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Abstract: Hydrogen is a prospective energy carrier because there are practically no gaseous emissions
of greenhouse gases in the atmosphere during its use as a fuel. The great benefit of hydrogen being a
practically inexhaustible carbon-free fuel makes it an attractive alternative to fossil fuels. I.e., there
is a circular process of energy recovery and use. Another big advantage of hydrogen as a fuel is
its high energy content per unit mass compared to fossil fuels. Nowadays, hydrogen is broadly
used as fuel in transport, including fuel cell applications, as a raw material in industry, and as an
energy carrier for energy storage. The mass exploitation of hydrogen in energy production and
industry poses some important challenges. First, there is a high price for its production compared
to the price of most fossil fuels. Next, the adopted traditional methods for hydrogen production,
like water splitting by electrolysis and methane reforming, lead to the additional charging of the
atmosphere with carbon dioxide, which is a greenhouse gas. This fact prompts the use of renewable
energy sources for electrolytic hydrogen production, like solar and wind energy, hydropower, etc.
An important step in reducing the price of hydrogen as a fuel is the optimal design of supply chains
for its production, distribution, and use. Another group of challenges hindering broad hydrogen
utilization are storage and safety. We discuss some of the obstacles to broad hydrogen application and
argue that they should be overcome by new production and storage technologies. The present review
summarizes the new achievements in hydrogen application, production, and storage. The approach
of optimization of supply chains for hydrogen production and distribution is considered, too.
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1. Introduction

Hydrogen has the potential to be the energy of the future. It is a highly efficient,
environmentally friendly, and sustainable energy carrier. From the energy-exchanging
processes taking place in nature on Earth to those in space, one can see that hydrogen plays
a fundamental role in all of them. It can be considered a driving force in respiration chains,
the glycolytic exchange route, and the cycles of Krebs, Calvin, and Knoop, which form the
basis of the biochemical process in living systems. Hydrogen is the fuel for thermonuclear
fusion in stars.

Cavendish obtained pure hydrogen for the first time in 1766. This discovery had been
confirmed by Lavoisier in 1783 after precise experiments. The gas was named “hydrogen”,
i.e., “bearing water” in Greek. In 1839, C.F. Schönbein and W.R. Grove published their
work on fuel cells and their first construction, which was used to recombine hydrogen and
air oxygen, thus generating pure and efficient electricity and heat [1].

The attractiveness of hydrogen as a fuel is based on its use in a wide variety of methods
for energy production. It is an excellent fuel for internal combustion engines, gas turbines,
and fuel cells, providing high efficiency and practically no air pollution [2].

The energy content of hydrogen exceeds those of fossil fuels by 3–4 times and consists
of 140 MJ/kg hydrogen, whereas, as a measure of the fossil fuels’ energy, oil’s equivalent
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capacity is 41.86 MJ/kg. Hydrogen is abundantly met in nature in the form of various
chemical compounds (water in particular), which makes it attractive for different types of
production [3]. Along with its use as a fuel, hydrogen is broadly used as chemical feedstock
for various manufacturing processes. Ammonia production and oil refining are mostly
spread ones where hydrogen is used.

The European Commission issued a final version of the “Hydrogen strategy for a
climate-neutral Europe” on 8 July 2020. The philosophy of this document is in compliance
with the Paris Agreement on Climate Change from 4 November 2016, which foresees the
attainment of a “Carbon-neutral Europe” by 2050 [4].

Besides the advantages, hydrogen use faces some challenges. First, hydrogen produc-
tion is energy-consuming, i.e., the use of carbon-containing fuels for its production must be
restricted or even avoided.

The further applications of hydrogen are associated with its safe storage and operation,
sometimes being non-competitive to the traditional fossil fuels. There is a threat of explosion
in hydrogen storage and use. That is why many efforts have been made to overcome all
these obstacles.

The present review is an attempt to discuss the present and future hydrogen applica-
tions, its methods of production given the associated challenges, and the ways to overcome
them. The problems with hydrogen storage are considered, too.

2. Hydrogen Applications
2.1. Transport Applications

Transport is the “circulatory system” of the modern economy. The transportation of
people and goods is a key factor for the sustainability and development of today’s world
with different types of engines—internal combustion, electric, reactive, and steam engines.
A large amount of attention is paid to the use of hydrogen as a fuel in such engines.

Engines with internal combustion (EIC) operating with fossil fuels generate about
10% of the world’s emissions of greenhouse gases [5]. This and other reasons (fuel saving
and long-term exploitation) motivated scientists to improve EIC with considerable success
in recent years. However, the problems with greenhouse gases and the shortage of fossil
feedstock for fuel production remain.

The generation of nitrogen oxides (NOx) as a result of the operation of EIC is a consid-
erable drawback for this type of engine. Nitrogen oxides are formed at high temperatures
from nitrogen and oxygen in sucked air during combustion in EIC. These compounds have
a negative impact on living beings, suppressing their aspiration, and are anhydrides for
acids of nitrogen with a harmful impact on the environment [6]. These facts motivated the
development of technology for partial or complete application of hydrogen as a fuel for
this type of engine [5].

Reactive engines have broad application in modern aviation, either civil or military.
There are already attempts for hydrogen-fueled reactive engines for long-distance flights [7].
The application of hydrogen in such engines can be accomplished either by compressed gas
or employing hydrogen as liquid hydrogen (LH2). Hydrogen has good prospects as a fuel
in aviation because it contains two important features for this purpose: very high specific
energy content and carbon neutrality. The application of LH2 has a unique advantage for
long-distance flights because of its high specific energy content compared to fossil fuels.

Because of these valuable characteristics, the extended application of hydrogen as a
fuel must be combined with its environmentally friendly production. Together with these
advantages, the application of hydrogen in aviation also has a number of drawbacks. First,
compressed hydrogen must be stored at very high pressures, namely between 350 and
700 bars. Next, LH2 must be stored at very low temperatures, i.e., 20 K. In these engines,
NOx is formed too, because of the high temperature of combustion [8–10].

Hydrogen propulsion in aircraft is considered in two ways: by direct combustion or in
fuel cell equipment [9]. Both gaseous and liquid hydrogen are considered.
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However, the use of hydrogen as a fuel in aviation will need new and severe safety
systems for hydrogen storage and use on aircraft with new aircraft design, new infrastruc-
ture with the safety measures in the storage sites, new fuel feed systems in airports with
supply chains for delivery, etc. [10,11]. These transformations will lead to an increase in the
expenses per capita of passengers. But the adverse effect of greenhouse gases during the
flight will be reduced by some 50 to 60% for hydrogen combustion and by 75–90% for fuel
cell propulsion.

Taking into account the current status of its use, hydrogen could be first targeted as a
fuel in civil aviation for short-range and medium-range routes.

2.2. Fuel Cells

The energy production by hydrogen/oxygen fuel cells is a highly efficient and environ-
mentally friendly method for direct conversion of the chemical potential of the reagents into
electricity. Generally, the hydrogen fuel cell consists of electrodes (anode and cathode) separated
by a proton-exchange membrane (PEM), also referred to as an electrolyte, cf. Figure 1. The
operation temperature is within 333–353 K. Hydrogen and oxygen enter the fuel cell in the
anode and cathode compartment, respectively. Hydrogen is an electron donor, and oxygen
is an electron acceptor. Protons are formed on the anode, passing through the membrane
and reacting with oxygen at the cathode with the formation of water vapor and heat release.
The electron exchange is accomplished through the external circuit as electric current due
to the generated electromotive force between the electrodes [12].
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Figure 1. Basic components of hydrogen-driven fuel cell.

The electrochemical reactions on the electrodes are the following:
Oxidation (on the anode):

2H2 → 4H+ + 4e− (1)

Reduction (on the cathode):

O2 + 4H+ + 4e− → 2H2O (2)

Overall reaction:
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2H2 + O2 → 2H2O + electromotive voltage + heat (3)

When fuel cells are applied to electric vehicles, they are highly efficient and have low
emissions in the long term, extremely low noise levels, and cheap maintenance. Nitrogen
oxides are practically absent as exhaust gases. In general, the design of the fuel cell-run
vehicle can be described in the following way: cf. Figure 2. The hydrogen is charged and
stored in a high-pressure tank. It is supplied to a battery of fuel cells (usually called a
“stack”). The generated constant electric tension is supplied to a DC/DC converter, which
feeds the speed controller (power electronic controller). The driver uses the speed controller
to set the necessary instant rotation frequency of the traction electrical engine [13].
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Some of the earliest hydrogen fuel cells were used to provide electricity for rockets
and shuttles in spacecraft. Future applications of hydrogen-driven fuel cells will likely be
in automobile transport (cars and trucks), rail transport, and marine vessels. Fuel cell trains
have appeared in Germany, and in the coming years, they are expected in other European
countries, as well as in the U.S.A., Japan, and South Corea. Besides this, hydrogen fuel
cell technology is applicable in households for local electricity production and heating in
houses and industrial spaces [15]. Generally, the most prospective and already used fuel
cell applications are in transport, warehouse logistics (clean trucks, forklifts, and pallet
jacks), backup power generation and storage for greed balancing, unmanned aerial vehicles
(UAV), etc.

In recent years, fuel cell-driven passenger vehicles have gradually been displaced by
electric cars; hence, other niches for fuel cell applications have been sought, among which
are large-load trucks, public buses, trains, and boats.

One of the main challenges to the broader application of hydrogen fuel cells in trans-
port is the price and availability of the catalyst for hydrogen oxidation, namely platinum.
There are many efforts and studies to replace platinum with cheaper catalysts [16], some
of which use platinum-based ones doped with other metals, e.g., Co, Cr, Cu, non-noble
metals or organo-metallic compounds [16]. However, the last two types still require
more research.

Maybe the competition between hydrogen fuel cell-driven vehicles and electric cars
will be solved by economic issues depending on the prices of catalysts for the first op-
tion and the batteries for the second, as well as the durability of the materials used in
both applications.
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2.3. Hydrogen Applications in Industry

Hydrogen can be an important source of energy as well as feedstock for intensive
processes in industry [17]. Such industrial examples include ammonia production, direct
reduction of iron ore instead of the traditional blast furnace process, and methanol produc-
tion. The latter is a key feedstock for petrochemical products, biodiesel, and anti-knocking
fuel additives. Methanol can be used also as an alternative fuel in diesel engines [18] or in
onboard fuel cell vehicles [19].

More traditional processes, such as hydrocracking, aiming at diesel and biodiesel
production with the use of hydrogen, are also used in oil and biofuel refineries. Hydrogen
and captured carbon dioxide can be used to produce so-called electrofuels or e-fuels, similar
to gasoline, diesel, jet fuel, etc.

The company ThyssenKrupp Steel was the first one to inject hydrogen into a blast
furnace, thus replacing metallurgical coke as an additional reducing agent and hence
reducing carbon dioxide release by 20% [20]. The plan was to avoid 3.5 million emissions
of carbon dioxide, producing 2.5 million metric tons of iron. This success prompted
the German Federal Ministry of Economic Affairs and Climate Action to promote this
approach for practical application. Similar attempts are reported in India [21], Japan [22],
etc. However, the inevitable carbon content in cast iron and steel must be considered.

2.4. Hydrogen as an Energy Carrier

Energy storage is required to retain the power of renewable energy sources. It facil-
itates the filling of the gap between demand and supply [23]. Energy storage also helps
in damping energy oscillations and improving power quality and reliability. Depending
on the form of energy stored, the technologies can be categorized into mechanical (hy-
dropower), electrochemical (flow batteries and secondary batteries), chemical (hydrogen),
electrical (supercapacitors), and thermal energy storage.

The straightforward way to store energy as hydrogen is to use the surplus of produced
electricity by power stations for water splitting to produce hydrogen. The next technical
problem is the type of hydrogen storage, depending on its further application—for chemical
processes, oil refining, transport, etc.

There is one recent application of hydrogen as a large-scale fuel. It is the blending
of natural gas by injection into the pipelines for gas supply. Hence, the further emissions
of greenhouse gases are reduced at the same or similar energy capacity of the gaseous
mixture [24]. Difference volumetric ratios are proposed, but the most reliable is 15 to
20% (vol.) hydrogen in the resulting gas [24]. Some precautions must be taken when
hydrogen injection is applied. First, there is the threat of explosion, and that is why the
volumetric ratio for the gases must be carefully specified. Next, there is the threat of
embrittlement of the pipelines caused by hydrogen at higher concentrations accompanied
by gas leakage [25].

Another indirect application of hydrogen in power production is its use as a cooling
agent for heated turbines in thermal power plants. Its application for this purpose is
prompted by its high heat transfer coefficient, high thermal conductivity, and high specific
heat, almost equal to that of air [26].

3. Hydrogen Production

Hydrogen production is of primary importance for its further application. There
are various approaches to producing hydrogen. The production of hydrogen is always
associated with the use of some feedstock and energy spending. The produced hydrogen is
assigned a “color” depending on the method and the harm it causes to the environment.
This classification is presented in Table 1, following ref. [27].
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Table 1. Different hydrogen “colors” depending on the process and their impact on environment.

Color Method of Hydrogen Production Advantages/Drawback

Green Electrolysis, based on renewable energy sources or
their combination (solar and wind power) No greenhouse emissions. Expensive.

Blue Steam reforming of methane with carbon
dioxide capturing

Cheap with high productivity. Carbon dioxide release
with subsequent capturing and storage.

Grey Steam reforming of methane without carbon
dioxide capturing Cheap with high productivity. Carbon dioxide release.

Black/brown Gasification of coal Cheap, but with adverse impact on environment.

Pink Electrolysis by nuclear power station electricity Uses the surplus of produced electricity by nuclear
power stations.

Turquoise Catalytic methane pyrolysis with solid carbon
as by-product Process in development and still expensive.

Yellow Electrolysis solely using solar energy No greenhouse emissions.

When the electricity for water splitting is generated by a carbon-free renewable source,
like wind, hydropower, or solar, the produced hydrogen is specified as “green”.

The most important methods from a practical point of view are steam and dry reform-
ing of methane and other hydrocarbons; coal and biomass gasification; electrolysis of water;
biological processes (dark and light fermentation and microbial electrolysis); photocataly-
sis; high-temperature electrolysis; etc. [28–30]. The selection of the method for hydrogen
production is determined by various factors like the size of hydrogen demand (as feedstock
for chemical processes, like ammonia production, and as fuel for transport), the constraints
to greenhouse gas emissions, the process efficiency, etc. For example, high-temperature
electrolysis and photo-fermentation have the highest and lowest energy efficiency, respec-
tively. The carbon emissions associated with the release of carbon dioxide indicate that coal
gasification has the highest global warming potential, whereas photo-fermentation has the
lowest one. The photoelectrochemical process has the highest hydrogen production cost,
while steam methane reforming has the lowest one. One comparison of the carbon dioxide
emissions indicates that coal gasification has the highest and photo-fermentation has the
lowest values [28].

The efforts toward the development of integrated systems of renewable energy sources
(e.g., solar, wind, biomass, etc.) are promising. In those systems, in case the produced energy
is in excess, the energy could be stored and used as hydrogen. There are mathematical
models for the optimal design of supply chains, indicating the ways in which this storage
can be accomplished [31]. Such models should account for the uncertainties and the
necessity of integration with renewable electric power stations run with hydrogen-driven
fuel cells. This would lead to improvements in sustainability and the potential to produce
renewable energy continuously [32,33].

3.1. Electrolysis

About 2% of the annual production of hydrogen is produced by electrolysis [33].
Hydrogen production by splitting water by electrolysis is one of the most popular ways
of doing this. However, the energy input (187–229 MJ/kg H2) required to complete this
process exceeds the energy of the gained hydrogen (theoretically 144 MJ/kg H2). Therefore,
using electricity produced from fossil fuels and charging the atmosphere with carbon
dioxide for this purpose is not admissible. This is why there are some efforts attempting
to minimize this adverse effect. Water electrolysis can be implemented in different ways
according to its electrolyte and ion-based agent. Some examples are alkaline water elec-
trolysis, where hydroxylic anions are transferred from the cathode space to the anode;
proton exchange membrane electrolysis with proton transfer from the anode space to the
cathode space; solid oxide electrolysis with O2− ion transferred through a separation mem-
brane [34]; and anion exchange membrane electrolysis. The last is beneficial because of the
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low Ohmic losses and the convenience due to the absence of concentrated KOH solutions,
as is in the case of alkaline electrolysis.

There is a recent study claiming to attain 95% efficiency of hydrogen production by
capillary-fed electrolysis, cf. Figure 3 [35]. The electrolyte is fed continuously into the
porous membrane placed between the electrodes. In this case, gas bubbles formed during
water splitting do not appear, and higher electrode surfaces are available.
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There are some new studies on the development of catalysts to enhance electrolysis.
There are non-precious metal catalysts containing nickel and cobalt nitrides [36,37].

But, the direct way to avoid carbon dioxide release is to use electricity produced by
renewable energy sources, like wind, hydropower, and solar energy, to produce green
hydrogen [38]. One attractive method, However, with limited application, is to produce
electricity from hydrogen sulfide, found in enormous amounts in the Black Sea. The
electricity is produced in sulfide-driven fuel cells and used afterward to split water to
produce hydrogen [39]. In this case, there is electricity production from a carbon-free fuel
(i.e., hydrogen sulfide) generated by natural processes of waste biomass biodegradation in
marine waters.

High-temperature electrolysis (HTE) is a method where steam is dissociated from
H2 and O2 at high temperatures (700–1000 ◦C). Heating is supplied by steam injection
or by independent renewable sources, like geothermal energy. In the latter case, this
method becomes carbon-free and more efficient than conventional electrolysis at room
temperature [40,41].

Microbial electrolysis is a new method for facilitated water splitting. There are some
other efforts to minimize the energy losses during water splitting by reducing the over-
potential on the cathode or by applying microbial electrolysis [42,43].

This is a way to avoid or at least remedy the high consumption of energy in hydrogen
production necessary for traditional electrolysis. The method consists of anodic oxidation
of reductors facilitated by exo-electrogenic bacteria (microbial electrolysis). These bacteria
can be used for the direct transfer of electrons toward/from the electrode. They are strains
from some well-known genera, like Enterobacter, Clostridium, Shewanella sp., Geobacter sp.,
and Pseudomonas [44,45]. These bacteria are usually immobilized to the operating electrode,
cf. Figure 4. Organic pollutants are used as reductors instead of hydroxylic anions, as is the
case in traditional electrolysis. Hence, the organic pollutants are destroyed by oxidation by
microbial catalysis, and the energy of these reactions is used for the production of hydrogen.
That is why the microbial electrolysis cell attains voltages within 0.6 and 1 V instead of
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2.3 V for the traditional electrolysis cell [44,46]. Some data for microbial electrolysis with
different substrates are shown in Table 2.

Table 2. Hydrogen production rate and content in biogas by microbial electrolysis. Excerpt from
Table 1 in [44].

Substrate Anodic Potential vs.
Ag/AgCl, V

Hydrogen Content in
the Biogas, %vol.

Hydrogen Production
Rate, m3 m−3 day−1

Dairy
industry 0.8 76 0.086

Food
processing 0.7 86 0.8–1.8

Domestic
wastewater 1.1 100 0.015
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3.2. Natural Gas Processing

The annual hydrogen production from natural gas by steam reforming consists of
48% of the total produced amount [28]. Steam reforming is the reaction of conversion of
methane to a mixture of carbon monoxide and hydrogen:

CH4 + H2O heat→ CO + 3H2 (4)

The process is endothermic, and it runs at temperatures between 700 and 1000 ◦C at
high pressure (7 to 25 bar). The next step is the water–gas shift reaction, leading to carbon
dioxide and additional amounts of hydrogen:

CO + H2O→ CO2 + H2 (5)

The energy efficiency of these processes is 64% [47]. It is evident, however, that carbon
dioxide is the inevitable final product. The main pollution by carbon dioxide comes from
the energy used for heating the reaction mixtures. Nevertheless, this process is mostly
used for the production of hydrogen for industrial purposes, e.g., for ammonia production.
There are recent efforts to avoid carbon dioxide release, leading catalytic processes to the
formation of elemental carbon (cf. the so-called turquoise hydrogen); they are the papers of
Banu and Bicer [48] and Muto et al. [49]. Metals of the iron group, as well as some noble
metals, are tested as catalysts. However, the accumulation of carbon soots can block the
catalyst’s active centers. There are also attempts to introduce dry reforming integrated with
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the capture of carbon [50]. There are also works on the optimization of biogas-reforming
conditions considering carbon formation as a by-product [51]. Levikhin and Boryaev [52]
propose the production of syngas from mixtures of hydrocarbons by partial oxidation
with a consequent water-shift reaction to produce an additional amount of hydrogen. The
problem is the high temperature (1300–1500 ◦C).

A principal scheme of the steam reforming of natural gas for hydrogen production is
shown in Figure 5.

Energies 2023, 16, x FOR PEER REVIEW 9 of 24 
 

 

mostly used for the production of hydrogen for industrial purposes, e.g., for ammonia 
production. There are recent efforts to avoid carbon dioxide release, leading catalytic 
processes to the formation of elemental carbon (cf. the so-called turquoise hydrogen); they 
are the papers of Banu and Bicer [48] and Muto et al. [49]. Metals of the iron group, as well 
as some noble metals, are tested as catalysts. However, the accumulation of carbon soots 
can block the catalyst�s active centers. There are also attempts to introduce dry reforming 
integrated with the capture of carbon [50]. There are also works on the optimization of 
biogas-reforming conditions considering carbon formation as a by-product [51]. Levikhin 
and Boryaev [52] propose the production of syngas from mixtures of hydrocarbons by 
partial oxidation with a consequent water-shift reaction to produce an additional amount 
of hydrogen. The problem is the high temperature (1300–1500 °C). 

A principal scheme of the steam reforming of natural gas for hydrogen production is 
shown in Figure 5. 

 

 
Figure 5. A principal scheme of hydrogen production by natural gas steam reforming.

3.3. Photoelectrolysis

In photoelectrochemical (PEC) water splitting, hydrogen is produced from water using
sunlight and specialized photoelectrochemical materials, which use light energy to directly
dissociate water molecules into hydrogen and oxygen. The water-splitting reaction can be
written as follows [53].
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2H2O + hv = 2H2 + O2, ∆G = 237 kJ/mole (6)

This reaction is energy-consuming, but it is more beneficial than the traditional elec-
trolysis of water. The recovered energy as produced hydrogen is 286 KJ/mol, i.e., in the
PEC case, the balance is positive. The main challenge consists of the selection of appropriate
photocatalysts to split water into hydrogen and oxygen [53,54].

3.4. Renewables

The benefit of these substrates consists of the low carbon dioxide release or even the
lack of it. Examples of such energy sources are hydropower [55], wind [56], and solar
energy. These three sources of carbon-free energy are well distributed and broadly applied
in practice [57]. Shah et al. [58] propose an integrated scheme for hydrogen production
using geothermal sources for thermo-electrolysis with water pre-heating. Biofuels, like
biogas and ethanol, are also included in this group, because they are produced from
renewable biomass grown in the present nature. Biogas consisting of methane and carbon
dioxide can be converted into syngas by dry reforming, as follows [59]:

CH4 + CO2 = CO + 2H2 (7)

There is a way to produce hydrogen with low energy consumption. It is the method
of producing hydrogen directly by microbial processes [60]. There are two types of bio-
hydrogen production: photo-fermentation, enhanced by light,

6H2O + 6CO2
hν→ C6H12O6 + 6O2 (8)

and consequent conversion into hydrogen and carbon dioxide,

C6H12O6 + 12H2O hν→ 6H2 + 6CO2 (9)

Another one is dark fermentation. It is an anaerobic process which converts sugars (e.g.,
hexoses) into fatty acids and hydrogen. It is shown below:

C6H12O6 + 2H2O = CH3COOH + 4H2 + 2CO2 (10)

C6H12O6 + 2H2O = CH3CH2CH2COOH + 2H2 + 2CO2 (11)

The first of these stoichiometric equations, Equation (10), shows that 1 mole of glucose
can be converted into no more than 4 moles of hydrogen. The competitive reaction in
Equation (11) will lead to a lower yield of hydrogen. There are also combinations of
dark and photo-fermentation leading to more complete sugar destruction and hydrogen
production and higher molar yields, as follows:

2CH3COOH + 2H2O + hν = 8H2 + 4CO2 (12)

A comparison of the energy consumption and the efficiencies of different methods of
hydrogen production is shown in Table 3.

Table 3. Comparison of non-renewable energy consumption for different methods of hydrogen
production. Excerpt from Table 4 in [47].

Method of Production Non-Renewable Energy (kWh)
Use per 1 Nm3 Hydrogen Process Efficiency, %

Steam methane reforming 4.66 64
Dark fermentation 1.52 9.6
Photo-fermentation 0.99 25.6

Two-stage fermentation 0.97 27.6
Microbial electrolysis 1.61 25.7
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The energy used for this two-stage fermentation process (0.97 kWh/Nm3) is over three
times less than the energy of the produced hydrogen (3.55 kWh/Nm3). Dark and light
fermentations are energetically beneficial processes compared to traditional electrolysis. Bio-
hydrogen production utilizes various waste organic products, combining energy production
with waste treatment [61]. Bio-hydrogen does not emit carbon dioxide and yields water
as waste, which is a substrate for further production. Bio-hydrogen applications are not
restricted to transport only. It can also be applied as a raw material in chemical products,
like ammonia, urea, methanol, etc. [62,63].

However, the hydrogen production rates are of the order of magnitude~0.2 ÷ 0.6 L/L/h
(2.18 L/L/h at most [63]), and the bioprocess efficiencies are too low compared to the
traditional steam reforming, cf. Table 3.

A flowsheet of biohydrogen production coupled with biogas production is shown
in Figure 6.
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Liquid methanol can be used as a hydrogen carrier. It has high energy density, and
it is also environmentally friendly. Methanol has a high hydrogen-to-carbon ratio, is
liquid under ambient conditions, and is convenient for storage and transportation [64].
One method for methanol-to-hydrogen conversion is steam reforming of methanol to
produce hydrogen with a high yield (99 g H2 per liter methanol) and low carbon monoxide
content [57], cf. Equation (13),

CH3OH + H2O = CO2 + 3H2 ∆H = 49 kJ/mol (13)

This method, however, requires energy input. Another method for conversion of
methanol to hydrogen is partial oxidation of methanol by exothermal reaction [65],
cf. Equation (14):

2CH3OH + O2 = 2CO2 + 4H2 ∆H = −192 kJ/mol (14)

However, it has lower yields compared to steam reforming. There is also a combination
of these two processes known as autothermal methanol reforming, cf. ref. [66]. The main
problem that remains for this method is the necessity of energy supply and the inevitable
final release of carbon dioxide. A comparison of these three options is shown in Table 4.
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Table 4. Comparison of the methods for hydrogen release from methanol, after ref. [64].

Method Chemical Reactions Advantages Drawbacks

Methanol steam
reforming CH3OH + H2O = CO2 + H2

High hydrogen yield, low
CO content, and low
operating temperatures

Requires external
energy supply

Partial oxidation
of methanol CH3OH + 1/2O2 = CO2 + 2H2

Fast start-up and response;
no thermal management

Low hydrogen yield,
high temperatures, and
high CO content

Autothermal
methanol reforming CH3OH + αO2 +(1− 2α)H2O = CO2 +(3− 2α)H2

Simplified thermal
management, low
temperatures, and
fast start-up

Low hydrogen yield;
requires control to
balance exothermic and
endothermic processes

Hydrogen is an inevitable feedstock for ammonia production, according to the tra-
ditional Haber–Bosch process. There is an opportunity to use ammonia as a substance
for hydrogen storage [67]. It has a high hydrogen density (17.8 wt%), along with several
advantages over the direct use of hydrogen for long-distance shipping, meeting around
45% of global shipping fuel demand. Ammonia is also co-fired in existing coal power
plants to reduce CO2 emissions [68]. However, significant energy input is required to
release hydrogen from ammonia, and new catalysts for ammonia decomposition are sought.
Other restrictions include safety and toxicity threats, as well as the vulnerability of polymer
electrolyte membrane fuel cells toward even trace levels of ammonia.

A principal flowsheet for the utilization of ammonia as a hydrogen storage tool is
shown in Figure 7.
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4. Supply Chains

Besides the exclusive advantages of hydrogen as an energy source, its price is a serious
drawback for its mass application. An irrefutable factor that can influence price formation
is the optimization of its supply chains [68]. The composition of an optimal supply chain
requires a precise analysis of the fuel life cycle (LCA) for each particular stage along the
chain, cf. Figure 8. Here, only the traditional sources of hydrogen are considered. Other
sources, like biomass, methanol, ammonia, etc., must be treated additionally. Afterward,
the most impactful factors on each different step of the life cycle need to be specified, the
constraints must be defined, and the uncertainties have to be foreseen for a specified period
of time [69].
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At the beginning of the model description, it is necessary to introduce constant param-
eters known by presumption. Afterward, the parameters to be optimized, i.e., the variables,
have to be specified. The mathematical model has to be hierarchically described by the
target function and the constraints. For this purpose, the input parameters, the variable
multiplicities and sub-multiplicities, as well as the indices, must be specified, starting with
the time ranges in the horizon of planning t = {0, 1, 2, . . . , T} [69]. In order to meet the sus-
tainability condition, in the mathematical analysis, we adopt the criteria of environmental
advisability, economic efficiency, and social orientation at the same time. The combination
of these three criteria defines the domain of sustainability, cf. Figure 9 [75]. This domain
of sustainability proposes an integrated hydrogen supply chain (IHSC). Here, we present
an example of the optimization of the supply chain for hydrogen as a fuel, focusing on
the construction of charging stations. We argue that it is expedient for the utilities for
hydrogen production to be built on the territory of existing enterprises, e.g., chemical and
fertilizer plants associated with hydrogen production from natural gas, power stations
where facilities for electrolysis of water can be constructed for the production of hydrogen
by fermentation as a future prospect. This aspect of planning is up-to-date because of the
fact that there are many countries with insufficiently developed infrastructure or that even
lack such infrastructure. These facts hinder the application of such a hydrogen strategy in
those regions [76].

The optimization problem is essentially a multi-target one. In order to simplify it,
we render it to a single target one by constraining two of the criteria and searching for
the optimum solution with respect to the third one. Hence, the problem will be solved
with respect to each of the criteria, and the compromise will be found in the domain of the
optimal values. For this purpose, we consider the IHSC as an aggregate of the following
steps, cf. Figure 10.

• The step of hydrogen production, consisting of different sub-steps depending on the
used feedstock;

• The step of hydrogen transportation, related to its supply to the zones of clients;
• The step of the final use of hydrogen, where it is plugged into the vehicle tanks for

useful exploitation.
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4.1. General Impact on Environment TEIt, [kgCO2eq/d]

The environmental criterion is introduced to minimize the total annual amount of
greenhouse gases generated by the IHSC during its whole life cycle. Such gases are carbon
dioxide CO2, methane CH4, and nitrous oxide N2O, classified by the equivalent carbon
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dioxide emissions kgCO2eq/y as a unit indicator. Considering the greenhouse potential of
CO2 as the unit, its value for methane is 25 and its value for N2O is 298 [76].

TEIt = ELHt + ELDt + ETTt + ESWt + EAPPt, ∀t (15)

where

TEIt Total environmental impact due to the IHSC operation during the whole life cycle[
kgCO2eq/d

]
.

ELHt Total greenhouse emissions from hydrogen production
[
kgCO2eq/d

]
.

ELDt Total greenhouse emissions from diesel production
[
kgCO2eq/d

]
.

ETTt Environmental impact from the transportation of feedstocks and final product, includ-

ing diesel
[
kgCO2eq/d

]
.

ESWt Emissions released during waste utilization, resulting from hydrogen production

during each time period t ∈ T
[
kgCO2eq/d

]
.

EAPPt Emissions resulting from the use of hydrogen as fuel
[
kgCO2eq/d

]
.

4.2. Total Costs THCt, [$/y]
This economic criterion reflects the costs for the maintenance of each initiative (i.e.,

industrial enterprises and charging stations), including the total investment costs for
hydrogen production facilities, hydrogen charging stations, and IHSC operation. The
relationship representing this price for each time period t ∈ T is as follows:

THCt = TICt + TPCt + TPWt + TTCt + TTAXBt + TIHSCt + TOECt − TLt − TAt, ∀t (16)

where

THCt Total annual costs for the IHSC [$/y].
TICT Total investment costs for production capacity of the IHSC compared to the operation
and redemption of the facility per year [$/y].
TPCt Operational costs for hydrogen production [$/y].
TPWt Operational costs for utilization of waste from hydrogen production [$/y].
TIHSCt Total investment costs for commercial capacity of the IHSC compared to the
operation and redemption of the hydrogen facility per year [$/y].
TOECt Operational costs at the final sales of hydrogen [$/y].
TTCt Total transportation costs in the IHSC [$/y].
TTAXBt Carbon tax, charged according to the total sum of generated energy at the work of
IHSC [$/y].
TLt Governmental incentives for the production and use of hydrogen [$/y].
TAt Total value of the by-products [$/y].

4.3. Social Estimate for IHSC [Number of Jobs/y]

The social estimate of the IHSC operation tries to predict the jobs Jt to be created as an
outcome of the IHSC during its operation.

Jobt = NJ1t + LTtNJ12t + NJ2t + LTtNJ21t, ∀t (17)

where

NJ1t Number of jobs created during construction of the hydrogen facility.
LTtNJ12t Number of jobs created during the operation of the hydrogen facility.
NJ2t Number of jobs created during the installment of the charging stations.
LTtNJ21t Number of jobs created during operation of the charging stations.
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4.4. Input Data for the Supply Chain

The real application of the model for the optimal design of a supply chain for a certain
territory of a state, region, or municipality requires the dissemination of input data specific
to the region. This data must be tailored to the aims of the state or the region for the current
period. All introduced criteria (environmental, economic, and social) should be considered.
The data must correspond to the time scale of the optimization problem. Such input data
could be

• The territorial distribution and hydrogen demand for transport;
• The potential localization of the enterprises for hydrogen production in the studied region;
• The potential feedstock for the region;
• Data about the emissions for each type of hydrogen production;
• Data about the operational costs for each type of hydrogen manufacturing;
• The potential localization of the charging stations.

Other data include conversion factors of feedstock and energy to hydrogen (being
specific to each production technology), costs and capacity of the facilities for hydrogen
production, and operational costs for hydrogen production.

There is also a necessity for data about the emission coefficients of diesel and hydrogen,
their energy equivalents, average density, and price. Data about the transport costs and
the emission factors for feedstock and hydrogen, as well as data about the real distance for
supply between the producers and the regional hydrogen consumers, must be included
as well.

5. Hydrogen Storage

Hydrogen storage is a key issue for the reliability of further hydrogen applications.
The difficulty with such storage arises from the properties of hydrogen: it has very large
permeability through solid obstacles like metals, which makes them brittle, thus potentially
damaging the pipelines and storage tanks. On the other hand, hydrogen is highly explosive
and, therefore, careless handling may cause serious accidents. That is why safe hydrogen
storage is of great importance for further practical applications. The hydrogen storage
market is segmented by applications into stationary power, portable power, and transporta-
tion to run automobiles, aerospace, and its use throughout the hydrogen supply chains.
It can also be transported from the point of production to the point of use. Compressed
hydrogen storage is beneficial for fuel purposes because, in this form, it can be stored
in a smaller space while retaining its energy efficiency [77–79]. However, this method
is volumetrically and gravimetrically inefficient [80,81]. Besides its traditional storage in
high-pressure cylinders, there is also storage of hydrogen in a liquefied state. It requires
cryogenic conditions, which makes this method energetically unsuitable [82].

The existing commercially available hydrogen storage technologies are based on bulky
and costly pressure vessels. These pressure vessels vary from steel cylinders to composite-
wrapped cylinders with metallic or polymer liners. These cylinders are safe with a burst
pressure higher than 3 × 700 bars. The vessel has low permeability with a hydrogen leak
rate below 0.05 g/hr/kg H2 when stored [83].

There have been many efforts to store hydrogen safely under solid-state conditions
by physical adsorption and chemo-sorption on suitable carriers [84]. There are several
requirements for the reliability of hydrogen solid carriers: high storage capacity, low specific
mass, and easy hydrogen release after heating. Hydrogen could be competitive with fossil
fuels (like gasoline) if the carrier has comparable mass density to gasoline. Last but not
least is the price of the carrier and its toxicity. There has been a trend in the last 5 decades
of researchers who have been trying to develop materials with suitable chemical properties
(adsorption capacity and strong bonds of hydrogen molecules with the active centers of the
adsorbents) alongside physical properties (like low specific mass). These properties have to
enable the accumulation and storage of hydrogen at ambient temperatures and reasonably
low pressures.
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As hydrogen carriers, different metals and alloys were tested. Examples include met-
als, such as magnesium, intermetallic compounds forming hydrides (e.g., LaNi5 and FeTi),
nickel and its alloys [85], aluminum and lithium forming hydrides, like NaAlH4 [86]
and LiAlH4 [85], boranes such as LiBH4 [87], Mg(BH4)2 [88], and ammonia borane
(NH3BH3) [89], etc. The latter have sufficient adsorption capacity to attain 9 wt.% hy-
drogen. The compound LiBH4 has a very high hydrogen adsorption density of 10% (wt.),
but it requires a high desorption temperature, i.e., greater than 470 ◦C [85]. There is a new
study on the properties of a surface boron–carbon compound, namely BC7, with very high
adsorption capacity, i.e., 10.4% (wt.) [90]. Mg2NiH4 is attractive as a promising hydrogen
storing material as it has a relatively high capacity, low cost, and light weight [91,92].

Magnesium hydride, MgH2, combines a high H2 capacity of 7.7 wt% with the benefit of
the low cost of the abundantly available magnesium [93,94] and has good reversibility [95,96].
The main disadvantages of MgH2 for hydrogen storage is the high temperature of hydro-
gen discharge, slow desorption kinetics, and high reactivity toward air and oxygen [97,98].
A thermodynamic study of the magnesium hydride system has shown that the operat-
ing temperature was too high for practical onboard applications, i.e., 300 ◦C at 1 bar
H2 [94,99,100]. There are also new approaches and associated materials, like carbon nan-
otubes (CNTs) [101], metal–organic frameworks (MOFs) [102], fullerenes, graphenes, etc.
MOFs can be used as proton exchange membranes to convert the stored hydrogen into
electricity in fuel cell applications [102]. Another approach for hydrogen storage developed
recently is electro-sorption, like some electro-conducting polymers [103]. Such polymers are
poly-aniline [104,105], poly-thiophene [105], and poly-pyrrole [104,106]. The method con-
sists of hydrogen adsorption on electrically conductive sorbents stimulated by a constant
electric field [107]. The main advantage of these materials is their low density. However, an
obstacle is the extremely low adsorption temperature (about 77 K), cf. Germain et al. [108].

Cryogenic conditions enable the storage of hydrogen in the liquid phase below its
boiling point, i.e., −252.8 ◦C at a pressure of 1 bar. However, at such low temperatures,
material embrittlement or embrittlement caused by hydrogen may take place. Special
alloys are necessary to resist this adverse effect. Another challenge for this application is
the necessary super-insulation to maintain such low temperatures.

As mentioned above, ammonia and methanol are promising compounds to store
hydrogen with further release when necessary. Data show that ammonia can be stored
under milder conditions compared to hydrogen. For example, ammonia stored at a pressure
of 1 MPa and 25 ◦C has 1.5 times higher hydrogen density compared to stored liquid
hydrogen at 0.1 MPa and −253 ◦C. Therefore, ammonia can be used as an efficient storage
method with subsequent catalytic decomposition and hydrogen release [106].

6. Perspectives for Hydrogen-Based Economy

Economy development needs two main substantial tools: energy and raw materials.
Hydrogen successfully meets these two conditions. Starting with a demand of about
40 million tons of hydrogen in 1980, it reached 127 million tons in 2018.

From an energetic and environmental point of view, hydrogen is beneficial as an
alternative to fossil fuels because it contains much more energy per unit mass and does
not release greenhouse gases after use. The most appropriate application of hydrogen in
transport is its use in fuel cells, particularly for bulk transport, trains, boats, and airplanes.

Hydrogen is also used as an alternative to methane as a fuel, and it is injected into
pipelines for the transport of natural gas to reduce carbon emissions after combustion.

A separate application of hydrogen is as a cooling agent for power turbines in thermal
power stations.

In addition to environmental sustainability issues, developed countries suffering from
a shortage of energy, such as Japan and South Korea, are also attaining energy security by
applying hydrogen or hydrogen carriers, such as ammonia and methylcyclohexane. Hence,
it is suitable to solve the problem of energy dependence with hydrogen.
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The main demands for hydrogen in industry are for ammonia production and oil
refining. There are some new applications of hydrogen in industry. Along with its tradi-
tional use for ammonia production, nowadays, hydrogen is foreseen to replace, at least
partially, coke in blast furnace processes in order to reduce carbon dioxide emissions. Some
other industrial applications are production of methanol and oil refining by hydrocrack-
ing. Hydrogen can also be processed with CO2 to yield synthetic methane or syngas
(hydrogen/CO/CO2 mixture). It is applied on an industrial scale in South Africa with coal
as a feedstock. The distribution of industrial areas where hydrogen was applied for three
years in the past is shown in Figure 11. Obviously, oil refining and ammonia production
are the most spread applications, whereas the demands for methanol and steel production
are still much lower.
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Figure 11. Distribution of annual hydrogen demand in millions of tons of various items, adapted from [17].

The higher prices of hydrogen compared to the prices of fossil fuels still do not
permit its broader application as a fuel. As mentioned above, the main hindrance to
broader hydrogen application is the costly production and the high energy demand for this
purpose. The cheaper process is the steam reforming of methane, but this is accompanied by
charging the atmosphere with carbon dioxide. The next method for hydrogen production
is steam reforming of coal and oil with hydrogen as a product, which is called “black” or
“brown” hydrogen production. Electrolysis is the next important method, which has energy
consumption higher than the energy yielded by the produced hydrogen. The efforts in
this direction are to enhance the process efficiency of new cell constructions, produce new
efficient and cheap catalysts, and use carbon-free and cheap renewable energy sources.

The International Energy Agency foresees that the cost of producing hydrogen from
renewable electricity could fall 30% by 2030 as a result of decreasing costs of renewables.

7. Discussion

Hydrogen is a prospective energy carrier because of the fact that during its use as a
fuel, there are practically no gaseous emissions of greenhouse gases to the atmosphere.
The product of combustion is simply water, which is a source of its production, i.e., there is a
circular process of energy recovery and use. This is the main advantage of hydrogen as a fuel.

Another big advantage of hydrogen as a fuel is its high energy content per unit mass
compared to the fossil fuels.

Besides its use as a fuel, hydrogen is broadly used in the chemical industry, for example,
in the synthesis of ammonia. The mass exploitation of hydrogen in energy production,
industry, and as a fuel poses some important challenges.
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First, its production price per unit of utilized energy is twice as high as the price of
production of fossil fuels. Production and delivery costs must be decreased. Therefore, new
efficient technologies for its production are required.

Next, the adopted traditional methods for hydrogen production, like water splitting by
electrolysis and methane reforming, lead to charging the atmosphere with carbon dioxide,
which is a greenhouse gas. A better approach would be to use carbon-free energy sources
for electrolysis.

Fermentative methods for hydrogen production seem to be a good carbon-free al-
ternative, but they still have low efficiency compared to traditional methods like steam
reforming of natural gas. An advantage of bio-hydrogen production by fermentation is
the utilization of wastewater containing residual organic compounds as substrates. That is
why there will be a double benefit: simultaneous production of hydrogen accompanied by
wastewater treatment. An important direction to improve the cost of hydrogen as a fuel is
to focus on optimizing the design of supply chains for its production, distribution, and use.

Another group of challenges hindering the broad hydrogen utilization are storage
and safety operations. Explosive gases like compressed hydrogen require safe storage
and operation. However, the high specific mass of the available alloy hydrogen carriers
compared to those of gasoline and diesel makes them non-competitive. Other obstacles to
efficient hydrogen use as a fuel in transport are the extremely low storage temperatures to
be maintained and the high fragility of the container materials at these low temperatures
and high pressures. That is why the conversion of hydrogen into safe carriers with low
densities at ambient temperatures, like methanol and ammonia, is up-to-date.

Building new infrastructure for hydrogen production, distribution, and supply is
inevitable and must take into account its properties in the safety measures and storage
methods and facilities.

The big benefits of hydrogen as a practically inexhaustible carbon-free fuel make it
an attractive alternative to fossil fuels. That is why the discussed obstacles, such as high
prices and energy-consuming processes, carbon-free production, safe and cheap storage,
and operation for its broad application, should be overcome by new technologies for its
production, storage, and utilization. All of them involve new, cheap, and efficient catalysts
and materials for fuel cell applications for efficient electrolysis and cheap batteries for
energy storage.
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