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Abstract: Nowadays, the combustion of fossil fuels for transportation has a major negative impact on
the environment. All nations are concerned with environmental safety and the regulation of pollution,
motivating researchers across the world to find an alternate transportation fuel. The transition of
the transportation sector towards sustainability for environmental safety can be achieved by the
manifestation and commercialization of clean hydrogen fuel. Hydrogen fuel for sustainable mobility
has its own effectiveness in terms of its generation and refueling processes. As the fuel requirement of
vehicles cannot be anticipated because it depends on its utilization, choosing hydrogen refueling and
onboard generation can be a point of major concern. This review article describes the present status
of hydrogen fuel utilization with a particular focus on the transportation industry. The advantages
of onboard hydrogen generation and refueling hydrogen for internal combustion are discussed. In
terms of performance, affordability, and lifetime, onboard hydrogen-generating subsystems must
compete with what automobile manufacturers and consumers have seen in modern vehicles to date.
In internal combustion engines, hydrogen has various benefits in terms of combustive properties,
but it needs a careful engine design to avoid anomalous combustion, which is a major difficulty
with hydrogen engines. Automobile makers and buyers will not invest in fuel cell technology until
the technologies that make up the various components of a fuel cell automobile have advanced to
acceptable levels of cost, performance, reliability, durability, and safety. Above all, a substantial
advancement in the fuel cell stack is required.

Keywords: hydrogen fuel; sustainability; green fuel; sustainable transportation; future mobility

1. Introduction

The advancement of technology and increasing demand for electrical power have
motivated all nations to find alternate energy sources for power generation [1–3]. It is
estimated that the drastic increase in power demand will deplete fossil fuel for power
production [4–6]. Moreover, the environmental impacts of fossil fuel utilization in various
sectors include to the emission of greenhouse gases (GHGs) and the generation of pollutants
in the environment [7–9]. The aforementioned causes justify the increase in demand for
renewable and sustainable energy-based power stations and the dependency of various
sectors on them [10–12].

The negative environmental impact of the increase in fossil fuel-based transportation
mechanisms has forced the automobile industry to find alternative fuel options. The
transportation sector is responsible for 28% of greenhouse gas emissions [13,14]. Therefore,
electric vehicles have gained popularity due to the fact they emit zero emissions into the
environment, low refueling cost, and low maintenance cost [14]. However, electric vehicles
also have some disadvantages such as a long battery charging time, limited driving range,
and high purchasing costs. Therefore, more public awareness of electric vehicle utilization
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and technological advancement is required to overcome the aforementioned problems.
Various category of mobility sectors which utilize hydrogen fuel has been presented in
Figure 1.
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Figure 1. Structure of hydrogen generation sources at various transportation sectors.

The development of hybrid cars that can minimize the time between two consecutive
refueling procedures is one potential way to mitigate the mentioned drawbacks. The addi-
tion of a second energy storage vector to a vehicle, which allows the battery to charge while
driving, extends the period between refueling while also improving trip autonomy [13–15].
The tandem hydrogen and proton-exchange membrane fuel cell is one example of a hybrid
device. The hydrogen-based fuel cell has demonstrated its ability to store and transform
chemical energy directly into electricity, as well as several other benefits. The challenge
of adopting hydrogen and fuel cell-based technologies has been added to the agenda of
the world’s largest car manufacturers. Despite the committed efforts made to date, an
additional and more in-depth study is required for the development and application of
hydrogen-based fuel cells for electric cars as well as pure hydrogen vehicles [16]. The goal
of choosing hydrogen fuel is due to its clean energy feature with zero-emission and high
energy transfer capability. The hydrogen fuel-based vehicle in comparison to the electric
vehicle shows advantages in terms of refueling time and costs which can attract a large
number of consumers [17,18].

Recently, high prices, limited power density, and a lack of hydrogen infrastructure have
become the primary barriers to the widespread adoption of these cars. The most significant
barrier is arguably the lack of hydrogen production and distribution infrastructure, as well
as the difficulty in effectively and swiftly building it up. In the near and medium term, an
on-board fuel processor enabling direct in-vehicle hydrogen conversion from hydrocarbon
fuels is thus the only means of allowing FCVs to gain a market share that is acceptable. This
concept is particularly appealing for safety reasons: the entire system takes up less space
than a compressed hydrogen tank and facilitates refilling by utilizing existing infrastructure.
Furthermore, unlike internal combustion engines, which are limited to bi-fuel operation,
the same reformer may be fed by a variety of fuels, needing only minor adjustments to the
operating conditions while maintaining the processor’s integrity.

Hydrogen has long been recognized as a possible low-carbon transportation fuel, but
it has proven challenging to integrate into the transportation fuel mix.

Fuel cells directly convert the chemical energy in hydrogen to electricity, with pure
water and potentially useful heat as the only byproducts [4,19].

Hydrogen-powered fuel cells are not only pollution free, but can also have from
two to three times the efficiency of traditional combustion technologies. A conventional
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combustion-based power plant typically generates electricity at efficiencies of 33–35%,
while fuel cell systems can generate electricity at efficiencies of up to 60% (even higher with
cogeneration) [19].

The gasoline engine in a conventional car is less than 20% efficient in converting
the chemical energy in gasoline into power that moves the vehicle under normal driving
conditions. Hydrogen fuel cell vehicles, using electric motors, are much more energy
efficient and use 40–60% of the fuel’s energy, corresponding to more than a 50% reduction in
fuel consumption, compared to a conventional vehicle with a gasoline internal combustion
engine [19].

In addition, fuel cells operate quietly, have fewer moving parts, and are well suited to
a variety of applications.

Fuel cell electric vehicles (FCEVs) made up a relatively small fraction of the worldwide
stock of total cars in 2020, and hydrogen consumption in the industry has been confined to
less than 0.01 percent of the energy used, as have electric automobiles (0.3%). However,
as a result of events in Asia and the United States, the FCEV market is starting to take off.
By the end of June 2021, more than 40,000 FCEVs were on the road throughout the world.
From 2017 to 2020, stocks expanded by an average of 70% each year, but in 2020, stock
growth slowed to 40%, and new fuel cell car registrations plummeted by 15%, matching
the broader car market downturn caused by the COVID-19 pandemic. However, 2021 is a
candidate to be a new record year, with over 8000 FCEVs sold in the first half of the year
and monthly sales in California reaching new highs [20–22].

FCEVs are today largely compared with battery electric vehicles (BEVs) [23–28]. The
related literature reveals important differences between the two technologies. BEVs are
preferable due to the cheaper infrastructure investment cost and a lower vehicle cost [24].
Despite that, the relatively low autonomy makes BEV mostly suited for short-distance
trips such as urban use, which is a large segment of the road market. The developments
and efficiency gains in battery technology together with subsidies for public charging
stations are expected to facilitate the BEV growth [24]. FCEV is still in an early deployment
stage due to a higher infrastructure investment cost and higher vehicle cost. The relatively
high autonomy combined with fast refueling make FCEV mostly suited for long-distance
and interurban usage. In terms of efficiency, the overall efficiency of BEV is much higher
than that of FCEV due to the FCEV energy losses in the entire well-to-tank–tank-to-wheel
process phases [19,23,25].

2. Issues and Concerns of Present Vehicle Fuel

Nowadays, considering that climate-friendly means of transport and fossil fuels
are incompatible, many countries are favoring the transition from conventionally fueled
vehicles to low-emission vehicles to tackle environmental pollution issues. In particular,
the European Commission has defined a mobility agenda based on sustainable targets
to be achieved by 2030 [24,25] in Europe. Among the objectives of the agenda, in 2025,
it is expected that the average CO2 emissions of new heavy trucks will be reduced by
approximately 15% with respect to the emissions of 2019. Moreover, a CO2 emissions
reduction of approximately 30% compared to 2019 is expected to be achieved by 2030.
These targets are consistent with the European Union’s commitments under the Paris
Agreement and, besides the environmental benefits, will allow transport companies to
achieve significant savings thanks to lower fuel consumption [25]. To reach the above
goals, several legislative, research, and innovation initiatives have been put in place by the
European Commission for road mobility and transport [24]. Particular attention is paid to
enhancing a more diffused use of new generation vehicles such as electric and automated
vehicles. It has been demonstrated that the large use of EVs instead of conventional vehicles
can save approximately 60% of GHG emissions in most EU countries [26]. In particular, the
use of EVs leads to an average saving of GHG emissions of approximately 50% compared
to diesel in Europe [27]. Despite those important benefits, the environmental impact of
battery EVs (BEVs) is not null due to the following reasons: (1) in most cases, EV batteries
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are charged by using non-green energy; (2) the EV’s entire life cycle is responsible for
some GHG emissions, also considering that the batteries need to be disposed at the end
of their life. Nevertheless, there are studies comparing the BEV life cycle impact with
conventional vehicles’ impact on the environment, showing that BEVs can nevertheless
lead to total GHG emissions that are lower than those of traditional vehicles (ICE) [28].
Moreover, if renewable energy sources are used for battery charging, the advantages and
benefits for the environment of using BEVs are even more evident. However, even though
BEVs are spreading across Europe and the rest of the world, we are still far from the goal
of finalizing the substitution of conventional cars, motorbikes, buses, and heavy trucks
with such vehicles. Further actions are needed both from governments and technology
providers in order to overcome socio-economic and technological limitations.

Indeed, the diffusion of BEVs across the world is currently limited by some critical
aspects and issues due to both socio-economic and technological factors.

Regarding the socio-economic and political aspects and actions to be undertaken for
EV advancement, public engagement is important to effectively design and manage the
passage to sustainable transport technologies. National policy directives such as guidelines
for use in public roads and car parks, incentives for parking and purchasing new mobility
means can contribute to the diffusion of such sustainable technologies. In this framework,
the study in [29] concludes that the EV adoption rate is strongly affected by the local policy
instruments of public charging infrastructure that is higher in urban municipalities than in
suburban and rural cities. Furthermore, as a natural consequence, the diffusion of EVs is
faster where the expansion of public charging infrastructure is higher. In this context, there
are still significant differences among cities in terms of charging infrastructure investments
that can limit the EV diffusion locally [29].

In addition, a qualitative comparative analysis was conducted in [30] for 15 European
cities, comparing the local policies and their socio-economic effects, in order to identify
the optimal configurations to foster the expansion of EVs [30]. It is remarked that single
action will not succeed because the research shows that the transition towards sustainable
mobility can only occur through various, place-specific configurations of measures.

Analogously, Wang et al. [31] performed a correlation analysis and multiple linear
regression analyses to evaluate the relationship between incentive policies and socio-
economic factors for electric vehicle adoption across 30 countries in 2015.

From the performed analysis, the authors concluded how the governments’ first
action should be to expand charging infrastructure and provide road priority for electric
vehicles. In addition, governments could increase fuel tax to disincentivize the use of
conventional vehicles and retain tax breaks, waivers on fees (e.g., parking, tolls, and ferries),
and electricity supply cost reduction for EVs.

In addition, from one side, BEVs are still expensive with respect to internal combustion
engine vehicles even though, more recently, many countries, such as Italy, are providing
incentives to smooth the final cost for users. On the other hand, even though fast and
ultra-fast charging solutions are currently available, they are not sufficiently diffused
across the countries, partly due to long approval procedures, to solve the problem of
BEV charging times that are still significantly longer than refueling times [24]. Moreover,
in a transnational corridor that can guarantee accessibility to all EVs, implementing the
direct current charging can be desirable but is far from being implemented. Additionally,
other solutions such as battery swapping are being introduced onto the market today.
This consists of the real-time swapping of the discharged/low charged battery with a
fully charged compatible one in dedicated stations. This can be an effective technique to
overcome the charging time issue, but its efficacy and long-term sustainable use are still to
be adequately investigated and demonstrated. Looking at the driver experience, driving
an electric car still causes range anxiety to the users that can fear that their vehicles do not
have enough autonomy to reach the next charge point [32]. This is mainly due to the low
range autonomy that generally affects most current BEVs on the market and the limited
available charging infrastructures in many countries [33].
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3. Motivation for Hydrogen Energy

In order to address the discussed issues related to BEVs, in particular the technolog-
ical ones, the use of fuel cells for electricity storage has been investigated. Hydrogen is
considered a clean and efficient energy carrier that can ensure energy security and sustain-
ability [34]. Three dimensions must be considered when promoting hydrogen according
to [35]: (1) Market requirements: price must be competitive compared to other environ-
mentally friendly energy carrier-like batteries; refueling infrastructure must allow the
autonomy range required by users; fast and easy storage processes are needed to enable
a great autonomy for mobility; safety levels that are equal to or better than carbon-based
energy sources are necessary. (2) Sustainability and climate requirements: hydrogen en-
ergy has to comply with the objectives of governments; hydrogen cars must also comply
with existing legal requirements to prevent and limit waste from end-of-life vehicles and
their components, ensuring that where possible, these are reused, recycled or recovered.
(3) Hydrogen technology requirements: to achieve a mass-market in hydrogen mobility,
there is the need to reduce the cost of cars and hydrogen fueling stations. The technology
development aims to lower or replace the use of noble materials such as platinum in fuel
cells and electrolyzers and achieve higher storage densities (higher car autonomy range)
whilst simultaneously lowering storage pressures.

From a technological point of view, the fuel cell (FC) is an energy conversion device
that can efficiently capture and use the power of hydrogen [19,28,30]. The fuel cell generates
electricity through an electrochemical reaction in which hydrogen and oxygen are combined
to generate electricity, heat, and water. The fuel cell is composed of an anode, cathode,
and an electrolyte membrane [31,36]. In general terms, hydrogen enters the fuel cell
through the anode, where it is split into electrons and protons. Hydrogen ions pass
through the electrolyte which forces the electrons through a circuit, generating an electric
current and excess heat. Oxygen entering at the cathode combines with electrons from the
electrical circuit and the hydrogen ions that passed through the electrolyte from the anode,
generating water [19,31,36]. This union is an exothermic reaction, generating heat that can
be used outside the fuel cell. Stationary FCs can be used for backup power, power for
remote locations, distributed power generation, and cogeneration (in which the excess heat
released during electricity generation is used for other applications). FCs can power almost
any portable application that typically uses batteries, from hand-held devices to portable
generators, and can also power our transportation, including personal vehicles, trucks,
buses, and marine vessels, as well as provide auxiliary power to traditional transportation
technologies. In this context, hydrogen can play a particularly important role in the future
by replacing the imported petroleum we currently use in our cars and trucks [31,36].

In particular, hydrogen technology only emits water vapor into the environment,
leading to the benefit of having zero GHG emissions during use [19,36]. However, on the
other hand, more energy than other technologies are necessary to produce hydrogen since
it is an element not present in its natural state.

There are several methods to produce hydrogen, such as steam reforming and biomass
gasification, but a rarely used process in Europe is electrolysis. The electrolysis method
consists of passing an electric current through water, and generating a non-spontaneous
chemical process resulting in the release of hydrogen in the form of gas. This is a revolu-
tionary technology that combined with the use of renewable energy sources that can make
mobility even greener [24,37].

3.1. FCEV vs. BEV

To support the transition process to sustainable mobility, FCs are introduced to be
used on EVs where the vehicle battery is recharged by hydrogen present in a tank [24]. A
BEV uses an onboard battery pack to power the vehicle’s motor, which includes varying
configurations of battery cells. Despite the environmental and efficiency advantages of
battery electric vehicles, lithium-ion batteries only have approximately 1% of the energy
density of petrol or diesel [31,38]. For this reason, smaller and lighter vehicles appear to be
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the best candidates for battery electric powertrains. As vehicles increase in size, the size
and weight of the battery pack required to power the vehicle, as well as the available range,
begin to make battery power a less attractive option [31,38].

Hydrogen FCEVs have a far greater energy storage density than lithium-ion batteries,
offering a significant advantage for electric vehicles in terms of range whilst also being
lighter and requiring less space. FCEVs can also be refueled in a few minutes while BEV
charge requires a much longer waiting time [24,31,38].

Therefore, FC technology can lead to the advantage of overcoming negative aspects
such as range anxiety, because EVs equipped with fuel cells (FCEV) show greater autonomy
and a lower charging time than EVs [39].

In addition, there are also economic advantages to using FCEVs since it is estimated
that lithium-ion battery charging/discharging at 1 C (1 h) has a cost of approximately 130
USD/kW in terms of power output. On the contrary, compressed hydrogen tanks and
fuel cell stacks, respectively, cost approximately 15 USD/kWh and 53 USD/kW [MODEL-
BASED, 38]. Furthermore, it is also estimated that hydrogen prices at the pump are reduced
to 8 USD/kg, which is equivalent to 0.24 USD/kWh [38]. Even if the technology and refuel-
ing costs are competitive with the BEVs, the cost of purchasing FCEVs generally remains
high, and the refueling infrastructure is not so diffused. In terms of usage, the FCEVs
generally perform better than BEVs if mainly used for long distance trips. Table 1 compares
fuel cell and battery performance in electric vehicles based on several aspects [38,40–49].

Table 1. Fuel cell vs. battery in electric mobility.

Overall
Efficiency Current Costs Refueling Time Range

Autonomy
Energy
Density Sustainability

Fuel cell Around 30%

~53 USD/kW
(technology cost)
0.24 USD/kWh
(refueling cost)

<10 min Up to 600 km 550 Wh/kg
Common and safe
materials (except

for platinum)

Battery Around 75%

~130 USD/kW
(technology cost)

0.14–0.30 USD/kWh
(refueling cost)

1–14 h
(depend on

charging power)

200–400 km
(most

common cases)
150 Wh/kg

Use of pollutant
metals such

as cobalt

In terms of the overall energy efficiency of the vehicle, for BEV, the efficiency of the
battery and transportation and distribution can reach 75% [25]. For FCEV, several steps
should be considered such as electricity, electrolysis, compression, transportation, and
distribution. Therefore, despite a fuel cell efficiency of approximately 40–60%, the final
energy efficiency of the vehicle is estimated to be approximately 30% [25].

There are also technical challenges that FCEVs are facing which must be considered
such as the availability and clean production of hydrogen and the utilization of hydrogen as
a power source [31,32]. The production of hydrogen requires significant amounts of energy
and the way it is produced is critical to its environmental impact. The way that hydrogen
is produced is referred to as a range of colors to indicate the environmental impact. Grey
hydrogen is produced from fossil fuels in a process that releases CO2 into the atmosphere.
This is currently the cheapest and most common form of hydrogen even though it has the
highest environmental impact. Blue hydrogen is also produced using fossil fuels, but the
resulting CO2 is captured to limit greenhouse gas emissions. The carbon capture process
leads to the increased cost of blue hydrogen compared to its grey counterpart [31,32].

Green hydrogen is produced using electricity from renewable energy sources such as
wind and solar, making it the cleanest form of hydrogen. One of the most promising options
for green hydrogen uses electricity from renewable resources to power the electrolysis of
water. The cost of green hydrogen is ultimately much greater than that of blue or grey due
to the cost of the electrolyzers and the electricity required to operate them.

From the performed analysis, even though there are some disadvantages to using FC
technology with respect to battery for EVs, the advantages, especially regarding sustain-
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ability, energy density, autonomy and lower refueling times, make the FC technology very
promising in this sector.

As a result, today, even more countries are investing in hydrogen technology applied
to electro mobility. Japan, Germany and United States are three top ranking countries
in the world in terms of the number of hydrogen stations [50]. In particular, in Europe,
it is expected that in 2025, the break-even point between FCEVs and EVs [51] will be
achieved [52]. Among the objectives by 2030, Europe aims to have approximately 3.700 re-
fueling stations and a fleet of 3.7 million passenger FC vehicles, and a considerable number
of commercial vehicles.

Indeed, the diffusion of both BEV and FCEV also depends on the efficient deployment
of the refueling/charging infrastructure. This is a sensitive issue, especially for FCEVs
today. Indeed, the car manufacturers are not willing to sell FCEV in large series if they are
not sure about the density of available infrastructure. On the other hand, nobody wants to
invest in the infrastructures if there is no large fleet to refuel. Two strategies can be adopted
to solve this issue according to [24]. The first strategy consists of building on a “captive”
fleet that is a group of vehicles owned by companies, governmental agencies, etc. The
introduction of such large fleets greatly facilitates the forecasting of fuel consumption, and
the deployment needs the corresponding network. The second strategy is to rely on public
subsidies to quickly set up a large infrastructure, possibly focusing first in clusters and
then on expansions to interregional roads. In this way, it is expected that car manufacturers
and customers will soon favor FCEV [24]. The infrastructure deployment issues of BEV
and FCEV are quite different. BEV deployment needs a higher density recharge network
because the range of BEV is lower than that of FCEV. The location of the charging stations
needs to take into consideration the necessary time to recharge the battery. Charging points
close to (or in) the users’ house and on the work location are particularly appropriate. For
FCEV, the range is higher and the refueling time is much quicker (less than 10 min), so
the location of the station depends on the intensity of the corresponding traffic. Another
important difference concerns the investment cost of the stations and their maintenance.
In countries with a well-developed electrical network, the cost of BEV charging points
is relatively low and there is no need for specialized maintenance [24]. On the contrary,
the deployment cost of FCEV infrastructures is relatively high and requires a hydrogen
distribution network.

As future perspective, in [28], a technical-economic long-term analysis was conducted
to compare major vehicle technologies (internal combustion, hybrid electric, plug-in hy-
brid, battery, and fuel cell electric) under the uncertainty of technological progress, with
projections until the years 2035 and 2050. They assume different scenarios for the progress
achieved by 2035 and 2050 to represent the uncertainties of vehicle technologies.

Looking the outcomes of the study, especially comparing BEV and FCEV, in the 2035
scenarios, although the energy costs of FCEVs are 10–20% higher than those of BEVs, the
5-year (15-year) ownership cost of FCEVs are 15% (12%) lower because of lower purchase
costs. Other results report that driving an FCEV will cost drivers 8 cents per mile less than
the BEV with a 200-mile range for a 5-year ownership basis. This observation shows the
importance of the price of hydrogen in determining the competitiveness of the FCEV. The
BEV with a 200-mile driving range was estimated to be the vehicle with the highest cost
in all scenarios in both 2035 and 2050. It was found that reductions in mass and fuel cell
system cost per kW are major contributors. There is a need for looking at cost perspectives
of hydrogen production and delivery. In addition, mass reduction and fuel cell system
USD/kW cost reduction are critical in rapidly reducing FCEV ownership cost. Although
mass reduction would lead to a reduced purchase cost of conventional vehicles, it would
provide more benefits to new technologies such as BEVs and FCEVs. The current fuel cell
system cost is approximately 53 USD/kW [28], which is a major reason for the FCEV’s
manufacturing cost being high compared with conventional vehicles. The Department of
Energy (DOE) has set an ultimate target of 30 USD/kW [28]. To this aim, there is a necessity
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for continued guidance and incentives from the government on FCEV technology research
and development.

In conclusion, reducing cost and improving durability are the two most significant
challenges to FC commercialization. FC systems must be cost-competitive with, and
perform as well or better than, traditional power technologies over the life of the system.
Ongoing research is focused on identifying and developing new materials that will reduce
the cost and extend the life of FC stack components including membranes, catalysts, bipolar
plates, and membrane–electrode assemblies. Low-cost and high-volume manufacturing
processes will also help make FC systems cost-competitive with other technologies [28,36].

3.2. Present Status of Hydrogen Fuel Utilization

In today’s world, hydrogen is used in a variety of ways. Various industries, including
oil refining, chemical manufacturing [36], steel manufacturing, and high-temperature heat
generation, dominate the fuel market. Aside from industry, hydrogen fuel is used in
transportation [53], building [54], and power production. Hydrogen fuel cells are used
in automobiles, ships, and aircraft. The cost of hydrogen fuel cells and the availability of
refueling stations determine the competitiveness of hydrogen fuel cell vehicles. Low-carbon
fuel alternatives are restricted in shipping and aircraft, which presents an opportunity for
hydrogen-based fuels. Hydrogen might be integrated into existing natural gas networks
in buildings [55], but it is one of the most widely utilized chemicals for storing renewable
energy in power generation, and when combined with other chemicals such as ammonia,
it may be used in gas turbines to boost power system flexibility. Because almost all
hydrogen is produced using fossil fuels, clean hydrogen has a great potential for lowering
emissions [56].

Non-energetic utilization, indirect energetic utilization, and direct energetic usage
are the three types of hydrogen demand. The use of hydrogen to manufacture chemical
compounds is performed in a non-energetic manner. The direct energetic use of hydrogen
as an energy carrier is achieved either in a pure form or as part of a combination, and
the indirect energetic use is achieved to upgrade fossil energy carriers such as crude oil,
coal, and heavy oils [57]. The present demand for natural gas and electricity, as well as
the use of hydrogen in various nations, were examined in this study from the consumer’s
perspective. As a result of this research work aiming to harness solar energy for the large-
scale production of hydrogen to be used as a main non-fossil fuel to gradually replace oil
and gas in all possible areas of utilization, a comprehensive perspective of current and
future hydrogen utilization in different countries and sectors was discussed in this study.

3.3. Utilization Hydrogen Fuel in Different Countries and Sectors

The demand for energy in the automotive and industrial sectors is dramatically
increasing across the world. Conventional energy sources will be insufficient to meet
rising energy demand, and pollution is a major concern. As a result, an alternate fuel
for transportation and industry is critical. It was observed in the literature and reports
that various states (such as India [36], Philippines [58], Southern Africa [59], Japan [60],
Germany [61], Patagonia [62], Saudi Arabia [63], California [64]) have taken initiatives
towards achieving green hydrogen production and utilization.

Various methods of green hydrogen production have been developed worldwide.
Steam-methane reforming (SMR), electrolysis, and using anaerobic digester gas (ADG) are
the most popular ways of producing hydrogen in various countries [56]. Coal gasification
with carbon capture, utilization, and storage (CCUS), as well as natural gas conversion
with CCUS, are employed in the SMR production technique to produce hydrogen fuel [61].
Electricity generated from renewable sources (solar and wind) or nuclear energy, or fossil
fuels (coal, natural gas, and petroleum) can be used to obtain hydrogen through the
electrolysis technique [57]. Biomass is transformed into gas or liquids and hydrogen is
separated in the ADG production method. Green hydrogen is utilized in refining, industry,
transportation, electricity, ammonia fuel, buildings, and grid injection [64]. The possible
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production routes and utilization pathways of green hydrogen are summarized in Figure 2.
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As per the report published by the International Energy Agency (IEA), with ten
countries around the world adopting hydrogen policies, 2020 was a record year for policy
action and low-carbon hydrogen generation. Nearly 70 MW of electrolysis capacity was
added, more than tripling the previous year’s total, and while two plants generating
hydrogen from fossil fuels using CCUS began operating, the output capacity was increased
by nearly 15%. However, under the Net Zero Emissions by 2050 Scenario, this development
falls well short of what is required. Furthermore, the demand for low-carbon hydrogen for
novel uses is still confined to road transport [65]. An estimate of global hydrogen demand
by sector published by the International Energy Agency (IEA) is given in https://www.
iea.org/reports/hydrogen (accessed on 27 March 2022) [66]. As a result, further efforts in
creating demand and lowering emissions related to hydrogen generation are required.

3.4. Consumer Perspective

Although transportation is unquestionably important in daily operations across the
world, its energy consumption and use of non-renewable energy have major negative
repercussions for the environment and global climate [67,68]. For a long time, hydrogen
gas was considered a viable transportation fuel. It is viewed as a low-carbon alternative to
refined oil products and natural gas, as well as a supplement to other low-carbon options
such as electricity and advanced biofuels. Fuel cell electric vehicles (FCEVs) are rapidly
gaining popularity as a zero-emission transportation technology [67]. Hydrogen FCEVs will
minimize local air pollution since they have no exhaust emissions, similar to BEVs [69]. The
consumer perspective of hydrogen fuel has been mentioned in Figure 3. The following are
some of the potential applications for hydrogen and its derived products in transportation:

• Due to the non-availability, storage, and emission concerns with hydrogen fuel in many
nations, most light-duty vehicles (cars and vans) and heavy-duty vehicles (trucks and
buses) now use non-renewable fuel. This opens up several opportunities to minimize
the refueling time, storage requirements, and emissions in hydrogen fuel production
and utilization. In addition, hydrogen fuel cells use less material than lithium batteries.
However, 11,200 automobiles, predominantly in California, Europe, and Japan, use
hydrogen fuel [55]. Long-distance travel and poor filling station usage are still major
issues in hydrogen-based transportation [70].

• The use of hydrogen fuel in maritime transportation has been studied and proven in
small ships. By 2030, the use of hydrogen fuel in ships will reduce air pollution while
simultaneously increasing freight activity by roughly 45 percent. Because hydrogen
fuel has a lower density than conventional liquid fuels, it has significant hurdles in
terms of storage costs and cargo capacity.

https://www.iea.org/reports/hydrogen
https://www.iea.org/reports/hydrogen
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• In rail transportation, hydrogen fuel-based trains are utilized in Germany. As a result,
there are several opportunities to use hydrogen fuel in rail freight. Both hydrogen
and battery electric trains with partial line electrification are viable replacements for
non-electrified operations, which are prevalent in many areas [61].

• In aviation, hydrogen fuel utilization is demonstrated using small projects. Therefore,
this brings a major opportunity to use hydrogen fuel in a fast-growing passenger
transport mode. The redesign of the aviation model is needed to accommodate large
storage volume. Additionally, the use of hydrogen fuel can be applied in airports for
on-board energy supply.
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When it comes to the direct use of hydrogen in mobility applications, light-duty FCEVs
now receive the most consumer attention [71]. FCEVs, on the other hand, have been used
in material handling (mostly forklifts), buses, trains, and trucks [72–74].

4. Adaptation of On-Board Hydrogen Production Technology for Vehicles

The environmental impact of using fossil fuels can be noticed from signs such as
air pollution, global warming, and emissions. Therefore, the utilization of alternative
sustainable fuel sources for the transportation sector is essential. Among the sustainable
fuels, hydrogen has the highest energy by weight with zero-emission properties. Still,
due to some issues, hydrogen fuel adaptation for transportation is not popular. The
on-board hydrogen production and hydrogen storage systems in vehicles are not fully
developed and lack customer satisfaction. As hydrogen has low-energy density property,
the research related to its storage in vehicles must be enhanced. In the meantime, on-board
hydrogen generation by a fuel reformation process may be a suitable option for hydrogen
fuel adaptation. In recent years, it has been noticed that concentration on the on-board
hydrogen production technologies has been enhanced and researchers are engaged to solve
the demerits. The focus of the research on the on-board hydrogen-based vehicles can be
schematized as in Table 2. Table 2 also describes the economic benefit, commercialization
potential and efficiency of the concerned hydrogen generation methods.
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Table 2. Studies on economic and commercial benefit and efficiency of hydrogen-based mobility.

Reference Fuel for Hydrogen
Production

Economic
Benefit

Commercial
Potential Efficiency

[75] Methanol fuel processors 3 3 High
[76] Methanol 3 3 High
[77] Ethanol 5 5 Low
[78] Dimethyl ether (DME) a 3 3 Average
[79] N-heptane fuel processor 5 5 Low
[80] Naphtha 5 5 Low

In addition to the mentioned studies, there are several literatures works available
which show the various categories of methods for the generation of on-board hydrogen for
sustainable vehicles. In this regard, various technologies have been adopted by researchers
for the development of an on-board hydrogen generation system.

4.1. System Designs for On-Board Hydrogen Production

For the efficient generation of on-board hydrogen, different topologies have been
discussed in the literature for sustainable transportation. An on-board Pd-Ag MR procedure
to produce hydrogen has been adopted by [81]. By heat exchanging with water and air in
heat exchangers and evaporators, the combustion chamber creates high-temperature flue
gas, which may be used to generate steam and hot combustion air. The steam and hot air
created are employed in the membrane reformer. The feasibility of installing a revolutionary
on-board MR capable of producing pure H2 was investigated in this theoretical paper.
In [82], on-board autothermal reactor modeling-based hydrogen production was listed.
For each tested hydrocarbon, the auto thermal reformer is changed to enhance the system
efficiency. The ability of a fuel cell hybrid vehicle with an on-board auto thermal reformer
to deal with various fuels under various running situations was explored. The significant
investment prices and space needs of the complete power train are still big issues that
must be addressed by this auto thermal reformer process. The latest developments in the
methane steam reforming process include a brief discussion of catalysts and the principles
of membrane reactors for hydrogen generation. By integrating the reforming reaction
for creating hydrogen and its separation in only one stage, membrane reactors are a
viable alternative to fixed bed reactors [83]. However, because of the necessity to handle
load-following transients, fuel cell systems for vehicle applications are substantially more
complicated than stationary systems, recognizing this requirement as a key issue of on-
board hydrogen fuel reforming [84–86]. For on-board hydrogen synthesis in an ammonia-
fueled vehicle, an economical, efficient, and small technology is required. To investigate
the viability of cutting-edge technology for on-board hydrogen production, the ammonia
Cracking Hollow Fibre Converter (HFC), which is made up of a number of HFR units [87].

4.2. Power Electronics for On-Board Hydrogen Production

An on-board hydrogen production system, a fuel cell system, a direct current/direct
current (DC/DC) converter (electrically coupled device), a motor drive system, an auxiliary
battery (the concept range of the peak power source in this article includes power battery
packs, and the concept range of the power battery packs includes lithium batteries), and a
management system are the main components of the vehicle-mounted hydrogen generation
fuel cell electric vehicle studied in this field. This field focuses on hybrid drive and control
system design, as well as fuel cell and auxiliary battery management [88,89].

In order to perform the functions of hydrogen generation and purification, the on-
board hydrogen production system is primarily made up of a burner and reformer, a
methanol storage tank, and a purifier. In order to create power and output the main
power output, the fuel cell system primarily consists of a fuel cell stack, a fuel supply and
circulation system, an oxidant (O2) supply system, a hydrothermal management system,
and a control system. The peak power system is also a key component of the fuel cell electric
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vehicle’s hybrid electric powertrain [89]. This technology releases stored electrical energy,
decreases the fuel cell’s peak power consumption, and makes its operating conditions more
stable when the fuel cell cannot deliver the driving power required by the automobile (such
as starting, accelerating, climbing, and so on). When the fuel cell generates more power
than the car requires (for example, during idle, low speed, or deceleration), this device can
store excess energy and absorb brake energy, improving vehicle energy efficiency [90,91].

5. Adaptation of Internal Combustion Production Technology for Vehicles

Different fuels can be used in an internal combustion engine. This requires proper
engine control unit calibration and the material compatibility of engine components with
various fuels [92,93]. The use of hydrogen as a fuel for internal combustion engines
(ICEs) provides a number of benefits [94]. The most essential among them are increased
contamination tolerance, ICE technical maturity, lower consumption of rare resources, and
the ICE’s ease of adaption to run on hydrogen. Since the previous century, hydrogen-
fueled ICEs have been the area of study. Verhelst and Wallner discussed the fundamentals
of hydrogen combustion, the various mixture formation strategies and their emissions
characteristics, measures to convert existing vehicles, dedicated hydrogen engine features,
the state of the art of increasing power output and efficiency while controlling emissions,
and modelling [95]. To take advantage of hydrogen’s combustion properties, Wallner
et al. [96] developed a high-efficiency hydrogen direct-injection engine at Argonne National
Laboratory. The efficiency maps of the hydrogen engine exhibited a high braking thermal
efficiency of 45.5 percent along with nitrogen oxide maps which showed emissions of
less than 0.10 g/kW h during much of the operating regime. Sopena et al. [96] adapted a
Volkswagen Polo 1.4’s spark ignition gasoline-fueled internal combustion engine to operate
on hydrogen. With the modified engine, the hydrogen-fueled Volkswagen Polo attained a
top speed of 140 km/h, with adequate reserve power for the car to go on ordinary urban
routes and routes with slopes of up to 10%. The technical challenges were successfully
addressed by Yamane [97] to make a hydrogen automobile a viable option for both electric
and traditional fossil fuel vehicles. He addressed the following challenges:

a. Hydrogen’s lack of lubrication damages the injector nozzle’s sealing surface.
b. Injectors must be very tiny to fit into the engine head where the four valves on each

cylinder are placed.
c. A strong dynamic reaction is required for multi-injection.
d. Due to frictional heat, the internal pump of the liquid hydrogen tank would fail while

delivering liquid hydrogen (LH2) to the required high-pressure levels.

To tackle the current challenges, a hydrogen ICE solution that included high-pressure
LH2 pumps, hydraulically operated common-rail-type tiny gaseous hydrogen (GH2) injec-
tors with no hydrogen gas leakage, and a cryogenic LH2 fuel tank was presented. Dimitriou
and Tsujimura [98] discussed how hydrogen may be used in a cylinder as the main fuel
or in a dual fuel system. The impacts of different injection techniques, compression ra-
tios, and exhaust gas recirculation on the combustion and emission characteristics of a
hydrogen-fueled engine were thoroughly investigated.

The hydrogen-powered internal combustion engine is currently the only internal
combustion engine that complies with stringent EU rules [99]. In comparison to a diesel
engine, a hydrogen-powered engine generates substantially less other harmful species.
Only nitrogen oxides (NO2) are major pollutants that might be released as a result of
H2 combustion. NOx emissions may be reduced to near zero, utilizing an improved
combustion method and a relatively basic after treatment system. A significant benefit of a
hydrogen-powered ICE is that the technology can be swiftly brought to market and hence
widely distributed with minimum delay if diesel cars are gradually phased out in future
years [100–103].
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5.1. Properties of Hydrogen as Fuel for Internal Combustion Engine

Hydrogen’s physical and molecular characteristics are vastly different from traditional
fossil fuels [103–106]. Several essential features of hydrogen have had a significant in-
fluence on internal combustion engine design changes and technological advancements.
Researchers are concentrating their attention on hydrogen as an alternative fuel in internal
combustion engines because of these qualities. Table 3 lists the characteristics of hydrogen.

Table 3. Properties of hydrogen compared with diesel, gasoline and methane [103–106].

Parameter Hydrogen Diesel Gasoline Methane

% Mass of carbon 0 86 84 75

Molecular weight 2.016 ~170 ~110 16.043

Octane number 130+ - 86–94 120+

Cetane number - 40–55 13–17 -

Density at STP (kg/m3) 0.089 830.0 730–780 0.720

Volumetric energy at STP (MJ/m3) 1.07 × 10 3.5 × 104 3.3 × 104 3.3 × 10

Net lower heating value (MJ/kg) 119.9 42.5 43.9 45.8

Boiling point (K) 20.0 453–633 298–488 111.0

Auto-ignition temperature (K) 853 ~523 ~623 813

Minimum ignition energy in air at 1 bar and stoichiometry (mJ) 0.020 0.240 0.240 0.290

Stoichiometry air/fuel mass ratio 34.4 14.5 14.7 17.2

Quenching distance at NTP (mm) 0.64 - ~2 2.1

Laminar flame speed in air at NTP (m/s) 1.85 0.37–0.43 0.37–0.43 0.38

Diffusion coefficient in air at STP (m2/s) 8.5 × 10−6 - - 1.9 × 10−6

Flammability limits in air (% vol) 4–76 0.6–5.5 1–7.6 5.3–15

Adiabatic flame temperature at NTP (K) 2480 ~2300 2580 2214

Hydrogen combustion is substantially different from hydrocarbon fuel
combustion [107,108]. When compared to hydrocarbon fuels, hydrogen has a few dis-
tinct characteristics, the most notable of which is the absence of carbon. Because the fire
velocity is so fast, very fast combustion is possible. The flammability limit of hydrogen
fluctuates between an equivalency ratio of 0.1 and 7.1, allowing the engine to run with
a wide variety of air/fuel ratios [108]. For the hydrogen–air combination to ignite, just
0.02 mJ of energy is required. This allows the hydrogen engine to work effectively on
lean fuels and guarantees that its quick ignition. Hydrogen has a density of 0.089 kg/m3,
making it lighter than air and allowing it to diffuse freely into the atmosphere. Hydrogen
has the highest energy-to-weight ratio. Hydrogen has a flame speed of 270 cm/s, which
might result in a rapid rise in cylinder pressure. Hydrogen has a diffusivity of 0.63 cm2/s.
Because hydrogen’s self-ignition temperature is 858 K, compared to 453 K for diesel, it may
be employed in internal combustion engines with a higher compression ratio. Compression,
on the other hand, is insufficient to ignite hydrogen. To ensure ignition, some sources of
ignition must be introduced inside the combustion chamber [109–111].

5.2. Hydrogen Use in Internal Combustion Engines

Spark ignition (SI), compression ignition (CI), and natural gas–hydrogen mixture
engines may utilize hydrogen.

5.2.1. Spark Ignition Engines

Hydrogen offers a lot of potential in terms of powering spark-ignition engines and
achieving high performance. Some of hydrogen’s advantageous qualities, such as quick
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flame propagation, low ignition energy, and a wide working range enable the combustion
process to be optimized and improved. This allows for, among other things, limiting
hazardous component emissions to solely NOx [112–115]. Hydrogen can be used in SI
engines in one of the following ways.

When hydrogen fuel is combined with air, it produces a flammable combination. With
an equivalency ratio below the flammability limit of a gasoline–air combination, it may be
burnt in a typical spark ignition engine. Low flame temperatures are produced as a result
of ultra-lean combustion. Fewer heat transmission to the walls, improved engine efficiency,
and lower NOx emissions are all direct results of this [116]. This is a significant benefit
of hydrogen-fueled SI engines [117,118]. In comparison to hydrocarbon-fueled engines,
hydrogen-powered engines emit fewer harmful pollutants. NOx and PM (only when H2 is
used as a secondary fuel in a diesel engine) are the primary pollutants in hydrogen engines,
according to previous research [119,120]. Because of the greater combustion temperature,
NOx emissions from hydrogen-fueled ICEs are higher than those from petrol-fueled ICEs.
High NOx emissions arise due to greater combustion temperatures, especially when the
engine is working in the stoichiometric fuel-to-air ratio range. The combustion temperature
and NOx emissions are reduced when the air–fuel ratio is reduced [121].

Without requiring any modifications, spark ignition engines may run on hydro-
gen [122]. Higher hydrogen combustion velocity enhances combustion and increases
brake thermal efficiency. Hydrocarbon and carbon monoxide emissions are almost non-
existent. The evaporation and burning of the lubricating oil coating on engine cylinder
walls produces only minimal quantities of these pollutants [123]. The performance of a
hydrogen engine is superior to that of a gasoline engine, especially while operating at part
load. Hydrogen can also be added to methane or petrol as an additive [124]. This allows
very lean mixes with an equivalency factor of 0.1 to be burned. Spark ignition engines, on
the other hand, are a poor choice when significant torque is required at low engine speeds.
Engines with greater compression ratios, such as diesel, are typically employed in such
situations [125].

5.2.2. Compression Ignition Engines

Hydrogen is used as a diesel fuel addition in compression ignition (CI) internal com-
bustion engines for a variety of reasons [126,127]. Small quantities of hydrogen injected into
a CI internal combustion engine increase, mixing homogeneity in the diesel spray stream.
This is primarily due to hydrogen’s strong diffusivity. As a result, the flammable mixture
is mixed with air more completely [128–130]. As a result, the creation of hydrocarbons,
carbon monoxide, and carbon dioxide may almost be prevented during burning. In the
combustion chamber, only the partial combustion of lubricating oil can yield trace quanti-
ties of these chemicals [131]. An injector is used in hydrogen-fueled CI engines to inject
high-pressure hydrogen into the cylinder. Because the injection nozzle determines how
pressurized hydrogen is fed into the combustion chamber, not only the engine construction
but also the injector design is critical [132]. Due to the greater auto ignition temperature
required by compression ignition engines, hydrogen cannot be used as a solo fuel because
the compression temperature is inadequate for commencing combustion [133]. As a result,
a spark plug or glow plug is required to burn hydrogen in a CI engine. The primary fuel
(hydrogen) is fed into the intake air or carburetor in a dual-fuel engine. The diesel fuel
acts as an ignition source, which starts the combustion process. The pilot fuel can make
up 10–30% of the overall fuel, with the main fuel providing the remainder of the energy
(hydrogen). Nitrogen oxides (NOx) are a severe issue in hydrogen-powered dual-fuel CI
engines, just as they are in SI engines. Because of the dilution effect, which lowers the
oxygen content in the intake charge, exhaust gas recirculation (EGR) is useful for lower-
ing NOx emissions. However, when EGR rises, volumetric efficiency falls dramatically.
There is a 15% reduction in volumetric efficiency when compared to a dual-fuel hydrogen
propulsion system without EGR [134]. Furthermore, using EGR in a hydrogen dual-fuel
vehicle might increase particle emissions. The smoke levels produced by a bi-fuel engine
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employing hydrogen and EGR are similar to those produced by a CI ICE. Injecting liquid
water into the combustion chamber is another approach to lower NOx emissions. When
burning hydrogen, it can help reduce knocking combustion and early ignition. Water has
a similar impact to EGR’s dilution of exhaust gases, causing the charge to cool and the
combustion rate to slow down. Water injection into the intake manifold, on the other hand,
reduces the engine’s volumetric efficiency [135,136].

5.2.3. Natural Gas–Hydrogen Mixtures Engines

Natural gas is regarded as one of the most advantageous fuels for engines, and
natural gas-fueled engines have been developed for both spark-ignition and compression-
ignition engines. The natural gas spark ignited engine, on the other hand, suffers from
substantial cycle-by-cycle variability and poor lean–burn capacity due to natural gas’s
sluggish burning velocity and poor lean–burn capability, which reduces the engine power
output and increases fuel consumption. [137]. Due to these constraints, combining natural
gas with hydrogen for use in an internal combustion engine is an effective way to increase
burn velocity, with hydrogen having a laminar burning velocity of 2.9 m/s against 0.38 m/s
for methane [138]. Additionally, the inclusion of hydrogen can improve fuel economy and
thermal efficiency. The thermal efficiency of hydrogen-enriched natural gas is therefore
is discussed.

When it comes to using natural gas–hydrogen as a fuel, there are several obstacles to
overcome [139,140]. One of the most difficult aspects is selecting the best hydrogen/natural
gas ratio. Unless the spark timing and air–fuel ratio are properly set, anomalous combustion
such as preignition, knock, and backfire will occur when the hydrogen fraction rises over a
specific level. Because of the smaller quench distance and increased burning velocity of
hydrogen, the combustion chamber walls get hotter, causing greater heat loss due to the
cooling water.

The lean operation limit stretches as the hydrogen addition increases, but the max-
imum brake torque (MBT) declines, indicating that there are interactions between the
hydrogen percentage, ignition time, and MBT [141–143].

6. Comparative Analysis (On-Board Hydrogen Vehicle vs. Hydrogen-Fueled ICEs)

Based on the requirement of environmental safety, hydrogen fuel has been considered
as the most environmentally friendly vehicle fuel. However, the way that the hydrogen
fuel vehicle utilizes hydrogen has complicated the scenario. Onboard hydrogen generation
and its utilization for vehicles require various stages to generate the DC voltage as energy.
However, internal combustion engine-based hydrogen fuel vehicles require a hydrogen
storage tank which supplies the required fuel for the internal combustion engine [144–146].

Hydrogen, a zero-carbon fuel, may be used to power both internal combustion engines
and on-board hydrogen vehicles. Internal combustion engines are most efficient when they
are under high load. On-board hydrogen vehicles perform best at lower loads. In highly
transitory duty cycles, on-board hydrogen vehicles may also recover energy through re-
generative braking, enhancing their overall efficiency. On-board hydrogen vehicles, except
for water vapor, create no emissions at all [147]. This is a particularly appealing feature
for cars that operate in cramped places or with limited ventilation. Internal combustion
hydrogen engines create nitrogen oxides, or NOx, but emit only trace quantities of CO2
(from ambient air and lubricant oil). As a result, they are not suitable for indoor usage
and need exhausting after treatments in order to decrease the NOx emissions. Internal
combustion hydrogen engines may frequently run on lower-grade hydrogen. This is useful
in some situations as, without the requirement for purification, hydrogen can be used in
hydrogen engines [148,149]. However, high-quality hydrogen is required when on board
on-board hydrogen vehicles.

Finally, the maturity of hydrogen engines and hydrogen fuel cell technology varies. For
decades, internal combustion engines have been widely utilized and backed by large service
networks. Rugged engines are available in a variety of sizes and configurations, and may
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function in dusty settings or be subjected to high vibrations. Switching to hydrogen engine
drive trains requires common parts and technology for car makers and fleet operators.
The tried-and-true, dependable character of internal combustion engines will provide
reassurance to risk-averse end-users [150–152].

As a result, on-board hydrogen vehicles and hydrogen ICEs are not in direct compe-
tition with one another. On the contrary, because both drive the development of shared
hydrogen production, transportation, and distribution infrastructure, the growth of one
aids the development of the other. They are complementary technologies that are part of
the current effort to reduce the automotive and transportation emissions to zero.

Most customers are unfamiliar with the on-board hydrogen propulsion technology,
which is fundamentally different from internal combustion engine automobiles. However,
the fuel cell stack and hydrogen storage systems are distinctive and costly, and other
components in on-board hydrogen generation require considerable cost reductions as
well [153,154]. The module that controls the operation of the fuel cell stack and the entering
air, hydrogen streams, electric drive motors and controls that drive the vehicle, and high
voltage batteries that store regenerative braking energy while also assisting in fuel cell
operation are all examples of these.

On-board hydrogen generation subsystems must compete in terms of performance,
cost, and longevity with what automotive makers and consumers have grown to expect
in modern cars [155]. Automotive manufacturers and purchasers will not be willing to
invest in fuel cell technology until the technologies that make up the different components
of a fuel cell car have evolved to acceptable levels of cost, performance, dependability,
durability, and safety. Above all, tremendous progress must be made in the fuel cell stack.

7. Conclusions

This paper presents a review of hydrogen fuel for mobility in various transportation
sectors. This clean energy has zero environmental impact, which attracts the automobile
industries for hydrogen vehicle development. Hydrogen offers several advantages in
terms of combustive qualities in internal combustion engines, but it requires careful engine
design to avoid anomalous combustion, which is a key issue with hydrogen engines. As a
consequence, engine efficiency, power production, and NOx emissions may all be improved.
The cost and efficiency of a hydrogen plant are determined by hydrogen production sources.
Costs may be reduced if the plant is close to its natural resources, and therefore, the locations
of its sources should be considered while developing a hydrogen plant. People will adopt
hydrogen technology if they are aware of the benefits it provides to the environment and
human life. Educating residents about hydrogen technology is critical in gaining public
support for the technology’s growth.
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138. Aydin, K.; Kenanoğlu, R. Effects of Hydrogenation of Fossil Fuels with Hydrogen and Hydroxy Gas on Performance and
Emissions of Internal Combustion Engines. Int. J. Hydrogen Energy 2018, 43, 14047–14058. [CrossRef]

139. Castro, N.; Toledo, M.; Amador, G. An Experimental Investigation of the Performance and Emissions of a Hydrogen-Diesel Dual
Fuel Compression Ignition Internal Combustion Engine. Appl. Therm. Eng. 2019, 156, 660–667. [CrossRef]

140. Imran, S.; Korakianitis, T.; Shaukat, R.; Farooq, M.; Condoor, S.; Jayaram, S. Experimentally Tested Performance and Emissions
Advantages of Using Natural-Gas and Hydrogen Fuel Mixture with Diesel and Rapeseed Methyl Ester as Pilot Fuels. Appl.
Energy 2018, 229, 1260–1268. [CrossRef]

141. Murugesan, P.; Hoang, A.T.; Venkatesan, E.P.; Kumar, D.S.; Balasubramanian, D.; Le, A.T.; Pham, V.V. Role of hydrogen in
improving performance and emission characteristics of homogeneous charge compression ignition engine fueled with graphite
oxide nanoparticle-added microalgae biodiesel/diesel blends. Int. J. Hydrogen Energy 2021, in press. [CrossRef]

142. Dimitrov, E.; Pantchev, S.; Michaylov, P.; Peychev, M. Economic Aspects of Using Hydrogen in Compression Ignition Engine
Operating on Gas-Diesel Cycle. IOP Conf. Ser. Mater. Sci. Eng. 2019, 664, 012022. [CrossRef]

143. Sharma, P.; Dhar, A. Advances in Hydrogen-Fuelled Compression Ignition Engine. In Prospects of Alternative Transportation Fuels;
Springer Singapore: Singapore, 2018; pp. 55–78. ISBN 9789811075179.

144. Cruccolini, V.; Discepoli, G.; Cimarello, A.; Battistoni, M.; Mariani, F.; Grimaldi, C.N.; Dal Re, M. Lean Combustion Analysis
Using a Corona Discharge Igniter in an Optical Engine Fueled with Methane and a Hydrogen-Methane Blend. Fuel 2020, 259,
116290. [CrossRef]

http://doi.org/10.1016/j.ijhydene.2019.11.222
http://doi.org/10.1016/j.renene.2008.04.023
http://doi.org/10.1016/j.apenergy.2019.113800
http://doi.org/10.1002/er.6648
http://doi.org/10.1016/j.enconman.2020.113137
http://doi.org/10.1016/j.ijhydene.2019.07.181
http://doi.org/10.1016/j.ijhydene.2019.01.129
http://doi.org/10.1016/j.ijhydene.2018.09.136
http://doi.org/10.17577/ijertv9is010081
http://doi.org/10.1016/j.ijhydene.2020.11.144
http://doi.org/10.1016/j.ijhydene.2019.05.151
http://doi.org/10.1016/j.ijhydene.2017.09.072
http://doi.org/10.1016/j.ijhydene.2020.06.022
http://doi.org/10.1038/s41612-018-0037-5
http://doi.org/10.1088/1757-899X/376/1/012037
http://doi.org/10.1016/j.energy.2020.118436
http://doi.org/10.1016/j.ijhydene.2019.11.220
http://doi.org/10.1016/j.ijhydene.2019.03.201
http://doi.org/10.1016/j.ijhydene.2018.04.026
http://doi.org/10.1016/j.applthermaleng.2019.04.078
http://doi.org/10.1016/j.apenergy.2018.08.052
http://doi.org/10.1016/j.ijhydene.2021.08.107
http://doi.org/10.1088/1757-899X/664/1/012022
http://doi.org/10.1016/j.fuel.2019.116290


Sustainability 2022, 14, 8285 22 of 22

145. Dimitriou, P.; Kumar, M.; Tsujimura, T.; Suzuki, Y. Combustion and Emission Characteristics of a Hydrogen-Diesel Dual-Fuel
Engine. Int. J. Hydrogen Energy 2018, 43, 13605–13617. [CrossRef]

146. Nag, S.; Dhar, A.; Gupta, A. Hydrogen-Diesel Co-Combustion Characteristics, Vibro-Acoustics and Unregulated Emissions in
EGR Assisted Dual Fuel Engine. Fuel 2022, 307, 121925. [CrossRef]

147. Nag, S.; Sharma, P.; Gupta, A.; Dhar, A. Experimental Study of Engine Performance and Emissions for Hydrogen Diesel Dual
Fuel Engine with Exhaust Gas Recirculation. Int. J. Hydrogen Energy 2019, 44, 12163–12175. [CrossRef]

148. Di Battista, D.; Di Bartolomeo, M.; Cipollone, R. Flow and Thermal Management of Engine Intake Air for Fuel and Emissions
Saving. Energy Convers. Manag. 2018, 173, 46–55. [CrossRef]

149. Ouchikh, S.; Lounici, M.S.; Tarabet, L.; Loubar, K.; Tazerout, M. Effect of Natural Gas Enrichment with Hydrogen on Combustion
Characteristics of a Dual Fuel Diesel Engine. Int. J. Hydrogen Energy 2019, 44, 13974–13987. [CrossRef]

150. Huang, Z.; Wang, J.; Liu, B.; Zeng, K.; Yu, J.; Jiang, D. Combustion Characteristics of a Direct-Injection Engine Fueled with Natural
Gas−Hydrogen Mixtures. Energy Fuels 2006, 20, 540–546. [CrossRef]

151. Fan, B.; Pan, J.; Liu, Y.; Chen, W.; Lu, Y.; Otchere, P. Numerical Investigation of Mixture Formation and Combustion in a Hydrogen
Direct Injection plus Natural Gas Port Injection (HDI + NGPI) Rotary Engine. Int. J. Hydrogen Energy 2018, 43, 4632–4644.
[CrossRef]

152. Moon, S.; Lee, Y.; Seo, D.; Lee, S.; Hong, S.; Ahn, Y.-H.; Park, Y. Critical Hydrogen Concentration of Hydrogen-Natural Gas Blends
in Clathrate Hydrates for Blue Hydrogen Storage. Renew. Sustain. Energy Rev. 2021, 141, 110789. [CrossRef]

153. Ishaq, H.; Dincer, I. A Comprehensive Study on Using New Hydrogen-Natural Gas and Ammonia-Natural Gas Blends for Better
Performance. J. Nat. Gas Sci. Eng. 2020, 81, 103362. [CrossRef]

154. Hydrogen Internal Combustion Engines and Hydrogen Fuel Cells. Available online: https://www.cummins.com/news/2022/0
1/27/hydrogen-internal-combustion-engines-and-hydrogen-fuel-cells (accessed on 20 April 2022).

155. Ahmed, S.F.; Mofijur, M.; Nuzhat, S.; Rafa, N.; Musharrat, A.; Lam, S.S.; Boretti, A. Sustainable Hydrogen Production: Technologi-
cal Advancements and Economic Analysis. Int. J. Hydrogen Energy 2021, in press. [CrossRef]

http://doi.org/10.1016/j.ijhydene.2018.05.062
http://doi.org/10.1016/j.fuel.2021.121925
http://doi.org/10.1016/j.ijhydene.2019.03.120
http://doi.org/10.1016/j.enconman.2018.07.074
http://doi.org/10.1016/j.ijhydene.2019.03.179
http://doi.org/10.1021/ef0502453
http://doi.org/10.1016/j.ijhydene.2018.01.065
http://doi.org/10.1016/j.rser.2021.110789
http://doi.org/10.1016/j.jngse.2020.103362
https://www.cummins.com/news/2022/01/27/hydrogen-internal-combustion-engines-and-hydrogen-fuel-cells
https://www.cummins.com/news/2022/01/27/hydrogen-internal-combustion-engines-and-hydrogen-fuel-cells
http://doi.org/10.1016/j.ijhydene.2021.12.029

	Introduction 
	Issues and Concerns of Present Vehicle Fuel 
	Motivation for Hydrogen Energy 
	FCEV vs. BEV 
	Present Status of Hydrogen Fuel Utilization 
	Utilization Hydrogen Fuel in Different Countries and Sectors 
	Consumer Perspective 

	Adaptation of On-Board Hydrogen Production Technology for Vehicles 
	System Designs for On-Board Hydrogen Production 
	Power Electronics for On-Board Hydrogen Production 

	Adaptation of Internal Combustion Production Technology for Vehicles 
	Properties of Hydrogen as Fuel for Internal Combustion Engine 
	Hydrogen Use in Internal Combustion Engines 
	Spark Ignition Engines 
	Compression Ignition Engines 
	Natural Gas–Hydrogen Mixtures Engines 


	Comparative Analysis (On-Board Hydrogen Vehicle vs. Hydrogen-Fueled ICEs) 
	Conclusions 
	References

