council consisting of 26 experts [58].

On 3 June 2020, the Committee adopted a "package for
the future" with a budget of an additional 7 billion euro for
the development of hydrogen technologies in Germany and
2 billion euro for strengthening international cooperation in
the hydrogen economy.

Norway

In Norway, the first organization supporting the devel-
opment of hydrogen energy use, The Norwegian Hydrogen
Forum, was established in 1996. In 2005, the Ministry of
Fuel and Energy and Transport and Communications de-
veloped one of the world's first national strategies for the
development of hydrogenation of the economy [59]. It was
part of the measures taken in Norway since 1989 to coun-
teract global warming. The 2005 study planned a reduction
of CO, emissions by 30% in 2020, 40% in 2030 and 100%
in 2050 in relation to the emissions from 1990 [60]. The
planned activities referred primarily to the electrification,
including hydrogenation, transport (road and water) which
is responsible for 1/3 of total Norwegian greenhouse gas
emissions. The work was continued by The Norwegian
Hydrogen Council established by the above-mentioned
ministries in 2005.

In 2006, the Council published the first hydrogen tech-
nology development plan to the 2020 (Action Plan 2007-
2010) [61].

The adopted objectives, as in other countries supporting
hydrogenation of the economy, turned out to be too ambi-
tious and were not achieved. The next version of the plan
was prepared by the Council for the years 2012-2015. In
2020, another version of the Norwegian hydrogen strategy
was published [62]. It was created based on the "Green
Transition Package" presented in May 2020 by the Norwe-
gian government with a budget of over NOK 3.5 billion
[63].

The 2020 strategy also focused, apart from the produc-
tion and trade of hydrogen, on the development of its use in
transport. The development of hydrogenation in the road
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transport will result from the adoption of strict restrictions
assuming that in Norway from the 2025 new passenger
cars, delivery vans and city buses must be zero-emission,
and from 2030 also distribution transport in the centres of
large cities must be zero-emission. From 2030, 75% of the
long-distance buses and 50% of trucks must be emission-
free [63].

Ultimately, in 2050, all Norwegian transport is to be ze-
ro-emission.

New Zealand

New Zealand is one of the countries that returned to in-
tensive activities in the field of hydrogen technologies after
years of stagnation. The first report on the hydrogenation of
the New Zealand economy was made in 2007. This year,
New Zealand joined the International Partnership on Hy-
drogen Economy — which it does not currently belong to,
and in 2005 it joined the IEA Hydrogen Implementation
Agreement [64].

The modern vision of the development of the hydro-
genation of the New Zealand economy was published in
September 2019 [65]. The work carried out in 2017-2019
as well as the results of various pilot hydrogen projects
launched in those years were used to develop the document
[66].

The main assumption of the study is the development,
based on the existing renewable energy sources, of the
production of "green" hydrogen, which will ensure the
implementation of the strategic objective of achieving car-
bon neutrality of the New Zealand economy by the 2050 (as
early as in 2035, 100% of the electricity produced in the
country is to come from renewable sources — with 85%
currently) [66].

The "green" hydrogen produced is to ensure the decar-
bonisation of: transport, industrial processes (production of
ammonia and steel and low-carbon oil refining) and the
heating sector, and become the subject of export (300,000
tonnes in 2035).

Specification of the adopted goals for individual periods
(until 2020, in 2020-2025, 2025-2030 and in the longer
term) is included in the roadmap [66]. By the 2030, a net-
work of approx. 200 hydrogen refuelling stations is planned
(there were none by the 2020) on non-urban roads, com-
plementing the network of stations in the large cities, as
well as e.g. introduction to operation of hydrogen vessels.
In addition to the national road map for the development of
hydrogen technologies, a regional roadmap for the devel-
opment of an integrated infrastructure for production,
transmission, storage and use of hydrogen in the Taranaki
port area, which is one of New Zealand's hydrogen hubs,
has also been published [67].

The publication of the document, as intended, triggered
a nationwide discussion in which all citizens and legal
entities, until October 25, 2019, could express their opin-
ions on the proposed directions for the development of the
hydrogenation of the New Zealand economy. The results of
this discussion are to be used in the future development of
a national strategy for building a hydrogen economy.

Portugal

One of the first European countries, nota bene, with rel-
atively limited achievements in the field of research and
implementation of hydrogen technologies so far, which
developed a national hydrogen strategy, is Portugal. The
need to prepare a strategy for the development of the hy-
drogenation of the economy was mentioned already in 2007
[68]. Ultimately, such a strategy was published by the Por-
tuguese Council of Ministers in May 2020 and adopted
after a public debate in August 2020 [69].

The national hydrogen strategy was based on the results
of a series of studies on the role and possibilities of the
hydrogen energy use [70], as well as on the roadmap to
achieve carbon neutrality by the 2050 developed in 2016
[71] and the National Energy and Climate Plan [72]. The
main objectives of the Portuguese hydrogen strategy, simi-
larly to the strategies of other countries, are decarbonisation
of the economy and transformation of the country's energy
system. This is all the more important in Portugal's Condi-
tions because, on the one hand, 100% of the fossil fuel
consumed is imported, and on the other hand, the country's
natural and climatic conditions are extremely favourable for
the development of cheap green hydrogen production based
on electricity from renewable sources. The Strategy as-
sumes that by the 2030, a share of renewable energy in the
national balance will increase to 47% (also in the electricity
production to 80%), and the total capacity of electrolysers
to 1 GW. There should be 50 to 100 hydrogen refuelling
stations in the country, which should service from 400 to
750 buses, 400-500 heavy-duty hydrogen-powered cars and
750-1000 hydrogen-powered vans.

Expenditures related to the hydrogenation of the econ-
omy in the perspective of 2030 alone were estimated at 7
billion euro, of which about a billion would constitute pub-
lic funds.

Sweden

Work on the hydrogen energy use was started by the
Swedish concern ASEA (nowadays ABB) in the 60s of the
last century. The first systematic research program, Fuel
Cell, financed by the Swedish Foundation for Strategies
Environmental Research, was launched in 1997. As part of
the program lasting until 2010, as well as subsequent initia-
tives, including EU initiatives, a number of research and
demonstration projects devoted to the hydrogen energy use,
both nationally and regionally, were carried out.

The most important examples are:

— National Hydrogen Infrastructure Development Plan for

Transport [73]

— Swedish transport hydrogenation development program

[74]

— or variant scenarios for the assumed development of

hydrogenation in the Swedish economy [75].

The starting point for these projects are the arrange-
ments adopted in successive versions of the Swedish energy
and climate plans (NECP). Already in 2009, as part of the
integrated energy and climate policy, it was assumed that
by the 2050 Sweden would become an emission-neutral
country (in the current version even in 2045), and an im-
portant step in this regard should be the complete independ-
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ence of the Swedish transport by the 2030 from oil-derived
fuels.

This does not change the fact that the long-term national
strategy for the hydrogenation of the Swedish economy,
including Swedish transport, has not yet been specified.

United Kingdom

The real interest in hydrogen as an energy carrier in
Great Britain appeared only in the 2000s. This interest was
initially focused on the use of hydrogen in the road
transport, and then also in heating and powering buildings.

In 2013, The UK H2 Mobility, an organization created
in 2011 by the government administration and automotive
and energy entities, published the first directional plan for
the implementation of hydrogen propulsion in British
transport in 2015-2030 [76].

The first comprehensive vision of the potential benefits
of the development of hydrogenation in the British econo-
my was presented in a report commissioned by the govern-
ment administration by the consortium: E4 Tech and Ele-
ment Energy and published at the end of 2016 [77]. Already
this report underlined the need for a British hydrogen strat-
egy [77].

This does not change the fact that despite a number of
achievements in the hydrogen technology and the involve-
ment of many British players, this strategy has not been
developed to date.

Postulates regarding the necessity to develop a national
hydrogen strategy have intensified especially in the last
several months. There were, among the others, in a report
published in 2020, which presents the next version of the
hydrogen road map until 2035 (with a perspective until
2050) [78]. The Business Energy and Industrial Strategy
Committee also called for an urgent development of a na-
tional hydrogen strategy [79]. In the report "Renewable
Hydrogen — Seizing the UK Opportunity", the implementa-
tion of the above-mentioned postulate was specified at the
end of 2020 [80]. So far, a half-answer has been brought by
the 10-point green plan announced by the British Prime
Minister on November 17, 2020 [81]. Although the above
plan includes hydrogen technologies among other technol-
ogies leading to the reduction of greenhouse gas emissions
by 2035, but it differs significantly from the programming
documents on hydrogenation prepared in other countries.

Italy

Work on the hydrogen energy use began in Italy in the
early 2000s. In 2005, the first Italian hydrogen platform
was launched under the auspices of the Ministry of the
Environment. In 2016, the Mobilite H2IT Hydrogen Asso-
ciation (Associazione Italiana Idrogeno e Cella Combustile
— Mobilita Idrogena H2IT) prepared, for the needs of the
Italian Ministry of Development, the first version of the
"National Development Plan for Hydrogenation in Car
Transport". The provisions of the above plan were incorpo-
rated into the Italian "Alternative Fuels Infrastructure De-
velopment Plan”. A modified version of the "National Road
Transport Hydrogenation Development Plan" was released
in 2019 [83].

In November 2020, a draft of initial guidelines for the
preparation of the Italian economy hydrogenation strategy

was published. The document assumes that by the 2030 10
billion euro will be invested in the hydrogenation of the
Italian economy, 50% of which will be from public funds,
and these investments will reduce Italian CO, emissions by
8 M, provide 200,000 new jobs and an increase in ltalian
GDP by 27 billion euro a year.

USA

The United States of America are a country that started
the era of practical hydrogen energy use in the seventies of
the last century, incl. in the Gemini and Apollo space pro-
grams.

In the Energy Act of 1992, hydrogen was already men-
tioned among domestic energy sources [84]. In the national
energy policy of 2001, it was recommended to start work
on technologies for the hydrogen energy use in various
applications [85].

In February 2002, the US Ministry of Energy published
precursor, on a world-scale, vision of the hydrogen econo-
my development [86]. The first national roadmap for the
development of economic hydrogenation, published in
November 2002, brought the vision into reality [87]. The
above studies were not implementation documents, but only
information and cognitive ones. In the next EPAC energy
law in 2005, an entire chapter was devoted to the hydrogen
[88]. Following the provisions of EPAC from 2005, the
Ministry of Energy in 2006 published an integrated plan of
research and development works and demonstration activi-
ties in the field of hydrogen economy [89]. Another version
of the plan was published in 2011 [90]. In 2017, a multi-
variant scenario for the hydrogenation of American road
transport was published [91]. In June 2020, the Ministry of
Energy published the preliminary assumptions of the hy-
drogen strategy, recognizing hydrogen as one of the basic
elements of building a low-carbon economy [92]. The doc-
ument summarizing the development of hydrogen technol-
ogies to date defines four priority directions, namely the
development of "green hydrogen™ production, the develop-
ment of hydrogen infrastructure supporting transport, the
development of hydrogen storage capacity and the devel-
opment of the use of hydrogen for energy and fuel produc-
tion.

In total, in the years 2004-2018, the Ministry of Energy
and its subordinate institutions spent over USD 2.1 billion
in public funds to support research and development activi-
ties [93].

Despite the American achievements, primarily in sci-
ence, and support for the development of hydrogen tech-
nologies by the public administration, this country being
one of the leading hydrogen countries, has not yet devel-
oped and adopted a national strategy for the hydrogenation
of the economy [94].

The need for such a document specifying and coordinat-
ing both the current and future directions of activities is
postulated by a number of projects implemented in various
areas of hydrogenation development, especially transport
[95]. The scientific response to the above demands was the
preparation in 2020, under the auspices of Fuel Cell and
Hydrogen Energy Association, of the American roadmap
for the hydrogenation of the economy. According to the
study, in 2030, hydrogen should account for 14% of all
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energy consumed in the US, which should result in a 16%
reduction in CO, emissions and a 36% reduction in NO,
emissions. The turnover of the sector with 3.4 million em-
ployees should reach USD 750 billion [96].

3. Discussion
The proper policy framework has a major impact on the

development of new technologies, in particular in the re-

search, prototype deployment and pre-dissemination phas-
es. This fully applies to the technology of using hydrogen
energy.

The survey shows that by the end of 2020, various types
of documents have been developed in over 20 countries:
plans, programs, road maps, national strategies for the de-
velopment of hydrogen technologies. The main common
points of these studies include:

— recognition of hydrogen as an important component of
the transformation of national energy systems towards
reducing the generated CO, emissions

— persistent uncertainty as to the dynamics of the decline
in costs of production of hydrogen and other elements
of hydrogen technologies

— focus on the energy use of hydrogen

— emergence of a group of countries with favourable con-
ditions for cheap production of green hydrogen based on
renewable energy sources.

Counteracting further global warming has become not
only an absolute priority for the European Union, but also
hydrogen has been widely recognised as one of the key
factors in the necessary transformation. The production
costs of individual components of hydrogen technologies’
energy systems entered the path of their radical reduction
(e.g. the costs of producing "green hydrogen" in Chile in
the process of water electrolysis based on electricity from
renewable sources fell to the level of 0.8-1.0 US dollars per
kilogram of hydrogen). The continuous improvement of
hydrogen technologies, including a significant improve-
ment in their energy efficiency, was also of great im-
portance. The coming years will show which direction the
world energy transformation will take, but there is no doubt
that the energy use of hydrogen in transport will certainly
be an important element of it.

It seems that we are currently at a turning point in the
development of hydrogen propulsion technology. The ex-
pansion of the network of hydrogen refuelling stations and
the gradual development of the hydrogen vehicle park,
undertaken primarily by public administration, also under
many international programs, may break the existing devel-
opment deadlock. This impasse should be overcome by the
observed and expected steady decline in the costs of, first of
all, the construction of hydrogen refuelling stations, which
have already fallen from 1.5 million to approx. 700-800
thousand Euro at present and the production costs of hydro-
gen vehicles. The construction costs of a hydrogen refuel-
ling station should drop to PLN 390-470 thousand Euro in
2030 yet. The production costs of a hydrogen passenger car
should decrease from 62 thousand, in 2015 to 22.6 thousand
Euro in 2030, 18.7 thousand Euro in 2040 and 18 thousand
Euro in 2050. Hydrogen unit prices and the annual mainte-
nance costs of a hydrogen vehicle should also fall.

The energy use of hydrogen in recent years in many
economic sectors, among the others in transport, including
especially motor transport, has finally reached the pre-
commercial phase. In practice, this means that the technol-
ogies developed, e.g. hydrogen propulsion of transport
means (except aviation), could already become an increas-
ingly important element of the necessary transformation of
the global energy economy towards its gradual decarbonisa-
tion.

Not only the individual countries have developed their
national strategies for the development of hydrogenation,
but this topic has also been taken up by the European Un-
ion. On July 8, 2020, the European Commission published
the "Strategy for the development of hydrogenation of the
economy as an element of building Europe's climate neu-
trality".

The basic premise of the EU's hydrogen strategy is the
development and production of green hydrogen, i.e. the
hydrogen produced with electrolysers powered by electrici-
ty from renewable sources. Although green hydrogen cur-
rently accounts for only 4% of the 8 million tons of hydro-
gen consumed in Europe, in the future it is to play an in-
creasingly important role both as an integrator of individual
economic sectors and as an energy carrier enabling the
decarbonisation of economic processes that are difficult or
impossible to electrify directly. The share of green hydro-
gen in the European energy mix is expected to increase
from the current 2% to 13-14% in 2050.

The European Commission has unequivocally con-
firmed that the development of the economy hydrogenation
is one of the key elements in achieving the goal of reducing
the EU CO, emissions by 50-55% yet in 2030. To this end,
in the years 2021-2024, new electrolysers with a total ca-
pacity of at least 6 GW, are yet to be built, that are expected
to produce 1 Mt of green hydrogen per year.

In the published strategy, one of the priority lines of ac-
tion remains the hydrogenation of transport: from the hy-
drogenation of buses serving local lines, through the hydro-
genation of heavy long-distance road transport, rail
transport operating on lines used on a scale that does not
justify their electrification, the hydrogenation of inland and
coastal shipping, to the hydrogenation, on the long run, of
aviation and ocean shipping.

In order to implement the planned strategy along with
its publication, the European Commission established an
organisation called (European Clean Hydrogen Alliance).
This alliance brings together representatives of industry,
civil society, various levels of government and the Europe-
an Investment Bank.

The publication of the strategy and the establishment of
the said alliance clearly confirmed the important role of
hydrogen in the transformation of the EU energy system
towards its carbon neutrality, in the recovery of the econo-
my after the collapse caused by the Covid-19 pandemic,
and in building a strong, competitive position of the EU on
the emerging global hydrogen market.

4. Conclusions

Only in the years 2018-2019, public authorities in 21
countries pursued a policy of direct support for the research
and development of hydrogen energy technologies. These
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activities were carried out under approximately 50 different
initiatives (most in the transport sector: 15 for hydrogen-
powered passenger cars and 10 for buses and hydrogen
refuelling stations) [97].

Government spending on the research and development
alone in the field of hydrogen energy technology in 2015—
2018 exceeded US $ 11 billion worldwide and is constantly
growing [97].

An effective use of the incurred expenditures undoubt-
edly requires the interested states to formulate an appropri-

ate policy (strategy) for the hydrogenation of the economy,
including, in addition to precisely defined long-term objec-
tives, e.g. elements of support from public administration,
assurance of: stable investment conditions and the neces-
sary regulatory conditions.

In the coming months, the publication of new or updat-
ed versions of these documents is expected in other coun-
tries such as: Austria, Denmark, Italy, Great Britain, Cana-
da, Poland, Colombia, Paraguay, Uruguay, Morocco.
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