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Abstract—The review deals with the state of the art and prospects for using hydrogen in various branches of the 
world economy: in industry (oil-refi ning, chemical, steel-casting, cement), on transport (road, railway, maritime, 
aviation), and in production and distribution of the electric and thermal power. Using hydrogen is one of effi  cient 
directions of the economy decarbonization. The possibility and effi  ciency of using hydrogen, ammonia, methanol, 
and synthetic kerosene as a fuel for internal combustion engines and gas turbines in various kinds of vehicles and in 
production of the electric and thermal power are evaluated. The need for long-term hydrogen storage for reducing 
the infl uence exerted on the operation of electric networks by seasonal variations in the electric power production 
from renewable sources is demonstrated, and the hydrogen storage methods are considered. The feasibility of 
various procedures for utilizing CO2 formed in the course of hydrogen production by steam methane conversion 
at industrial enterprises using hydrogen for their own needs are analyzed.
Keywords: hydrogen, steam methane conversion, water electrolysis, carbon dioxide emission, decarbonization 
of economy

DOI: 10.1134/S1070427222030016

INTRODUCTION

Large-scale use of hydrogen in various branches of 
the world economy is one of the main directions of its 
decarbonization [1]. By the end of 2021, governments of 
19 countries and European Commission, presenting the 
coordinated standpoint of all the EU countries, published 
strategies (programs) of the development of hydrogen 
technologies and roadmaps for their implementation 
[2]. For these purposes, they plan to invest $75 bln up 
to 2030. Additional $300 bln will be granted by 
industrial companies for implementation of more than 
200 hydrogen projects in various regions of the world 
[2, 3]. According to the estimate of the International 
Energy Agency (IEA), considerably more money, up to 
$1200 bln, should be invested in the development of the 
production and use of hydrogen in the nearest decade 
to make the world economy carbon-neutral by 2050 
[4]. The demand for hydrogen steadily grows. Since 

the 1970s, when hydrogen started to be considered as 
an alternative power carrier under the infl uence of the 
world oil crisis, the hydrogen production in the world 
increased by a factor of 5 and reached 90 mln t in 
2020 [1, 4]. The major fraction of hydrogen produced 
in 2020 was obtained from fossil fuel: 59% by steam 
methane conversion, 19% by coal hydrogenation, and 
0.5% by reforming of petroleum feedstock. The share of 
hydrogen produced by water electrolysis was less than 
1%. Approximately 21% of hydrogen was obtained as a 
by-product from other processes, mainly from catalytic 
reforming of crude oil at oil refi neries [1, 4]. The use of 
fossil fuel as the main feedstock for hydrogen production 
leads to large CO2 emission, which reached 900 mln t in 
2020 [2].

Today, virtually the whole amount of the produced 
hydrogen is used in processes at chemical, oil-refi ning, 
and steel-casting enterprises. Transition to low-carbon 
economy will stimulate the development of other fi elds 
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of using hydrogen, such as transport (surface, maritime, 
and air), accumulation and distribution of the electric 
power from renewable power sources, and production 
of thermal energy for cement and steel-casting industry 
and for heat supply for buildings [2]. This will require 
a considerable increase in the hydrogen production. By 
now, there is no coordinated estimate for the rate of 
the development of hydrogen energy. Comparison of 
the existing forecasts on the hydrogen market volume 
expected by 2050 shows that the existing estimates 
diff er by several times [5]. The Hydrogen Council 
expects that 546 mln t of hydrogen will be produced 
in 2050 [6]. According to the opinion of IEA experts, 
published in 2020, such level of hydrogen production 
can be reached only by 2070; in 2050, it will be as low 
as 280 mln t [7, 8]. However, already in 2021, IEA in the 
report on the role of hydrogen technologies in ensuring 
zero carbon dioxide emissions by 2050, prepared 
for the UN Climate Change Conference [Glasgow, 
October 31–November 12, 2021 (COP26)], revised this 
forecast and suggested considerably higher targets for 
the growth of the hydrogen production: It should reach 
212 mln t in 2030 and increase to 528 mln t by 2050 
[2, 4]. 70% of the hydrogen produced in 2030 should 
be low-carbon: “green” obtained by water electrolysis 
[9] and “blue” obtained by steam methane conversion 
followed by capture and utilization of the CO2 formed 
[10]. By 2050, virtually the whole amount of hydrogen 
used in the economy will be low-carbon. According to 
the forecasts, in 2030 low-carbon hydrogen will include 
54% “green” and 46% “blue” hydrogen. By 2050, the 
share of “green” hydrogen will increase to 62%. To 
this end, the total capacity of electrolyzers should be 
increased to 850 GW by 2030 and to 3500 GW by 2050. 
In 2050, the planned production of 320 mln t of “green” 
hydrogen will involve the consumption of 15 000 TW h 
of electric power, of which 95% will be obtained from 
renewable power sources and 5%, at nuclear power 
plants [2, 4]. The production of 200 mln t of “blue” 
hydrogen, planned in 2050, will involve the consumption 
of 950 bln m3 of natural gas and require construction of 
installations for capturing 1.8 bln t of CO2. Along with 
enormous power resources for producing low-carbon 
hydrogen, large amount of fresh water is required. In 
2050, it will be necessary to consume 5800 mln m3 of 
water for this purpose, which corresponds to 12% of its 
current consumption in power engineering [2, 4]. Under 
the conditions of growing defi ciency of fresh water 
in the world [11], the development of technologies 

allowing the use of saline water, including seawater, for 
producing hydrogen by electrolysis becomes more and 
more important [2, 4, 12].

The increase in the hydrogen production will be 
accompanied by signifi cant changes in the structure 
of its consumption. In 2020, 83% of hydrogen was 
produced at enterprises using it for own needs in various 
processes (“captive” hydrogen). According to the 
forecasts, the share of captive hydrogen will decrease 
to 40% by 2030 and to 20% by 2050. The remaining 
hydrogen will be supplied to the market. Large-scale 
hydrogen use in various branches of economy will allow 
the CO2 emissions to be decreased in total by 60 bln t in 
the period 2020–2050, which is 1.7 times higher than 
the volume of CO2 emissions in the world in 2020 [13]. 
Up to 2030, the decrease in the emissions will be mainly 
determined by the scale of upgrading the hydrogen 
production at the existing and newly constructed 
enterprises of oil-refi ning and chemical industry. In 
the subsequent years, when the infrastructure for the 
hydrogen transportation and storage will be created, 
the decrease in the emissions will be determined by the 
rate of the decarbonization of transport and branches 
of the economy where electrifi cation of processes is 
complicated or impossible at all, primarily of the cement 
and steel-casting industry [4, 8].

This review is aimed at analyzing the state of the art 
and prospects for using hydrogen in various branches 
of the world economy as the necessary condition for its 
decarbonization.

USE OF HYDROGEN IN OIL REFINING

The main oil-refi ning processes that use hydrogen 
are hydrocracking and hydrotreating (desulfurization). 
40 mln t of hydrogen was consumed for these purposes 
in 2020 [4]. For already many years, the world leaders 
in oil refi ning are the United States and China, which in 
2020 produced 769 and 648 mln t of petroleum products 
[14] and consumed for this purpose 7 and 12 mln t of 
hydrogen, respectively [4]. The main factors determining 
the effi  ciency of using hydrogen in oil refi ning were 
analyzed in a review prepared at the Argonne National 
Laboratory [15]. Today, hydrogen is used in the United 
States for the following main oil-refi ning processes: 32% 
for hydrocracking of heavy crude to obtain diesel fuel, 
28% for hydrotreating of heavy crude to obtain diesel 
fuel with low sulfur content, 18% for catalytic cracking 
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of heavy crude, followed by hydrotreating, and 4%, 
for naphtha treatment to remove sulfur. The amount of 
hydrogen used for refi ning the same amount of crude oil 
at oil refi neries located in diff erent regions of the country 
diff ers signifi cantly owing to diff erent physicochemical 
properties of the crude oil being processed. The 
correlation between the amount of the hydrogen used 
and the main characteristics of the crude oil supplied to 
the refi nery is presented. These characteristics include 
the crude oil type in accordance with the American 
Petroleum Institute (API) classifi cation (the oil density 
in API degrees varied from 28.5 to 34.3), the sulfur 
content of oil (0.65–1.6%), and the content of liquefi ed 
petroleum gas and the ratio of gasoline and diesel fuel 
in the refi ning products produced (0.5–5.8) [15]. In the 
period from 2009 to 2016, the hydrogen consumption for 
refi ning of 1 t of crude oil in the United States increased 
by 30% and reached approximately 340 cubic feet per 1 
barrel crude oil. The total hydrogen consumption by the 
oil-refi ning industry in the United States in this period 
increased by a factor of almost 1.5 and reached 5.8 mln t 
in 2016. According to the forecast, by 2030 it will reach 
7.5 mln t [15]. This will be due not only to an increase 
in the oil extraction, but also to an increase in the share 
of heavy crude and in the consumption of diesel fuel 
compared to gasoline.

Today 45% of hydrogen consumed by the oil-
refi ning industry in the United States is produced by 
steam methane conversion directly at oil refi neries. 
Approximately 20% of hydrogen comes from catalytic 
reformers, and 35% is purchased on the market, where 
hydrogen produced by steam methane conversion 
presently prevails [1, 16]. The structure of hydrogen 
production by oil-refi ning industry in the EU countries 
is essentially diff erent: 52% comes from catalytic 
reformers and only 35% is produced by steam methane 
conversion. In China, 10% of hydrogen comes to oil 
refi neries from coal gasifi cation installations [1].

The role of processes involving hydrogen in the world 
oil-refi ning industry is determined by several factors. In 
the XXI century, the requirements to the permissible 
sulfur content of organic fuel became considerably 
more stringent. For example, since January 1, 2017 
the sulfur content of gasoline supplied to the market 
by oil refi neries in the United States was restricted to 
the level 97% lower compared to gasolines produced in 
2004 [17]. For the automobile transport in the United 
States, the use of diesel fuel of USLD grade, containing 

no more than 15 ppm sulfur, was recommended since 
2010 [18]. The EU requirements to the sulfur content of 
automobile fuel are still more stringent (no more than 
10 ppm) [19]. In 2020, the permissible sulfur oxide 
content of ship fuel was decreased by a factor of 7, from 
3.5 to 0.5% [20]. IEA experts believe that the potential of 
the modern hydrotreating methods for further reducing 
the sulfur content of organic fuels has not yet been 
exhausted. Therefore, by 2030 the demand for hydrogen 
for oil desulfurization will increase by 7% [1]. However, 
considerably stronger eff ect on the use of hydrogen in 
oil refi ning will be exerted by a decrease in the crude 
oil extraction [21] and by decarbonization of the world 
transport. According to the forecasts, already by 2040 
the consumption of fossil fuels by various vehicles will 
decrease by a factor of 2 compared to 2020 and will 
amount to 50% of the total amount of the consumed 
energy. In 2050, the share of fossil fuels will not exceed 
10% [2]. This will lead to a decrease in the demand 
for hydrogen in production of petroleum products. If 
the scenario of reaching the carbon neutrality by 2050 
will be implemented, the hydrogen consumption by 
oil refi neries can decrease to 25 mln t in 2030 and to 
10 mln t by 2050. It is assumed that some of excessive 
facilities for hydrogen production will be used directly 
at oil refi neries for producing synthetic hydrogen fuel 
and decarbonizing some high-temperature thermal 
operations, and also for selling to enterprises of other 
branches of the economy [4]. 

Oil refi neries are the second largest localized sources 
of CO2 emissions, being inferior only to thermal power 
plants. The main sources of carbon dioxide emissions 
at oil refi neries are large stationary facilities for fuel 
combustion (steam boilers, process furnaces, process 
heaters, etc.) and numerous small sources with low CO2 
concentration. In total, these sources are responsible 
for no less than 80% of CO2 emissions from a plant. 
The hydrogen production by steam conversion of 
hydrocarbons is responsible for up to 20% of CO2 
emissions. These emissions, which are characterized 
by high concentration and high pressure of CO2, are 
considered by Shell specialists as the most economically 
attractive object for utilization of CO2 emissions from 
oil refi neries [22]. In 2020, the total volume of CO2 
emissions from oil refi neries in the world, associated 
with hydrogen production, was 200 mln t [2]. Radical 
reduction of the CO2 emissions requires additional 
equipment of hydrogen production facilities with 
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systems for capturing CO2 or transition to the use of 
electrolysis hydrogen. Expert estimates show that, in the 
medium term, the fi rst alternative is more realistic. Today 
CO2-capturing systems are already in operation at six oil 
refi neries (in Netherlands, France, Canada, and Japan), 
and 30 similar projects are at diff erent steps of designing 
and implementation [1, 4]. Despite apparent advantages 
of using electrolysis hydrogen in oil refi ning, today there 
are only two operating installations and several projects 
for the construction of electrolysis installations at oil 
refi neries, in particular, at the Royal Dutch Shell plant in 
Germany (REFHYNE project), where the construction 
of an electrolyzer of 10 MW capacity was started in 2018. 
This electrolyzer will be able to produce approximately 
1300 t of hydrogen annually. The project is planned to 
be completed in December 2022 [23]. British Petroleum 
started implementation of a still larger-scale project for 
producing “green” hydrogen with a 50 MW electrolyzer 
at the oil refi nery in Linden (Germany) [24]. Purchase 
of large volumes of hydrogen by oil refi neries on the 
market (about 5 mln t in 2018 [1]) creates favorable 
prerequisites for the supply of “green” hydrogen, 
which can be produced in large volumes in the future 
using the electric power generated from renewable 
power sources [4, 25] and by nuclear power plants 
[2]. The scale of the production of “blue” and “green” 
hydrogen for oil refi neries or of its purchase on the 
market is determined by economical criteria and by 
environmental regulations. Upgrade of steam reformers 
for the transition to “blue” hydrogen production 
increases the cost of the produced petroleum products by 
$0.25–0.50/barrel [1]. The additional expenditure in the 
case of the “green” hydrogen production is still higher. 
IEA experts think that the state should economically 
stimulate the transition of oil refi neries to the use of 
“blue” and “green” hydrogen. The following possible 
incentives are considered: considerable increase in the 
cost of CO2 emission, legislative fi xation of requirements 
to the carbon footprint of motor fuel, taking into account 
the whole life cycle of its production (already operates 
in EU countries and some of US states), preferential 
infrastructural credits, etc. [1, 26].

USE OF HYDROGEN IN CHEMICAL INDUSTRY

Chemical industry consumes 46 mln t of hydrogen, 
of which 33 mln t is used for ammonia production 
and 13 mln t, for methanol production [4]. The major 
fraction (65%) of hydrogen is produced at chemical 

enterprises by steam methane conversion; 30%, by coal 
hydrogenation; and 5%, from petroleum feedstock. In 
China, more than a half of ammonia and almost 70% of 
methanol are produced using hydrogen obtained from 
coal. In 2018, 270 mln t of fossil fuel was consumed for 
the hydrogen production for chemical industry [1].

One of the main branches of chemical industry is 
ammonia production. Chemical products demanded 
in various branches of economy are produced from 
ammonia. About 80% of the produced ammonia (and, 
correspondingly, of hydrogen required for this purpose) 
is used for producing nitrogen fertilizers, of which 
urea makes up more than half [27, 28]. The present 
structure of using ammonia shows that the development 
of its production will be largely determined by the 
world’s demand for nitrogen fertilizers, stimulated 
by the main trends in the development of the world’s 
agriculture [29]. The world’s ammonia production in 
2020 reached 175 mln t [4, 30] and increased by 17% 
in the past decade [31]. The production of nitrogen 
fertilizers increased by approximately the same factor 
in this period [27]. According to the forecasts, in the 
medium term the ammonia production will increase by 
approximately 1.6% annually and will reach 214 mln t 
by 2030 and 250 mln t by 2050 [32]. The ammonia 
production is accompanied by the emission of a large 
amount of carbon dioxide, of which 30–40% is used 
for urea production. Therefore, there is a trend toward 
combination of plants producing ammonia and nitrogen 
fertilizers in a common production complex [33, 34].

Along with traditional application fi elds, ammonia 
can be used as a means for hydrogen storage and 
transportation and as a carbon-free power carrier 
in power engineering and transport. In contrast to 
hydrogen, which is liquefi ed at atmospheric pressure 
at –250°C, ammonia becomes liquid already at –33°C 
or at room temperature under a pressure of 0.8 MPa. 
The volumetric energy density of liquid ammonia is 1.5 
times higher than that of liquefi ed hydrogen (12.7 and 
8.5 MJ L–1, respectively) and almost 3 times higher than 
that of compressed hydrogen at 70 MPa and 25°С. This 
fact considerably simplifi es and cheapens the storage 
and transportation of liquefi ed ammonia compared to 
liquefi ed or compressed hydrogen. Liquefaction of NH3 
from the gas phase involves the consumption of only 
0.1% of the energy that it bears, whereas almost half of 
the energy potential of gaseous hydrogen is consumed 
for hydrogen liquefaction and storage of liquid hydrogen 
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[35]. In contrast to liquefi ed hydrogen, the presently 
available infrastructure is suitable for ammonia storage 
and transportation [35, 36]. According to estimates 
of Allen Consulting experts, the cost of transporting 
hydrogen incorporated in ammonia using automobile 
and maritime transport can be 3 times lower compared 
to the transportation of liquefi ed hydrogen. In railway 
transportation, these values can diff er by a factor of 7 
[37]. The ammonia decomposition to obtain hydrogen is 
mainly performed as a thermal process in the presence of 
catalysts based on Ru and Ni. The temperature required 
for the effi  cient catalytic cracking of ammonia is 400 
and 600°C for the Ru and Ni catalysts, respectively. The 
thermal energy consumed for the thermal decomposition 
of ammonia is equivalent to no less than 15% of the 
weight of hydrogen incorporated in it [38].

Studies performed in various countries since the 
1960s demonstrated in principle the possibility of using 
ammonia as a motor fuel without essential upgrade of 
internal combustion engines both when ammonia is 
added to standard motor fuel and when it is used as a 
mixture with methane, hydrogen, and organic solvents 
[36, 39–41]. In addition, ammonia, both in the pure 
form and in a mixture with methane and hydrogen, is 
considered as a fuel for gas turbines [42–45]. Recently 
there has been active progress in studies concerning the 
possibility of using the existing and developing new 
fuel cells allowing conversion of ammonia to electric 
power [42]. The highest performance is shown by high-
temperature solid oxide fuel cells with metal–ceramic 
nickel–gadolinium anode doped with cerium.

One more promising fi eld of industrial use of 
ammonia and “ammonia” fuel cells is accumulation, 
storage, and subsequent reverse conversion of excess 
electric power produced by renewable power sources. 
The hydrogen required for ammonia synthesis is 
obtained from electrolysis, and nitrogen is recovered 
from air [44]. According to forecasts, the use of 
ammonia as a hydrogen-containing carbon-free fuel will 
start after 2030. This will lead to a considerable increase 
in the production of ammonia and of hydrogen required 
for this purpose. According to IEA forecasts, in 2050 
the production of ammonia used as a fuel will exceed 
by approximately 10% the production of ammonia for 
agriculture and chemical industry. This will require 
approximately 50 mln t of additional hydrogen [4].

The methanol production occupies the second 
place in the world chemical industry with respect to 

the level of using hydrogen. In the past decade, the 
methanol production increased by a factor of 2.5 and 
reached 102 mln t in 2020. According to forecasts, 
140 mln t of methanol will be produced in 2050 [46, 47]. 
Today 55% of methanol is used as a basic product in 
chemical industry. The second largest fi eld of methanol 
consumption (31%) is transport: 11% of methanol 
is consumed for the production of methyl tert-butyl 
ether; 3%, for the production of dimethyl ether; 14%, 
directly as a motor fuel or in a mixture with gasoline and 
diesel fuel; and 3%, for the biodiesel production [47]. 
According to forecasts, in the medium term the share of 
methanol used as a fuel will increase and will reach 38% 
by 2025 [47]. The large-scale experiment performed in 
California in the 1980–1990s stimulated wide use of 
methanol as a motor fuel. In that period, 15 thousand 
cars operating on M85 fuel (15% standard gasoline + 
85% methanol) were produced and used. The emissions 
of unburned hydrocarbons and NOx into the atmosphere 
were considerably reduced without decreasing the 
engine operation effi  ciency [1]. Today, methanol is used 
in many countries of the world in gasoline mixtures in 
various concentrations and as an additive to diesel fuel. 
It is also used more and more frequently as a component 
added to gasoline jointly with ethanol, e.g., in Israel 
and Australia. The use of methanol as an additive to 
gasoline, including that containing ethanol, is regulated 
by national standards in many countries [46, 48–51]. 
The world leader in using methanol fuel on transport 
is China. In 2018, 1.2 mln t of methanol was consumed 
in China for this purpose. The methanol content of fuel 
mixtures used in China ranges from 5 to 100% [49]. 
One of the leading car producers in China, Geely Group, 
plans to produce annually up to 500 thousand cars 
operating on methanol fuel. The attractiveness of using 
methanol as a motor fuel is largely determined by the 
possibility of using the existing infrastructure, including 
fi lling stations, for its transportation and storage [46].

The electric power generation using fuel cells 
is a promising fi eld of methanol application. An 
obvious advantage of methanol fuel cells is simple 
storage and transportation, compared to the hydrogen 
transportation. Methanol can be converted either 
directly to the electric power in methanol fuel cells or 
preliminarily to a gas mixture enriched in hydrogen 
for the subsequent use of this mixture in hydrogen fuel 
cells. A methanol fuel cell (DMFC) is one of variants 
of proton-exchange membrane (PEM) fuel cells using a 
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liquid methanol–water mixture at 80–100°C instead of 
gaseous hydrogen. The electric effi  ciency of methanol 
fuel cells does not exceed 40%, which restricts their 
application fi eld mainly to small devices of relatively 
low capacity [52]. The methanol reforming system 
used for hydrogen production includes a combustion 
chamber, a vaporizer for fuel heating and evaporation, 
a reformer for performing the reforming reaction, and a 
carbon monoxide to carbon dioxide converter. Hydrogen 
is purifi ed to remove harmful impurities using metal 
membranes based on palladium or its alloys with other 
metals, which ensure high purity of hydrogen and its 
low CO content (<10 ppm), allowing its feeding into a 
PEM fuel cell operating at approximately 80°C. When 
using high-temperature PEMs (working temperature 
170°C), the requirements to the permissible content of 
carbon monoxide in hydrogen decrease by a factor of 
almost 1000. This allows the use of expensive palladium 
membranes for hydrogen purifi cation to be abandoned 
[50, 51]. By now, several pilot projects confi rming the 
possibility of effi  cient use of fuel cells whose operation is 
based on methanol conversion have been implemented. 
The possible application fi elds of such fuel cells are 
automobile industry, utilities (combined production of 
heat and electric power), feeding of telecommunication 
systems instead of diesel generators used today, and 
maritime transport (boats, small tourist ships, and 
ferries) [46].

According to IEA estimates, the hydrogen 
consumption by chemical enterprises by 2030 will 
increase by approximately 40% relative to 2019–
2020 and will reach 63 mln t. By 2050, it will reach 
83 mln t [2]. Today the chemical industry generates 
approximately 600 mln t of CO2, of which 2/3 comes 
from ammonia production. The CO2 emission per ton of 
ammonia produced is 1.6–2.7 t for diff erent enterprises. 
In methanol production, the CO2 emission varies from 
0.8 to 3.1 t of CO2 per gram of methanol. The maximal 
levels of the specifi c CO2 emissions are characteristic of 
enterprises using coal as an energy source. For example, 
in China the mean level of carbon dioxide emissions at 
ammonia plants operating on coal reaches 4.2 t of CO2 per 
gram of ammonia. According to the forecasts, by 2025 
the carbon dioxide emission in production of ammonia 
and methanol will increase by 3% more and will reach 
635 mln t, mainly at the expense of rapidly growing 
methanol production. This fact makes the reduction of 
the CO2 emissions from enterprises of this branch one 

of topical and important problems of decarbonization 
of the world economy. IEA considers it necessary to 
bring the utilization of this source of the carbon dioxide 
emission to the levels of 70 and 540 mln t in 2030 and 
2050 [2]. Several ways of solving this problem can be 
outlined.

A large part of carbon dioxide emissions associated 
with the ammonia and methanol production is due to 
the use of hydrogen produced by steam conversion of 
natural gas and coal gasifi cation. These processes are 
characterized by high values of the carbon footprint: 
on the average, 12.4 and 19.4 kg of CO2 per kilogram 
of H2 when using natural gas and coal, respectively. 
Trapping and utilization of the produced CO2 allow 
the carbon footprint to be decreased to 4.3–4.5 kg of 
CO2 per kilogram of H2 [53]. Today the cost of this 
hydrogen is approximately 50% higher than the cost 
of hydrogen produced from methane without carbon 
dioxide capture [4]. According to the latest forecast of 
the Hydrogen Council, by 2025–2030 this diff erence 
can become minimal, provided that the scale of the CO2 
utilization will considerably increase and the emission 
tax will be approximately $35–50 per ton of CO2 [3]. 

An increase in the production of “blue” hydrogen will 
also stimulate the development and commercialization 
of technologies for using CO2 for producing highly 
marketable products: building materials, chemical 
intermediates, fuel, and polymers [54, 55]. The estimate 
of market prospects for these products [54] shows 
that the large-scale industrial use of CO2 utilization 
technologies allows its emissions to be reduced by more 
than 10% by 2030. One of promising directions of CO2 
utilization is its injection into oil strata to increase the oil 
output [56]. Installations for CO2 with the total capacity 
of 2 mln t of CO2 annually operate today at three 
ammonia-producing plants in the United States, and this 
CO2 is supplied to an oilfi eld by a special pipeline [1].

The most effi  cient way to reduce the CO2 emissions 
is to abandon the use of hydrogen produced from 
organic feedstock in the production of ammonia and 
methanol and to replace this hydrogen by “green” 
electrolysis hydrogen whose carbon footprint is as 
low as 1.5 kg of CO2 per kilogram of H2 if using the 
electric power from wind and nuclear power plants 
[53]. Today the cost of electrolysis hydrogen is, on the 
average, 3 times higher than that of hydrogen produced 
by steam conversion of natural gas [3]. According to the 
estimates of Allen Consulting experts, already by 2025 
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this ratio will decrease to 1.5–2.0 [57]. The dynamics 
of the ratio between the costs of “green” hydrogen and 
hydrogen produced by steam methane conversion will 
be largely determined by the carbon dioxide emission 
tax. According to the forecasts, if this tax will be about 
$50 per ton of CO2 by 2030 and $150 by 2040, the 
cost parity will be reached in the period from 2028 to 
2034 [3]. Today several large projects on commercial 
production of “green” ammonia and methanol in EU 
countries, Australia, the United States, and Middle East 
are in the step of feasibility studies and designing [2, 
58].

One of promising ways to reduce the CO2 emissions 
in chemical industry is improvement of the existing 
and development of new technologies for ammonia and 
methanol production.

The traditional ammonia synthesis technology 
(Haber–Bosch process) requires large power 
consumption for ensuring high temperatures (450°C) 
and pressures (20 MPa) required for its implementation. 
This fact determined the interest in the development 
of alternative power-saving technologies for ammonia 
synthesis. Studies aimed at the development of 
electrochemical methods for ammonia production 
underwent the particularly active development recently, 
which refl ects the overall trend toward decarbonization 
and electrifi cation of the chemical industry [59–61]. 
Today the US Department of Energy fi nances several 
projects on electrochemical synthesis of ammonia, in 
which ammonia is produced using electrolysis hydrogen 
or water and membrane reactors of various designs: with 
conducting ceramic, alkali (hydroxide-exchange), and 
metal membranes [61]. In the technology suggested by 
CSIRO ENERGY (Australia), the ammonia synthesis 
is performed in a membrane reactor at a pressure of 
1–3 MPa and a temperature of 450°C. A decrease in the 
working pressure by a factor of more than 10, compared 
to the standard conditions of the Haber–Bosch process, 
allows the power consumption to be decreased by 25% 
[62].

The expected increase in the methanol use in going 
to low-carbon economy stimulated studies on the 
development of the alternative methanol production 
technology based on CO2 hydrogenation [63–65]. 
Because of high thermodynamic stability of CO2 
molecules, the effi  cient conversion of CO2 to methanol 
requires additional energy and catalysts exhibiting 
the required selectivity and activity. The possibilities 

of the CO2 hydrogenation using homogeneous and 
heterogeneous catalysis and electrochemical and 
photocatalytic methods are considered from this 
standpoint. The main eff orts of the researchers are 
focused on increasing the performance of the catalysts 
used and on searching for new catalysts, in particular, 
hybrid catalytic systems containing a molecular 
catalyst immobilized on carbon nanotubes. The cost of 
methanol produced from CO2 using “green” electrolysis 
hydrogen is approximately 1.5 times higher than that 
of methanol produced by the traditional technology. 
This diff erence is mainly determined by the cost of 
hydrogen production, which will decrease in the future. 
Several pilot installations for methanol production by 
CO2 hydrogenation are in operation now. The Carbon 
Recycling International (CRI) company (Iceland) is a 
technological leader in this fi eld; it develops a project of 
a plant that will process annually 160 thousand tons of 
carbon dioxide into methanol [66].

The large-scale use of steam reforming of natural 
gas and of water electrolysis for hydrogen production 
in chemical industry has serious resource limitations. 
According to estimates made by IEA experts, the 
production of ammonia and methanol in amounts 
predicted by 2030 will annually require approximately 
230 bln m3 of natural gas (approximately 10% of the 
world’s demand today), 3020 TW h of additional 
electric power (about 11% of the world’s output today), 
and approximately 0.6 bln m3 of water (about 1% of 
the total water consumption in power engineering 
today). The commercial implementation of these 
projects will require by 2030 the construction of no 
less than 450 installations for CO2 capture, each with 
the annual capacity of 1 mln t of CO2, and 3500–4000 
electrolyzers, each of 100 MW capacity [1]. Apparently, 
the production of “blue” and “green” ammonia and 
methanol will require major capital investments and 
should be stimulated by the state, especially in the initial 
period [1].

USE OF HYDROGEN IN STEEL-CASTING 
INDUSTRY

According to the data of the World Steel Association, 
the world steel production increased by a factor of 
almost 3 in the past two decades and reached 1869 mln t 
in 2019. The world leader in the steel-casting industry is 
China, where 996.3 mln t of steel was produced in 2019 
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(53.3% of the world production). The other major steel 
producers are signifi cantly inferior to China: In 2019, 
111.2 mln t of steel was produced in India, 87.9 mln t, in 
the United States, and 159.4 mln t, in the EU countries 
[67]. The IEA experts believe that, under the action of 
the growth of the population and GDP, the world demand 
for steel will probably continue to increase, especially 
owing to the economic growth in India, Southeast 
Asia, and Africa, even despite a gradual decrease in the 
demand in China [68]. According to the forecasts, by 
2050 the world steel production can reach 2.5 bln t [68].

The main steel production technologies used 
today in the world steel-casting industry are BF–BOF 
(successively performed blast furnace and basic oxygen 
steelmaking processes) and EAF (scrap smelting in 
electric arc and induction furnaces). In the recent years, 
approximately 70% of raw steel has been produced 
by the BF–BOF technology and 30%, by the EAF 
technology [69]. This ratio varies in a wide range 
depending on the steel-producing country. It is 88 : 12 
in China, 32 : 68 in the United States, and 58 : 42 in EU 
(average for 28 countries). The blast furnace process is 
accompanied by the formation of large amounts of CO2, 
on the average, 1.8 t of CO2 per ton of the produced 
steel, of which about 60% is formed in the course of cast 
iron smelting in blast furnaces and 30%, in the course of 
coke production [70]. The CO2 emissions when using 
EAF technology are determined virtually completely by 
the carbon footprint of the electric power used. For the 
European steel-casting industry, the average emissions 
are 500–600 kg of CO2 per ton of steel [71, 72]. Recently 
some countries (India, Middle East, Iran, the United 
States) started to use as an EAF feedstock, along with 
scrap, also iron produced by direct reduction of iron ore 
(DRI). Today the share of the DRI–EAF technology in 
the world steel production is up to 7% [1]. The reductant 
for metallization of iron ore and DRI production is 
syngas produced by steam methane conversion or pure 
hydrogen. The replacement of metal scrap by DRI in 
steel casting in electric furnaces leads to an increase in 
the CO2 emissions to 1270 kg of CO2 per ton of steel in 
reduction of iron ore with methane and approximately 
to 1000 kg of CO2 per ton of steel when using for this 
purpose hydrogen produced by water electrolysis with 
power from electric networks [73].

In 2020, the CO2 emissions from ferrous metallurgical 
enterprises reached 2.4 bln t. IEA in the roadmap for 
reaching zero emissions by 2050 considers it necessary 

to decrease them to 1.8 bln t by 2030 and to 0.2 bln t 
by 2050 [2]. This will require signifi cant technological 
upgrade of the enterprises [74, 75]. One of primary 
goals of the upgrade is increasing the power effi  ciency 
of the steel production. According to IEA estimates, the 
power saving potential of modern technologies used in 
ferrous metallurgy is 20% on the average [76]. The use 
of the best available technologies developed by now 
allows this potential to be largely realized, which will 
lead to a 15–20% decrease in the CO2 emissions [75]. 
Another promising way to decrease the carbon capacity 
of the steel production is an increase in the share of 
steel produced by scrap smelting in electric furnaces. 
According to the forecasts, 38% of steel will be produced 
in electric furnaces in 2030 and 46%, in 2050 [2]. Today, 
along with smelting in electric furnaces, the process of 
direct electrolysis of iron ore is being developed; it has 
already proved its effi  ciency in nonferrous metallurgy 
[77].

The world scrap resources have natural limitations 
and are distributed between steel-producing countries 
very nonuniformly. Therefore, it can be expected that 
the steel production based on DRI–EAF process will 
increase. According to the forecast of HSBC (Hong Kong 
and Shanghai Banking Corporation) experts, by 2060 the 
DRI production will be only 30% lower than the steel 
production from scrap [78]. The use of DRI in electric 
furnaces instead of metal scrap allows producing steel 
of higher quality, because DRI contains considerably 
smaller amounts of such harmful impurities as S, Cu, 
Sn, Ni, Cr, and Mo. The reduced DRI in the form of hot 
briquetted iron can also partially replace iron ore in cast 
iron production in a blast furnace. This allows the coke 
consumption and, correspondingly, the CO2 emissions 
to be reduced [79]. Hydrogen plays an important role in 
decarbonization of ferrous metallurgy. In 2020, 5 mln t 
of hydrogen was used for iron production by direct 
reduction (DRI) [4]. According to forecasts, by 2050 
approximately 60% of iron smelted in electric furnaces 
will be produced using iron reduced with hydrogen. This 
will require an increase in the hydrogen consumption to 
approximately 19 mln t by 2030 and 54 mln t by 2050 
[2]. It is planned to use some of the produced hydrogen 
for reducing the CO2 emissions in cast iron production. 
To this end, enrichment of coke gas in hydrogen and its 
use for iron ore reduction in a blast furnace are suggested 
[80]. The Japanese Ferrous Metallurgy Federation plans 
to prepare by 2030 a demo project on the use of this 
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technology with simultaneous capture of CO2 from the 
blast furnace gas, which should lead to a 30% decrease 
in the CO2 emissions per unit of the steel produced [1].

Today hydrogen used for steel production is obtained 
by steam methane conversion and coal gasifi cation; these 
processes involve large CO2 emissions. To accomplish 
the goals of decarbonization of the metallurgical industry, 
this hydrogen should be gradually replaced by “green” 
hydrogen [72–74, 75]. Its production will require large 
amounts of electric power generated using renewable 
power sources. For example, to implement the plans 
of decarbonization of the steel-casting industry in the 
EU countries and United Kingdom, the annual demand 
for “green” electric power will amount to 55, 143, and 
183 TW h in 2030, 2040, and 2050, respectively [80]. 
According to the IEA estimate, complete abandonment 
of the use of organic fuel in hydrogen production in the 
world metallurgical industry will require the additional 
consumption of approximately 2500 TW h of the electric 
power annually, which corresponds to approximately 
9% of the present demand for the electric power [1]. 
Implementation of projects on the production of “green” 
hydrogen for use in DRI production has already been 
started at several steel-casting enterprises in Austria, 
Sweden, and Germany [81].

USE OF HYDROGEN IN CEMENT PRODUCTION

Cement is one of the most demanded industrial 
products in the world. In production volume, it 
considerably surpasses steel, aluminum, other metals, 
wood, and plastics [82]. Its production increased by a 
factor of 2.4 in the past two decades: from 1.7 bln t in 
2000 to 4.1 bln t in 2019 [83]. According to forecasts, 
the continuing growth of the population and the 
development of the urbanization can lead to a 12–23% 
increase in the cement production by 2050. In the 
existing technologies, about 0.6 t of CO2 is formed in 
production of 1 t of cement [84]. Taking into account 
the scale of the world cement production, this makes the 
cement industry one of the main CO2 emitters: Its share 
in the global CO2 emissions in 2019 was approximately 
7% (2.4 bln t) [85]. Therefore, the decarbonization of 
the cement production is one of priority goals of the 
program of reaching zero CO2 emissions by the world 
economy by 2050 [2].

The cement production is a multistep process based 
on thermal decomposition of limestone at approximately 

900°С to obtain calcium oxide, followed by its sintering 
with clay at 1450°C to obtain clinker, the main 
component of concrete. The CO2 formed in these steps 
of the process, according to the classifi cation of the 
World Business Council for Sustainable Development, 
is classed with direct CO2 emissions from cement plants. 
The combustion of fossil fuel to obtain the thermal 
energy required for the clinker formation gives 30–40%, 
and thermal decomposition of limestone to CaO and 
CO2, 60–70% of the CO2 emissions [86, 87]. The fossil 
fuel presently used at cement plants consists mainly of 
coal and petroleum coke [1]. Therefore, its replacement 
by alternative kinds of fuel with lower carbon content 
is the necessary condition for decarbonization of the 
cement industry. The alternative kinds of fuel considered 
are natural gas, biomass (including renewable organic 
waste of various origins), hydrogen, and electric power. 
Among these kinds of alternative fuel, natural gas (15%) 
and biomass (5%) are used today at cement plants in 
small volumes. In accordance with the forecast [2], 
already by 2040 up to 10% of the required thermal energy 
will be produced at cement plants by the combustion 
of hydrogen (in the pure form or as an additive to the 
fuel used), and by 2050 the share of hydrogen in the 
clinker production will increase to 15%. According to 
the forecasts, the use of hydrogen in the cement industry 
will reach 2 mln t in 2030 and 12 mln t by 2050 [4]. 
Already now one of the world largest cement producers, 
CEMEX, started to use hydrogen as a component of 
fuel mixtures at all its plants in Europe and actively 
introduces this technology in other countries. The 
company intends to reach complete decarbonization of 
its products by 2050 [88].

The use of alternative kinds of fuel is only one of 
possible ways to reduce the CO2 emissions in cement 
production. The fuel consumption for clinker production 
can also be reduced by increasing the effi  ciency of the 
equipment for heat treatment of the feedstock [89] and 
optimizing the cement composition. Today the mean 
clinker content of the cement is 71%, and it is planned 
to be decreased to 65% by 2030 and to 57% by 2050 
[2]. To this end, a part of clinker in the cement can be 
replaced by fl y ash from coal power plants, by blast 
furnace slag, or by such natural minerals as volcanic ash. 
For example, in EU countries 80% of the blast furnace 
slag from metallurgical industry is presently used for 
the cement production [90]. According to forecasts, 
by 2050, in connection with virtually complete closure 
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of coal power plants and reduction of the use of blast 
furnace processes in metallurgy, the main components 
replacing clinker in mixed cements will be limestone 
and fi red clay.

The above-considered directions of reducing the 
CO2 emissions in the cement industry do not alter 
the principles of the clinker production by thermal 
decomposition of limestone. A possible alternative to 
the traditional technology of the clinker production 
is the electrochemical method being developed at the 
Massachusetts Institute of Technology [91]. A pH 
gradient is created in the electrochemical reactor as a 
result of water electrolysis. In the process, milled CaCO3 
undergoes decarboxylation at low pH at the anode, and 
solid calcium hydroxide Ca(OH)2 precipitates at high 
pH at the cathode. When heated with silicon dioxide 
(SiO2), it forms alite, one of the main components of 
Portland cement. Simultaneously with solid reaction 
products, concentrated streams of high-purity gases 
arise in the reactor: a mixture of O2 and CO2 at the 
anode and H2 at the cathode. The gases formed can be 
effi  ciently used for various operations at the plant, e.g., 
for the production of electric power using hydrogen fuel 
cells, or can be sold on the market. Along with process 
innovations, the capture and utilization of CO2 will play 
an important role in reduction of the CO2 emissions 
from cement enterprises. According to the IEA forecast 
[8], active progress in this fi eld will start after 2030, and 
by 2070 80% of cement plants will be equipped with 
CO2-capturing installations, which will ensure 60% of 
the total reduction of the carbon dioxide emissions from 
cement enterprises.

USE OF HYDROGEN ON VEHICLES

The world transport sector generates 24% of the 
global CO2 emissions as a result of gasoline and 
diesel fuel combustion; in 2020, they amounted to 
7.2 bln t. The following target levels for reducing the 
emissions from vehicles are indicated in the roadmap 
of the development of the world power engineering to 
reach the carbon neutrality by 2050: 5.7 bln t in 2030, 
2.7 bln t in 2040, and 0.7 bln t in 2050. To this end, 
it is necessary to considerably change the structure of 
power sources used by vehicles. Today more than 90% 
of the required energy is obtained from organic fuel. 
According to the forecasts, by 2040 the share of this 
power source will decrease by a factor of almost 2, to 

50%, and by 2050 it will become as low as 10%. The 
role of the electric power and alternative kinds of fuel 
will increase simultaneously. By 2050, the share of the 
electric power, hydrogen fuel, and biofuel will reach 45, 
30, and 15%, respectively [3]. Hydrogen can be used as 
a fuel for vehicles in diff erent forms: as alternative kind 
of fuel for internal combustion engines, after conversion 
to methanol and ammonia, and for electric power 
generation by fuel cells. The use of hydrogen for various 
kinds of vehicles has specifi c features determined by 
technological and economic factors.

Road transport. The road transport (passenger cars, 
trucks, buses, motorcycles) is responsible for 3/4 of 
the emissions generated by the transport sector [2]. 
About 60% of carbon dioxide emissions come from 
passenger (primarily city) transport, and 40%, from 
freight transport [92, 93]. The International Transport 
Forum predicts a signifi cant, by a factor of more than 2, 
increase in the passenger and freight traffi  c by 2050. It 
is noted that the CO2 emissions from vehicles by 2050 
will increase by 16% even if the presently approved 
obligation on transport decarbonization will be fully 
implemented, because the expected emission reduction 
cannot compensate for the expected increase in the traffi  c 
[92]. The main directions of vehicle decarbonization 
considered today include the use of electric vehicles 
powered by storage batteries and hydrogen fuel cells 
and of cars with internal combustion engines powered 
by hydrogen fuel, biofuel, or synthetic fuel.

To reach the carbon neutrality of automobile 
transport by 2050, IEA considers it necessary to bring 
by the share of electric passenger cars and of trucks with 
low level of CO2 emissions to 62 and 30%, respectively, 
by 2030. It is assumed that virtually all the electric 
passenger cars will be powered by storage batteries 
and that approximately 5% of trucks will use hydrogen. 
By 2050, the passenger transport should become fully 
carbon-free, and the share of using hydrogen should 
increase to 8%. On reaching the 90% level of freight 
transport decarbonization by 2050, the share of using 
hydrogen should reach 30%. Implementation of these 
plans will allow the CO2 emissions from road transport 
to be decreased to 0.5 bln t, or by 90% relative to the 
year 2020. It is assumed that the electric power for 
charging the batteries and producing hydrogen will 
be generated from renewable sources [2]. According 
to [94], by the end of 2020 there were 34 million 804 
thousand electric cars on fuel cells in the world, of 
which 65% were in Asia (China, Japan, South Korea), 
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27%, in North America, and 8%, in Europe. Only in the 
past 3 years their number increased by a factor of 2.7. 
In 2020, more than 90% of electric cars on fuel cells 
were used for transportation of passengers (passenger 
cars 75% and buses 16%) and only 9%, for transport of 
goods. According to Hydrogen Council’s forecasts, by 
2030 the number of electric passenger cars on fuel cells 
will increase to 10–15 mln, and that of trucks, to 500 
thousands. By 2050, the number of passenger cars on 
fuel cells will reach 400 mln; that of buses, 5 mln; and 
that of trucks, 15–20 mln [3]. The market share of the 
road transport on fuel cells will amount to approximately 
17% by 2050 [95].

The development and effi  cient functioning of the 
electric road transport requires rapid development of 
the corresponding infrastructure for its fueling. Today 
540 hydrogen fi lling stations are in operation in the 
world. Among them, 278 are located in Asia; 190, in 
Europe, and 68, in North America. In the past 3 years, 
the number of hydrogen fi lling stations increased by a 
factor of 1.4, which is almost 2 times smaller than the 
rate of the growth of the world electric car fl eet powered 
by fuel cells. According to the forecasts, the number of 
hydrogen fi lling stations will increase to 18 thousands 
by 2030 and to 40 thousands by 2050 [2]. The cost of the 
construction of hydrogen fi lling stations considerably 
exceeds the cost of construction of charging stations for 
electric cars and fi lling stations for vehicles powered by 
organic fuel. This is determined not only by the high cost 
of tanks for hydrogen storage, but also by the need for 
allocation of large land plots for constructing the fi lling 
stations, as their size is approximately 7 times larger 
than the size of land plots for traditional fi lling stations. 
Today the cost of the construction of a hydrogen fi lling 
station, depending on the volume of the hydrogen stored, 
is estimated at $0.6–2 mln for tanks with a pressure of 
70 MPa and $0.15–1.6 mln for tanks with a pressure 
of 35 MPa [1]. The construction of fi lling stations at 
which hydrogen is stored in the liquefi ed form is still 
more expensive. The fi rst such station has been already 
constructed in California by Linde [96].

Hydrogen for fueling cars can be produced directly 
at fi lling stations using renewable power sources or 
can be delivered by specialized automobile transport. 
Analysis of the economic effi  ciency of various methods 
for hydrogen delivery (in the compressed or liquefi ed 
state) has shown that the transportation of compressed 
hydrogen is competitive at the distances from the 

production or storage sites not exceeding 130 km, 
whereas at longer distances the hydrogen transportation 
in the liquid form is less expensive [97]. The hydrogen 
used should contain no impurities capable of reducing 
the reliability of the fuel cell operation [98].

Implementation of large-scale plans on the 
development of the infrastructure for hydrogen supply 
to road transport requires major investments and state 
support measures [2]. When evaluating the effi  ciency of 
using electric cars powered by batteries and fuel cells 
for transporting passengers or goods, it is necessary 
to take into account the extent to which they meet the 
requirements to the transportation range, load, and 
admissible downtime, and also the availability of the 
infrastructure for replenishing the power resource of the 
electric cars. The energy of compressed hydrogen per 
unit weight is almost 260 kW h/kg, whereas for modern 
lithium-ion batteries it is 150 times lower, 260 W h/kg. 
Therefore, at equal range, the weight of storage batteries 
considerably exceeds the total weight of fuel cells and 
tanks with compressed hydrogen. For example, the total 
weight of fuel cells, tanks with hydrogen, and auxiliary 
battery of Xcient FC heavy truck (Hyundai), ensuring 
transportation of goods to a distance of 400 km, is 1 t. 
The weight of the battery required for this purpose is 
3 t, which leads to the corresponding decrease in the 
weight of the transported goods [99]. The possibility 
of increasing the range without signifi cantly decreasing 
the load capacity makes electric cars powered by fuel 
cells priority vehicles for long-range transportation of 
heavy loads [99–101]. According to the forecasts, in EU 
countries hydrogen fuel cells will power 5, 30, and 55% 
of trucks in 2030, 2040, and 2050, respectively [102]. 
One more important advantage of electric cars powered 
by fuel cells is short time required for their hydrogen 
fi lling, which usually does not exceed 15 min. Complete 
charging of the battery of an electric car takes today 
from 4 to 8 h, and with the rapid charging technology of 
Tesla type passenger cars this time can be decreased to 
40 min [102]. This fact determines the effi  ciency of using 
fuel cells on vehicles operated intensely with minimal 
downtime: taxis, city buses, and small trucks (vans) 
[102–104].

According to the IEA forecast, wide use of fuel 
cells in various segments of road transport will start 
after 2030 [103]. As expected, by that time the total 
cost of the ownership of electric cars with fuel cells 
and batteries, taking into account all capital and 
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operation expenditures, will reach parity and become 
lower than that for cars powered by fossil fuel [105]. 
The use of batteries and fuel cells for decarbonization 
of vehicles has certain limitations with respect both to 
the admissible temperature and vibration levels and to 
the generated power, which even for heavy trucks does 
not exceed several hundreds of kW [98, 104]. This fact 
practically excludes the possibility of electrifying such 
kinds of off -road transport, widely used in mining and 
building industry, as dump trucks, loaders, bulldozers, 
and excavators. In particular, the operation of dump 
tracks requires engines of 3 MW and higher power. 
Experts of McKinsey & Company believe that the 
most effi  cient way of decarbonization of these vehicles 
is replacement of fossil fuel by hydrogen [104]. The 
possibility of reliable and stable operation of internal 
combustion engines powered by hydrogen fuel has 
been substantiated and confi rmed by numerous studies 
performed during several decades [106, 107]. Presently 
several automobile and engine-building companies 
develop specialized diesel engines powered by hydrogen 
[108].

Rail transport. During already a long period, one 
of the main trends in the development of the world rail 
transport is an increase in the share of electric trains [1]. 
Today the electric power makes up 46% of the power 
consumption by rail transport. According to the forecasts, 
the share of electric power will increase to 65% by 2030 
and to 96% by 2050, including 5% generated by fuel 
cells. This will allow the carbon dioxide emissions 
from the rail transport to be reduced from 95 mln t 
in 2020 to virtually zero by 2050 [2]. The traditional 
approach of the railway electrifi cation involves major 
capital expenditure due to installation and regular repair 
of overhead power lines. According to data of the UK 
Railway Industry Association, electrifi cation of 1 km of 
railways in the country costs £1.5–2.5 mln [109]. This 
fact determines the interest in using electric batteries 
and hydrogen fuel cells on railway transport. In experts’ 
opinion, electric trains powered by fuel cells have the 
following main advantages [110]:

– hydrogen-powered trains can be fueled in less 
than 20 min and can operate for more than 18 h without 
refueling;

– trains powered by batteries have shorter range and 
longer downtime for battery charging;

– hydrogen-powered trains have lower total operation 
cost compared both to diesel trains and to trains powered 

by electricity supplied by wire lines;
– from the economic viewpoint, it is appropriate to 

use electric trains powered by fuel cells primarily on 
nonelectrifi ed railway routes with the range of up to 100 
km, on railways with low duty (up to 10 trains daily), 
and on cross-border railways, because their operation 
does not depend on the overhead catenary voltage, 
which is diff erent in many countries;

– the possible application fi elds of fuel cells on rail 
transport are considerably expanded by using fuel cells 
jointly with electric batteries (hybrid electric trains). 
In particular, the load capacity, range, and velocity of 
trains increase, and the power consumption decreases 
by approximately 30% [111];

– trains powered by fuel cells, like other types of 
electric trains, are characterized by considerably lower 
level of noise and vibration compared to trains powered 
by diesel fuel. Therefore, they exert no negative eff ect 
of humans, which is particularly signifi cant for the rail 
transport whose routes pass near localities [112]. 

A train powered by hydrogen fuel cells, constructed 
jointly by Alstoma (France) and Siemens (Germany), is 
already in operation on a route between several cities 
in Germany (Lower Saxony). It is planned to put into 
operation in Germany 14 similar trains more in 2021. In 
2022, hydrogen-powered trains should appear on French 
and British railways. The program for decarbonization 
of the EU economy sets ambitious tasks on using 
hydrogen, primarily “green,” on rail transport: Already 
by 2030, the share of trains powered by fuel cells should 
reach 40%, primarily at the expense of converting 
passenger trains to hydrogen fuel. This will require 
rapid development of the corresponding infrastructure, 
primarily of hydrogen holders and fi lling stations along 
railways [113].

Maritime transport. The maritime transport ensures 
75% of the world freight transportation. In the past two 
decades, the total weight of cargo carried by maritime 
transport increased by a factor of 2: from 5984 mln t 
in 2000 to 11 076 mln t in 2019 [114]. If the existing 
rate will be preserved, the freight transportation by 
maritime transport can increase by a factor of almost 
3 by 2050 [115]. In contrast to the road and railway 
transport, virtually the whole amount of energy required 
for the operation of maritime transport is generated by 
combustion of hydrocarbon fuel. In 2019, 180 mln t 
of fuel oil, 45 mln t of ship diesel fuel and gasoil, and 
0.1 mln t of liquefi ed natural gas were consumed for this 
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purpose [8]. This led to the emission of 880 mln t of CO2 
in 2020, which amounted to approximately 12% of the 
total emissions from the transport sector [2]. 

In 2018, the International Maritime Organization 
formulated a strategy aimed at ensuring the reduction 
of carbon dioxide emission from maritime ships relative 
to 2008 by 40% in 2030 and by 70% (to approximately 
300 mln t) in 2050. In the fi rst step, in the short and 
medium term, the main eff orts will be concentrated on 
implementation of technical and organizational measures 
to improve the energy effi  ciency of ships and optimize 
the logistics. In the second step, in the long term, along 
with further implementation of these measures, it is 
planned to gradually replace a part of hydrocarbons being 
burned by alternative kinds of fuel with considerably 
smaller carbon footprint [116, 117]. The potential eff ect 
of 22 diff erent technical and organizational measures 
on the reduction of the carbon dioxide emissions in 
operation of maritime ships due to the reduction of 
the specifi c fuel consumption was evaluated in review 
[118], based on analysis of 150 published papers. Such 
measures include improvement of the hull design to 
improve its hydrodynamic characteristics, enhancement 
of the effi  ciency of power units, in particular, by 
using additional electric engines for operation at low 
velocities, a decrease in the ship velocity, etc. In most 
cases, the measures under consideration can ensure no 
more than 10–20% reduction of the CO2 emissions. 
The technical measures become considerably more 
effi  cient when used in combination. This approach can 
be fully implemented in designing and constructing 
new ships. According to the forecasts, by 2040 the CO2 
emissions from newly constructed multipurpose dry-
cargo ships will be 40% lower compared to the ships of 
the same type that are now in operation. The operation 
life of various types of maritime ships is 20–35 years. 
In 2019, 75–78% of ships carrying the heaviest loads, 
which are the main carbon dioxide emitters (container 
ships, tankers, dry-cargo ships), had the age of less than 
14 years [119]. Their decommissioning and replacement 
by more perfect ships will require long time [120] and 
will largely determine the rate of the maritime fl eet 
decarbonization.

IEA considers it necessary to reduce the CO2 
emissions by maritime transport by 6% annually, which 
allows bringing their level to 120 mln t by 2050 [2]. This 
is 2.5 times lower than the emission level planned by 
that time by the International Maritime Organization. In 

accordance with the roadmap developed by IEA experts, 
already by 2030 17% of energy consumed by maritime 
ships will be generated from low-carbon kinds of fuel: 
ammonia (8%), hydrogen (2%), and biofuel (7%). By 
2050, there share in the power consumption by maritime 
transport will increase to 84%, including 46% for 
ammonia, 17% for hydrogen, and 21% for biofuel [2]. 
Experts of the Organisation for Economic Cooperation 
and Development anticipate that the carbon dioxide 
emissions from maritime transport can be reduced by 
80% already by 2035 by replacing 70% of fossil fuel by 
ammonia and hydrogen and 22%, by biofuel [121.

In all the scenarios of the maritime transport 
decarbonization, ammonia is given a leading role as 
a ship fuel. Today ammonia is already a commercial 
product successfully transported by maritime ships: 120 
ports already have the required infrastructure, and 170 
ships are properly equipped. The predicted conversion 
of the major fraction of maritime ships to ammonia fuel 
will require a considerable increase in the ammonia 
production. According to estimates [122], conversion of 
30% of the ships that are now in operation to ammonia 
fuel will require increasing the production of low-
carbon ammonia (“blue” and “green”) by 150 mln t 
annually. Simultaneously, it will be necessary to develop 
additional surface infrastructure for transportation, 
storage, and bunkering of ammonia [123]. Setting up 
the production of “green” ammonia directly at ports 
will reduce its cost for maritime ships. This approach 
started to be implemented in Morocco where ports 
promising for the production and storage of “green” 
ammonia have been defi ned. One of them is Jorf Lasfar 
port, where it is planned to produce 700 t of ammonia 
daily using renewable electric power from solar panels 
installed on the same site with the total capacity of 
300 MW. The production of “green” ammonia required 
for fi lling all large ships passing through Morocco ports 
will require 280 MW h of electric power. This is less 
than 1% of the potential for producing renewable (wind 
and solar) electric energy in the country [124]. The use 
of ammonia as a fuel for internal combustion engines, 
which are now the main power units on maritime 
ships, requires solution of a number of technological 
and environmental problems. Ammonia has higher 
self-ignition temperature and lower laminar velocity 
of fl ame propagation compared to hydrocarbon fuel, 
which can lead to unstable operation of a diesel engine 
at low and high speeds. This can be avoided by adding 
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one of hydrocarbon fuels or hydrogen to ammonia [125, 
126]. The ammonia combustion in internal combustion 
engines leads to the formartion of large amounts of 
nitrogen oxides. They can be neutralized using standard 
SCR technology allowing reduction of NOx to nitrogen 
and water vapor [123].

As follows from the IEA forecast, it can be expected 
that, in the period of up to 2050, hydrogen will be used 
for maritime transport decarbonization on considerably 
(3–4 times) smaller scale compared to ammonia [2]. 
This is due to a number of factors. The volumetric 
energy density of liquid ammonia is 2 times higher than 
that of liquefi ed hydrogen and 3.5 times higher than 
that of gaseous hydrogen at a pressure of 70 MPa. This 
will lead to the corresponding increase in the capacity 
of hydrogen storage tanks on board the ship and to the 
corresponding decrease in the available volume for 
carrying payload. The calculations performed in [127], 
based on analysis of the power consumption in more 
than 100 tanker journeys in a 3-year period, have shown 
that tanks with liquefi ed hydrogen can occupy 3–5% of 
the tanker volume, which is 2 times larger compared to 
the use of diesel fuel. Hydrogen liquefaction is power-
consuming and expensive. Furthermore, cryogenic 
storage of liquid hydrogen considerably complicates its 
bunkering [128]. These facts gave IEA experts grounds 
to forecast that, on medium-range routes between 
ports having the required surface infrastructure, ship 
companies will mainly use compressed hydrogen [8]. 
Liquefi ed hydrogen, in opinion of International Council 
on Clean Transportation experts, can be effi  ciently used 
for large-tonnage long-range maritime transportation. 
The estimations of the hydrogen fuel amount required 
for the world largest container ships carrying cargo 
across the Atlantic between the United States and China, 
which consume daily 100 t of hydrocarbon fuel and 
more, allowed the following conclusions:

– about 43% of journeys can be made without 
increasing the area occupied by fuel tanks and without 
refueling on the route;

– the number of journeys without refueling can 
increase to 86% at 2% increase in the area for hydrogen 
fuel storage;

– 99% of journeys can be performed on replacement 
of 5% of cargo space by additional fuel tanks or with 
one refueling;

– medium-size container ships can perform journeys 
without arrangement of additional fuel tanks and without 

refueling [129].
It was assumed in the calculations that the energy 

for power units of ships will be generated by hydrogen 
fuel cells, which are considered by many authors as the 
most effi  cient way of using carbon-free fuel on maritime 
ships [130–132].

According to the data of Global Maritime Forum, 
106 pilot and demo projects aimed at decarbonization 
of world maritime transport are being implemented now 
[58], which is almost 1.5 times larger than a year before. 
More than 2/3 of the projects involve the use of ship 
fuel based on hydrogen and ammonia. The number of 
such projects considerably increased in the past year. 
For example, for large ships this number increased 
by a factor of 3 and 2.5, respectively. The majority of 
projects (71 projects) are being implemented in the EU 
countries, and approximately half of them are supported 
by the state. In the Asia–Pacifi c region, the leaders in 
the number of projects are Japan, China, and South 
Korea. Decarbonization of maritime transport requires 
large investments. According to estimates of the Global 
Maritime Forum, they can amount to $40–60 bln annually 
in the course of the coming 30 years. The major fraction 
of the investments (87%) will be required for producing 
carbon-free fuel for maritime ships (“green” and “blue” 
hydrogen and ammonia) and creating the infrastructure 
required for its storage and bunkering; 13% will be spent 
for the construction of new and upgrade of existing ships 
[133]. Stimulation of ship companies to use carbon-free 
fuel requires appropriate state regulation measures on 
the regional and international levels [134]. In 2013, the 
European Commission adopted a strategy for reducing 
the greenhouse gas emissions from maritime transport 
[135]. In September 2020, the European Parliament 
adopted amendments requiring that ship companies 
should linearly reduce the annual average CO2 emissions 
from all their ships at least by 40% by 2030, with fi nes 
for their nonobservance. Since 2023, the European 
Commission plans to include maritime transport in the 
CO2 emission trading system (ETS ЕС) [136].

Aviation transport. Aviation transport is one of 
sectors of the world economy that suff ered from the 
Covid-19 pandemic in 2020 to the greatest extent [137]. 
This led to the reduction of the CO2 emissions from the 
aviation transport from almost 1 bln t tons in 2019 to 
640 mln t in 2020. According to the forecasts, already 
by 2025 the emissions will again reach the level of the 
year 2019 (950 mln t) [2]. As estimated by the Waypoint 
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2050 aviation expert group, the aviation passenger 
traffi  c will increase, on the average, by 3% annually and 
will reach 20 tln man-kilometers by 2050, which will 
exceed the level of the year 2019 by a factor of more 
than 2. If jet kerosene produced from fossil fuel will be 
used in aviation on the existing level, this will lead to 
an increase in the CO2 emissions to 1.8 bln t annually 
[138]. The International Air Transport Association in 
2016 committed to reduce by 2050 the CO2 emissions 
from aviation transport to 325 mln t annually, or by 
50% relative to the year 2005, and to reach the carbon 
neutrality by 2060–2065 [139]. Considerably more 
stringent requirements to the aviation decarbonization 
are indicated in the IEA roadmap: to reduce the CO2 
emissions to 210 mln t by 2050.

To reach this level of CO2 emissions, it is necessary to 
decrease the use of traditional kerosene by a factor of 5: In 
2050, its share in the total power consumption by aviation 
transport should become as low as 20–23%. According 
to the IEA roadmap, the leading role in the aviation fuel 
should be played by sustainable aviation fuel (SAF): 
biokerosene (45%) and hydrogen-based synthetic fuel 
(30%). It is anticipated that the contribution of electric 
storage batteries, fuel cells, and hydrogen fuel will not 
exceed 2%, although their introduction will start already 
in 2035 [2]. Along with CO2, the kerosene combustion 
yields water vapor, nitrogen oxides, sulfate aerosols, 
products of incomplete combustion of hydrocarbons, 
and solid particles (carbon black). Their presence in 
the atmosphere leads to changes in the methane and 
ozone content and to the formation of inversion cirrus 
clouds [140]. These atmospheric processes strongly 
infl uence the climate change (global warming). Their 
total contribution to the climate change can be several 
times higher than that of CO2 [141, 142]. A procedure 
was developed [141] for quantitative estimation of the 
eff ect exerted on the climate change by the amounts of 
nitrogen oxides, water vapor, and inversion traces in the 
atmosphere by expressing them in the equivalent carbon 
dioxide amount, CO2 eq. As has been shown, by 2050 
the total amount of harmful emissions from the aviation 
transport, formed by kerosene combustion, can amount 
to 5.7 bln t of CO2 eq, exceeding by a factor of 3 the 
forecast CO2 emissions [139].

The aviation fuel based on hydrogen used in fuel 
cells or burned in turbine engines is characterized by 
virtually zero CO2 emission, provided that hydrogen is 
produced by electrolysis using “green” electric power. 

The level of CO2 emissions in combustion of synthetic 
aviation fuel in aviation engines is determined by the 
carbon footprint of syngas, which is the feedstock for 
the Fischer–Tropsch process. In syngas production 
using “green” hydrogen and CO2 from air, its carbon 
footprint is assumed to be close to zero, as for pure 
hydrogen fuel [143, 144]. Comparative estimation of 
the eff ect exerted on the climate change by diff erent 
kinds of hydrogen aviation fuel compared to kerosene 
produced from petroleum feedstock was made in 
[141]. Hydrogen fuel cells exhibit the highest potential 
for reducing the negative eff ect on climate: this eff ect 
can be decreased by 90–75%. For hydrogen burned in 
aviation turbines, this decrease will amount to 75–50%, 
and for synthetic aviation fuel, to 60–30%. The authors 
state that relatively wide ranges of the estimates refl ect 
insuffi  cient knowledge of diff erent factors of the eff ect 
exerted by aviation fuel on the climate change. The 
resultant profi les of the emissions of harmful substances 
from aircrafts using aviation kerosene and biofuel 
produced from the biomass of diff erent origins are 
very close [145]. This fact suggests a signifi cant eff ect 
of the combustion of aviation biofuel on the climate 
change, exceeding, in particular, the eff ect exerted by 
the combustion of hydrogen-based synthetic fuel [141].

Larger-scale, compared to IEA forecasts [2], use of 
hydrogen fuel in aviation will allow by 2050 not only 
reaching carbon neutrality of aviation transport but also 
reducing by 40–50% the negative eff ect of aviation on 
the climate. To this end, it is necessary that, by 2050, 
from 40 to 60% of aircrafts (depending on the aviation 
decarbonization rate) should use liquefi ed hydrogen as 
aviation fuel and the other aircrafts, synthetic hydrogen 
fuel and biofuel [141]. According to the program 
(roadmap) of the aviation transport decarbonization 
[141], aircrafts powered by hydrogen fuel with the 
range from 500 to 2000–3000 km (local, regional, and 
short-range aviation) will be developed and marketed 
in the coming 10–15 years. Today local, regional, and 
short-range aircrafts make up 70% of all the aircrafts 
in operation, and they generate approximately 30% 
of the CO2 emissions from aviation transport. Longer 
time (20–25 years) will be required for the development 
and marketing of mid-range (7000 km) and long-range 
(10 000 km) aircrafts powered by hydrogen fuel. Today 
these types of aircrafts generate 73% of carbon dioxide 
emissions from aviation transport. It is anticipated that 
local and regional aircrafts will use electric motors 
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powered by hydrogen fuel cells. Short-range aircrafts 
will use electric motors powered by hydrogen fuel cells 
during horizontal fl ight and hydrogen-powered turbines 
during takeoff  and climb. Mid- and long-range aircrafts 
will be completely powered by hydrogen turbines. 
In this case, it is appropriate to use fuel cells only for 
feeding onboard electrics. When forecasting the amount 
of hydrogen required for implementation of the program 
developed for the aviation transport decarbonization, the 
authors proceeded from two possible scenarios: effi  cient 
and maximal decarbonization. The amount of hydrogen 
required by 2040 and 2050 will be 10 and 40 mln t for 
the fi rst scenario and 40 and 130 mln t for the second 
scenario, respectively [141]. The fi rst scenario seems to 
be more realistic. The forecast hydrogen amount would 
be 2.5 and 7.5% of the expected level of hydrogen 
production in 2040 and 2050 [2]. 

The conversion of the major fraction of aviation 
transport to hydrogen fuel will require essential changes 
in the aircraft design. This primarily concerns the choice 
of the optimum design and of the number and location 
of liquefi ed hydrogen tanks on board an aircraft. Several 
essentially diff erent options of hydrogen storage on 
board an aircraft have been suggested: arrangement 
of hydrogen tanks inside an aircraft or on its external 
surface (on airframe or wings). The arrangement 
of hydrogen tanks beyond the aircraft fuselage 
can deteriorate its aerodynamic characteristics and 
strengthens the requirements to the resistance of the 
tanks to external aerodynamic loads. The volumetric 
density of liquefi ed hydrogen is 3.8 times lower than 
that of aviation kerosene. This leads to the need for the 
corresponding increase in the total volume of onboard 
vessels for hydrogen storage, which may require not 
only signifi cant rearrangement of the aircraft internal 
space but also changes in its overall size, primarily in the 
fuselage length [141, 146]. Also, an important problem 
of using hydrogen as aviation fuel is to ensure reliable 
thermal insulation of tanks with liquefi ed hydrogen 
to make the hydrogen loss by evaporation as low as 
possible. Comparative analysis of various insulation 
methods has shown that a plastic foam layer introduced 
between the external and internal walls of the hydrogen 
storage tank ensures the best insulation properties [147].

The fi rst studies on evaluating the possibility of 
using hydrogen fuel in aviation were performed in the 
former Soviet Union in 1988 at the Tupolev Aviation 
Scientifi c and Technical complex. A testing laboratory 

based on a TU-154V aircraft was created, and the 
essential features of using hydrogen as an aviation fuel 
were determined experimentally [148]. In the early 
2000s, within the framework of the CRYOPLANE 
System Analysis project, the conceptual principles of the 
conversion from kerosene to hydrogen in aviation were 
formulated, and the medium- and long-range scenarios 
were substantiated. The project authors believe that this 
provided a fi rm basis for starting larger-scale measures 
aimed at introducing liquid hydrogen as an aviation 
fuel [149]. One of the leading aviation producers, 
Airbus, have already started designing several types 
of hydrogen-powered commercial aircrafts; their 
production is planned to be started in 2035 [150].

The use of hydrogen fuel in aviation will require 
signifi cant upgrade of airports, which should ensure 
reliable hydrogen supply and storage and hydrogen 
fueling of aircrafts. It is anticipated that liquefi ed 
hydrogen will be delivered by specialized automobile 
transport to small airports serving local and regional 
fl ights [97, 141]. For large airports serving mid- and 
long-range fl ights, it is economically preferable to 
produce hydrogen on site using renewable power 
sources [151]. However, in this case facilities for 
storage of large volumes of liquid hydrogen should 
also be constructed, because the aviation fuel reserve 
for several-day operation should always be available at 
an airport. Hydrogen can be delivered from the central 
hydrogen storage facility to the aircraft fueling site either 
by special fueling trucks or by cryogenic pipelines [150, 
151]. One of the most technically complex problems 
in the upgrade of the airport infrastructure for the 
conversion to hydrogen fuel is fueling of aircrafts with 
liquefi ed hydrogen. The hydrants developed for this 
purpose should not only exclude the hydrogen loss by 
evaporation but also ensure high throughput to make the 
aircraft fueling time as short as possible despite almost 
fourfold increase in the pumped hydrogen volume 
compared to aviation kerosene [141, 151]. Taking into 
account the complexity of the problem of preparing 
airports for serving aircrafts powered by hydrogen 
fuel, Airbus in 2020 launched the Hydrogen Hub in 
Airports program taking into account the interest of 
all the process participants. This concept suggests also 
the conversion to hydrogen fuel of all airport vehicles, 
whose carbon dioxide emissions amount now to 3–5% 
of the total carbon dioxide emissions from aviation 
[152]. A two-year research project on the development 
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of trials of processes for maintenance of hydrogen-
powered aircrafts was started in 2021 on the base of the 
Hamburg airport (Germany) [153].

USE OF HYDROGEN IN POWER ENGINEERING 
AND BUILDING MAINTENANCE

The transition to low-carbon economy involves large-
scale electrifi cation of its diff erent sectors. According to 
IEA forecasts, the world demand for the electric energy 
will increase from 23 230 TW h in 2020 to 60 thousand 
TW h in 2050. The share of renewable power sources 
in the total balance of the electric power generation will 
increase from 29% in 2020 to 61% in 2030 and 88% in 
2050. The share of the generation from fossil fuel will 
simultaneously decrease. Whereas in 2020 power plants 
using coal and gas ensured 35 and 23% of the world 
electric power generation, by 2030 their share will 
decrease to 8 and 17%, respectively, and by 2050 all 
the coal-fi red power plants will be decommissioned, and 
the share of electric power generation from gas fuel will 
become as low as 0.45%. In 2020, the electric power 
generation led to the emission of 12.3 bln t of CO2, of 
which 74% came from coal-fi red power plants. The 
forecasted change in the power generation structure, in 
opinion of IEA experts, will allow the CO2 emissions in 
this sector of world economy to be reduced virtually to 
zero already by 2040 [2].

One of the trends in the development of the world 
power engineering is the outstripping growth of the 
power generation using solar and wind energy, compared 
to other renewable power sources. In 2020, the share of 
the electric power generated by solar and wind facilities 
was 31% of the total electric power generation from 
renewable power sources; by 2030, it can increase 
to 66%, and by 2050, to 77% [2]. The electric power 
generated using solar and wind energy is characterized 
by considerable time instabilities of diff erent scales, 
which can negatively aff ect the reliability of the electric 
network operation. The need for taking into account the 
seasonal and year-to-year variations in the wind speed 
and solar radiation in designing power facilities based 
on renewable power sources stimulated the emergence 
of a new rapidly developing fi eld of science, power 
climatology [154]. Numerous papers in which the 
variability of weather conditions determining the output 
of solar and wind power facilities is estimated from actual 
data and climatic models have been published by now 

[155]. Retrospective analysis of weather variations in 
Germany in 1990–2015 [156] has shown that the seasonal 
variation of the power generation by photoelectric solar 
facilities can reach 5 times, from the maximum in July 
(4.4 TW h) to the minimum in December (0.8 TW h). For 
the wind facilities, the diff erence between the maximal 
power output in January (8.7 TW h) and minimal in 
August (3.8 TW h) is 2 times smaller. Similar values of 
the seasonal variability of the electric power generation 
from various renewable power sources were obtained 
for the weather conditions of the United Kingdom 
[157]. The forecasted levels of the utilization factor of 
the installed capacity for a solar facility are maximal in 
June–July (17–18%) and minimal in December–January 
(2–3%). For wind facilities, this parameter varies from 
50–60% in December–January to 23–25% in June–July. 
In designing power systems, including the infrastructure 
for the electric power storage, it is necessary to take 
into account changes in the seasonal variation of the 
electric power generation from renewable power 
sources throughout the service life of solar and wind 
power facilities. As shown in [158], in a 20-year period 
(approximate service life of wind electric generators), 
the wind power generation in the winter and summer 
times can vary by 15%. The possible level of seasonal 
variations in the total output of variable renewable 
electric power in a specifi c region, along with climatic 
characteristics of this region, depends on the ratio of 
the installed capacities of solar and wind power plants. 
For example, in Germany, where, according to data for 
2015, the installed capacities of solar and wind power 
plants diff ered by only 5%, the diff erence between 
the maximal and minimal monthly production of the 
electric power was 25% [156]. Today the contribution 
of variable renewable electric power generation to the 
total power generation in the world is 9%. According to 
IEA forecasts, by 2030 and 2050 it will increase to 40 
and 68%, respectively [2]. This will inevitably lead to 
signifi cant fl uctuations of the electric power generation 
within a year both in separate countries and in the world 
energy system as a whole.

The most effi  cient way to ensure stable operation 
of electric power systems that use variable renewable 
electric power is accumulation and storage of excess 
power and its return into the power system when the 
demand for the power increases. Among the available 
methods for electric power storage, only two methods, 
pumped hydroelectric and compressed-air energy 
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storage systems, can be used in principle for large-scale 
and long-term power storage. The share of pumped 
hydroelectric energy storage facilities in the world 
electric power storage volume is now 97% (159 GW). 
The largest facilities of this type are located in China 
(32 GW), Japan (28.3 GW), and the United States 
(22.6 GW) [159, 160]. The construction of pumped 
hydroelectric energy storage facilities is possible only 
under defi nite geographic conditions including the 
required height diff erential between the upper and lower 
reservoirs, availability of a suffi  cient amount of water 
resources, and possibility of acquisition of large land 
spots. In addition, it requires long time and large capital 
expenditure and involves environmental risks.

The main prospects for large-scale and long-term 
electric power storage are associated with the power 
conversion to hydrogen by water electrolysis [159–
162]. The electrolysis technology and the equipment 
required for this purpose are being continuously 
improved, and the single and total electrolyzer 
capacities increase. According to the forecast of the 
International Renewable Energy Agency, by 2050 the 
main technological characteristics of the most demanded 
alkaline electrolyzers and polymer electrolyte membrane 
(PEM) electrolyzers will be considerably improved. In 
particular, the power consumption for producing 1 kg 
of H2 will decrease from 47–66 kW h in 2020 to less 
than 42 kW h in 2050, the service life will increase 
by a factor of 2, to 100 000–120 000 h, and the mean 
capacity will increase from 1 to 10 MW [163]. If the 
scenario of reaching the carbon neutrality by 2050 will 
be implemented, the total capacity of electrolyzers will 
increase from 0.3 GW in 2020 to 850 GW in 2030 and 
3600 GW in 2050 [2]. According to the forecast, their 
cost will decrease considerably with an increase in the 
production of electrolyzers and by 2050 will become 
$130–307 per kilowatt, which is 3–5 times lower than 
in 2019 [163]. The cost of the wind and solar electric 
power will decrease simultaneously. As expected, it will 
be $0.03–0.05 per kilowatt for coastal wind facilities 
and $0.05–0.08 per kilowatt for maritime wind facilities. 
For solar photoelectric facilities, it will be $0.02–0.08 
per kilowatt, which is approximately 2–3 times lower 
than in 2018. By 2050, the cost of the wind and solar 
power can decrease by a factor of 1.5 more [164]. All 
these facts create favorable conditions for the large-
scale production of “green” hydrogen. According to the 
IEA forecasts, 81 mln t of electrolysis hydrogen will be 

produced in 2030, and 4 times larger amount, 322 mln t, 
in 2050 [4].

A large fraction of this hydrogen will be used in 
power engineering, which will require the creation 
of the developed infrastructure for hydrogen storage 
to smooth the seasonal fl uctuations of solar and wind 
power generation. The underground hydrogen storage 
in various geological structures, primarily in reservoirs 
created in salt-bearing strata (salt caverns) is considered 
today as the most effi  cient method for large-scale 
(hundreds of thousands of m3) and long-term hydrogen 
storage. Salt caverns are already used for many years 
in the United Kingdom (three caverns of 70 thousand 
m3 capacity each are in operation in Teesside since the 
early 1970s) and in the United States (a 580 thousand 
m3 cavern in Clemens Dome and a 566 thousand m3 
cavern in Moss Bluff  are in operation since 1983 and 
2007, respectively) [165]. The practical experience of 
their operation has shown that the hydrogen storage in 
salt caverns ensures high gas tightness of the reservoir 
and the possibility of performing repeated cycles of 
hydrogen takeoff  and fi lling at high rate with a small 
volume (up to 30%) of the buff er gas remaining in the 
cavern [166–168]. In the case of long-term (for several 
years) storage of a constant volume of hydrogen in salt 
caverns, its contamination with impurities, primarily 
hydrogen sulfi de and methane, should be taken into 
account. These impurities can be formed by interaction 
of hydrogen with microbial communities present 
in the residual brine [167]. In the United States, the 
construction of the presently largest hydrogen holder in 
salt strata with the volume exceeding 1 mln m3 started in 
Spindletop, and designing of a complex salt caverns for 
hydrogen storage to accumulate 1 GW of pure electric 
power has been initiated in Utah [169].

Salt caverns are successfully used in many countries 
for the methane storage. Some of them can be used for 
hydrogen storage without signifi cant upgrade of the 
surface and well equipment. In EU countries, the share 
of salt caverns in the total volume of the underground 
methane storage is now 18%. The energy potential of 
methane stored in them is estimated at 206 TW h. In 
conversion of salt caverns to hydrogen storage, their 
energy potential will decrease to 50 TW h because 
of considerably lower volumetric energy density of 
hydrogen compared to methane [170]. The estimates 
made in [170] show that the amount of the electric 
power required in the EU countries to compensate for 
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the variability of the power generation by wind and solar 
power plants can reach 70 TW h in 2030 and 450 TW h 
in 2050, which exceeds the capacity of the existing gas 
holders in salt caverns. This will require construction of 
new hydrogen holders in salt-bearing strata in Europe. 
As shown in [171], the forecast capacity of hydrogen 
holders in salt caverns is about 85 × 103 TW h, which 
is much higher than the possible defi ciency. Exhausted 
oil and gas deposits and aquifers can also be used for 
underground hydrogen storage along with salt caverns 
[172, 173]. In EU countries, the total volume of methane 
stored in them is approximately 4 times larger than the 
methane volume in salt caverns [170]. By now, the 
practical experience of hydrogen storage under these 
conditions is insuffi  cient. Theoretical and experimental 
estimates suggest possible partial hydrogen loss and 
its contamination due to chemical reactions with rocks 
and stratal waters and to diff usion and microbiological 
processes [172, 174, 175].

If geological structures suitable for hydrogen storage 
on production sites are lacking, large metal tanks 
arranged on the earth surface can be used for this purpose. 
The hydrogen pressure in such reservoirs is usually 
several MPa. The use of higher pressures would lead 
to a considerable increase in the cost of such reservoirs 
because of the need for using expensive materials for the 
construction and of hydrogen compression expenditure. 
Storage of compressed hydrogen in pipeline segments 
with sealed ends shows promise [172, 176]. The total 
length of such storage pipelines, which are usually 
located at a small depth, can reach several kilometers. 
When using pipes of large diameter (up to 1.4 m) and 
hydrogen pressure of 10 MPa, 10–12 thousand t of 
hydrogen can be stored in a pipeline storage facility 
of 1 km length [176]. The possible scale of long-term 
hydrogen storage in the liquefi ed form is considerably 
smaller. For example, at the Canaveral space launch site 
in the United States the capacity of spherical tanks for 
liquefi ed hydrogen storage is 265 t [177]. Relatively 
small capacity of tanks for liquefi ed hydrogen storage is 
due not only to high power consumption for liquefaction 
but also to problems with ensuring low loss of liquefi ed 
hydrogen through evaporation. Along with hydrogen 
storage in the gaseous or liquefi ed state, hydrogen 
can also be stored as a constituent of various chemical 
compounds (chemical hydrogen storage), primarily 
of ammonia and methanol [41, 50]. The volumetric 
hydrogen content of ammonia and methanol is 73 

and 41% higher compared to liquefi ed hydrogen. An 
essential advantage of ammonia over methanol is 
that it contains no carbon, so that its decomposition 
to obtain hydrogen is not accompanied by carbon 
dioxide emission. Ammonia can be stored in the liquid 
state under relatively mild thermobaric conditions: 
at normal temperature and a pressure of 1 MPa or at 
normal pressure and a temperature of –33°C [178]. 
Liquid organic hydrogen carriers are also considered as 
promising chemical compounds for hydrogen storage. 
They contain 5–8 wt % hydrogen, which meets the 
requirements to systems for chemical hydrogen storage. 
An important advantage of these compounds is the 
possibility of using for their storage and transportation 
the same infrastructure as for petroleum products [179].

The hydrogen storage technologies (in geological 
structures, in surface reservoirs, as a constituent 
of chemical compounds, etc.) strongly diff er in 
the required capital expenditure and storage cost. 
According to the estimates [180], the underground 
storage of 1 kg of hydrogen in exhausted hydrocarbon 
deposits is approximately 8 times more expensive than 
in salt caverns. The most expensive method of surface 
hydrogen storage is its storage in the liquefi ed state: It is 
1.6 times more expensive than the ammonia storage and 
more than 20 times more expensive than storage of 1 kg 
of compressed hydrogen.

Piston gas engines, gas turbines, and fuel cells are 
suitable for electric power generation using hydrogen fuel 
[181–183]. By now, considerable practical experience 
has been gained in the electric power generation by 
combustion of methane in a mixture with hydrogen in 
piston gas engines and gas turbines. There are up to 200 
gas turbines using methane–hydrogen mixtures as a fuel 
in the world [180]. GE Global, one of the world power 
engineering leaders, runs 75 such turbines, of which 
25 turbines operate on methane–hydrogen mixtures 
containing more than 50 vol % hydrogen for already more 
than 1 mln h. Specialists of the company experimentally 
confi rmed the possibility of using 100% hydrogen in 
some types of combustion chambers that already exist or 
are being developed [181]. In 2018, Kawasaki company 
performed successful trials of a gas turbine powered by 
pure hydrogen at a thermal power plant in Kobe (Japan). 
Mitsubishi Power participates in the Netherlands in a 
project for the conversion of an operating 440 MW 
power unit at a thermal power plant to the combustion 
of pure hydrogen by 2025 [1]. The main environmental 
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problem in the conversion of gas turbines to hydrogen 
fuel is the formation of a large amount of nitrogen 
oxides, which does not allow effi  cient minimization 
of the formation of nitrogen oxides by methods used 
in gas turbines powered by natural gas [183]. Leading 
producers of gas turbines are now developing new types 
of combustion chambers, allowing effi  cient reduction of 
nitrogen oxide emissions when using as a fuel hydrogen 
or hydrogen-rich mixtures with methane [181, 184].

The effi  ciency of the electric power generation by 
gas turbines strongly depends on their capacity and load. 
For example, a Mitsubishi V501J gas turbine of 327 MW 
capacity exhibits 41 and 61.5% effi  ciency in operation 
in the open and combined cycle modes, respectively, 
and a Hitachi H-25 gas turbine of 32 MW capacity in the 
same modes exhibits 34.8 and 50.3% effi  ciency [185]. 
With a decrease in the gas turbine load to 50 and 10%, 
the effi  ciency can decrease by 20 and 60%, respectively, 
compared to the effi  ciency of the operation with 
complete 100% load [186]. Fuel cells are free of these 
drawbacks. They show equal effi  ciency in operation in a 
wide range of capacity, from tens of MW to units of kW. 
The effi  ciency of fuel cells reaches 60–65%, which is 
comparable with the effi  ciency of 1.5 GW steam–gas 
facilities [187, 188]. In contrast to gas turbines, fuel 
cells preserve high effi  ciency at incomplete load, which 
allows their use in electric network with high share of 
wind and solar electric power. 

70900 fuel cells were produced in 2019. Most of 
them, 51 700 (73%), were stationary fuel cells. However, 
their share in the total capacity of the produced fuel 
cells was considerably lower, 20% (221.2 MW out of 
1.13 GW). This is due to the fact that, among stationary 
fuel cells, those of relatively small capacity prevail. 
They are used in microcogeneration facilities (micro 
heat and electric power plants) [189]. The total capacity 
of stationary fuel cells rapidly grew in the past years and 
reached approximately 2.2 GW in 2020. However, only 
7% of fuel cells with the total capacity of 150 MW were 
hydrogen-powered [4]. The main types of fuel cells 
produced today are those with a solid polymer electrolyte 
membrane (PEMFC) and with a solid oxide electrolyte 
(SOFC). In 2019, 44.1 thousand PEMFCs (62% of the 
total number) and 22.8 thousand SOFCs (35%) with the 
unit capacity from several units to several tens of kW 
have been produced. Fuel cells with phosphoric acid 
electrolyte (PAFC) have the highest installed capacity, 
from 100 to 400 kW. Only 300 PAFCs were produced 

in 2019, but their total capacity exceeded that of all the 
produced PEMFCs by more than 30% [189].

Cogeneration facilities used for independent power 
and heat supply of buildings are today the main 
application fi eld of stationary fuel cells, primarily 
PEMFCs. The effi  ciency of utilization of the hydrogen 
energy potential by such facilities can exceed 90%. 
Most of these facilities (350 thousand, of which 85% 
use PEMFCs and 15%, SOFCs) are in operation in Japan 
within the framework of the ENE–FARM program 
[182, 190]. One of rapidly developing application 
fi elds of stationary fuel cells is power supply to 
consumers isolated from electric networks, e.g., of base 
telecommunications stations for transferring mobile 
telephony signals. There are more than 7 mln such 
stations today, and this number continues to grow 
with the development of telecommunications network. 
Fuel cells can also be used for reserve power supply 
to various objects requiring continuous operation, e.g., 
hospitals and data processing centers. Diesel electric 
generators powered by fossil fuel are used for this 
purpose today [1, 191]. The applications of fuel cells 
to the energy sector can be made considerably broader 
by combining several fuel cells in batteries (networks). 
This allows fuel cells to be used for power generation 
not only in low-capacity independent electric networks 
[192], but also for balancing the power consumption in 
regional power systems in the period of peak loads and 
at decreased electric power supply from solar and wind 
power plants [182, 188].

The effi  ciency of successive conversion of 
electric power to hydrogen, hydrogen storage, and 
power generation from hydrogen is estimated today 
at approximately 30%. According to the forecasts, 
enhancement of the effi  ciency of electrolyzers and fuel 
cells will lead to an increase in the overall effi  ciency of 
the electric power–hydrogen–electric power process to 
42% by 2030 and to 44% by 2050 [189]. Despite major 
energy loss in such energy conversion, International 
Renewable Energy Agency experts believe that this 
conversion is the necessary condition for increasing the 
generation of renewable variable electric power [163].

Ammonia, along with hydrogen, has also high 
potential for decarbonization of the energy sector. 
Recent studies performed in Japan demonstrated the 
possibility of joint combustion of ammonia and coal 
without increasing nitrogen oxide emissions [193]. 
Implementation of a demo project on combustion of 
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coal with the addition of 20% ammonia on a 1 GW 
facility has been started. Its results will allow evaluation 
of the possibility of using this technology at operating 
coal-fi red power plants in Japan [194]. As shown in 
[195], this will allow the CO2 emissions to be reduced 
by 40 mln t by 2030, which is comparable with the eff ect 
that is planned to reach by implementing the program 
for the construction of new electric power plants 
using the most effi  cient systems for coal combustion. 
According to IEA estimate, joint combustion of coal 
and ammonia at all the coal-fi red electric power plants 
that will be in operation in the world in 2030 will allow 
the CO2 emissions to be reduced by 1.2 bln t [4]. It is 
assumed that the ammonia burned jointly with coal will 
be carbon-free [37, 195]. Its production would require 
120 mln t of “green” hydrogen [1].

Various buildings are among the main consumers of 
electric and thermal power. These include residential 
buildings, offi  ces, shops, hotels, schools, and other public 
spaces and business premises. Today they consume up 
to 30% of the fi nal power consumption in the world, 
including 55% of the electric power consumption. The 
CO2 emissions from combustion of fossil fuel used 
for heating buildings amount today to 3 bln t. When 
including the carbon footprint of external sources of 
the power consumed by illumination and conditioning 
systems and by various home appliances, this value 
becomes as high as 9.8 bln t [8]. IEA experts associate 
the main prospects for decarbonization of this sector of 
economy with enhancement of the energy effi  ciency of 
buildings and of the equipment and devices used, with 
gradual abandonment of the use of fossil fuel, and with 
large-scale introduction of low-carbon technologies 
for producing heat and electric power. According to 
the forecasts, the share of fossil fuel in power supply 
to buildings will decrease to 30% by 2030 and to 2% 
by 2050. The share of electric power in the energy 
balance of buildings will increase simultaneously: from 
33% in 2020 to 50% in 2030 and 66% in 2050. It is 
assumed that the whole amount of the electric power 
used for electrifi cation of buildings will have a minimal 
carbon footprint: It will be obtained from renewable 
power sources or from power plants equipped with 
carbon dioxide capturing systems [2]. The prospects 
for using hydrogen for decarbonization of building 
maintenance are determined by the possibilities of 
the effi  cient use of hydrogen as a carbon-free fuel in 
systems for decentralized production of electric power 

and heat using fuel cells, in gas boilers for heat supply to 
buildings, in hybrid heat pumps, and also as a component 
of methane–hydrogen mixtures in the existing gas 
distribution networks [8, 182, 196]. Today 30% of 
buildings are heated with natural gas supplied through 
gas distribution networks. Several projects implemented 
recently demonstrate the possibility of using for these 
purposes methane–hydrogen mixtures containing up to 
20% hydrogen, which do not require signifi cant upgrade 
of the equipment used. This allows the CO2 emissions 
to be reduced by 7% [196]. According to the forecasts, 
by 2050 the share of gases in the production of thermal 
energy for buildings will remain on approximately the 
same level, but natural gas will be virtually completely 
replaced by low-carbon gases (hydrogen, biogas, and 
synthetic methane) [1]. The effi  cient use of hydrogen 
in systems for central heating of buildings requires gas 
boilers powered by 100% hydrogen. Many producers 
have already started the production of such boilers [2, 
197]. In the opinion of IEA experts, already in 2025 all 
the gas boilers supplied to the market should be suitable 
for using 100% hydrogen to reach zero CO2 emissions 
by 2050 [2]. Hydrogen-powered boilers of lower 
capacity can be incorporated in hybrid systems for heat 
supply to building jointly with thermal pumps and fuel 
cells, producing additional thermal energy in the periods 
of peak negative centigrade temperatures [197].

The scale of using hydrogen will be determined by 
the development of the infrastructure required for its 
delivery to buildings (special pipelines and automobile 
transport) and by the price competition with the electric 
power and other low-carbon gases used for heating 
buildings. According to IEA experts’ estimate, hydrogen 
should be considered as an important additional 
resource for decarbonization of this sector of economy, 
with the leading role played by the electric power and 
enhancement of the energy effi  ciency of buildings. 
According to the forecasts, in 2030 the hydrogen 
consumption for power and heat supply to buildings 
will amount to 2 mln t, and by 2050 it will increase by a 
factor of more than 10 and reach 25 mln t, i.e., 5% of the 
world production level [4].

CONCLUSIONS

Hydrogen is used today in oil-refi ning, chemical, 
and steel-casting industry. Decarbonization of the 
world economy will require considerable expansion of 
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the hydrogen application fi elds and the corresponding 
increase in the hydrogen production. According to IEA 
forecasts, by 2030 the hydrogen production will increase 
by a factor of more than 2 compared to 2020 and will reach 
212 mln t, and in the next two decades it will increase to 
528 mln t. The share of low-carbon (“green” and “blue”) 
hydrogen in the total hydrogen production will increase 
to reach 70% in 2030 and virtually 100% by 2050. The 
hydrogen consumption structure in various branches of 
economy will also gradually change. Already in 2030, 
various branches of industry will use in total only 50% 
of the produced hydrogen. By 2050, their share in the 
total hydrogen consumption will decrease to 30%. After 
2030, the major fraction of the produced hydrogen, 
including its derivatives (ammonia, methanol, and 
synthetic hydrogen fuel), will be used in transport and 
energy sectors of the economy. Large-scale use of low-
carbon hydrogen in various branches of economy will 
allow the CO2 emissions in the period 2020–2050 to be 
reduced in total by 60 bln t, which amounts to 6% of the 
total forecast eff ect of the decarbonization of the world 
economy in this period.

The possibility of reaching the forecast production 
levels and using low-carbon hydrogen in various 
branches of the world economy is determined by 
the set of technological, economical, and regulation 
factors. An increase in the electric power generation 
from renewable power sources in combination with the 
growth of the single and total capacity of electrolyzers 
will allow the share of “green” hydrogen in the world 
hydrogen production to be increased to 28% by 2030 
and to 60% by 2050. The development and improvement 
of technologies for capture and utilization of carbon 
dioxide will result in that the share of “blue” hydrogen 
by 2030 will amount to 50% of the total hydrogen 
amount produced from fossil fuel, and by 2050 its share 
will exceed 90%. An increase in the scale and effi  ciency 
of the production of “green” and “blue” hydrogen 
will be accompanied by a considerable decrease in its 
cost. According to the forecasts, the cost of 1 kg of 
“green” hydrogen will decrease from $3.5–7.5 today to 
approximately $1.5–3.5 in 2030 and $1.0–2.5 in 2050, 
which will be close to the cost of “blue” hydrogen. The 
effi  ciency of using hydrogen for the decarbonization of 
the world economy will be largely determined by the 
measures of the state support and control on the national 
and international levels. In particular, one of topical 
problems is the development of standards for the main 

stages of the life cycle of the hydrogen production and 
use.

FUNDING

The study was performed within the framework of the 
government assignment for the Institute of Oil and Gas 
Problems, Russian Academy of Sciences, no. FMME-2022-
0007.

ACKNOWLEDGMENTS

The author is grateful to Cand. Sci. (Chem.) E.M. 
Zakharyan for the assistance in technical preparation of the 
review.

CONFLICT OF INTEREST

The author declares that he has no confl ict of interest.

REFERENCES

1. Future of Hydrogen. Seizing Today’s Opportunities: 
Report Prepared by the IEA for the G20, Japan, June 
2019. 

 h t t p s : / / w w w. e n e r j i p o r t a l i . c o m / w p - c o n t e n t /
uploads/2019/07/The-Future-of-Hydrogen.pdf.

2. Net Zero by 2050. A Roadmap for the Global Energy 
Sector: IEA Special Report. 2021. 

 https://iea.blob.core.windows.net/assets/deebef5d-
0c34-4539-9d0c-10b13d840027/NetZeroby2050-
ARoadmapfortheGlobalEnergySector_CORR.pdf.

3. Hydrogen Insights: A Perspective on Hydrogen Investment, 
Market Development and Cost Competitiveness, 
Hydrogen Council, McKinsey & Company, February 
2021.

 https://hydrogencouncil.com/en/hydrogen-insights-2021/
4. Global Hydrogen Review 2021, IEA, 2021. 
 https://iea.blob.core.windows.net/assets/5bd46d7b-906a-

4429-abda-e9c507a62341/GlobalHydrogenReview2021.
pdf.

5. Mitrova, T., Mel’nikov, Yu., and Chugunov, D., Hydrogen 
Economy: Way to Low-Carbon Development, Power 
Engineering Center, Skolkovo Moscow Management 
School, June 2019. 

 https://energy.skolkovo.ru/downloads/documents/
SEneC/Research/SKOLKOVO_EneC_Hydrogen-
economy_Rus.pdf.



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  95  No.  3  2022

331PROSPECTS  FOR  USING  HYDROGEN

6. Hydrogen Scaling up. A Sustainable Pathway for the 
Global Energy Transition, Hydrogen Council, November 
2017. 

 h t t p s : / / h y d r o g e n c o u n c i l . c o m / w p - c o n t e n t /
uploads/2017/11/Hydrogen-scaling-up-Hydrogen-
Council.pdf.

7. Global Hydrogen Production in the Sustainable 
Development Scenario, 2019–2070, IEA, Sept. 23, 2020. 

 https://www.iea.org/data-and-statistics/charts/global-
hydrogen- production-in-the-sustainable-development-
scenario-2019-2070 

8. Energy Technology Perspectives, IEA, 2020. 
 https://iea.blob.core.windows.net/assets/7f8aed40-

89af-4348-be19-c8a67df0b9ea/Energy_Technology_
Perspectives_2020_PDF.pdf.

9. Abad, A.V. and Dodds, P.E., Energy Policy, 2020, vol. 
138, ID 111300.

 https://doi.org/10.1016/j.enpol.2020.111300
10. Nuttall, W.J. and Bakenne, A.T., in Fossil Fuel Hydrogen, 

Cham: Springer, 2020, pp. 1–14.
 https://doi.org/10.1007/978-3-030-30908-4_1
11. Boretti, A. and Rosa, L., Clean Water, 2019, vol. 2, ID 15.
 https://doi.org/10.1038/s41545-019-0039-9
12. Kuang, Y., Kenney, M.J., Meng, Y., Hung, W.-H., Liu, Y., 

Huang, J. E., Prasanna, R., Li, P., Li, Y., Wang, L., Lin, 
M.-Ch., McGehee, M. D., Sun, X., and Dai, H., PNAS, 
2019, vol. 116, no. 142, pp. 6624–6629.

 https://doi.org/10.1073/pnas.1900556116
13. Global Energy Review: CO2 Emissions in 2020—Analysis, 

IEA, March 2, 2021. 
 https://www.iea.org/articles/global-energy-review-co2-

emissions-in-2020
14. Global Energy Statistical Yearbook, 2020. 
 https://yearbook.enerdata.ru/total-energy/world-energy-

production.html
15. Elgowainy, A., Mintz, M., Jeongwoo Han, Lee, U., 

Stephens, Th., Sun, P., Vyas, A., Zhou, Y., Talaber, L., 
Folga, S., and McLamor, M., Hydrogen and Fuel Cells 
Program Annual Merit Review. Hydrogen Demand 
Analysis for H2@Scale, Argonne National Laboratory, 
April 30, 2019, SA172. 

 https://www.hydrogen.energy.gov/pdfs/review19/sa172_
elgowainy_2019_o.pdf.

16. Gasoline and the Environment, US Energy Information 
Administration. 

 https://www.eia.gov/energyexplained/gasoline/gasoline-
and-the-environment.php

17. Diesel Fuel Standards, United States Environmental 
Protection Agency. 

 https://www.epa.gov/diesel-fuel-standards/diesel-fuel-
standards-and-rulemakings

18. Canis, B. and Lattanzio, R.K., US and EU Motor Vehicle 
Standards: Issues for Transatlantic Trade Negotiations, 
Congressional Research Service Policy, Feb. 18, 2014, 
R43399, pp. 1–32. 

19. Transport Policy.net. EU: Fuels: Diesel and Gasoline. 
 https://www.transportpolicy.net/standard/eu-fuels-diesel-

and-gasoline/
20. Sulphur Oxides (SOx) and Particulate Matter (PM)—

Regulation 14, International Maritime Organization 
(IMO). 

 ht tp: / /www.imo.org/en/OurWork/Environment/
PollutionPrevention/AirPollution/Pages/Sulphur-oxides-
(SOx)-Regulation-14.aspx

21. World Energy Outlook 2021, Report Extract Overview, 
International Energy Agency. 

 https://www.iea.org/reports/world-energy-outlook-2021/
overview

22. Straelen, J., Geuzebroek, F., Goodchild, N., 
Protopapas, G., and Mahony, L., Int. J. Greenh. Gas 
Contr., 2010, vol. 4, no. 2, pp. 316–320.

 https://doi.org/10.1016/j.ijggc.2009.09.022
23. Clean Refi nery Hydrogen for Europe. 
 https://refhyne.eu/
24. Lingen Refi nery Green Hydrogen Project. 
 https://www.nsenergybusiness.com/projects/lingen-

refi nery-green-hydrogen-project/
25. Ericson, S., Engel-Cox, J., and Arent, D., Approaches for 

Integrating Renewable Energy Technologies in Oil and 
Gas Operations, Joint Inst. for Strategic Energy Analysis 
(JISEA), Technical Report NREL/TP-6A50-72842, 
January 2019.

 https://www.nrel.gov/docs/fy19osti/72842.pdf.
26. Hooftman, N., Messagie, M., Van Mierlo, J., and 

Coosemans, Th., Renew. Sustain. Energy Rev., 2018, 
vol. 86, pp. 1–21.

  https://doi.org/10.1016/j.rser.2018.01.012
27. Nutrien Fact Book 2020. 
 https://nutrien-prod-asset.s3.us-east-2.amazonaws.

com/s3fs-public/uploads/2020-10/Nutrien%20Fact%20



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  95  No.  3  2022

332 YAKUBSON

Book%202020.pdf.
28. Cao, P., Lu, C., and Yu, Z., Earth System Sci. Data, 2018, 

vol. 10, no. 2, pp. 969–984.
  https://doi.org/10.5194/essd-2017-132
29. Heff er, P. and Prud’homme, M., Global nitrogen fertilizer 

demand and supply: Trend, current level and outlook, 
International Nitrogen Initiative Conf. “Solution 
to Improve Nitrogen Use Effi  ciency for the World,” 
Melbourne, Australia, Dec. 4–8, 2016. 

 h t t p s : / / w w w. f e r t i l i z e r. o rg / i m a g e s / L i b r a r y _
Downloads /2016%20Globa l%20n i t rogen%20
fertiliser%20demand%20and%20supply.pdf.

30. USGS (United States Geological Survey), Mineral 
Industry Surveys, Washington, DC: US Department of the 
Interior, 2021. 

 https://pubs.usgs.gov/periodicals/mcs2021/mcs2021.pdf.
31. Fertilizer Outlook 2020–2024 Market Intelligence and 

Agriculture Services, IFA Secretariat, July 2020. 
 https://www.fertilizer.org
32. Ammonia Technology Roadmap towards More 

Sustainable Nitrogen Fertiliser Production, IEA, 2021. 
 https://www.iea.org/reports/ammonia-technology-

roadmap
33. Dobrée, J., SETIS Mag., January 2016. 
 https://publications.jrc.ec.europa.eu/repository/

bitstream/JRC100465/setis_magazine_carbon_capture_
utilisation_and_storage_online.pdf.

34. Jeenchay, J. and Siemanond, K., Comput. Aided Chem. 
Eng., 2018, vol. 43, pp. 385–390. 

 https://doi.org/10.1016/B978-0-444-64235-6.50070-X
35. Dias, V., Pochet, M., Contino, F., and Jeanmart, H., Front. 

Mech. Eng., 2020, vol. 6, article 21.
 https://doi.org/10.3389/fmech.2020.00021
36. Valera-Medina, A., Xiao, H., Owen-Jones, M., 

David, W.I.F., and Bowen, P.J., Prog. Energy Comb. Sci., 
2018, vol. 69, pp. 63–102.

 https://doi.org/10.1016/j.pecs.2018.07.001
37. Opportunities for Australia from Hydrogen Exports, 

ACIL Allen Consulting for ARENA, August 2018. 
 https://acilallen.com.au/projects/energy/opportunities-

for-australia-from-hydrogen-exports
38. Ammonia: Zero-Carbon Fertiliser, Fuel and Energy 

Store, London, UK: Royal Soc., 2020. 
 https://royalsociety.org/-/media/policy/projects/green-

ammonia/green-ammonia-policy-briefi ng.pdf.

39. Cheddie, D., Ammonia as a Hydrogen Source for Fuel 
Cells: A Review, Hydrogen Energy. Challenges and 
Perspectives, 2012. 

 https://doi.org/10.5772/47759
40. Valera-Medina, A., Amer-Hatem, F., Azad, A.K., 

Dedoussi, I.C., de Joannon, M., Fernandes, R.X., 
Glarborg, P., Hashemi, H., He, X., Mashruk, S., 
McGowan, J., Mounaim-Rouselle, C., Ortiz-Prado, A., 
Ortiz-Valera, A., Rossetti, I., Shu, B., Yehia, M., Xiao, H., 
and Costa, M., Energy Fuels, 2021, vol. 35, no. 9, 
pp. 6964–7029.

 https://doi.org/10.1021/acs.energyfuels.0c03685
41. Aziz, M., Wijayanta, A.T., and Nandiyanto, A.B.D., 

Energies, 2020. vol. 13, no. 12, ID 3062.
 https://doi.org/10.3390/en13123062
42. Rehbein, M.C., Meier, C., Eilts, P., and Scholl, S., Energy 

Fuels, 2019, vol. 33, no. 10, pp. 10331–10342.
 https://doi.org/10.1021/acs.energyfuels.9b01450
43. Giddey, S., Badwal, S.P.S., Munnings, C., and Dolan, M., 

ACS Sustain. Chem. Eng., 2017, vol. 5, no. 11, pp. 10231–
10239.

 https://doi.org/10.1021/acssuschemeng.7b02219
44. Lee, H. and Lee, M.-J., Energies, 2021, vol. 14, no. 18, 

ID 5604.
 https://doi.org/10.3390/en14185604
45. Božo, M.G. and Valera-Medina, A., Energies, 2020, vol. 

13, no. 21, ID 5749. 
 https://doi.org/10.3390/en13215749
46. Innovation Outlook. Renewable Methanol, IRENA, 

Methanol Inst., 2021. 
 https://www.irena.org/-/media/Files/IRENA/Agency/

Publication/2021/Jan/IRENA_Innovation_Renewable_
Methanol_2021.pdf.

47. Dalena, F., Senatore, F., Gordano, A., Basile, M., and 
Basile, A., Methanol Sci. Eng., 2018, pp. 3–28.

 https://doi.org/10.1016/B978-0-444-63903-5.00001-7
48. Methanol Price and Supply/Demand, Methanol 

Institute.  
 https://www.methanol.org/methanol-price-supply-

demand/Chemicals, Paris: IEA, 2020.  
49. Schroder, J., Winther, K., Muller-Langer, F., 

Baumgarten, W., Aakko-Saksa, P., and Lindgren, M., 
Methanol as Motor Fuel Summary Report, Annex 56, 
A Report from the Advanced Motor Fuels Technology 
Collaboration, August 2020. 



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  95  No.  3  2022

333PROSPECTS  FOR  USING  HYDROGEN

 https://www.iea-amf.org/app/webroot/files/file/
Annex%20Reports/AMF_Annex_56.pdf.

50. Araya, S.S., Liso, V., Cui, X., Li, N., Zhu, J., Sahlin, S.L., 
Jensen, S.H., Nielsen, M.P., and Kær, S.K., Energies, 
2020, vol. 13, no. 3, p. 596. 

 https://doi.org/10.3390/en13030596
51. Alvarado, M., The Changing Face of the Global Methanol 

Industry: Technical Report, London, UK: IHS, 2016, 
no. 3, pp. 10–11. 

 https://www.methanol.org/wp-content/uploads/2016/07/
IHS-ChemicalBulletin-Issue3-Alvarado-Jun16.pdf.

52. Methanol: Properties and Uses, SGS Inspire Team, March 
2020. 

 https://www.methanol.org/wp-content/uploads/2020/03/
SGS-INSPIRE-Methanol-Properties-and-Uses.pdf.

53. Parkinson, B., Balcombe, P., Speirs, J.F., Hawkes, A.D., 
and Hellgardta, K., Energy Environ. Sci., 2019, vol. 12, 
no. 1, pp. 19–40.

 https://doi.org/10.1039/c8ee02079e
54. Global Roadmap for Implementing CO2 Utilization. CO2 

Sciences and the Global CO2 Initiative, 2016. 
 https://assets.ctfassets.net/xg0gv1arhdr3/27vQZEvrxaQ

iQEAsGyoSQu/44ee0b72ceb9231ec53ed180cb759614/
CO2U_ICEF_Roadmap_FINAL_2016_12_07.pdf.

55. Cho, W., Yu, H., and Mo, Y., CO2 Conversion to 
Chemicals and Fuel for Carbon Utilization, 2016. 

 https://www.semanticscholar.org/ 
 https://doi.org/10.5772/67316
56. Carbon Dioxide Enhanced Oil Recovery. Untapped 

Domestic Energy Supply and Long Term Carbon Storage 
Solution. 

 https://www.netl.doe.gov/sites/default/files/netl-file/
CO2_EOR_Primer.pdf.

57. Opportunities for Australia from Hydrogen Exports, 
ACIL Allen Consulting for ARENA, August 2018. 

 https://acilallen.com.au/projects/energy/opportunities-
for-australia-from-hydrogen-exports

58. Mapping of Zero Emission Pilots and Demonstration 
Projects. Getting to Zero Coalition, March 2021, 2nd ed. 

 https://www.globalmaritimeforum.org/content/2021/03/
Mapping-of-Zero-Emission-Pilots-and-Demonstration-
Projects-Second-edition.pdf.

59. Medford, A.J., and Hatzell, M.C., ACS Catal., 2017, vol. 
7, no. 4, pp. 2624–2643.

 https://doi.org/10.1021/acscatal.7b00439

60. Hong, J., Prawer, S., and Murphy, A.B., ACS Sustain. 
Chem. Eng., 2018, vol. 6, no. 1, pp. 15–31.

 https://doi.org/10.1021/acssuschemeng.7b02381
61. Soloveichik, G., Future of ammonia production: 

Improvement of Haber–Bosch process or electrochemical 
synthesis? AIChE Annual Meet., Minneapolis, MN, Nov. 
1, 2017. 

 https://nh3fuelassociation.org/2017/10/01/future-of-
ammonia-production-improvement-of-haber-bosch-
process-or-electrochemical-synthesis/

62. CSIRO Hydrogen to Ammonia R&D Project, Energy 
Technologies Program, Energy Business Unit, Report no. 
2020/EP 205166. 

 https://arena.gov.au/assets/2021/03/csiro-hydrogen-to-
ammonia-july-2020.pdf.

63. Guil-López, R., Mota, N., Lorente, J., Millán, E., 
Pawelec, B., Fierro, J.L.G., and Navarro, R.M., Materials, 
2019, vol. 12, no. 23, ID 3902.

 https://doi.org/10.3390/ma12233902
64. Roode-Gutzmer, Q.I., Kaiser, D., and Bertau, M., 

ChemBioEng Rev., 2019, vol. 6, no. 6, pp. 209–236.
 https://doi.org/10.1002/cben.201900012
65. Hu, X.-M. and Kim, D., Nature, 2019, vol. 575, pp. 598–

599.
 https://doi.org/10.1038/d41586-019-03563-8
66. Projects emissions to liquids technologies, CRI—Carbon 

Recycling International. 
 https://www.carbonrecycling.is/projects
67. Steel Statistical Eyearbook. 
 http://www.worldsteel.org
68. Iron and Steel. More Eff orts Needed: Tracking Report, 

IEA, June 2020. 
 https://www.iea.org/reports/iron-and-steel.
69. World Steel in Figures 2019, World Steel Association, 

2019. 
 https://worldsteel.org/media-centre/press-releases/2019/

world-steel-in-fi gures-2019-now-available/
70. Pardo, N., Moya, J.A., and Vatopoulos, K., Prospective 

Scenarios on Energy Effi  ciency and CO2 Emissions in the 
EU Iron and Steel Industry, European Commission, Joint 
Research Centre Inst. for Energy and Transport, 2012, 
pp. 1–50.

 https://doi.org/10.2790/056726 
71. Otto, A., Robinius, M., Grube, Th., Schiebahn, S., 

Praktiknjo, A., and Stolten, D., Energies, 2017, vol. 10, 



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  95  No.  3  2022

334 YAKUBSON

no. 4, ID 451.
 https://doi.org/10.3390/en10040451
72. Toktarova, A., Karlsson, I., Rootzén, J., Göransson, L., 

Odenberger, M., and Johnsson, F., Energies, 2020, vol. 
13, no. 15, ID 3840.

 https://doi.org/10.3390/en13153840
73. Bhaskar, A., Homam, M.A., and Somehsaraei, N., 

Energies, 2020, vol. 13, no. 3, ID 758.
 https://doi.org/10.3390/en13030758
74. Holappa, L., Metals, 2020, vol. 10, no. 9, ID 1117.
 https://doi.org/10.3390/met10091117
75. Hoff mann, Ch., Van Hoey, M., and Zeumer, B., 

Decarbonization Challenge for Steel, McKinsey & 
Company, June 2020. 

 https://www.mckinsey.com/industries/metals-and-
mining/our-insights/decarbonization-challenge-for-steel.

76. Energy Technology Transitions for Industry. Strategies 
for the Next Industrial Revolution, IEA, 2009, p. 324. 

 https://doi.org/10.1787/9789264068612-en
77. Wiencke, J., Lavelaine, H., Panteix, P., Petitjean, C., and 

Rapin, C., J. Appl. Electrochem., 2018, vol. 48, pp. 115–
126.

 https://doi.org/10.1007/s10800-017-1143-5
78. Steel for the Future: The Transition to Responsible, 

Zero Carbon Steel Making: Report by HSBC Centre of 
Sustainable Finance, November 2019. 

 https://www.sustainablefi nance.hsbc.com/-/media/gbm/
sustainable/attachments/4016-hsbc-csf-steel-report-
2019v5.pdf.

79. Sah, R. and Dutta, S.K., Direct Reduced Iron: Production, 
Encyclopedia of Iron, Steel, and Their Alloys, 2016, 
pp. 1082–1108.

 https://doi.org/10.1081/E-EISA-120050996
80. Analyzing Future Demand, Supply, and Transport of 

Hydrogen, European Hydrogen Backbone, June 2021. 
 https://hydrogen-central.com/2021-european-hydrogen-

backbone-demand-supply-transport-hydrogen/
81. Draxler, M., Schenk, J., Bürgler, T., and Sormann, A., 

BHM Berg Hüttenmänn. Monatsh., 2020, vol. 165, pp. 
221–226.

 https://doi.org/10.1007/s00501-020-00975-2
82. Karen, L., Vanderley, M., and Ellis, M., Cem. Concr. Res., 

2018, vol. 114, pp. 2–26.
 https://doi.org/10.1016/j.cemconres.2018.03.015

83. Mineral Industry Surveys: Cement in May 2020, 
Washington, DC: USGS (United States Geological 
Survey), US Department of the Interior, 2020.

 https://pubs.usgs.gov/periodicals/mcs2020/mcs2020.pdf.
84. Technology Roadmap—Low-Carbon Transition in the 

Cement Industry, Paris: IEA, 2018. 
 https://www.iea.org/reports/technology-roadmap-low-

carbon-transition-in-the-cement-industry
85. Energy Technology Perspectives, IEA, 2020. 
 https://iea.blob.core.windows.net/assets/7f8aed40-

89af-4348-be19-c8a67df0b9ea/Energy_Technology_
Perspectives_2020_PDF.pdf.

86. Cement Sector Scope 3 GHG Accounting and Reporting 
Guidance, World Business Council for Sustainable 
Developmen (WBCSD). 

 https://www.wbcsd.org/Sector-Projects/Cement-
Sustainability-Initiative/Resources/Cement-Sector-
Scope-3-GHG-Accounting-and-Reporting-Guidance

87. Worrell, E., Price, L., Martin, N., Hendriks, Ch., and 
Meida, L.O., Annu. Rev. Energy Environ., 2001, vol. 26, 
pp. 303–329.

 https://doi.org/10.1146/annurev.energy.26.1.303
88. CEMEX to Deploy Hydrogen Technology throughout Its 

Cement Operations. 
 https://www.worldcement.com/europe-cis/23022021/

cemex-to-deploy-hydrogen-technology-throughout-its-
cement-operations/

89. Worrell, E. and Galitsky, Ch., Energy Effi  ciency 
Improvement Opportunities for the Cement Industry, 
Environmental Energy Technologies Division, Lawrence 
Berkeley National Laboratory, 2008, pp. 1–32. 

 https://doi.org/10.2172/926166
90. Aurélie, F., De Wolf, C., and Scrivener, K., A Sustainable 

Future for the European Cement and Concrete Industry 
Technology Assessment for Full Decarbonisation of the 
Industry by 2050, 2018, pp. 1–96.

 https://doi.org/10.3929/ethz-b-000301843
91. Ellis, L.D., Badel, A.F., Chiang, M.L., Park, R.J.-Y., and 

Chiang, Y.-M., PNAS, 2019, vol. 117, no. 23, pp. 12584–
12591. 

 https://doi.org/10.1073/pnas.1821673116
92. ITF Transport Outlook 2021, OECD. 
 https://www.itf-oecd.org/itf-transport-outlook-2021
93. Carbon Dioxide Emissions from Passenger Road 

Transportation Worldwide between 2010 and 2020 | 



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  95  No.  3  2022

335PROSPECTS  FOR  USING  HYDROGEN

Statista. 
 https://www.statista.com/statistics/1107970/carbon-

dioxide-emissions-passenger-transport/
94. Samsun, R.C., Laurent, A., Rex, M., and Stolten, D., 

Deployment Status of Fuel Cells in Road Transport: 
2021 Update: Schriften des Forschungszentrums Jülich 
Reihe Energie & Umwelt/Energy & Environment, 2021, 
vol. 542, pp. 1–51. 

 https://ieafuelcell.com/fileadmin/webfiles/2021-
Deployment_status_of_fc_in_road_transport.pdf.

95. Global Roadmap for Implementing CO2 Utilization. CO2 
Sciences and the Global CO2 Initiative, 2016. 

 https://assets.ctfassets.net/xg0gv1arhdr3/27vQZEvrxaQ
iQEAsGyoSQu/44ee0b72ceb9231ec53ed180cb759614/
CO2U_ICEF_Roadmap_FINAL_2016_12_07.pdf.

96. Power Boost for Fueling Stations with Liquid H2. 
 https://www.linde-engineering.com/en/about-linde-

engineering/success-stories/power-boost-for-liquid-
hydrogen.html.

97. Reuß, M., Dimos, P., Léon, A., Grube, T., Robinius, M., 
and Stolten, D., Energies, 2021, vol. 14, no. 11, ID 3166.

 https://doi.org/10.3390/en14113166
98. Du, Zh., Liu, G., Zhai, J., Guo, X., Xiong, Y., Su, W., and 

He, G., Catalysts, 2021, vol. 11, no. 3, ID 393. 
 https://doi.org/10.3390/catal11030393
99. Thomas, C.E. (Sandy), Int. J. Hydrogen Energy, 2009, 

vol. 34, no. 15, pp. 6005–6020.
 https://doi.org/10.1016/j.ijhydene.2009.06.003

100. Bethoux, O., Energies, 2020, vol. 13, no. 22, ID 6132.
 https://doi.org/10.3390/en13226132
101. Seo, J., Park, J., Oh, J., and Park, S., Energies, 2016, vol. 

9, no. 8, ID 638.
 https://doi.org/10.3390/en9080638
102. Sanguesa, J.A., Torres, V., Garrido, P., Martinez, F.J., 

and Marquez-Barja, J.M., Smart Cities, 2021, vol. 4, 
no. 1, pp. 372–404.

 https://doi.org/10.3390/smartcities4010022
103. European Hydrogen Backbone. Analyzing Future 

Demand, Supply and Transport of Hydrogen, June 2021. 
 https://hydrogen-central.com/2021-european-hydrogen-

backbone-demand-supply-transport-hydrogen/.
104. Heid, B., Martens, Ch., and Orthofe, A., How Hydrogen 

Combustion Engines Can Contribute to Zero Emissions, 
McKinsey & Company, June 2021. 

 https://www.mckinsey.com/industries/automotive-and-
assembly/our-insights/how-hydrogen-combustion-
engines-can-contribute-to-zero-emissions

105. Fueling the Future of Mobility. Hydrogen and Fuel Cell 
Solutions for Transportation, Deloitte China. 

 https://www2.deloitte.com/content/dam/Deloitte/cn/
Documents/finance/deloitte-cn-fueling-the-future-of-
mobility-en-200101.pdf.

106. Verhelsta, S. and Wallner, Th., Prog. Energy Comb. Sci., 
2009, vol. 35, no. 6, pp. 490–527.

 https://doi.org/10.1016/j.pecs.2009.08.001
107. Reitz, R.D., Payri, R., Kocaeli, M.C., and Gavaises, K., 

Int. J. Engine Res., 2019, vol. 21, no. 1, pp. 3–10. 
 https://doi.org/10.1177/1468087419877990
108. Cummins Begins Testing of Hydrogen Fueled Internal 

Combustion Engine, Business Wire, July 2021. 
 h t t p s : / / w w w . b u s i n e s s w i r e . c o m / n e w s /

home/20210713005213/en/Cummins-Begins-Testing-of-
Hydrogen-Fueled-Internal-Combustion-Engine.

109. RIA Electrifi cation Cost Challenge, 14 March 2019. 
 https://www.nsar.co.uk/wp-content/uploads/2019/03/

RIAECC.pdf.
110. Ruf, Y., Zorn, Th., De Neve, P.A., Andrae, P., Erofeeva, S., 

Garrison, F., and Schwillingt, A., Study on the Use of 
Fuel Cells and Hydrogen in the Railway Environment, 
Luxembourg: EU, April 2019. 

 h t tps : / /op .europa .eu /en /pub l i ca t ion-de ta i l / - /
publication/11e91b77-880e-11e9-9f05-01aa75ed71a1/
language-en

111. Hoff richter, A., Hydrogen-Rail (Hydrail) Development, 
H2@Rail Workshop, Lansing: Michigan State Univ., 
March 27, 2019. 

  https://www.energy.gov/sites/prod/files/2019/04/f62/
fcto-h2-at-rail-workshop-2019-hoff richter.pdf.

112. Smith, M.G., Croy, I., Ögren, M., and Waye, K.P., PLoS 
ONE, 2013, vol. 8, no. 2, ID e55829.

 https://doi.org/10.1371/journal.pone.0055829
113. RIA Electrifi cation Cost Challenge, March 14, 2019. 
 https://www.nsar.co.uk/wp-content/uploads/2019/03/

RIAECC.pdf.
114. Review of Maritime Transport 2020, UN Conf. on Trade 

and Development (UNCTAD 2020). 
 https://unctad.org/system/files/official-document/

rmt2020_en.pdf.
115. ITF Transport Outlook, OECD, 2019. 



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  95  No.  3  2022

336 YAKUBSON

 https://www.oecd-ilibrary.org/transport/itf-transport-
outlook-2019_transp_outlook-en-2019-en.

116. Initial IMO Strategy on Reduction of GHG Emissions 
from Ships: Resolution MEPC.304(72), April 13, 2018. 

 https://unfccc.int/sites/default/files/resource/250_
IMO%20submission_Talanoa%20Dialogue_April%20
2018.pdf.

117. Maritime Forecast to 2050 Energy Transition Outlook, 
DNV GL, 2020. 

 h t t p s : / / w w w. a n a v e . e s / i m a g e s / d o c u m e n t o s /
DNVGL_2020_Maritime_Forecast_to_2050_WEB.pdf.

118. Bouman, E.A., Lindstad, E., Rialland, A.I., and 
Strømman, A.H., Transport. Res., Part D: Transport 
Environ., 2017, vol. 52, pp. 408–421.

 https://doi.org/10.1016/j.trd.2017.03.022
119. The 2019 World Fleet Report Statistics from Equasi. 

20 Years Promoting Ship Safety and Environmental 
Protection. 

 https://www.equasis.org/Fichiers/Statistique/MOA/
Documents%20availables%20on%20statistics%20
of%20Equasis/Equasis%20Statistics%20-%20The%20
world%20fl eet%202019.pdf.

120. Hoff mann, J., Decarbonizing Maritime Transport: 
Estimating Fleet Renewal Trends Based on Ship 
Scrapping Patterns, UNCTAD Transport and Trade 
Facilitation Newsletter no.°85—First Quarter, Feb. 25, 
2020. 

 https://unctad.org/news/decarbonizing-maritime-
transport-estimating-fleet-renewal-trends-based-ship-
scrapping-patterns.

121. Decarbonizing Maritime Transport. Pathways to Zero-
Carbon Shipping by 2035. Case-Specifi c Policy Analysis, 
Int. Transport Forum, OECD, 2018. 

 https://www.itf-oecd.org/sites/default/files/docs/
decarbonising-maritime-transport.pdf.

122. Ammonfuel—an Industrial View of Ammonia as a 
Marine Fuel, Alfa Laval, Hafnia, Haldor Topsøe, Vestas, 
Siemens Games, August 2020. 

 https://hafniabw.com/wp-content/uploads/2020/08/
Ammonfuel-Report-an-industrial-view-of-ammonia-as-
a-marine-fuel.pdf.

123. Ayvalı, T., Tsang, S.C.E., and Van Vrijaldenhoven, T., 
Johnson Matthey Technol. Rev., 2021, vol. 65, no. 2, 
pp. 291–300.

 https://doi.org/10.1595/205651321X16127941688787
124. Ash, N. and Scarbrough, T., Sailing on Solar—Could 

Green Ammonia Decarbonize International Shipping? 
London: Environmental Defense Fund Europe, May 
2019, pp. 1–62. 

 https://sustainableworldports.org/wp-content/uploads/
EDF-and-RICARDO_2019_Sailing-on-solar-report.pdf.

125. Mallouppas, G. and Yfantis, E.A., J. Mar. Sci. Eng., 
2021, vol. 9, no. 4, ID 415.

 https://doi.org/10.3390/jmse9040415
126. Kim, K., Roh, G., Kim, W., and Chun, K., J. Mar. Sci. 

Eng., 2020, vol. 8, no. 3, ID 183.
 https://doi.org/10.3390/jmse8030183
127. McKinlay, C.J., Turnock, S.R., and Hudson, D.A., 

A Comparison of hydrogen and ammonia for future long 
distance shipping fuels, Conf. LNG/LPG and Alternative 
Fuels, London, Jan. 29–30, 2020. 

 https://eprints.soton.ac.uk/437555/1/C.McKinlay_A_
Comparison_of_Hydrogen_and_Ammonia_for_Future_
Long_Distance_Shipping_Fuels.pdf.

128. Van Hoecke, L., Laffi  neur, L., Campe, R., Perreault, P., 
Verbruggen, S.W., and Lenaerts, S., Energy Environ. 
Sci., 2021, vol. 14, pp. 815–843.

 https://doi.org/10.1039/D0EE01545H
129. Mao, X., Rutherford, D., Osipova, L., Comer, B., 

Refueling assessment of a zero-emission container 
corridor between China and the United States: Could 
hydrogen replace fossil fuels? Int. Council on Clean 
Transportation, Working Paper 2020-05, pp. 1–13. 

 https://theicct.org/publication/refueling-assessment-of-
a-zero-emission-container-corridor-between-china-and-
the-united-states-could-hydrogen-replace-fossil-fuels/

130. Tronstad, T., Høgmoen, H., Gerd, A., Haugom, P., and 
Langfeld, L., Study on the Use of Fuel Cells in Sshipping, 
EMSA European Maritime Safety Agency DNV GL, Jan. 
2017, pp. 1–108. 

 https://emsa.europa.eu/tags/download/4545/2921/23.
html.

131. Xing, H., Stuart, Ch., Spence, S., and Chen, H., Sustain, 
2021, vol. 13, no. 3, ID 1213. 

 https://doi.org/10.3390/su13031213
132. Van Biert, L., Godjevac, M., Visser, K., and Aravind, P.V., 

J. Power Sources, 2016, vol. 327, pp. 345–364.
 https://doi.org/10.1016/J.JPOWSOUR.2016.07.007
133. Krantz, R., Sogaard, K., and Smith, T., The Scale 

of Investment Needed to Decarbonize International 
Shipping. Global Maritime Forum, January 2020. 



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  95  No.  3  2022

337PROSPECTS  FOR  USING  HYDROGEN

 https://www.globalmaritimeforum.org/news/the-scale-
of-investment-needed-to-decarbonize-international-
shipping

134. Lagouvardou, S., Psaraftis, H.N., and Zis, T., Sustain, 
2020, vol. 12, no. 10, ID 3953.  

 https://doi.org/10.3390/su12103953
135. Integrating Maritime Transport Emissions in the EU’s 

Greenhouse Gas Reduction Policies, Brussels: European 
Commission, 28.6.2013 Com (2013) 479 Final. 

 https://www.iea.org/policies/8790-integrating-maritime-
transport-emissions-in-the-eus-greenhouse-gas-
reduction-policies

136. Proposal for a Regulation Amending Regulation (Eu) 
2015/757 in Order to Take Appropriate Account of 
the Global Data Collection System for Ship Fuel 
Oil Consumption Data Legislative Train 05.2021. A 
European Green Deal. 

 https://www.europeansources.info/record/proposal-
to-amend-regulation-eu-2015-757-in-order-to-take-
appropriate-account-of-the-global-data-collection-
system-for-ship-fuel-oil-consumption-data/

137. Eff ects of Novel Coronavirus (COVID-19) on Civil 
Aviation: Economic Impact Analysis, Montréal, Canada: 
IATA Economic Development—Air Transport Bureau, 
Aug. 17, 2021. 

 https://www.icao.int/sustainability/Pages/Economic-
Impacts-of-COVID-19.aspx

138. Waypoint 2050. Balancing Growth in Connectivity with 
a Comprehensive Global Air Transport Response to the 
Climate Emergency, September 2020, 1st ed. 

 https://aviationbenefi ts.org/media/167187/w2050_full.
pdf.

139. IATA. Halving Emissions by 2050—Aviation Brings its 
Targets to Copenhagen. 

 h t t p s : / / w w w. i a t a . o r g / e n / p r e s s r o o m / 2 0 0 9 -
releases/2009-12-08-01/

140. Lee, D.S., Pitari, G., Grewe, V., Gierens, K., Penner, J.E., 
Petzold, A., Prather, M.J., Schumann, U., Bais, A., 
Berntsen, T., Iachetti, D., Lim, L.L., and Sausen, R., 
Atmosph. Environ., 2010, vol. 44, no. 37, pp. 4678–4734. 

 https://doi.org/10.1016/j.atmosenv.2009.06.005
141. Hydrogen-Powered Aviation: A Fact-Based Study of 

Hydrogen Technology, Economics, and Climate Impact 
by 2050, May 2020. 

 https://www.fch.europa.eu/sites/default/fi les/FCH%20
D o c s / 2 0 2 0 0 5 0 7 _ H y d r o g e n % 2 0 P o w e r e d % 2 0

Aviation%20report_FINAL%20web%20(ID%20
8706035).pdf.

142. Grewe, V., Rao, A.R., Grönstedt, T., Xisto, C., Linke, F., 
Melkert, J., Middel, J., Ohlenforst, B., Blakey, S., 
Christie, S., Matthes, S., and Dahlmann, K., Nature 
Commun., 2021, vol. 12, ID 3841.

 https://doi.org/10.1038/s41467-021-24091-y
143. Scheelhaase, J., Maertens, S., and Grimme, W., Transport 

Res. Proc., 2019, vol. 43, pp. 21–30.
 https://doi.org/10.1016/j.trpro.2019.12.015
144. Bauen, A., Bitossi, N.., German, L., Harris, A., and 

Leow, Kh., Johnson Matthey Tech. Rev., 2020, vol. 64, 
no. 3, pp. 263–278.

 https://doi.org/10.1595/205651320X15816756012040
145. Doliente, S.S., Narayan, A., Tapia, J.F.D., Samsatli, N.J., 

Zhao, Y., and Samsatli, S., Front. Energy Res., 2020, 
vol. 8. 

 https://doi.org/10.3389/fenrg.2020.00110
146. Khandelwal, B., Karakurt, A., and Sekaran, P.R., Prog. 

Aerospace Sci., 2012, vol. 60, pp. 45–59.
 https://doi.org/10.1016/j.paerosci.2012.12.002
147. Rondinelli, S., Gardi, A., Kapoor, R., and Sabatini, R., 

Int. J. Sustain. Aviation, 2017, vol. 3, no. 3, pp. 200–216.
 https://doi.org/10.1504/IJSA.2017.10007966
148. Tu-155: nachalo kriogennoi aviatsii (Tu-155: Start of 

Cryogenic Aviation). 
 https://rostec.ru/news/tu-155-nachalo-kriogennoy-

aviatsii/.
149. Cryoplane System Analysis: Final Technical Report, 

Reporting Period: from 1st April, 2000 to 31st May 
2002, Sept. 24, 2003. 

 https://www.fzt.haw-hamburg.de/pers/Scholz/dglr/hh/
text_2004_02_26_Cryoplane.pdf.

150. Airbus Reveals New Zero-Emission Concept Aircraft, 
Sept. 21, 2020. 

 h t tps : / /www.a i rbus .com/en /newsroom/press -
releases/2020-09-airbus-reveals-new-zero-emission-
concept-aircraft

151. Amy, C. and Kunycky, A., Hydrogen as a Renewable 
Energy Carrier for Commercial Aircraft, Preprint of 
Massachusetts Inst. of Technology, October 2019.

 https://arxiv.org/ftp/arxiv/papers/1910/1910.05632.pdf.
152. Tomorrow’s airports: future energy ecosystems? — 

Innovation — Airbus. 21 June 2021.  
 https://www.airbus.com/en/newsroom/news/2021-06-



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  95  No.  3  2022

338 YAKUBSON

tomorrows-airports-future-energy-ecosystems-0
153. Surgenor, Ch., Lufthansa Technik and Hamburg Airport 

Start Hydrogen-Powered Aircraft Research Project: 
Green Air News Letter, July 9, 2021.

 https://www.greenairnews.com/?p=1310
154. Reindl, T., Walsh, W., Yanqin, Z., and Bieri, M., Energy 

Proc., 2017, vol. 130, pp. 130–138.
 https://doi.org/10.1016/j.egypro.2017.09.415
155. Van der Wiel, K., Bloomfi eld, H.C., Lee, R.W., 

Stoop, L.P., Blackport, R., Screen, J.A., and Selten, F.M., 
Environ. Res. Lett., 2019, vol. 14, no. 9, ID 094010.

 https://doi.org/10.1088/1748-9326/ab38d3
156. Drücke, J., Borsche, M., James, P., Kaspar, F., 

Pfeifroth, U., Ahrens, B., and Trentmann, J., Renew. 
Energy, 2021, vol. 164, pp. 1254–1266.

 https://doi.org/10.1016/j.renene.2020.10.102
157. Staff ell, I. and Pfenninger, S., Energy, 2018, vol. 145, 

pp.65–78.
 https://doi.org/10.1016/j.energy.2017.12.051
158. Wohland, J., Omrani, N.E., Keenlyside, N., and 

Witthaut, D., Wind Energy Sci., 2019, vol. 4, 
no. 3, pp. 515–526.

 https://doi.org/10.5194/wes-4-515-2019
159. Widera, B., Therm. Sci. Eng. Prog., 2020, vol. 16, 

ID 100460.
 https://doi.org/10.1016/j.tsep.2019.100460
160. Moore, J. and Shaban, B., Energies, 2016, vol. 9, no. 9, 

ID 674. 
 https://doi.org/10.3390/en9090674
161. Preuster, P., Alekseev, A., and Wasserscheid, P., Annu. 

Rev. Chem. Biomol. Eng., 2017, vol. 7, no. 8, pp. 445–
471. 

 h t t p s : / / d o i . o r g / 1 0 . 1 1 4 6 / a n n u r e v -
chembioeng-060816-101334

162. Andersson, J. and Grönkvist, S., Int. J. Hydrogen Energy, 
2019, vol. 44, no. 23, pp. 11901–11919.

 https://doi.org/10.1016/j.ijhydene.2019.03.063
163. Green Hydrogen Cost Reduction Scaling up Electrolysers 

to Meet the 1.5°C Climate Goal, IRENA, 2020. 
 https://www.irena.org/-/media/Files/IRENA/Agency/

Publication/2020/Dec/IRENA_Green_hydrogen_
cost_2020.pdf.

164. Asmelash, E., Prakash, G., and Kadir, M., Wind and 
Solar PV—What We Need by 2050, IRENA Webinar 
Ser., Jan. 7, 2020, pp. 1–20. 

 https://www.irena.org/-/media/Files/IRENA/Agency/
Webinars/07012020_INSIGHTS_webinar_Wind-and-
Solar.pdf?la=en&hash=BC60764A90CC2C4D80B374
C1D169A47FB59C3F9D

165. Landinger, H. and Crotogino, F., The Role of Large-
Scale Hydrogen Storage for Future Renewable Energy 
Utilization, Second Int. Renewable Energy Storage Conf. 
(IRES II), 2007. 

 https://juser.fz-juelich.de/record/135539/fi les/HS1_8_
Crotogino_rev0426.pdf.

166. Ozarslan, A., Int. J. Hydrogen Energy, 2012, vol. 37, 
no. 19, pp. 14265–14277.

 https://doi.org/10.1016/j.ijhydene.2012.07.111 
167. Gabriell, P., Gert, A.P., Kramer, J., Spiers, Ch., 

Mazzotti, M., and Gazzani, M., Renew. Sustain. Energy 
Rev., 2020, vol. 121, ID 109629.

 https://doi.org/10.1016/j.rser.2019.109629
168. Bünger, U., Michalski, J., Crotogino, F., and Kruck, 

O., Large-Scale Underground Storage of Hydrogen for 
the Grid Integration of Renewable Energy and Other 
Applications, Compend. Hydrogen Energy, vol. 4: 
Hydrogen Use, Safety and the Hydrogen Economy, 
Woodhead Ser. in Energy, 2016, pp. 133–163.

 https://doi.org/10.1016/B978-1-78242-364-5.00007-5
169. Electricity Storage Technology Review, US Department 

of Energy, Offi  ce of Fossil Energy, June 30, 2020. 
 https://www.energy.gov/sites/default/files/2020/10/

f79/Electricity%20Storage%20Technologies%20%20
Report.pdf.

170. Cihlar, J., Mavins, D., and Van der Leun, K., Picturing 
the Value of Underground Gas Storage to the European 
Hydrogen System, Gas Infrastructure Europe (GIE), 
Guidehouse, June 2021, pp. 1–54. 

 https://www.gie.eu/wp-content/uploads/filr/3517/
P ic tu r ing%20the%20va lue%20of%20gas%20
storage%20to%20the%20European%20hydrogen%20
system_FINAL_140621.pdf.

171. Caglayan, D.G., Weber, N., Heinrichs, H.U., Linßen, J., 
Robinius, M., Kukla, P.A., and Stolten, D., Int. J. 
Hydrogen Energy, 2020, vol. 45, no. 11, pp. 6793–6805.

 https://doi.org/10.1016/j.ijhydene.2019.12.161
172. Panfi lov, M., Underground and Pipeline Hydrogen 

Storage, Compend. Hydrogen Energy, vol. 2: Hydrogen 
Storage, Distribution and Infrastructure, 2016, pp. 91–
115. 

 https://doi.org/10.1016/B978-1-78242-362-1.00004-3
173. Tarkowski, R., Renew. Sustain. Energy Rev., 2019, vol. 



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  95  No.  3  2022

339PROSPECTS  FOR  USING  HYDROGEN

105, pp. 86–94.
 https://doi.org/10.1016/j.rser.2019.01.051
174. Hemme, Ch. and Van Ber, W., Appl. Sci., 2018, vol. 8, 

no. 11, ID 2282. 
 https://doi.org/10.3390/app8112282
175. Flesch, S., Pudlo, D., Albrecht, D., Jacob, A., and 

Enzmann, F., Int. J. Hydrogen Energy, 2018, vol. 43, 
no. 45, pp. 20822–20835.

 https://doi.org/10.1016/j.ijhydene.2018.09.112
176. Jagruti, Ah.M.E., Annukka, Th., and Larmi, S.-A.M., Int. 

J. Hydrogen Energy, 2021, vol. 46, no. 29, pp. 15671–
15690.

 https://doi.org/10.1016/j.ijhydene.2021.02.080
177. Sheffi  eld, J.W. and Folkson, R., in Alternative Fuels 

and Advanced Vehicle Technologies for Improved 
Environmental Performance, 2014, pp. 117–137.

 https://doi.org/10.1533/9780857097422.1.117
178. Aziz, M., Wijayanta, T.A., and Nandiyanto, A.B.D., 

Energies, 2020, vol. 13, no. 12, ID 3062.
 https://doi.org/10.3390/en13123062
179. Ouma, C.N.M., Garidzirai, R., Wasserscheid, P., and 

Bessarabov, D., Energy Fuels, 2019, vol. 33, no. 4, 
pp. 2778–2796.

 https://doi.org/10.1021/acs.energyfuels.9b00296
180. Hydrogen Economy Outlook. Key Messages, Bloomberg 

NEF, March 30, 2020. 
 https://data.bloomberglp.com/professional/sites/24/

BNEF-Hydrogen-Economy-Outlook-Key-Messages-
30-Mar-2020.pdf.

181. Hydrogen for Power Generation: Experience, 
Requirements, and Implications for Use in Gas Turbines. 

 https://www.ge.com/content/dam/gepower-new/global/
en_US/downloads/gas-new-site/future-of-energy/
hydrogen-for-power-gen-gea34805.pdf.

182. Staff ell, I., Scamman, D., Abad, A.V., Balcombe, P., 
Dodds, P.E., Ekins, P., Shah, N., and Ward, K.R., Energy 
Environ. Sci., 2019, vol. 12, pp. 463–491. 

 https://doi.org/ 10.1039/C8EE01157E
183. Emerson, B., Lieuwen, T., Noble, B., and Espinoza, N., 

Hydrogen Substitution for Natural Gas in Turbines: 
Opportunities, Issues, and Challenges, Power 
Engineering, June 7, 2021. 

 https://www.power-eng.com/gas/hydrogen-substitution-
for-natural-gas-in-turbines-opportunities-issues-and-
challenges/

184. Flohr, P. and Stuttaford, P., in Modern Gas Turbine 

Systems. High Effi  ciency, Low Emission, Fuel Flexible 
Power Generation, Woodhead Ser. in Energy, Dec. 2013, 
pp. 151–191.

 https://doi.org/10.1533/9780857096067.2.151
185. Open Cycle Gas Turbines, IPIECA, Feb. 1, 2014. 
 https://www.ipieca.org/resources/energy-efficiency-

solutions/power-and-heat-generation/open-cycle-gas-
turbines/

186. Ebrahimi, M. and Keshavarz, A., CCHP Technology. 
Combined Cooling, Heating and Power. Decision-
Making, Design and Optimization, 2015, pp. 35–91, ID 
107667001. 

 https://doi.org/10.1016/B978-0-08-099985-2/00004-4
187. Technology Roadmap Hydrogen and Fuel Cells, IEA, 

2015. 
 https://www.iea.org/reports/technology-roadmap-

hydrogen-and-fuel-cells.
188. Filippov, S.P., Golodnitskii, A.E., and Kashin, A.M., 

Energet. Polit., 2020, vol. 11, no. 153, pp. 28–39. 
189. Fuel Cell Industry Review 2019, E4tec. 
 https://www.e4tech.com/news/2018-fuel-cell-industry-

review-2019-the-year-of-the-gigawatt.php.
190. Elmer, T., Worall, M., Wu, S., and Riff at, S.B., Renew. 

Sustain. Energy Rev., 2015, vol. 42, pp. 913–931.
 https://doi.org/10.1016/j.rser.2014.10.080
191. Ma, Zh., Eichman, J., and Kurtz, J., Abstracts of Papers, 

NREL Power and Energy Conf., Lake Buena Vista, 
Florida, June 24–28, 2018, pp. 1–11.

 https://www.nrel.gov/docs/fy18osti/70990.pdf.
192. Akinyele, D., Olabode, E., and Amole, A., Invent, 2020, 

vol. 5, no. 3, ID 42. 
 https://doi.org/10.3390/inventions5030042
193. Nagatani, G.., Ishi, H, Ito, T., Ohno, E., and Okuma, Y., 

IHI Eng. Rev., 2020, vol. 53, no. 1, pp. 1–10.
 h t tps : / /www.ihi .co . jp / ih i / technology/review_

library/review_en/2020/_cms_conf01/__icsFiles/
afi eldfi le/2021/01/14/Vol53No1_F.pdf.

194. JERA and IHI to Start a Demonstration Project Related 
to Ammonia Co-Firing at a Large-Scale Commercial 
Coal-Fired Power Plant. 

 h t t p s : / / w w w . j e r a . c o . j p / e n g l i s h /
information/20210524_677.

195. Stocks, M., Fazeli, R., Hughes, L., and Beck, F., Global 
Emissions Implications from Coburning Ammonia in 
Coal Fired Power Stations: An Analysis of the Japan–
Australia Supply Chain, Australian National Univ., Nov. 



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  95  No.  3  2022

340 YAKUBSON

2020, pp. 1–30. 
 h t t p s : / / w w w. a n u . e d u . a u / f i l e s / d o c u m e n t -

collection/%28ZCWP04-20%29%20Global%20
E m i s s i o n s % 2 0 i m p l i c a t i o n s % 2 0 f r o m % 2 0 c o -
burning%20ammonia%20in%20coal%20fired%20
power%20stations%20an%20analysis%20of%20
the%20Japan-Australia%20supply%20chain_0.pdf.

196. Baldino, Ch., O’Malley, J., Searle, S., and Christensen, A., 
Hydrogen for Heating? Decarbonization Options for 
Households in Germany in 2050: Working Paper, Int. 

Council on Clean Transportation, March 2021, pp. 1–12. 
 https://theicct.org/sites/default/files/publications/

Hydrogen-heating-eu-feb2021.pdf.

197. Rongé, J. and François, I., Use of Hydrogen in Buildings. 
BatHyBuild Study. Energy and CO2 Status, April 29, 
2021, pp. 1–66. 

 h t tp s : / /www.wate r s to fne t . eu /_asse t /_pub l i c /
B a t H y B u i l d / H y d r o g e n - u s e - i n - b u i l i n g s -
BatHyBuild-29042021.pdf.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS (Pfeps)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [14400.000 14400.000]
>> setpagedevice


