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Abstract: The major demand of energy in today’s world is fulfilled by the fossil fuels which are
not renewable in nature and can no longer be used once exhausted. In the beginning of the 21st
century, the limitation of the fossil fuels, continually growing energy demand, and growing impact of
green-house gas emissions on the environment were identified as the major challenges with current
energy infrastructure all over the world. The energy obtained from fossil fuel is cheap due to its
established infrastructure; however, these possess serious issues, as mentioned above, and cause bad
environmental impact. Therefore, renewable energy resources are looked to as contenders which may
fulfil most energy requirements. Among them, hydrogen is considered as the most environmentally
friendly fuel. Hydrogen is clean, sustainable fuel and it has promise as a future energy carrier. It also
has the ability to substitute the present energy infrastructure which is based on fossil fuel. This is seen
and projected as a solution for the above-mentioned problems including rise in global temperature
and environmental degradation. Environmental and economic aspects are the important factors
to be considered to establish hydrogen infrastructure. This article describes the various aspects of
hydrogen including production, storage, and applications with a focus on fuel cell based electric
vehicles. Their environmental as well as economic aspects are also discussed herein.

Keywords: hydrogen energy; hydrogen production; sustainable fuel; environment; energy carrier

1. Present Energy Infrastructure and Its Problems: Economic and Environmental Point
of View

Energy is one of the fundamental necessities of daily life, without which the structure
and standards of society would be affected. The demand of energy refers to the total
amount of used energy including electricity and fuels. The energy demand across the
world is continuously increasing with the increase in population and economic growth.
During the 20th century, the human population has increased six times, whereas the
energy consumption has increased by 80 times [1,2]. The efficiency of the energy sources
is the main factor affected by resource technology. If there is an improvement in resource
technology, it will enhance the efficiency of resources which ultimately increases the total
consumption of that resource in two ways: the increment in energy efficiency makes the
energy cheaper, and it increases the economic growth.

In ancient times, until the 18th century, energy was being used in the form of fire,
muscle power from animals, and steam engines powered by wood fires and by coal. This
was followed by the use of oil as it was easy to store, ship, and burn. In the present situation
almost 80% of total energy supply and almost 65% of electricity production depends upon
fossil fuels (coal, oil, and natural gas), as shown in Figure 1 [3]. However, fossil fuel-based
energy infrastructure has several environmental and economic aspects which are as follows.
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Fossil Fuels Dominate the World’s Energy Complex
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Figure 1. Fossil fuels dominate world’s energy system, reproduced from ref. [3] with the permission
of Elsevier.

1.1. Environmental Impact

There are several problems associated with current energy infrastructure (fossil fuel-
based energy system) from an environmental point of view, such as the emission of CO, and
greenhouse gases, air pollution, global warming from burning of fossil fuels, exhaustible
and depleting energy sources, acid rains, and degradation of the environment. As the
population increases, energy requirements will also increase in the near future. This will
increase our dependency on fossil fuels further, which are non-renewable in nature and
available for a finite time. Moreover, these fossil fuels including natural gas, coal, and oil
which, when burnt, release CO, and other greenhouse gases and cause air pollution and
degrade the environment. Global warming may cause an increase in the global temperature
by 1.4-5.8 °C in the time span from 1990 to 2100. This will have results such as rises in
sea levels, droughts, floods, and heat waves. Hence, excess use of fossil fuels causes the
environmental degradation. Figure 2 suggests that greenhouse gases emissions have been
continuously increasing through the use of different fossil fuels since 1970 [4]. According
to IEA (International Energy Agency) 2019 report, the demand of oil, natural gas, and coal
increased to almost 1.4 million barrels/day, 196 billion cubic meters, and 1.4% respectively.
For this fossil fuel-based consumption, USA, India, and China are the primary consumers,
and a 2% annual growth of world CO, emission was recorded, with almost 33,890.8 million
tons, in 2018. During a period of seven years, the rate of carbon emission has increased
drastically [5]. The BPSTATS 2019 report mentioned that carbon emissions are directly
proportional to the rate of increase in energy consumption [6]. In 2018, almost 13-14%
growth in renewable energy consumption was observed. The foremost reason behind this
is the growth in the generation of electricity which is 8-9% of the total amount. Some
countries, for example, China, have already taken numerous initiatives in renewable energy
production with 32 Mtoe. In the power sector, renewable energy has been used which
constitutes 15% of its total growth. However, in the power sector, coal is still a significant
component which contributes 38% of its total growth [7].

Due to this serious problem associated with conventional fuels, we need to switch
to a new infrastructure which is carbon free and can be considered under sustainable
development. The current energy needs must be met without negotiating quality of
life through sustainable development. To achieve sustainable development there are
many factors to be considered, of which the search of clean energy resource is a primary
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requisite [8-10]. In this connection, the relation between renewable energy sources and
sustainable development arises. If we want to attain a clean and sustainable future with
minimum environmental problems, these problems associated with conventional fuels
must be taken into consideration and we should move towards the adoption of renewable
energies, which can be used repeatedly. Thus, there is a continuous search to find alternate
fuels which solve this shortage and the problem of environmental degradation. Especially,
the problem of environmental degradation draws attraction to clean energy sources, for
example, solar energy, wind energy, ocean energy, geothermal energy, and hydrogen energy.
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Figure 2. Greenhouse gases emissions by fossil fuels, reproduced from ref. [4] with the permission
of MDPL

1.2. Economic Feasibility

The demand for fossil fuels has had a large impact on the economic growth of the
country, the standard of living, and the development of society. The total amount of growth
of national product depends upon the mean amount of energy expended per capita. The
economic growth of the world depends on the energy consumption and availability of
fossil fuels. Therefore, a problem arises because fossil fuels are limited on the earth, and
are clustered at some particular locations. The non-uniform distribution of these sources
creates a lot of burden on the economy of those countries which do not have the natural
reserves of these conventional fuels. Several other factors also affect the price of these fossil
fuels and so the day-by-day increasing price of oil is creating an energy crisis worldwide.
Future economic feasibility of energy must face challenges such as limited resources, energy
demand, and climate change [11].

Thus, current energy infrastructure has two main serious issues, which should be ad-
dressed urgently. The adoption of renewable energy could be a solution for environmental
and economic issues of conventional fuels, as described in detail in next section.

2. Renewable Energy as a Solution of Problems Associated with Conventional
Energy Sources

As discussed above, in the present era, almost 80% of global energy demand can be
fulfilled by fossil fuels, and the remaining 20% is achieved from the other sources such as
renewable energy. As we have discussed, combustion of fossil fuels causes environmental
degradation and several global problems. These global problems can only be solved by
the replacement of present energy infrastructure with a renewable energy system which
can provide a pollution free solution. This type of transition is inspired by many aspects
such as environmental impacts, economic aspects, and limitations on supply of fossil fuels.
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Research into the uses of renewable energy sources began around the 1980s. The energy
demand graph [12] for the last 200 years is shown in Figure 3, which describes growing
energy demand with time. The growing energy demand in recent decades has forced us to
shift towards the increased usage of renewable energy. Since renewable energy sources are
dependent on time, weather, and geographical locations, several challenges arise with the
increasing use of renewable energy, such as renewable energy resources requiring large
areas, being costlier than other energy sources, and the necessity to store the energy that is
received from renewable sources. Hence, in recent decades, many techniques have been
applied for improving energy efficiency and storage to achieve energy sustainability [13].
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Figure 3. Energy demand over the last 200 years; refer: Green—biomass; black—coal; dark grey—
crude oil; grey—natural gas; blue—hydro power; red—nuclear fission; Orange—renewables. Repro-
duced from ref. [12] with the permission of the Royal Society of London.

Non-conventional energy sources such as solar energy, wind energy, ocean energy,
geothermal energy, and hydrogen energy are unlimited on the earth and can be directly
extracted from natural resources. However, availability of most of non-conventional energy
sources, such as solar energy and wind energy, varies across time, weather, and location.
Some geographical areas of the globe are compatible for particular forms of renewable
energy, whereas the other locations may be lacking. As an example, the availability of
conditions for solar energy is highest in northern Africa, south-western United States,
Australia, and South America. Similarly, the best areas for wind energy are the southern tip
of South America and Northern Europe. Countries such as the Philippines and Iceland are
rich in geothermal energy. Every region of the world has some renewable energy resources,
but their cost and availability may vary. Therefore, renewable energy sources are available
throughout the globe collectively, i.e., at least one renewable energy source is available
in every region of the globe, thus can provide each region/country on this earth with
economic independency.

According to an IEA (International Energy Agency) 2017 report, there has been a
speedy development for the utilization of renewable energy sources because of the decre-
ment in the cost of wind and solar power. Due to this growth, in the year 2022, the
renewable energy generation cost is estimated to increase by almost 33% [14]. As compared
to fossil fuels, electricity produced from renewable energy sources causes almost 90-99%
less greenhouse gases and 70-90% less pollution. From Figure 4, it can be seen that when
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we move away fossil fuels towards renewable energy sources, the effects of climate changes
decrease. The impact on climate change reduces with increasing use of renewable energy.
From Figure 4, it is clear that large use of solar energy has a higher impact and lesser effect
on climate change than other sources. The lowest impacts are observed for both €50/t and
€150/t scenarios where 99% productions are from renewable energy sources [15]. A panel
of data from 2000 to 2016 from almost 25 developing Asian countries was analyzed through
HTR (Hausman Taylor Regression) and robust RE (Random Effect) approach.

Climate Benefits of Renewable Energy

Natural gas Renewables

climate chanae
15 T T T T

Variable renewable energy input €50/t CO2 Scenarios

- Coal CCS - Gas - Gas CCS - Hydro - Solar - Wind - DC Grid Losses Storage - Grid Extension

Figure 4. Climate benefits of renewable energy [15].

This study finds a progressive relationship among environmental degradation, energy
consumption, and economic growth and suggested that if there is a 1% rise in the consump-
tion of renewable energy, then carbon emissions can be reduced by almost 0.193%. Thus,
this study draws attraction towards the economies of developing Asian countries which
have capabilities to save the environment by the use of renewable energy resources and
many environmental policies to improve renewable energy infrastructure (RE) and reduce
greenhouse gas emissions [5]. Thus, it is clear that renewable energy could be a solution
to the environmental and economic issues of conventional fuels. However, the weather,
time, and regional dependency of these renewable sources warrant storing them efficiently
in secondary energy sources/carriers. For that purpose, among all the available options,
hydrogen is considered a promising energy carrier in terms of 3 Es: (i) Environmentally
friendly, (ii) Energy Security, and (iii) Economic affordability. In the next section, hydrogen
will be introduced as an energy carrier.

3. Hydrogen as Future Energy Carrier

As we have discussed earlier, alternative energy resources do not pollute the environ-
ment; however, most of them are either time, weather, or location dependent, which forms
a gap between the demand and supply of energy. Hydrogen, which can be utilized as an
energy carrier and can fill the gap of supply and demand. In renewable energy sources,
hydrogen has been proposed as a promising energy carrier, capable of replacing present
energy infrastructure [16,17]. It is a “sustainable energy carrier” which is not exhausted by
continuous usage, does not contain any environmental issues, pollutants, or cause health
issues [18]. Hydrogen is the most abundant and lightest element, available in compound
form but not in free form. It can be stored, transported, and can be produced easily from
water. As compared to other fuels, it rich in energy per unit mass. It is an energy carrier, not
a primary source, which can be produced from other sources like water, biomass, and fossil
fuels. As compared to conventional fuels, its gravimetric energy content is 2-to-3-times
higher than traditional sources, but it possesses low volumetric energy density [19]. It is
useful in, for example, hydrogen powered industries, hydrogen villages, and jet planes. It
can generate electricity and is useful for all household energy requirements. By using fuel
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cells, hydrogen can store energy in the form of electricity. Table 1 summarizes the physical
properties of Hy [20].

Table 1. Some properties of H; at ambient conditions [20].

Atomic number 1
Atomic mass 1.00784 amu
Molecular mass 2.01568 amu
Energy density 10.05 MJ/m3
Volumetric density 0.08376 kg/m3
Boiling point —252.87 °C
Melting point —259 °C
Critical point —240.2 °C at 12.7 atm
Triple point —259.3 °C at 0.07 atm
Higher heating value 141.86 M] / kg
Lower heating value 119.93 MJ / kg

Hydrogen has been projected as future energy solution. As an energy source, it has
potential to fulfill the energy requirements and to lower CO; emissions. When burnt in air,
fossil fuels emit greenhouse gases, whereas hydrogen produces a clean form of energy with
water as a by-product. The comparison of hydrogen and fossil fuels technologies is shown
in Figure 5. Using hydrogen produced from conventional methods can reduce the carbon
emission by almost 20% when used in fuel cells. A significant reduction in carbon emission,
i.e., a zero-emission level can be achieved by producing hydrogen using renewable sources
of energy [21]. Thus, hydrogen can be a clean energy carrier if the technologies associated
with it are clean. The current technologies associated with hydrogen production and other
aspects are conventional ones, and thus, hydrogen cannot be claimed as a completely

clean fuel.
HYDROGEN TECHNOLOGIES
FOSSIL FUELS HYDROGEN FROM NATURAL GAS HYDROGEN FROM
REMEWABLE ENERGY
COMBUSTION FUEL CELLS (SOLAR HYDROGEN)
! GENERATION
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Figure 5. Comparison of fossil fuels and hydrogen combustion on carbon emission. Reproduced
from ref. [21] with permission of Elsevier.

There are several reasons for making hydrogen a prominent contender as a replace-
ment option for the fossil fuels. The foremost reason is its environment friendliness, which
means that the exploitation of hydrogen does not employ any environmental impact be-
cause it produces only water as a product when burnt in air. It is easily transportable. It can
be transported over long distances by means of pipeline and can be transported through
transmission lines in the form of electricity. The other reason is its recyclability; it oxidizes
to water and splits it into its constituent to generate hydrogen. Another reason is related
to its reasonable cost with respect to its energy density. In different regions, the cost of
H,; varies broadly in the range of 0.8 to 4 USD/kg depending upon technology and raw
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material costs [22]. The Hydrogen Council 2020 stated that, in the year 2020, H, energy
was used significantly, and it has the potential to solve almost 8% of GED (global energy
demand) and the production cost is around 2.50 USD/kg. By the year 2030, the cost of Hp
production is predicted to decrease to around 1.80 USD/kg and to solve the problem of
global energy demand by around 15%. The Hydrogen Council stated that the demand and
supply of H, will be 10 EJ per year by the end of the year 2050, and afterwards, demand
will increase about 5-10% every year. In addition, H, would be able to fulfill 18% of global
energy demand in the year 2050. Thus, it is clear that in future, H, will become an attractive
contender in the energy system, because of its low production cost, energy density, and
low carbon emission [23].

The next reason is associated with the wide variety of storage options: hydrogen can
be stored in different ways (although there are several issues associated with its efficient
storage in the present scenario, these can be tailored to improve storage media in the
near future). In addition, it can be produced in a clean way: it can be produced from
water which is abundant in nature. Its utility in several industries as a chemical fuel is
another advantage. In conclusion, if compared with fossil fuels, hydrogen has several
advantages so can be seen as an energy fuel in the future [24]. International Energy Agency
(IEA) stated that green hydrogen could reduce carbon emissions, but only if the foremost
challenges, such as the cost of manufacturing methods, infrastructure, and safety, are
overcome. When hydrogen is produced by conventional methods, it is responsible for
worldwide CO, emissions, i.e. about 843 metric tonnes per annum, which is equivalent
to the total emissions of the UK and Indonesia together. Globally, demand of hydrogen
is anticipated to increase from 70 to 120 million tonnes in the period of 2019 to 2024. In
this regard, the development of hydrogen should be able to satisfy the seventh goal of the
United Nations, i.e., “clean and affordable energy” [25,26]. Hence, it is predicted that in
the year 2025, the biggest worldwide green hydrogen plant will be manufactured whose
capacity is of 237,250 tonnes per annum by use of electrolysis, and will be able to achieve
4 gigawatts of renewable energy from solar and wind energy [27].

In this review, the various aspects of hydrogen as fuel, associated techniques, and
their environmental impacts are discussed.

The utilization of hydrogen for energy needs contains three major steps: (i) pro-
duction; (ii) storage; and (iii) application through combustion. These three major steps
constitute a closed hydrogen cycle, as shown in Figure 6. In this section, each step, with its
environmental impact, will be discussed in detail:

39 kWhkg! storage

M+1H, -»MH

sun 85%

energy

electrolysis
2H,0 — 2H, + O3

82%

50% energy

combustion

Figure 6. The hydrogen cycle. Reproduced from ref. [12] with permission of the Royal Society
of London.
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3.1. Hydrogen Production

On the basis of applied energy sources for hydrogen production, there are several
methods, such as the conventional fossil fuel method, electrolysis, solar energy method,
bio hydrogen production, and thermochemical method. A number of detailed reviews
are available on hydrogen production technologies [28-32]. The methods of hydrogen
production can be broadly put into two categories: (i) Hydrocarbon based methods and
(if) non-hydrocarbon based methods. The available hydrogen production methods from
fossil fuels are steam methane reforming [33-37], partial oxidation of hydrocarbons [38—41],
coal gasification [42], biomass gasification [43-49], pyrolysis, etc. In Figure 7, hydrogen
productions from different methods are shown [50]. Fossil fuels have been the major
feedstocks to produce hydrogen: an estimated 95% of hydrogen production depends on
fossil fuels. However, to maintain the cleanliness of hydrogen fuel, it is necessary to shift
from this category to the other category of hydrogen production methods. In the next
subsection all the production methods are discussed.

natural gas coal, oil transport
« steam reforming » gasification applications
(with CO, capture) | |* partial oxidation
« pyrolysis (with CO, capture) stationary/

» plasma reforming domestic
electricity/heat

solar energy generation

+ electrolysis of water /

» photolytic splitting of water locally
+ thermal splitting of water \ ‘
stored energy

>
wind, hydro, wave / : 2 \ balancing of
« electrolysis of water renewable
electricity

. . : o production
fission/fusion biomass
« electrolysis of water « fermentation
W B — ortable
« thermal splitting of water » gasification p A
« pyrolysis electronics
(sustainable) hydrogen hydrogen
hydrogen production storage utilization

Figure 7. Hydrogen production methods. Reproduced from ref. [50] with permission of the Royal
Society of London.

3.1.1. Hydrogen Production Methods Based on Hydrocarbons

In the era of fossil fuels, most hydrogen production is from fossil fuels. Steam
methane reforming, coal gasification, and partial oxidation of hydrocarbons are the main
hydrocarbon-based hydrogen production methods.

The steam reforming method produces a mixture of CO and hydrogen in the first step.
The main steps adopted in this method are reforming, shift conversion, gas purification,
and methanation. In this method, the produced hydrogen also contains a small amount of
carbon monoxide, hydrogen sulfide, and carbon dioxide as impurities. To remove these
impurities, some purification methods have been adopted. This SMR (steam reforming of
methane) method has an efficiency in the range of 65-75%.

As several gases are the by-product of this method, it contributes to environmental
degradation significantly by the emission of greenhouse gases. The percentage costs of
the overall H, production cost for steam methane reforming (SMR) are 60.7% feedstock,
29.1% capital investment, and rest are from others [51]. This shows that corresponding to
design capacity, the cost of hydrogen production is 379,387 kg/day, with a capacity factor
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of almost 90%, and the cost of a natural gas is of 10.00 $/MMBtu. Regarding this, their
carbon capture capacity (with and without) is 2.27 $/kg and 2.08 $/kg, respectively [52].

Another method for hydrogen production is partial oxidation of hydrocarbons, which
is adopted generally where heavy oil is available at low cost. However, this method
has a lower efficiency of almost 50%. The distribution of hydrogen cost for partial ox-
idation is 54.6% capital investment, 25.8% feedstock, and the rest are from other com-
ponents [51]. Studies performed for carbon capture with and without hydrogen output
showed 276,900 kg/day and 255,400 kg/day, respectively, and their hydrogen cost as
1.63 $/kg and 1.34 $/kg, respectively [52]. The coal gasification is another prominent
technology to produce hydrogen from fossil fuels which have the capacity of producing
97% pure hydrogen [53-56].

Biomass gasification is the production method, which is very similar to coal gasifi-
cation; however, biomass has comparatively low calorific value compared to coal, thus it
requires a larger plant than coal. These methods are advantageous as they are cheaper and
have established techniques for the large scale productions of hydrogen; however, at the
same time, all of them generate carbon-based products which makes them unsustainable
for a hydrogen economy. The hydrogen production cost of biomass gasification, which
depends upon the biomass type and facility size, is assessed to be in the range of 1.25 $/kg
to 2.20 $/kg. It is estimated that the hydrogen output is 139,700 kg/day from biomass, and
costs in the range of 1.77-2.05 $/kg [57].

To attain the advantages of a sustainable hydrogen energy economy, we must produce
hydrogen through non-fossil fuels-based technologies [50].

3.1.2. Hydrogen Production Methods Based on Non-Hydrocarbons

Hydrogen production from non-fossil fuels-based methods using water can facilitate
solutions to environmental problems, thus making hydrogen a clean fuel in a real sense.
There are several non-fossil fuels-based methods such as electrolysis, solar energy method,
bio hydrogen production, and the thermochemical method, for which efficiency may vary
from 70 to 90% [58,59].

Electrolysis is the hydrogen production method which split water into oxygen and
hydrogen through an electric current. It is used to produce hydrogen on a small scale [60]
due to its cost. It is an advanced technology with an efficiency of almost 71% and produces
pure hydrogen from water with no emission of any kind of greenhouse gases [61-63]. Elec-
trolysis at high temperature that exploits water into steam is under development [64—67].
In this technique, energy which is essential for electrolysis is delivered in the form of
heat rather than electricity, which is expensive. Electrolysis of water is a cost-effective
and sustainable option. Electrolyzers can produce almost 380,000 kg Hj per year with a
53.4 kWh/kg H, of energy consumption, and efficiency is almost equal to 73% [68]. This
method of hydrogen production is presently limited to research and development level.

Thermochemical water splitting is a water decomposition method which is used for
large-scale hydrogen production [69-71]. Its inefficiency is due to the conversion of heat
to electricity which can be sorted out through thermochemical cycles. The advantage of
this method is that it allows water to be decomposed at low temperatures (850-1000 °C).
Numerous hydrogen production methods centered on the thermochemical method have
been anticipated [72-74]. The interest in thermochemical water-splitting cycles was devel-
oped in the 1970s and most of the cycles were projected with a primary nuclear energy
source. Hydrogen can be produced through thermochemical water splitting cycles by
using nuclear reactors. These cycles require temperatures of 500 °C, or even more, which
can be achieved by light-water reactors. The operating temperature of the reactor is an
important aspect because high temperatures allow fast reactions and also have greater effi-
ciencies. These thermochemical water splitting cycles with high temperature ranges have
the potential to run appropriate, effective cycles. There are more than 100 thermochemical
cycles available which could perform reaction of splitting of water in high-temperature
reactors. Among the most promising high-temperature cycles are sulfur-iodine or S5-I
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cycle and calcium bromide—iron oxide cycles. Besides high-temperature cycles, Cu—Cl
or copper-chlorine cycle is a significant lower-temperature cycle which could produce
hydrogen by heat from a current [74]. This Cu—Cl cycle has an efficiency of almost 40%
at a 550 °C operating temperature. Figure 8 shows hydrogen production from a 5-step
copper-chlorine thermochemical cycle. These types of thermochemical cycle are economi-
cally useful for lifetimes [75]. Hydrogen production cost for S-I cycle and Cu—Cl cycle is
estimated to be 2.63 $/kg and 2.17 $/kg, respectively, and the production rate is 800,000
and 7000 kg per day, respectively [76].

H;O

Figure 8. Cu—Cl thermochemical cycle for hydrogen production. Reproduced from ref. [74] with
permission of Springer Nature.

In the solar energy method, the photoelectrochemical water splitting method is
adopted in which solar energy can be converted into electricity within a cell and the
generated electricity used for electrolysis. In this method, solar radiations incident on semi-
conductors and act as a photocatalysts [77]. The expansion of photocatalysts accomplished
a wide range of visible light to achieve high hydrogen production [78]. Hence, this method
can be used for large-scale hydrogen production and, according to the prediction, almost
10000 photoelectrochemical (PEC) plants will be required by the end of year 2050, which
will satisfy one third of the world’s energy demand [79]. In the U.S. in the years of 2013 to
2014, the costs for photovoltaic installations were around $2.3 Wp_l, and only China and
some countries in Europe had lower costs at around $1.6 Wp’l and $1.9 Wp’1 respectively.
These cost differences had a higher capacity in the U.S., which suggest location dependent
cost differences [57].

Similarly, the bio-hydrogen production method uses biofuel as a source of energy,
where microorganisms are used for the hydrogen production by the fermentation and
photolysis method. Fermentation can take place as photo fermentation (in the presence
of light) and dark fermentation (in the absence of light) through bacteria. Bio-photolysis
involves direct and indirect photolysis through microalgae and cyan bacteria. This method
is a promising method for commercial production of hydrogen with minimal substrates in
future, with high energy density and zero emission of carbon dioxide. The cost of hydrogen
is projected to be 2.13$ per kg of H, produced. Thus, an increment of around 20% in the
cost suggests 33.33% higher cost of production. Hydrogen production cost by dark and
photo-fermentation is expected to be 2.57 $/kg and 2.83 $/kg, respectively [32].
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Nowadays, nuclear fission technique is used widely for hydrogen production. For
this purpose, nuclear reactors are established which perform water electrolysis at high-
temperature ranges. This method could have zero carbon dioxide emissions.

However, all of these procedures have several obstacles which limit their applications.
Many procedures are still at the development stage. Hence, hydrogen production from
renewable energy sources is not currently economically feasible and these need to be
accompanied by non-hydrocarbon energy sources [80-83].

3.1.3. Environmental Aspects of Production Methods

Hydrogen produced from fossil fuels contributes to the global warming through
the direct combustion of fossil fuels, while hydrogen produced from alternative energy
sources such as solar hydrogen energy systems and electrolysis provides permanent, clean,
pollution free, and environmentally friendly energy due to recyclability of its genera-
tion and combustion. For the available hydrogen production methods, if we compare
global warming potential (Figure 9), it is clear that hydrogen production from the steam
reforming method (based on fossil fuels) has higher global warming potential, i.e., almost
11.9567 per kg of hydrogen, which is followed by hydrogen mercury cell, hydrogen di-
aphragm cell, and membrane cell with global warming potentials of 1.0510, 0.9090, and
0.8872 per kg of hydrogen, respectively. The value is quite low for hydrogen production
from electrolysis (non-fossil fuel-based), i.e., 0.0325 per kg of hydrogen, as compared to
hydrogen production from alternative energy sources. The highest value of global warming
potential for the steam methane reforming method is associated with the raw material used
in this method. The utilization of methane directly causes the emission of greenhouse gases.
The lower value of global warming potential for other methods is more related with pre-
utilization methods but not due to the raw material or the direct utilization process. These
may include manufacturing and distribution of components required for these methods.
As an example, a hydrogen mercury cell provides an excellent way to produce hydrogen;
however, the use of mercury itself is undesirable due to its high toxicity and adverse
effects if leaked into the environment. The other methods, such as hydrogen via hydrolysis
using photovoltaic and wind turbines, give rise the global warming potential due to the
fabrication process of turbines or photovoltaic cells, thus possess very low value. Global
warming potential is an important factors to understand the adverse effects upon human
health and the associated discharge of greenhouse gases [84]. Synthetic fossil fuel and solar
hydrogen systems are the foremost replacements to the currently established fossil fuel
energy systems; however, they are not comparable from an environmental point of view.
Although synthetic fossil fuels are appropriate methods of production, nevertheless they
provide more pollution as compared to fossil fuels. In contrast, solar hydrogen energy
systems propose a clean, everlasting energy system that is environmentally companion-
able. So, considering these three energy systems from an environmental point of view,
factors such as vapor generation, pollution, and environmental degradation are very much
reduced for solar energy systems as compared to the others, which are summarized in
Table 2. In this table, the drawbacks of synthetic fuel and the benefits of the solar hydrogen
system are visible. The emission of pollutants such as CO,, CO, SO,, NOy, and HC are
very high for fossil fuels-based energy system, while these are quite low, i.e., almost 0% for
a solar hydrogen energy system. Since the amount of pollutants are quite high in a fossil
fuel-based systems, they cause several climate issues such as acid rain and ozone layer
depletion. This can be understood from the environmental damage ratio which is much
higher (approx. 18 and 23) for fossil fuels and synthetic fuels as mentioned in Table 2. This
ratio is negligible for solar hydrogen energy systems due to the absence of carbon, sulfur,
or nitrogen-based components.

The emission of CO, caused the globe’s surface temperature to rise of by almost 0.6 °C
during the 20th century. If the emission of CO; is not reduced, the surface temperature of
Earth is expected to increase by 1.4 to 5.8 °C by the end of the 21st century, leading to a rise
in sea levels by 0.5 m. Thus, for slowing down the process, there is an immediate need to
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reduce the emission of greenhouse gases by 60-80%, which is only possible by substituting
the energy system to carbon free energy.
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Figure 9. Global warming potential for different hydrogen production methods. Reproduced from
ref. [84] with permission of Elsevier.

Table 2. Environment related properties of the main energy systems. Reproduced from ref. [85] with permission of Elsevier.

Pollutants (kg/G]J) Vapour Generation Environmental
Environmental o1
Energy System Ener Global ; Compatibility
CO, CO SO, NOx HC PM* o egj’l Warming (%)b Damage Ratio ¢ Factor
Fossil fuel 7240 080 038 034 020 0.09 8.9 3900 0.782 18.24 0.055
Coal/Synthetic 50 65 050 032 012 0.4 93 3900 0782 22.62 0.044
fossil fuel
Solar-hydrogen
0.00 0.00 0.00 000 0.10 0.00 6.0 0.0 0.001 1.0 1.00
Energy

2 Particulate matter. ® With respect to annual vapor generation due to solar heating (5 x 1017 kg/y). ¢ (Damage due to fuel)/ (Damage due

to solar hydrogen).

Hydrogen production from thermochemical water splitting cycles is also environmen-
tally friendly in terms of CO, emission, acid rain, and providing sustainable fuel. This can
be summarized in “operational guide to the ISO standards” which was described in 2001
by the CML (Centre of Environmental Science of Leiden University). Figure 10 describes
the results based on environmental effects in the form of AP (acidification potential) and
GWP (global warming potential) for particular methods of hydrogen production. From the
figure, the global warming potential and acidification potential are lowest for hydrogen
production through thermochemical cycles while these values are highest for coal [75].

Thus, it can be concluded that as soon as the production of hydrogen is completely
based on non-fossil fuel energy systems, it will become a sustainable fuel [85]. Many
activities to support and ignite this type of change are going on, such as the first World
Climate Conference, held on the subject of climate change in 1979. The main aim of
this conference was to draw the attention of the public towards the adverse effects of
climate change and to establish that long use of fossil fuels resulted in CO, accretion in the
atmosphere, leading to discrepancies in climate. In June 1992, the UN Framework contract
on climate change was the one of the most noteworthy efforts for reducing greenhouse
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gas emissions at a particular level. Thus, these types of activities started the perception of
sustainable growth [86].
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Figure 10. GWP and AP of particular hydrogen production methods. Reproduced from ref. [75] with
permission of Springer Nature.

3.1.4. Economic Aspects of Production Methods

The economics of hydrogen energy systems can be assessed through the cost of hy-
drogen storage, production, utilization, and transportation of hydrogen [87,88]. Presently,
amongst these factors, H, production is a dominant factor, and is dependent upon the
cost of primary sources of energy [61]. Considering the economic aspect, new hydrogen
production technologies using renewable energy are presently costly compared to fossil
fuels-based hydrogen production methods. The cost of hydrogen production from non-
fossil fuel-based sources is influenced by the cost of electricity. The most prominent method
for the production of hydrogen from non-fossil fuel sources is electrolysis, but the cost of
electrolysis is affected by the cost of the electrolyzer and its utilization. Thus, hydrogen
production from electrolysis is cost competitive with other paths of hydrogen production
with the absence of CO,, hence provides green electricity. Correspondingly, hydrogen pro-
duction cost based on fossil fuels depend on their cost. For example, as a comparative point
of view, the main obstacles in thermochemical methods are the existence of pressure swing
absorption, methods to purify Hj, and catalyst cost: all of these factors increases the cost
of Hy production; however, it decreases the biomass cost and increases the efficiency [89].
Water electrolysis procedure is a feasible possibility for small-scale hydrogen production
from an economics aspect; meanwhile, for large scale production, the cost increases to
about 5% for electrolyzer due to the high use of electricity. The H, production cost for the
dark and photo fermentative methods were expected to be 2.5 to 2.8 USD per kg [57]. In
2017, Sharma and Kaushik stated the cost of H, production for the dark and photo fermen-
tative methods was around 3.70 and 18.70 USD, respectively [90]. Recently, for Australia,
it was stated that for steam methane reforming and for coal gasification production the
cost of hydrogen in Australia is around $1.88 to $2.30 per kg H, and $2.02 to $2.47 per kg
H,, respectively. In electrolysis methods, the costs for alkaline electrolysis and for proton
exchange membrane is $4.78 to $5.84/kg H; and $6.08 to $7.43 /kg Hy, respectively. The
production cost for partial methane oxidation via synthesis gas is 1.33 euros/kg H; [27].
In another study, Hay et al. stated that the production of H, from natural gas and coal
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contain 2.48 to 3.15 USD per kg and 0.37 to 1.82 USD per kg, respectively. Although, for
solar and wind energy, the cost was observed high in the years 2011 to 2016, with the rate
growing up to 5.6% yearly, and established that the H, market will raise around USD 87.3
to 118 billion in the period from 2011 to 2016 by 6.21% [91]. Kalamara obtained that SMR is
an inexpensive and favorable method for H, production, with the price of H, at around
7 USD/G]J, and the price of H; for pyrolysis and biomass gasification is expected in the
range of 8.91-5.51% per GJ and 10 to 14$ per GJ [92].

In Table 3, the cost of numerous hydrogen production technologies is shown. The cost
of steam methane reforming is much lower (0.75 $/kg) than the other methods of hydrogen
production. Solar electrolysis proposes the highest cost (5.0 $/kg) of hydrogen production
at the moment; however, with the development of technologies, the cost can be lowered,
and it could be the best option in future from an environmental point of view.

Table 3. Costs of hydrogen production technologies. Reproduced from ref. [24] with permission

of Springer.
Source Technology Production Cost ($/kg)
Methane Steam reforming 0.75
Coal Gasification without CO; sequestration 0.92
Nuclear Electrolysis 2.6-3.0
Water splitting 1.4-23
Biomass Centralized biomass gasification 1.2-24
Solar Photo catalytic water splitting 5.0

Therefore, the commercial development of these methods with time, and, according
to their negligible environmental impact, the cost of H, production is anticipated to be less
or comparable to that of conventional methods using fossil fuels [86].

3.2. Hydrogen Storage

Hydrogen has proved to be an energy carrier instead of energy source, meaning it can
deliver and store energy in a useful form [93]. However, being lightweight, its storage is
one of the aspects which need serious attention. It can be stored in various ways either in
physical or chemical forms. Figure 11 summarize all the methods of hydrogen storage.

Hyvdrogen Storage

Chemical Storage

» Compressed H, Tank
» Liquid H, Tank
» Cryo-Compressed Tank en

Complex
Metal
Hydrides

» MOF » Simple Metal Hydride
(Metal-Organic Frameworks)

» Carbon-based Material > Borohydrides

» Ammonia Borane
» Alanates

r

» Silanides

Figure 11. Types of hydrogen storage.
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3.2.1. Physical Storage

Physical storage stands for the storage of hydrogen in its molecular form. The options
to store hydrogen in molecular form are liquid hydrogen tanks and compressed hydrogen
gas tanks. In liquid state, hydrogen needs almost double space as compared to gasoline.
Liquid hydrogen can be stored through a process of compression and cooling in cryogenic
tanks; the work necessary is predictable to 15.2 kWh/kg, achieving volumetric density is
70.8 kg/m?, and the gravimetric density is influenced by the tank size. In a compressed
state, this amount is increased 3-5 times, with 5000 and 10,000 psi tanks. High pressure
gaseous hydrogen storage achieves high pressures of up to 77 MPa by use of piston-
type mechanical compressors, and the work required for the compression is more than
2.21 kWh/kg, which delivers a volumetric and gravimetric density of 40 kg/m? and 13 wt%,
respectively [27]. There are some disadvantages to store hydrogen in liquid form, and a
gaseous state requires large physical volume, at high cost, high energy consuming, high
pressure, very low temperature, and most importantly safety issues, which make them not
feasible for commercial application.

Hence, due to several issues to store hydrogen in liquid and gaseous state, the third
method of hydrogen storage in chemical form has attracted the attention of scientists
as it decreases the essential pressure of storage and increases the volumetric capacity.
A comparison of required space was demonstrated by Edwards et al. [50] and sketched
here in Figure 12. Four kilograms of hydrogen needs bulky tanks for its liquid and gaseous
states, while as greater amount of hydrogen in chemical form needs far less volume.

H,(gas)  H,(gas) H, (liquid) MgH, Petrol
200 bar 700 bar

Figure 12. The storage of hydrogen in different ways.

3.2.2. Chemical Storage

In the chemical storage method, hydrogen can be stored in solid state materials. In the
last few decades solid state materials have been the subject of numerous studies. Several
materials have been explored in search of a suitable material which fulfils the requirements
as per US-DOE, for example, a storage capacity greater than 8 wt% and an operating
temperature of 40-85 °C [94,95]. There are numerous materials such as sorbents, light
metal hydrides, and complex metal hydrides. In sorbent systems hydrogen is connected to
the surface through physisorption such as C-based materials and MOFs (Matel Organic
Framework). These systems need a very low operating temperature which is not practically
possible, and their storage capacity is not so good [96], therefore light metal hydrides and
complex metal hydrides are prominent methods as they require comparatively feasible
working temperatures and have good hydrogen storage capacity as per US-DOE goals [97].
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To form light metal hydrides, hydrogen interact with metals through different bonds.
These are also categorized in two types: interstitial hydrides, such as LaNis and FeTi,
which cannot be used commercially for dynamic/onboard needs due to their low hydrogen
storage capacity [98], and ionic or covalent hydrides, such as LiH [99] and MgH, [100],
which are quite suitable for hydrogen storage due to their high hydrogen storage capacity,
but which require a very high operating temperature. Many investigations have been
done on these materials, but high temperature is still required [101]. In chemical hydrides,
hydrogen is connected through covalent bonds with high storage capacity, but these
hydrides are irreversible [102,103].

Another sub-class of metal hydrides are complex metal hydrides [104]. Among all the
hydrides, complex metal hydrides are the most promising because of their high storage
capacity. They also retain two issues. These include thermodynamic and kinetic issues,
because of which these materials make stable hydrides and require a high operating tem-
perature: greater than 200 °C. These issues can be solved by downsizing the particles and
using catalysts. Thus, solid-state storage is the prominent method to store large amounts
of hydrogen at ambient pressure and temperature. Carbon nanotubes (CNT) are able to
store Hj at sufficiently low temperatures (196.15 °C) and pressures (6 MPa), and provide a
gravimetric density of 10.8 wt% and volumetric density of 41 kg/m? [27]. Nanomaterial
offer many advantages in hydrogen storage media which overcome the rate of sorption
kinetics, barriers of bulk materials, and release temperature. At the University of South
Florida, the clean energy research center’s research showed that enhancement in storage
capacity and sorption kinetics can be improved through nanomaterials-based catalyst
doping. This is because of short diffusion distance in comparison to bulk materials [27].

The comparative study of all these metal hydrides on the basis of storage capacity and
operating temperature are summarized in Table 4 [97]. Therefore, continued investigation
is taking place on these metal hydrides to explore their properties.

Table 4. Comparative of different solid state hydrogen storage systems. Reproduced from ref. [97].

. Hydrogen Storage Operating
Hydrogen Storage Materials Capacity Temperature
Sorbent Systems o
Ex.—C-based materials, MOFs 27 Wt ~77K
Conventional metal hydrides o
Interstitial Hydrides Ex.—LaNis, FeTi etc. 1>N74sz //0 S 6135 K
Ionic/covalent hydride Ex.—LiH, MgH) etc. ?
Chemical Hydrides o
Ex—NH3, NH3BH; etc. 17.8~20 wt% 373~>773 K
Complex Hydrides
~ % >
Alanates Ex.—LiAlH,, NaAlHy, Mg(AlHj,), etc. 58~10.5 wt 2400 K
. . 10~18.5 wt% >400 K
Borohydrides Ex.—LiBHy4, NaBHy, Mg(BH,); etc. o
Amides Ex—LiNH,, NaNH,, Mg(NH,), etc 5~10 wtf 2400 K
' y 2 B 22 2~4.5 W% RT~500 K

Silanides Ex.—KSiHj3, RbSiH3, CsSiHj3

3.2.3. Environmental Aspects

Hydrogen storage is a method used for storing hydrogen for later use. It is one
of the fundamental barriers for the wide usage of hydrogen as an energy carrier. The
possible storage methods are: Liquid hydrogen storage, compressed hydrogen gas storage,
underground hydrogen gas storage, and metal hydride storage. The interest in hydrogen
storage is in zero-emissions vehicles, which motivate the growth of new storage methods.
Hydrogen storage provides a clean and sustainable form of energy and causes no bad
environmental impact. It provides environmentally friendly storage of fuel.



Energies 2021, 14, 7389

17 of 28

3.2.4. Economic Aspects

The costs of different hydrogen storage methods are given in Figure 13. The fueling
cost of 700 bar tanks is much higher (1.94 $/kg Hy), whereas it is 1.23 $/kg H; for a metal
hydride tank; lower than the 700 bar tanks. Thus, by comparing all the hydrogen storage
technologies, metal hydride and fuel cell electric vehicle appear to be the most promising
techniques of storage as of now [105].
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Figure 13. Cost of hydrogen storage methods, Reproduced from ref. [105] with permission of Elsevier.

The costs of hydrogen storage had also been studied by Reus et al., who observed
in their study that for compressed gas hydrogen storage, the costs are high, and special
maintenance such as low pressures are required for these tanks whose cost is almost $850 to
store 1 kg of hydrogen. The cost of Liquid Organic Hydrogen Carriers storage is expected
at 50 €/kg Hy which is more cost-effective as compared to cavern storage systems [106].
Hydrogen supply cost with Liquid Organic Hydrogen Carriers (LOHC) is in the range of
8-10 €/kg. In another study related to cost, it was specified that for hydrogen production
distribution costs were 5 €/kg Hy and in the range of 6.40 to 8.10 €/kg H, [107]. In another
study in 2010, the cost was proposed in the range of $5 to 10 per kg for transport [108].
Hence, we can say that for new studies this cost has decreased. Hydrogen transportation
and storage on a large scale is a subject for development, and consequently there are
shortages in studies related to costs. In future, new catalysts which will be able to increase
the rate of hydrogen sorption kinetics should be researched.

Besides this, to consider economical aspects, two types of hydrogen storage systems
need to be considered: (i) Transportation applications and (ii) stationary applications. These
applications have different necessities and limitations. The transportation sector will be
the most prominent application of hydrogen economy in the near future. The requirements
of hydrogen storage for transport applications are harsher than those for stationary ap-
plications. The requirements for the transportation sector are as follow: lower operating
temperature, low-operating pressure, need of multiple cycle reversibility of hydrogen
uptake and release, fast kinetics, high gravimetric and volumetric hydrogen densities, and
hydrogen storage cost which is less than £15/kg. Currently, there are no hydrogen storage
system available that could satisfy all these conditions. Stationary applications have less
constraints for hydrogen storage materials as compared to transportation applications,
such as these can be operated at high temperatures and pressures, can occupy a large area,
and can have slower kinetics. However, hydrogen storage for stationary use also has many
challenges. Compressed gas and liquid hydrogen storage options cannot fulfil most of the
conditions described above. The advancements in solid-state hydrogen storage materials
would have a drastic impact on hydrogen economy.
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3.3. Utilization of Hydrogen

The hydrogen utilization as an energy carrier widely depends upon the accessibility
of techniques and its conversion to electricity and heat. Figure 14 shows the utilization of
hydrogen in various fields [109]. As discussed earlier, the speedy adoption of hydrogen
as an energy carrier all around the world will depend on the conversion of hydrogen
into electricity. Fuel cells are emerging as a prominent technology to replace fossil fuel-
based energy systems. HFCs (hydrogen fuel cells) release only water and no hazardous
contaminant, as is the case with internal combustion engines. Fuel cells have been projected
and implemented successfully as the most competent conversion device. A fuel cell is a
device which produces electricity by the reaction of oxygen from air and hydrogen, similar
to a battery. The difference between a fuel cell and a battery is that batteries store energy,
whereas fuel cells produce electricity. The schematic of fuel cell is shown in Figure 15. A fuel
cell consists of an anode and cathode which are separated by an electrolyte. Hydrogen is
fed into the anode and oxygen into the cathode of the fuel cell, and the reactions take place
at these electrodes. The ions transport through the electrolyte among the electrodes and
surplus electrons provide electrical current, and flow through an external circuit. If we
compare the efficiencies of a petrol driven car and hydrogen fuel cell engines, hydrogen
fuel cell leads the race with 65% efficiency, which is more than double that of petrol engines
(~25%). The efficiency is further enhanced up to 85% when a fuel cell is used in CHP
(combined heat and power) systems [110,111]. This characteristic makes the fuel cell ideal
for a range of applications such as vehicle, mobile phone batteries, and power generation.
The presence of fuel cells in the automotive market, their infrastructural, environmental,
and economic aspects are discussed in this section.
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Figure 14. Utilization of hydrogen, Reproduced from ref. [109].

3.3.1. Hydrogen Fuel Cell in Automotive Market, Transport Industries, and Their
Infrastructural Issues

The automotive fuel cell market is established by the Toyota Motor Corporation
(Toyota, Japan), Ballard Power Systems (Burnaby, BC, Canada), Hyundai Group (Seoul,
Korea), and others. These companies provide products and solutions for the automotive
fuel cell industry and distribution networks at a global level to develop new products.
The first hydrogen-based cars were introduced by Honda, Toyota, and Hyundai at almost
the same time, and now are being followed by other brands to decarbonize the transport
sector. In 2018, the market value of hydrogen fuel cell vehicles is $651.9 million and
predicted to increase by 66.9% in the period of 2019 to 2026. The main factors that affect
the development of the universal market are, from an environmental point of view, future
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potential, high investment, and development in hydrogen fuel cell infrastructure. All of
these factors have a certain effect on the market of the hydrogen fuel cell vehicle [112].
Fuel cell electric vehicles (FCEVs) can provide a strong hold on the transportation market.
Presently, Europe is emerging as a continent which has a wide range of hydrogen buses,
among them, many are running in Chinese cities. European countries have a target of
acquiring more than 1000 hydrogen-fueled buses by the year of 2023. For ideal fuel cell
application this automotive market has characteristics such as longer driving range, higher
fuel efficiency, and fast refueling of fuel cell [105].

fuel Er
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\ water, heat
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Figure 15. Schematic of fuel cell. Reproduced from ref. [50] with permission of Royal Society
of London.

Utilization of hydrogen in the transportation sector, as a fuel in hydrogen fuel-cell
vehicles to power electric motors, has potential to decrease emissions. They do not produce
any greenhouse gas emissions as are produced by gasoline- and diesel-powered vehicles.

In adoption of FCEVs the main obstacle is its new and expensive infrastructure.
According to a report there were almost 376 hydrogen refueling stations (HRS) globally
in 2018, which is shown in Figure 16. Currently, these HRS are serving at a capacity
of 10-90 FCVs per station. In future these are expected to increase to 2500-3500 FCEVs
per station. Hence current infrastructure is limited and insufficient. At this stage of
development, there is a need to establish infrastructure for FCEVs such as cars, buses,
and trucks, which can use a central location to refuel. Through this modularization
infrastructure costs could be meaningfully reduced [110]. Governments all over the world
have organized numerous policies which provide environment-based circumstances. For
example, California (U.S.) dedicated funds for the improvement of more than 100 hydrogen
refueling stations to fulfill its goal of 1.5 million vehicles with zero-emission by the year
2025, increasing development of the market of the hydrogen fuel cell vehicle [112]. The
improvement of infrastructure of hydrogen is a significant obstacle to the extensive uptake
of hydrogen fuel cell techniques. The economy of hydrogen must be established with
the vast cost and replication of infrastructure of the current energy system. Developing a
cost-efficient infrastructure is a significant challenge. There are many commercial vehicles
in the transportation sector such as fuel cell passenger vehicles, fuel cell electric buses, fuel
cell light, and medium-duty trucks, and fuel cell heavy duty trucks which offer solutions
for zero-emission as compared to ICE and diesel powered vehicles. Fuel-cell vehicles
have short refueling time, i.e., they need only 3-5 min to refuel and they can also travel
on a single tank for 250 to 350 miles as compared to ICE and diesel powered vehicles.
Thus, FCEVs can satisfy noise guidelines and environmental conditions, which inspires
the government to quicken their implementation, but the main obstacle is a shortage of
extensive hydrogen infrastructure. If in future hydrogen infrastructure increases, it is
estimated that private consumption will also increase.
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Figure 16. Hydrogen refueling stations at the end of 2018. Reproduced from ref. [110] with permission
of Elsevier.

3.3.2. Environmental Aspects

Currently, the transportation sector mainly depends on fossil fuels and is responsible
for a large amount of greenhouse gas emission. For lowering the emission of greenhouse
gases, this sector needs to step forward towards the use of hydrogen as a fuel for vehicles.
Numerous opportunities have been recommended for automotive applications to replace
fossil fuel with hydrogen, for which the hydrogen fuel-cell electric vehicles seems to be
a possibility for future transportation because they cause no significant pollution [24].
Various techniques are developed in the market to support eco-friendly and sustainable
products to overcome the environment degradation and depletion of natural resources.
Among them, the hydrogen fuel cell vehicles is a leading technology as it is eco-friendly
compared to other conventional vehicles.

A fuel cell does not emit any kind of pollutant emissions because it emits only water
when it is operated in a normal temperature range. Hydrogen-powered fuel cell vehi-
cles produce zero emissions [113]. The fuel cells based on hydrocarbon fuel also provide
comparatively cleaner, efficient energy, which contribute to the reduction in emission of
greenhouse gases. In Figure 17, a city bus with a fuel cell engine and hydrogen as a fuel
are shown running successfully in Japan, Germany, and the UK [114]. The environmen-
tal aspect is directly related to the emission of greenhouse gases for both fuel cell and
conventional power generation. They both utilize fuel to extract energy. If we compare
solid polymer fuel cells (SPFCs) and phosphoric acid fuel cell PAFC (types of fuel cell)
to the conventional technologies for different applications like transportation and com-
mercial power generation (Figure 18), it is clear that SPFCs and PAFCs gives less than
1 g/km emission of greenhouse gases and result in lower emissions. Thus, these are more
environmentally friendly compared to conventional power generation technologies and
conventional vehicles which give the highest emission of greenhouse gases in the range
of 3-5.95 g/km. The reduction amount of energy used by a fuel cell is almost 26-97.4%
compared to others (CNG and batteries) [115].

3.3.3. Economic Aspects

In this section, the cost of fuel cell and challenges associated with it will be reviewed.
Although fuel cells have an efficiency of almost 60-70% (higher than conventional engines),
the cost of fuel cells is still higher. The higher thermal efficiency of the fuel cell significantly
reduces the overall fuel bill, thus eliminate the problem of costly fuel cells. Moreover, in
2006 the cost of fuel cells had already reduced by 60% (Figure 19), which is expected to
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reduce more with further development of technology. In addition, in 2006 the durability of
fuel cell had also increased in the order of 4 and now it is equal to 120,000 miles.
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Figure 18. The gaseous emissions and energy of FC and batteries relative to conventional diesel bus
technology. (SPFC = solid polymer fuel cell, PAFC = phosphoric acid fuel cell, CNG = compressed
natural gas) Reproduced from ref. [115] with permission of Elsevier.
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For wider use of FCEVs, the major hurdle is its affordability. Use of FCEVs and
hydrogen are still very expensive compared to conventional cars and batteries. Hence,
for commercialization of FCEVs, the main parameter is to reduce investment costs. For
conventional cars, prices have been constant for several years. However, if we see the price
differences between ICE vehicles and FCEVs, they are decreasing continuously over time,
which can be seen in Figure 20.

90,000
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70,000 -
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50,000 -

40,000 -

30,000 -

Investment costs (EUR/car)

20,000

10,000
2015 2020 2025 2030 2035 2040 2045 2050

——Gasoline ICE ====Fuel cell vehicles

Figure 20. Development of the investment costs of vehicles. Reproduced from ref. [110] with
permission of Elsevier.

Total mobility costs of FCEVs are dependent on the buying price of vehicles, Figure 21
shows total mobility costs for present and future FCEVs as compared to conventional ICE
vehicles. In this, the driving range over 7 years is supposed to be 12,000 km per year. In the
figure it is seen that in the current situation, total mobility costs of FCEVs are higher than
to conventional ICE vehicles, but the cost of FCEVs decreases as compared to ICE vehicles
in the future. On the other hand, FCEVs have zero-emissions at the point of use. So, we
can say that in future it is better option to use FCEVs as compared to ICE vehicles.

rev ruure) |
rev curere) |

ot ure) |
ct (corrert) |
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Mobility costs (EUR/100km)

M Capital costs B O&M costs ® Fuel costs

Figure 21. Total costs of mobility with FCVs as compared to ICE vehicles. Reproduced from ref. [110]
with permission of Elsevier.

Thus, in summary, it can be concluded that fuel cells have the capability to change the
present energy scenario based on hydrocarbon fuels, and will offer high-efficiency fuel in
future, i.e., hydrogen. The major challenge with the fuel cell is their high cost, which needs
to be lowered in the near future [50].
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3.4. Commercial Applications of Hydrogen

As an alternative, hydrogen has become a promising fuel. Hydrogen has several
applications but less than 10% is being used for global hydrogen consumption. For past
decades and in the fossil fuel era, hydrogen has been used mainly by the petroleum refining
industry, in the production of petrochemicals, agriculture industry, and chemical industry.
Besides its industry uses, it has been used for things such as welding, electronics manufac-
turing, flat glass production, metal working. Other commercial applications of hydrogen
include space exploration, public and personal transportations, power generations, and
aviation where it is used as an alternative combustible fuel. The fuel cell is one of the
auspicious commercialized applications opening new opportunities in the transportation
and energy sector. In the transition era, hydrogen will be used as a chemical fuel [117], to
produce electricity by fuel cells [118-120], manufacturing of synthetic fuels, aircraft, motor
vehicles, etc. Hydrogen will be used in the hydrogen era as a prime fuel in energy systems,
mainly in the transportation sector. Many countries are seeing emerging techniques that
will use hydrogen in large scale in the future [60].

3.5. Hydrogen Safety

One of the central and most important aspects of hydrogen is the safety concern.
It has been a matter of discussion how safely it can be used. As we look back into the
literature, numerous investigations regarding the safety pointed out that the hydrogen
does not appear as hazardous as fossil fuels. In fact, it is safer than gasoline and methane.
Because of its non-toxic nature, leakage of hydrogen does not cause any environmental
damage. Hydrogen has low density and for that purpose it disperses speedily as it
rises, thus reducing the possibility of fire [121] up to a certain limit. However, once
the concentration of hydrogen reaches more than 4% in the atmosphere, it may cause a
serious fire or even explosion [122]. Hydrogen must be measured safely if accepted by
the community. To address this concern, numerous solid-state hydrogen storage materials
(metal hydrides) were developed as discussed above. These reduce the handling pressure
of hydrogen gas and are comparatively safe for hydrogen storage. Confidence is necessary
for increase the use of the fuel cell and other hydrogen-based technology. A significant
feature in encouraging community confidence will be the improvement in product publicity,
education projects, and marketing which provide the acceptance of hydrogen as a fuel [123].

4. Conclusions

The world-wide energy demand, which is dependent on fossil fuel-based energy
system such as coal, oil, and natural gas, is becoming difficult to fulfil and it is also causing
several environmental impacts. Gradually, fossil fuels should be replaced by alternative
energy sources such as hydrogen energy, wind, nuclear, and solar energy. Hydrogen has
ideal economic and environmental characteristics to become a future energy carrier, as
it can be a clean, safe, and sustainable energy carrier with developing technologies of
production, storage, and utilization. Utilizations of hydrogen are spreading in various
industries, such as transportation and power generation, and are under development for
several other applications. There are numerous commercial methods for H, production
such as steam methane reforming, partial oxidation of hydrocarbons, coal gasification,
biomass gasification, pyrolysis, electrolysis, and the thermochemical method; electrolysis
and solar energy methods are going to be the prominent methods in future according
to an environmental point of view. Hydrogen storage methods need to undergo more
research and development. Hydrogen can be stored in gaseous, liquid, and solid chemical
form. Out of these methods, solid state storage shows promise and has potential to be
widely accepted. From economic aspects, the cost of hydrogen production is the most
important factor and other factors such as costs of utilization and storage are comparatively
small [124].

The information presented in this review is based on the present renewable-based
energy system and its application in the automotive industry, which emphasizes the tenden-
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cies in worldwide energy consumption, and development in reducing the dependency on
a fossil fuel-based energy infrastructure. In total global emissions, numerous fuel sources
contribute, several energy systems among them, and the automotive industry being a
chief contributors.

FCEVs can be seen as a prominent contender towards the conversion of the present
transport system, which is based on fossil fuels, to a sustainable system. The transporta-
tion sector has had several up gradations and degradations with respect to time. In the
transportation sector, FCEVs could be a better option than conventional ICE vehicles. In
future, there are some challenges which must be solved, such as cost reduction of cars and
development of infrastructures. This review provides direction for the development of
fuel-cell vehicles with the aim of reducing worldwide environmental pollution. In future,
the problems in developing FCEVs can be studied for their implementations. However, the
costs of fuel cell vehicles are higher than those of battery electric vehicles, but their practical
implementations can be achieved in the period of 2025 to 2030. Further, the research and
development in solving the various issues in FCEVs will position FCEVs in the future. In
addition, in future, the automobile industry will be powered by hybrid systems which
have the capacity to utilize the benefits of both energy system, i.e., renewable and fuel
cell-based energy systems. Beside this, hydrogen fuel in the form of fuel cells will be the
game changer in the portable power supplies in future. Therefore, it can be concluded that
hydrogen-based fuel cells would certainly contribute globally to the improvement of a
sustainable humanity.

Thus, we can say that by choosing the most prominent and sustainable production
and storage methods, and by improving the automotive applications such as fuel cell-based
electric vehicles, the dominant role of fossil fuels in energy systems could be reduced and
it will not be so long until the world will enter the “hydrogen era”.
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