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Abstract—This review considers the development history of hydrogen energy generation in the USSR and
Russia and its current state. The main domestic achievements in the field of production, storage, and trans-
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INTRODUCTION

Maintaining high rates of development in the mod-
ern power and transport industries can lead humanity
to a large-scale environmental crisis. Current trends in
energy production involve replacing traditional fuels
with more environmentally friendly and renewable
ones. One promising energy carrier is hydrogen The
transition to the hydrogen energy and economy is one
of the most promising ways to preserve the sustainable
ecosystem of planet Earth suitable for life.

In the 1970s, the world oil crisis gave a powerful
impetus to the progress in research and development
aimed at finding alternative fuels, primarily for trans-
port engines. One environmentally friendly fuel that
can be used as a propellant due to its unique physical
and chemical properties is hydrogen [1, 2].

The possibilities for the industrial use of hydrogen
have been known for a long time, and interest in them
has periodically increased: in the 1970s, in connection
with the oil crises, and in the 1990s and 2000s, due to
growing problems with climate change resulting in
tightening climate policy. This spurred relevant
research and development (with a notable emphasis
on transport) but large-scale practical implementation
outside certain industrial sectors has not yet followed.
Now, it seems that the situation may change, as more
and more countries, in connection with the transition
to green energy, are beginning to support hydrogen at
the state level [3]. For example, in Europe, the US,

Japan, China, and others, large-scale programs at the
state level have been launched [4, 5].

Russia, possessing significant potential in the field
of hydrogen energy production, has not yet joined this
group, although some very successful projects have
been implemented. However, the situation is currently
changing dramatically. Russian President V.V. Putin
has called for concentrating resources on the develop-
ment of renewable energy sources (RES), hydrogen
sources, and other clean sources that “will preserve
nature for future generations for many millennia” [6].
The RF Ministry of Energy, on behalf of the govern-
ment, has drawn up the Draft Energy Strategy of the
Russian Federation for the period up to 2035 [7] and is
preparing a program of work in the field of hydrogen
energy production in the Russian Federation [8] with
the involvement of leading researchers and specialists
[9]. Major Russian and foreign companies are showing
interest in cooperation and investment in this area. In
January 2020, the implementation of the comprehen-
sive program Atomic Science, Engineering, and Tech-
nology, developed by the State Atomic Energy Corpo-
ration Rosatom, aimed, inter alia, at the development
of hydrogen energy, was launched in Russia. Its esti-
mated funding will be 88.5 billion rubles by 2025.

Since June 2013, PJSC RusHydro has been coop-
erating with Kawasaki Heavy Industries and the gov-
ernment of the Magadan oblast on the implementa-
tion of a project for the industrial production of lique-
fied hydrogen in the Far East. In September 2019, as
reported by Rosatom, Rusatom Overseas and Japan’s
Natural Resources and Energy Agency signed a coop-
eration agreement for 2020—2021, which, in particu-
lar, concerns a pilot project for the export of hydrogen
from Russia to Japan. The project includes potential
hydrogen production by electrolysis for the Japanese
market [10].
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It should be noted that according to the estimates
of the international Hydrogen Council, by 2050,
hydrogen energy will account for 18% of all global
energy needs [11].

1. MAIN APPLICATION AREAS
OF HYDROGEN

It is difficult to imagine modern industry without
the use of industrial gases at various stages of produc-
tion. Today hydrogen is one of the three most in-
demand gases in the industry, second only to oxygen
and nitrogen.

The application scope of hydrogen in Russia is
quite wide: in the food industry (hydrogenation of
fats), in the chemical industry (production of ammo-
nia, hydrogen chloride, and methanol, hydrogenation
of oils), in petrochemistry (for converting low-grade
fuels into high-quality ones and for removing sulfur),
in metallurgical production (creation of a protective-
reducing atmosphere during high-temperature opera-
tions, for example, in the production of stainless steel,
welding and cutting, production of molybdenum and
tungsten, refining of chromium, production of hard
alloys based on tungsten and molybdenum, and sinter-
ing of special powders), in the glass industry (creating
a protective atmosphere in the float glass production),
in power engineering (cooling of turbine generators
and nuclear reactors), in the space industry (rocket
fuel), etc. [12].

Petrochemical and chemical enterprises use mainly
hydrogen obtained from steam reforming (especially if
a direct access to natural gas is available). The semi-
conductor, glass, food industry, metallurgy, and power
industries use electrolytic hydrogen benefiting from
the simplicity and reliability of cells for the electrolysis
of water, the high purity of the generated hydrogen and
oxygen, the possibility of obtaining these gases under
high pressure directly in the electrolysis cells, and a
high degree of automation.

Currently, the world consumes about 75 million
tons of hydrogen, which is then used in industry
(mainly in oil refining and ammonia production).
So far, more than three quarters of this volume is pro-
duced from natural gas, which requires more than
205 billion m? of gas [13]. In 2013, ammonia produc-
tion (55%) prevailed in the structure of hydrogen con-
sumption, followed by oil refining (22%) and metha-
nol production (13%). By 2020, consumption growth
in these areas was projected to 2.8, 2.2, and 0.8 million
tons, respectively [14].

In Russia, the main area of hydrogen consumption
is the output of chemical products, primarily ammo-
nia and methanol. The leaders in the consumption of
hydrogen are the enterprises producing ammonia
NH;. Currently, 28 enterprises in Russia use 2.46 mil-
lion tons of hydrogen per year. Hydrogen consump-
tion in synthesis of methanol (CH;OH) in 2013
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amounted to 0.6 million tons [15]. The consumption
of hydrogen in other segments of the chemical indus-
try does not exceed 90000 tons, 3% of the total con-
sumption volume [5].

It should be noted that in the oil refining industry,
the need for hydrogen in oil refineries also increases
(hydrodesulfurization, hydrocracking of distillates,
hydrotreating, etc.).

An important field of hydrogen application in met-
allurgy is the production of raw materials by direct
reduction of iron ore. Now this process consumes
about 330000 tons of hydrogen per year. Significant
volumes of hydrogen are consumed in the technologi-
cal processes of rolling production (during heat treat-
ment of cold-rolled steel). Here, the annual hydrogen
consumption is about 15000 tons [15].

In the power industry, hydrogen is still used mainly
for cooling powerful turbine generators due to its high
thermal conductivity and diffusion coefficient, as well
as non-toxicity. According to statistics, in the power
industry thermal and nuclear power plants annually
consume about 4000—5000 tons of hydrogen [15].

In the food industry, hydrogen is used for the
hydrogenation of oils and fats to obtain solid fats (mar-
garine). The annual volume of hydrogen consumption
by oil and fat plants is estimated to be at the level of
1500 tons [15].

Other consumers of hydrogen include the glass
industry, ore-dressing plants, plants producing
nuclear fuel, enterprises of the electronic and electri-
cal industries, transport and gas companies, and pro-
ducers of pharmaceuticals [15].

In this review, we would primarily like to consider
the production and use of hydrogen for the purposes of
energy generation.

2. DEVELOPMENT OF HYDROGEN ENERGY
IN THE USSR AND RUSSIA

The total volume of hydrogen production in the
world is currently estimated by various sources at 55—
65 million tons, compared to 18 million tons in 1970
and 40 million tons per year in 1980 [16]. More than
90% of hydrogen is produced at the place of its con-
sumption (so-called captive product), and less than
10% is supplied by specialized companies operating in
the industrial gas market (Air Liquide, Linde, Praxair
Inc., etc.) [17].

Russia’s share is approximately 8% [14]. The bulk
of hydrogen (up to 96%) is usually produced by steam
catalytic conversion of natural gas, as a result of which
technical hydrogen is obtained with a purity of 96—
97 vol %. This hydrogen is suitable for hydrotreating
and hydrocracking [18].

However, the conversion of hydrocarbons causes
air pollution. Massive emissions of CO, into the atmo-
sphere and their subsequent adverse impact on the
environment call for alternative solutions.
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Main technical specifications

Hydrogen capacity (the provided technical capacity of the
charger is at least 6 kV) ................ 0.4 kg/h

The purity of the produced hydrogen is not worse than .............. 99.99 vol %
Hydrogen pressure ..........cceeeeeeeeeeeieeeenveeeennnes 0.2 MPa
Consumption of methanol-water fuel ......................... 5.0 kg/h

Emissions to the environment (NO,, CH,, CO)... below

Mass of the unfueled fuel processor .............. 70 kg

Amount of filled metal-water fuel
(in the latest modifications) ............ccccceeeeen. 50 L

\

Euro 4 requirements

Fig. 1. Fuel processor of the company NIK NEP [26].

As already noted, the energy crisis of the early
1970s, which in many respects had political and eco-
nomic causes, gave a significant impetus to the
research and development in the field of hydrogen
energy production. At the same time, work in the field
of hydrogen (atomic—hydrogen) energy in the USSR
was started at the NRC (National Research Center)
Kurchatov Institute (at that time, the Kurchatov Insti-
tute of Atomic Energy) on the initiative of Academi-
cian V.A. Legasov. For their successful development, a
specialized subdivision was set up in the IAE, the
Institute of Hydrogen Energy and Plasma Technolo-
gies (IHEPT) headed by Academician V.D. Rusanov,
which made a great contribution to the development
of this direction, not only in Russia but also abroad
[19]. TAE specialists addressed a wide range of issues
related to developing plasma-chemical and electro-
chemical methods for hydrogen production, hydrogen
safety of nuclear power plants, etc. [20, 21].

The results of fundamental research carried out
under scientific guidance of V.D. Rusanov successfully
passed large-scale approbation at the industrial level.
In particular, the centrifugal effect in a rotating plasma
was the basis for creating the technology for plasma
processing of hydrogen sulfide-containing gases and
the basis for pilot production at the Orenburg gas pro-
cessing plant. After the discovery of the phenomenon
of plasma catalysis, development of plasma technolo-
gies for the conversion of hydrocarbon raw materials
and fuels as well as various methods for hydrogen pro-
duction were an important contribution to the prog-
ress of hydrogen energy technologies [22, 23].

The possibility of using nuclear energy in electrol-
ysis, thermochemical and thermoelectrochemical
processes has been intensively studied. Dollezhal Sci-
entific Research and Design Institute of Energy Tech-
nologies (NIKIET) and IAE showed that decommis-
sioned radioactive aggregates could be used for cheap
water splitting. The preparation of solid hydrogen by
throttling a hydrogen-helium mixture into a vacuum
was also considered [24].
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The above-mentioned plasma-chemical technolo-
gies aroused great interest in Russia and abroad. In
Russia, such pioneers in this area of hydrogen energy
can also be mentioned as the Keldysh Research Cen-
ter, St. Petersburg Polytechnic University, RAS Insti-
tute of Electrophysics, and others [25].

The main advantage of the plasma method for the
conversion of hydrocarbons, in addition to their high
specific productivity, is the practical independence of
the converter operation from the type of hydrocarbon
(from methane to fuel oil, including oxygen-contain-
ing organic matter, waste, and various types of biofu-
els). Figure 1 shows a plasma converter developed by
NIK NEP in cooperation with NRC Kurchatov Insti-
tute with a productivity of 7 m? of synthesis gas per
hour from gasoline. The disadvantage of plasma-
chemical technologies is the additional power con-
sumption (0.10—0.15 kW h/m3 H,) [26].

It is extremely attractive to produce synthetic gas
and hydrogen from organic household and industrial
waste, as this makes it possible simultaneously to
address the urgent issue of recycling rubbish. Highly
efficient and environmentally friendly plasma and
plasma-melt waste processing technologies developed
at the Kurchatov Scientific Research Center make it
possible not only to dispose of almost any type of
waste without preliminary sorting but also to simulta-
neously produce up to 3500 kW h of electricity per ton
of organic component through the use of synthetic gas
(hydrogen) [19].

Nuclear technology provides virtually unlimited
resources of cheap energy for the production of hydro-
gen, especially at night. Using the electricity generated
at a nuclear power plant, it is possible, by electrolysis,
to produce hydrogen and oxygen from water [27]. If
electrolysis is carried out at high temperatures, then
the thermal energy obtained from the nuclear reactor
can replace part of the electricity, and the practical
efficiency of the process will increase significantly.
Such technologies, as well as technologies for convert-
ing natural gas using waste heat from reactors, were
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based on the developments of the SRC Kurchatov
Institute. In thermochemical (and thermoelectro-
chemical) cycles of water decomposition using the
thermal and electrical energy of reactors, hydrogen
can be obtained at an efficiency of up to 50% [28].

Since the 1970s, Russia has had complete neces-
sary scientific and technical substantiation and exper-
imental confirmation for the projects of high-tem-
perature helium reactors (HTHR) of nuclear power
technology plants for the chemical industry and fer-
rous metallurgy [29, 30]. The HTHR projects were
based on the development of hydrogen nuclear rocket
engines [31]. It is reactors of this type that are of great-
est interest for the production of hydrogen using waste
heat and excess electricity at night, and interest in
them has now increased.

One of the most innovative in this area was the
international project for the development of a high-
temperature modular helium reactor with a gas turbine
(GT-MHR), which was designed jointly by Russian
institutes (OJSC Afrikantov Experimental Mechani-
cal Engineering Design Burecau (OKBM), SRC
Kurchatov Institute, OJSC VNIINM, OJSC GI
VNIPIET, FSUE NII NPO Luch) and the American
company GA, managed and financed by the RF Min-
istry of Atomic Energy and the US Department of
Energy. Framatom and Fuji Electric also collaborated
with the project [31].

Hydrogen is of great interest for nuclear power
plants as an energy accumulator and for load smooth-
ing. The oxygen obtained in this case could become
the basis for the production of ozone, for example, for
the purification of industrial effluents in St. Peters-
burg [31].

Of particular interest are the R&D of hydrogen-
oxygen steam generators, which were developed in the
USSR in the late 1970s and early 1980s. Such systems
make it possible to increase the temperature of steam
for turbines and their efficiency [32].

In this case, in the off-peak hours, hydrogen and
oxygen are produced by electrolysis of water, sent to
the storage facility, and used during peak hours to gen-
erate additional power by burning hydrogen in oxygen
and by additional superheating and increasing the
steam flow before the turbine [33]. At the Joint Insti-
tute for High Temperatures of the Russian Academy of
Sciences (JIHT RAS) and Keldysh Research Center,
experimental samples of high-pressure hydrogen—
oxygen steam generators of megawatt power class were
created [34—39].

However, the practical implementation of this
technology was slowed, largely due to accidents at
nuclear power plants.

The first industrial production of liquid hydrogen
in the USSR began in 1965 by the FKP SRC of the
Rocket and Space Industry (FKP SRC RKP) as part
of the KSVI-106 hydrogen test complex, which is cur-
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rently the only functioning large-scale production of
liquid hydrogen in Russia [40].

By 1980, in the USSR, the production of liquid
hydrogen functioned in Chirchik, Zagorsk, and
Dneprodzerzhinsk. Moreover, in Chirchik and
Zagorsk there were installations for the production of
hydrogen by electrolysis of water.

The introduction of hydrogen fuel, for example, in
aviation was held back by the need for a more confi-
dent solution to the issue of operating hydrogen sys-
tems and their ground handling, as well as reducing
the cost of hydrogen.

However, on the initiative of S.P. Korolev, large-
scale effort was undertaken in the USSR 50 years ago
to create equipment and technologies for using effec-
tive hydrogen-oxygen rocket fuel in rocket and space
technology [41]. This necessarily required designing
vehicles for the transportation of liquid hydrogen
[42, 43].

One of the main ways of transporting liquid hydro-
gen is in rail tank cars. The first unit for the transpor-
tation of liquid hydrogen was the TRZhV-20 tank
truck, created in 1966 at the Uralkriomash enterprise
in Nizhny Tagil [44].

Since then, the tank has been modernized several
times in order to improve the safety of liquid hydrogen
transportation. The currently produced model of the
tank has a number of advantages over its predecessors:
the transported mass of hydrogen is increased and the
losses during transportation are reduced [14].

The current demand for liquid hydrogen in Russia
is still quite limited, although it is planned to create the
latest launch vehicles and upper stages of space com-
plexes, using liquid hydrogen as fuel.

It should be noted that the situation with hydrogen
production in Russia is developing somewhat differ-
ently from that in foreign countries. First, 40% of
hydrogen in the world is produced by coal gasification
while in Russia CTL technology (production of liquid
fuel from coal) is not used now. Second, the market for
commercial hydrogen is well developed in world prac-
tice, while in Russia this direction is just emerging.
Third, the main role in the structure of world hydro-
gen consumption is played by oil refining, and in Rus-
sia, it is through the output of chemical products, pri-
marily ammonia and methanol. The main hydrogen
producer in Russia in 2014—2016 was Uralelectromed’
OJSC. In 2016, the share of this manufacturer was
56% of the physical output. The second largest pro-
ducer in 2016 was KMEZ CJSC with 23% of the phys-
ical output, followed by MMC (mining and metallur-
gical company) Noril’sk Nickel’ PJSC with 21% [45].

In Russia, developments are already underway to
create an integrated infrastructure for the production
and supply of hydrogen. It should be noted that an
active part here is taken by the Linde Gas Rus com-
pany [14].
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Fig. 2. GAZ-AA car running on hydrogen [58].

To create a carbon-free and environmentally
friendly economy, it is considered feasible to use water
electrolysis to produce hydrogen, as well as to develop
solutions for distributed generation on demand and on
site [46—48].

However, the hydrogen produced from natural gas,
which Russia is rich in, is several times cheaper than
electrolytic hydrogen. Therefore, the main method for
producing hydrogen in Russia at present is catalytic
conversion of natural gas with water vapor. A signifi-
cant contribution to the development of technologies
for the conversion of natural gas and other types of fos-
sil fuels has been made by the Boreskov Institute of
Catalysis (Siberian Branch of the Russian Academy of
Sciences) [49, 50].

According to the calculations performed by the
analysts of the DISCOVERY Research Group, the
volume of the hydrogen market in Russia in 2016
exceeded 93000 tons, a value equivalent to 6.81 billion
US dollars. The growth rate of the market volume
amounted to 4.9% of the market physical output and
7.6% of its total worth [45].

Unfortunately, the foreign economic activity with
hydrogen of the Russian Federation is characterized
by insignificant export—import operations. There are
only small supplies of bottled gas that do not signifi-
cantly affect the domestic market. The volume of
hydrogen imports to Russia in 2016 amounted to
1.97 tons [45].

The volume of hydrogen exports from Russia in
2016 amounted to 645 kg [45]. The main buyers of
domestic production are the CIS countries (primarily
Kazakhstan). However, let us return to the history of
the hydrogen energy development in Russia (USSR)
and its current state.

Since the 1920s and up to the early 1940s, signifi-
cant and extensive investigations into the reaction of
hydrogen combustion in oxygen and air in various
conditions were carried out by Russian scientists
belonging to the school of N.N. Semenov [51]. The
discovery of branched chain reactions in 1928 opened
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up broad perspectives for the control of chemical pro-
cesses important for hydrogen power engineering [52].

In the Soviet Union, the study of hydrogen as a
motor fuel began in 1935 at Moscow Lomonosov
Mechanical Engineering Institute (MMMI) (now
Bauman Moscow State Technical University). Profes-
sor V.I. Soroko-Novitskii and his colleagues published
the research report “On the possible use of an engine
running on hydrogen.” In this work, the effect of
hydrogen additions to gasoline on the ZIS-5 engine
was investigated [53]. There are also well-known
works on the use of hydrogen as a fuel, carried out by
F.B. Perelman [54].

The real practical application of hydrogen as a
motor fuel began in 1941 in besieged Leningrad during
the Great Patriotic War. Technician-lieutenant
B.1. Shelishch proposed to apply hydrogen that was
already used up in aerostats as a motor fuel for the
engines of the GAZ-AA car 55, 56]. In total, in 1941—
1942, about 200 trucks were converted to hydrogen.
Bringing down aerostats which had partially lost their
lift required a lot of effort. This operation was carried
out using a mechanical winch installed on a GAZ-AA
vehicle. The internal combustion engine (ICE) rotated
the winch to lower the aerostats. In besieged Lenin-
grad, several hundred air defense posts were equipped
with GAZ-AA vehicles running on hydrogen [57].

Figure 2 shows a hydrogen-filled aerostat in the
background, being brought down to the ground, from
which hydrogen is pumped into a gas holder located in
the foreground [54]. The used-up hydrogen from a
cloth gas tank was supplied to the intake manifold of a
GAZ-AA engine through a process plug. Bypassing
the carburetor, gas entered the working cylinders. The
dosage of hydrogen and air was provided by a throttle
valve or an accelerator pedal.

With regard to using hydrogen as a fuel for internal
combustion engines, we should recall the work of the
Central Scientific Research Automotive and Automo-
tive Institute (NAMI), the Institute of Mechanical
Engineering Problems of the Academy of Sciences of
the Ukrainian SSR (IPMASh Academy of Sciences of
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Fig. 3. (Color online) Minibus RAF running on hydrogen and gasoline (1979).

the Ukrainian SSR), NPO KVANT, the Sector of
Mechanics of Inhomogeneous Media of the USSR
Academy of Sciences (SMNS AS USSR), higher tech-
nical college-plant at ZIL, etc.

Along with the scientific aspects of theoretical
study of internal combustion engines running on
hydrogen and its additives to gasoline, much attention
was paid to investigations into the safety of using
hydrogen as a fuel for vehicles, as well as ways of stor-
ing it on board an automobile [54, 55].

The pilot operation of Volga petrol—hydrogen
vehicles was begun in Kharkov in 1980 and showed
that transferring part of the city’s motor transport to
petrol-hydrogen mixtures was a promising project. In
1986, the USSR Ministry of Automotive Industry
made decision on the production and subsequent

Fig. 4. (Color online) NAHE (National Association for
Hydrochloric Energy) car at the exhibition Innovative
Achievements held within the framework of the forum,
2006 [59].
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operation in the Soviet cities of an experimental batch
of urban minibuses RAF (200 units) (Fig. 3) running
on petrol-hydrogen mixtures. However, this decision
was not implemented due to political and economic
unrest [51].

In 2006, the National Association for Hydrogen
Energy (NAVE) presented a Gazelle vehicle with an
internal combustion engine running on hydrogen-
benzene fuel compositions. The car was developed
with the participation of the Moscow Power Engineer-
ing Institute (MPEI (TU)), Avtokombinat No. 41
(Moscow), and Audit-Premier LLC.

In 2007, NAVE, in cooperation with JSC AVEX,
MPEI (TU), and JSC Avtokombinat No. 41, pre-
sented another version of the hydrogen car (Fig. 4).
The payload of the car is 2000 kW. The power of the
electric drive is 65—70 kW, the power of the internal
combustion engine is 10 kW. The drive range of the
vehicle is 200 km [60].

In the early 1980s, Kuznetsov Design Office devel-
oped aircraft engines intended for Tupolev passenger
aircraft. These hydrogen-fueled engines have passed
bench and flight tests. Tupolev Design Bureau on the
basis of the Tu-154 serial passenger aircraft created the
experimental hydrogen aircraft Tu-155 (Fig.5).
On April 15, 1988, the Tu-155 aircraft made its first
flight. It underwent an extensive set of tests, during
which 14 world records were set. It carried out about
100 long-term flights on liquid hydrogen.

The work on the Energiya-Buran complex (Fig. 6)
took about 10 years. The NPO (R&D production cen-
ter) Molniya became the lead product developer of the
Buran orbital spacecraft. An RD-0120 liquid-propel-
lant rocket engine operating on liquid hydrogen and
liquid oxygen was installed as an engine on the second
stage of the Energiya launch vehicle. The space flight
of Buran took place on November 15, 1988. The auto-
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Fig. 5. (Color online) TU-155 aircraft with hydrogen engines and the crew of the Tu-155 aircraft [61].

matic flight of Buran was entered into the Guinness
Book of Records and is still unsurpassed [62].

Currently, one way to ensure a phased transition to
hydrogen energy in the transport industry is the pro-
duction of synthesis gas and/or hythane (a mixture of
hydrogen and carbon monoxide or methane). More-
over, in the case of synthesis gas, its production is pos-
sible directly on board a vehicle using part of the main
(gaseous or liquid) hydrocarbon fuel. The use of syn-
gas and hythane can have a positive effect on the
parameters of internal combustion engines. Plasma-
chemical fuel conversion was discussed earlier, but at
the Siberian State University of Railways, together
with the Boreskov Institute of Catalysis SB RAS,
experimental studies were carried out on the use of
additives of hydrogen-containing synthesis gas on die-
sel internal combustion engines [64]. One of the
options is an on-board synthesis gas generator, con-
sisting of a catalytic reactor for air conversion of
hydrocarbon fuel into synthesis gas using a catalyst
based on a metal mesh carrier with an active compo-
nent based on nickel nanoparticles [65]. This institute
also carried out a large number of developments on
converting various types of fuel using highly efficient
nanostructured catalysts [49, 50].

Operational tests were carried out in 2008 and 2009
in real conditions: the GAZ-2310 Sobol and Barguzin
vehicles, equipped with on-board synthesis gas gener-
ators, took part in the Blue Corridor rally organized by
Gazprom along the St. Petersburg—Moscow and
Moscow—Sochi routes. Tests have shown that addi-
tives of synthesis gas to the main fuel significantly
reduce the emissions of CO, CH, and NO, and pro-
vide an overall reduction in fuel consumption.

Studies [66] have shown that the air conversion of
natural gas is the simplest and cheapest way to obtain
synthesis gas on board a vehicle. However, the use of
synthesis gas requires compliance with a standard pro-
portional composition of the fuel mixture since
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exceeding the permissible level of hydrogen content in
the combustion chamber of the internal combustion
engine causes the permissible combustion tempera-
ture limits to be exceeded and leads to a change in the
nature of the vibration load [64, 67].

Fig. 6. (Color online) Space shuttle Energiya-Buran [63].
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ELECTROCHEMICAL GENERATOR

VOLNA 20

]
| |
| |
| |
| |

Specifications

Capacity 1 kW
Voltage 27V
Reagents Hydrogen
oxygen
Pressure 0.4 MPa
Mass 65 kg
Resource 500 h

Fuel

Sy,

35 i
o \\\Q Ural Electrochemical Plant

cell
battery

Fig. 7. (Color online) Hydrogen—oxygen electrochemical generator Volna-20 [70].

In the 1970s, several scientific research organiza-
tions in the USSR began work on the use of hydrogen
as a fuel, not only for internal combustion engines but
also for electrochemical generators (ECG) based on
fuel cells (FC) [68].

In the USSR, the first publications on alkaline fuel
cells (AFC) appeared in 1941, and the first practically
significant developments were carried out in the 1960s
at the Ural Electrochemical Plant (UEKhK) and at
Korolev Rocket and Space Corporation Energiya
(RSC Energiya) for spaceships.

In 1969—1975, UEKhK developed the ECG
Volna-20 for RSC Energiya (Fig. 7), with an AFC bat-
tery with a circulating electrolyte, and set up their pilot
production [69].

In the late 1980s, UEKhK developed an AFC for
the Buran spacecraft, the electrochemical generator
Foton (Fig. 8), with a nominal power of 10 kW with

Fig. 8. (Color online) Electrochemical generator Foton.
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the possibility of increasing power, combining several
modules. Generator efficiency was 60%, and the guar-
anteed service life was 2000 h [71], which, however,
was not reached during the Buran flight.

Alongside the development of AFC for spacecraft.
starting from the first half of the 1970s, Soviet engi-
neers and researchers worked on creating a submarine
with power plants on AFC (CDB Lazurit, NPO
Kvant, SKB Kotlostroeniya, CDB MT Rubin, and
later they were joined by the AFC developers for
spacecraft).

For the submarine Katran of project 613E, a power
plant with an AFC with a capacity of 280 kW was cre-
ated. The reagents, liquid oxygen and hydrogen, were
stored in cryogenic containers outside the main hull of
the submarine.

In 1988, the Katran submarine successfully passed
tests and, for the first time in the world, confirmed the
fundamental possibility of creating and effectively
using FC for this type of equipment. Unfortunately,
work on the creation of power plants for submarines in
the USSR was suspended, in contrast to similar devel-
opments abroad [71].

In 2001 and 2003, the Ural Electrochemical Plant,
RSC Energiya, and AvtoVAZ demonstrated the Lada
ANTEL-1 and Lada ANTEL-2 vehicles with their
electric motor and a power supply unit based on the
Foton ECG at Moscow motor shows, as shown in
Fig. 9. In the first system, oxygen served as an oxi-
dizer, and in the second, it was air purified from CO,.
On one filling of hydrogen stored in cylinders, these
cars could travel 300 km [72]. Certainly, the cost of
such a system (taking into account its spacecraft ori-
gin) was excessively high.
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Fig. 9. (Color online) VAZ vehicles on fuel cells ANFCL-1 (a) and ANFCL-2 (b) [73].

In the 1970s and 1980s, NPO Kvant, together with
the Riga bus plant RAF, created the world’s first
experimental hydrogen minibus Kvant-RAF with a
combined power plant based on a hydrogen-air FC
with a capacity of 2 kW and a nickel-zinc storage bat-
tery (5 kW h), which was presented at the Moscow
International Exhibition Elektro-82 and was experi-
mentally commissioned and operated [51].

Since 1966, RSC Energiya has been developing
phosphoric acid FCs for the Soviet lunar program.
From 1987 to 2005, Energiya produced about 100 fuel
cells, which worked in total about 80000 h [74]. How-
ever, further developments in this area were aban-
doned.

In 1999, modules of two nickel-hydrogen storage
batteries were created for the Yamal spacecraft
(Fig. 10), i.e. hydrogen was used not only for FC but
also for their analogs [72].

The first prototype of an electrochemical generator
based on solid oxide fuel cells (SOFC) with a capacity
of 1 kKW was created in 1989 at the Institute of High-
Temperature Electrochemistry of the Ural Branch of
the Russian Academy of Sciences (IVET). It was the
most powerful SOFC in the European territory, but
during the crisis of 1990s, this work slowed down and
was only resumed in 2008 in cooperation with Rosa-
tom’s subsidiary, the TVEL fuel company. Gazprom,
in particular, is interested in SOFC developments,
since autonomous energy sources based on natural gas
are promising for power supply systems for gas pipe-
lines, including cathodic protection stations. At the
sites of OJSC Gazprom transgaz Yekaterinburg, a
1.5 kW power plant has successfully operated for more
than a year [75]. This institute has successfully contin-
ued research work in the field of SOFC [76, 77].

Since the end of the 1980s, work on the develop-
ment of SOFC-based power systems has also been
successfully carried out at Zababakhin All-Russian
Scientific Research Institute for Technical Physics
(REFNC VNIITF, Snezhinsk). Developments were
carried out on all structural designs of SOFC (tubular,
planar, block), and the attained capacity was 1—2.5 kW.

NANOTECHNOLOGIES IN RUSSIA  Vol. 15

In 2005, VNIITF also manufactured an SOFC bat-
tery module for cathodic protection systems for gas
pipelines. The module was based on a tubular SOFC
with a supporting electrolyte. The operating tempera-
ture of the SOFC is 950°C. The fuel utilization ratio
reached 86% [78]. Since 2007, within the framework
of the Federal Target Program, significant successes in
this area have been achieved by FSUE TsNII SET with
the participation of RFNC VNIITF.

In 1994, OJSC Special Design Bureau for Boiler
Building (SKBK) developed a project for a combined
power generating facility electric power plant (PGF)
with an electrochemical generator based on SOFC
and an end steam and gas turbine cycle.

TVEL Corporation (ChMZ OJSC (Chepetsk
Mechanical Plant OJSC) has a pilot site for the pro-
duction of zirconium dioxide, powders for plasma
spraying and products from solid electrolytes.

Fig. 10. Battery set for Yamal communication satellites.
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Fig. 11. (Color online) Uralkhimmash modules of electrolysis of types SEU (SPP) (a) [80] and FV (PhR) (b) [81].

The comprehensive development program of the
TVEL Corporation until 2020 provided for a signifi-
cant increase in production and expansion of the
product range.

In recent years, significant progress has also been
achieved at the Institute of Solid State Physics, Rus-
sian Academy of Sciences (Chernogolovka), where
the development of planar SOFCs is being successfully
carried out [79].

In Russia, research and development of polymer
membrane fuel cells (PEMFC) is carried out at IPCPhT
RAS, SRC Kurchatov Institute, RFNC-VNNIIEF,
TsNII SET, as well as in several other research organi-
zations.

Development and pilot production of the polymer
electrolyte membrane (PEM) were carried out in the
mid-1970s in Russia at Plastpolymer OJSC [82].
However, at the moment the production of PEM (and
membranes based on it) has been discontinued.

In recent years, research in hydrogen energy in
Russia have been focused mainly on the development
of new materials, nanostructured catalysts, mem-
brane-electrode assemblies, and related technologies.
In particular, at the SRC Kurchatov Institute (Mos-
cow), MPEI (TU) (Moscow), Institute of Problems of
Chemical Physics of the Russian Academy of Sciences
(Chernogolovka), loffe Physico-Technical Institute
RAS (St. Petersburg), Institute of Catalysis SB RAS
(Novosibirsk), Frumkin Institute of Physical Chemis-
try and Electrochemistry RAS (Moscow), and others,
a number of fundamental and applied research proj-
ects have been successfully completed [83].

In 2015, at the branch TsNII SET of FSUE Krylov
State Scientific Center, a prototype of PEMFC-based
power plant was developed and manufactured,
operating on converted diesel fuel and equipped
with a system for recycling waste oxidation products
and intended for the new-generation marine engi-
neering facilities [84]. Several experimental hybrid
solar/wind/hydrogen power systems for decentralized
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power supply have been developed at SRC Kurchatov
Institute [85]. Also worth mentioning is the
unmanned aerial vehicle (Fig. 13) [86], developed in
2013 at SRC Kurchatov Institute, together with the
United Aircraft Corporation (UAC). Subsequently,
great advances in this area were achieved at the Insti-
tute for Problems of Chemical Physics, Russian Acad-
emy of Sciences (IPCP) [87]. Currently, AT Energy
[88] and BMPower [89] are successfully producing
PEMFCs for unmanned aerial vehicles. Original
nanostructured electrocatalysts on nanocarbon carri-
ers have been developed [90—101].

For FC, hydrogen production by the electrolysis of
water, which ensures high purity of hydrogen, is cer-
tainly optimal. In Russia, alkaline water electrolysis
cells have been successfully produced by the Uralkh-
immash enterprise since the 1950s; electrolysis cells
with asbestos diaphragms are shown in Fig. 11, with a
hydrogen capacity from 4 to 250 nm3/h (SEU-4, 10,
20, and 40, with a hydrogen capacity of 4, 10, 20, and
40 nm? H,/h, respectively) operate at pressures up to
1.0 MPa, and the electrolysis unit FV-500 with hydro-
gen capacity up to 500 nm?3/h operating at atmospheric
pressure [2].

Unfortunately, the production of domestic alkaline
water electrolysis cells has actually been discontinued
since the company could not withstand competition
with foreign developers.

However, research and development of water elec-
trolysis systems with PEM have been carried out in
Russia for more than 20 years by FSBI SRC Kurcha-
tov Institute, FSUE Krasnaya Zvezda, and other orga-
nizations. Electrolysis cells have been created with lev-
els of PEM productivity from a few milliliters to sev-
eral cubic meters of hydrogen per hour (Fig. 12) for
various purposes and pressures up to 150 bar [2].
Much attention has been paid to the development of
nanostructured catalysts and nanostructured mem-
brane-electrode units (MEU) based on platinum and
iridium [46, 102—110].
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Fig. 12. (Color online) Electrolysis cells c PEM developed at SRC Kurchatov Institute with a capacity of 25 L/h (a), 125 L/h with
a working pressure of 30 kg/cm2 (b), and 1.5 m> /h with a working pressure of 30 kg/cm2 (c).

Fig. 13. (Color online) First Russian drone equipped with PEMFC, 2013 [86].

The creation of hydrogen storage and transporta-
tion systems is of key importance, and in many
respects it is a limiting factor in the development of
hydrogen energy production. Storage on board vehi-
cles is crucial for the development of hydrogen tech-
nologies in transportation. In the 1980s, prototypes of
storage systems (metal hydride, gas cylinder, and cryo-
genic systems) were developed in the USSR. We
should also recall that hydrogen storage systems were
developed at Podgorny Institute of Mechanical Engi-
neering Problems using low-temperature and high-
temperature hydrides of intermetallic alloys based on
FeTiVa and Mg,Ni [48], with light composite super-
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balloons with a mass hydrogen content of about 8§—
10% at pressures of 300—500 atm [51]. In the 2000s, at
the Moscow Aviation Institute, in cooperation with
RSC Energiya and OJSC Splav, at the request of the
Ministry of Emergency Situations, cylinders with a
capacity of 10 L and a mass of 2.5 kg designed for a
pressure of 30 MPa were manufactured and tested
[111].

In 2001, LLC NPO Poisk (St. Petersburg), by order
of the companies CJSC LEM and AO Avtovaz devel-
oped metal-plastic motor transport cylinders with a
capacity of 65 L, a working pressure of 22 MPa, and a
mass of 35 kg for compressed natural gas (methane)
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(Ti, Zr)(Mn, Cr), —30-—+50 2.0
Mg, Ni 250-300 3.6
Mg—Mn—Ni 250-300 5.5
Mg + 5% C 300-350 7.0
Mg + 3% Ni/C 300-350 7.0

Fig. 14. (Color online) Materials for metal hydride storage of hydrogen developed at IPCP RAS [120].

and hydrogen intended for passenger cars. In 2003, by
order of RSC Energiya and JSC Avtovaz, work began
on the development of a cylinder for storing com-
pressed hydrogen onboard vehicles of the ANFCL
family with a working pressure of 39.2 MPa [112].

However, it is metal hydrides for transport and sta-
tionary applications that have especially motivated
intensive research and development. Work in the
USSR on this discovery of the phenomenon reversible
absorption of hydrogen by alloys and intermetallic
compounds was discovered [113—115] in the end of
1960s. Three leading organizations collaborated
within the consortium for the creation of metal
hydride storage systems: IAE, NAMI, and Moscow
State University [54]. In 1979, application nos. 26 3140
and 263141 were registered in the State Register of
Inventions of the USSR with the priority of invention
on June 22, 1978, which were among the first inven-
tions in this area in the USSR and in the world [54].

The storage of hydrogen in hydrides has a number
of advantages over storage under pressure or in a lique-
fied form, namely, the energy consumption is
reduced, transportation is simplified, and, most
importantly, storage safety is increased. Hydrides pro-
vide a high bulk density that is comparable to liquid
hydrogen but do not require low temperature mainte-
nance. In some cases, high mass density can also be
achieved [116].

Currently, in Russia at the IPCP (Institute for
Problems of Chemical Physics) RAS, a variety of
hydrogen-storage materials have been developed
(Fig. 14) and various types of reusable metal hydride
batteries have been created on their basis [114, 117—
120]. The JIHT (Joint Institute for High Technolo-
gies) RAS is also developing hydride materials But
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special attention is paid to the creation of power plants
based on them [118, 121—124].

The possibilities of creating cryogenic storage sys-
tems for liquid hydrogen on board a vehicle were also
investigated. An experimental RAF vehicle with a
cryogenic hydrogen storage system was tested at the
NAMI test site in the 1980s, and based on the results
of this work, an experimental cryogenic tank for stor-
ing liquid hydrogen on board the vehicle was devel-
oped at NPO Cryogenmash. However, after 1985, this
work was gradually curtailed [51].

In the USSR, OJSC Cryogenmash, OJSC Geliy-
mash, OJSC Uralkriomash, the institutes of the Rus-
sian Academy of Sciences, the Scientific Research and
Design Institute of the Nitrogen Industry and Organic
Synthesis Products (OJSC GIAP), and others created
an infrastructure to supply the country with liquid
hydrogen, primarily for rocket and space programs.
Liquefaction units with a capacity of 180 kg/h of para-
hydrogen were developed, manufactured and put into
operation (NIIkhimmash in Sergiev Posad, PA Elec-
trokhimprom in Chirchik) [125]. We should also men-
tion the Cryogenic Center at Baikonur, which pro-
vided the entire cycle of operations with the Energiya—
Buran system [126].

Nanostructured porous materials can also be used
to store hydrogen in molecular form. The main mate-
rials capable of providing effective physical sorption of
hydrogen are carbon nanostructures, BN nanostruc-
tures, metal-organic framework systems (MOF), and
porous organic polymers. Sorbents should have a large
specific surface area, have an ordered pore system,
and be light enough but stable. This problem has
also received much attention in domestic develop-
ments [116].

2020



268

Also noteworthy is also the original concept of alu-
minum—hydrogen energy, where hydrogen is pro-
duced by the reaction of aluminum with water [127,
128]. In this case, aluminum acts as an intermediate
energy carrier in stationary, transport, and portable
applications. The direct electrochemical oxidation of
aluminum and its nanostructural modifications [129]
in air—aluminum fuel cells is also promising. How-
ever, aluminum—hydrogen technologies are also very
attractive, since there is a possibility of generating
additional heat energy [130].

Since 2006, JIHT RAS has successfully developed
prototypes of compact power supplies for portable
electronics based on the free-breathing hydrogen—air
fuel cells of an aluminum-water microgenerator of
hydrogen [131, 132].

The technologies under development for alumi-
num—hydrogen energy can find their place in the
future hydrogen economy of the future as an efficient
and safe way of transporting the source of hydrogen
and stored energy [130].

Of particular interest are the developments of
hydrogen storage systems in glass/quartz capillaries
carried out at SRC Kurchatov Institute, which make it
possible to achieve a mass fraction of the stored hydro-
gen of more than 10% [133, 134], but these develop-
ments have not yet been brought to practical imple-
mentation.

In recent years, SRC Kurchatov Institute has been
actively developing the use of the hydrogen cycle
(implemented in the electrolysis cell water—hydrogen
storage system—fuel cell) for storing energy generated
by RES-based power plants, including in the Far
North and the Arctic zones. Effective technical solu-
tions have been developed for the use of electrochem-
ical hydrogen systems for energy storage with an effi-
ciency of cyclic conversion of more than 40%. It has
been shown that the storage of energy in the form of
hydrogen is environmentally safe and significantly
surpasses traditional storage batteries in terms of
capacitive performance, which is especially important
for the prolonged absence of energy from renewable
energy sources, for example, under polar night condi-
tions and in calm weather. It has been confirmed that
the use of hydrogen electrochemical systems (water
electrolysis cells and FC) with an appropriate hydro-
gen storage system makes it possible to store a signifi-
cant amount of energy and smooth out daily, monthly,
and seasonal irregularities in the energy supply from
RES [135].

An important advantage of a hydrogen energy stor-
age system is its ability to increase the energy intensity
of hydrogen storage by attaching additional gas cylin-
ders or using larger gas tanks. Other undoubted
advantages of hydrogen storage in relation to tradi-
tional electrochemical batteries are ease of disposal
and the absence of toxic components. Important
advantages of hydrogen storage systems are the
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absence of self-discharge, self-balancing, modular
architecture, process reversibility, and a large number
of charge/discharge cycles. It is noteworthy that with
an increase in storage capacity, the specific cost of the
system decreases, since only additional volume for
storing hydrogen is required to store additional energy.
The advantage of power plants with hydrogen storage
in terms of weight and size compared to traditional
batteries is especially significant when creating remote
systems in hard-to-reach areas, where equipment is
delivered, for example, by helicopters [136].

The SRC Kurchatov Institute has developed, tested
and implemented a line of power plants based on
renewable energy sources and hydrogen energy gener-
ation and storage systems. A feature of the created
power plants is their northern climatic design, which
ensures efficient energy supply to various consumers
in the polar night, low temperatures and other factors
inherent in the northern regions of countries such as
Russia, Norway, Finland, Denmark, Ireland, USA,
and Canada. A fundamentally important advantage of
the created power plants is abandoning use of diesel
generators as auxiliary energy sources and their
replacement with environmentally friendly ECGs
based on FC [137]. The capacity range of the devel-
oped autonomous power plants and their modular
scalable architecture allow the power supply needs of
both small remote systems, such as meteorological
stations, cellular communication stations, sea and
river beacons, and other navigation systems to be met,
as well as more energy-intensive consumers, such as
local residential and industrial facilities, charging sta-
tions for electric vehicles, etc. The combined use of
fundamentally different primary energy sources, such
as sun and wind, as well as an electrochemical system
for storing and generating electricity, can significantly
increase the stability of power supply to autonomous
off-grid consumers [138].

It should be emphasized that developing the regu-
latory framework for hydrogen power engineering
(GOSTs, codes, and standards) was practically
neglected in the USSR but now this issue has attracted
the necessary attention [139].

Thus, NAHE (National Association for Hydro-
chloric Energy) believes that establishing a national
technical policy in the field of hydrogen technologies
and FC based on a modern national regulatory and
technical base harmonized with international ISO and
IEC standards, as well as the organization of interna-
tional cooperation within the framework of the Inter-
national Association for Hydrogen Energy (IAHE),
necessary for the development of hydrogen technolo-
gies that provide favorable conditions for the forma-
tion of a hydrogen economy, the popularization of
hydrogen energy, and the organization of hydrogen
education, are the main priorities for the coming
years [140].
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The IAHE also included scientists from the USSR,
whose work was coordinated by the Commission of
the USSR Academy of Sciences on Hydrogen Energy
and the IAE. The head and leader of the hydrogen move-
ment in the USSR was Academician V.A. Legasov.
Under his leadership, since 1978, Atomizdat has pub-
lished the collections Atomic-Hydrogen Energy and
Technology and held All-Union seminars on atomic-
hydrogen energy based on the IAE.

The first all-Union school on this subject, under
the supervision of A.M. Styrikovich, took place in
1979 at the Donetsk Polytechnic Institute (now
Donetsk National Technical University). In 2004, the
rector of MIREA Russian Technological University,
Academician A.S. Sigov, and Professor A.A. Evdoki-
mov (since 2007 the head of the Department of
Chemistry) were actively promoting hydrogen educa-
tion. They have a special role in the development of
universal hydrogen education in Russia [141].

First, they supported additional specialization in
hydrogen energy at the Department of Informatiza-
tion of Journalism at MIREA as part of hydrogen edu-
cation, and then the organization of a student hydro-
gen club as one of the forms of non-academic educa-
tion. The MIREA Hydrogen Club, founded by
students in 2004, participates in the organization and
holding of the international symposium Hydrogen
Energy of the Future and Platinum Group Metals in
the CIS Countries, publishes the illustrated newspa-
per Hydrogen Gas Turbine, the magazine Hydrogen All-
Education, etc. [142].

CONCLUSIONS

Hydrogen energy generation, as a scientific and
technical direction covering the problems of obtain-
ing, storing, transporting, and using hydrogen, began
in the USSR in the 1970s and successfully developed
over the following decades, in line with world trends.
At the same time, several unique domestic develop-
ments appeared that have no analogues in the world.
In modern Russia, hydrogen energy technologies are
becoming extremely popular in connection with the
renaissance of atomic—hydrogen energy (which is
based on the production of hydrogen using the energy
of nuclear power plants) and the rapid development of
renewable energy (requiring highly efficient energy
storage systems). There has been a steady trend
towards the transition from hydrocarbon energy to
environmentally friendly hydrogen energy, within
which hydrogen, a universal energy carrier, is becom-
ing an integral part of the development of modern
society. The use of nanomaterials and nanotechnolo-
gies is an innovative component of hydrogen energy
technologies and opens up prospects for large-scale
implementation.
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