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Abstract: This study investigates the potential of hydrogen
and ammonia, as alternatives for transportation fuels to
tackle urgent issues concerning greenhouse gas emissions
and air quality in the worldwide transportation sector. By
examining studies and technological progresses, we eval-
uate the feasibility of transitioning to these energy options.
Through an investigation of production methods, energy
efficiency, environmental consequences, and infrastruc-
ture requirements, we present both the advantages and
disadvantages of using hydrogen and ammonia as fuel sub-
stitutes. We spotlight production techniques such as elec-
trolysis and renewable energy sources that could significantly
decrease carbon emissions and air pollutants. Nonetheless,
key challenges such as expanding infrastructure, cost-effec-
tiveness, and safety considerations need to be resolved for
adoption. Drawing on findings from research and industry
developments, this article contributes to publications on
transportation solutions while proposing avenues for
research efforts and policy initiatives. Existing chal-
lenges and limitations are also discussed in details. In
conclusion, this research underscores the significance of
research endeavors and policy backing to unlock the
potential of hydrogen and ammonia as sustainable transpor-
tation fuels underscoring their role in mitigating envir-
onmental impacts and promoting global sustainability
objectives.

Keywords: hydrogen fuel, ammonia fuel, alternative trans-
portation fuels, renewable energy, zero emissions

1 Introduction

The global transportation industry is included in contri-
buting to greenhouse gas emissions, making up around
24% of CO2 emissions worldwide [1]. This highlights the
need for environmentally friendly transportation solutions
to enhance air quality and tackle climate change issues.
Two promising alternatives in this area are hydrogen
and ammonia fuels, which offer the potential to decrease
greenhouse gas emissions while effectively addressing air
pollution concerns [2]. Hydrogen fuel emerges as an option
that can be generated using renewable sources such
as solar, wind, or hydropower. Key production methods
include steam methane-reforming (SMR) and water-split-
ting reactions with processes such as water electrolysis
[3–5]. Notably, fuel cells linked with hydrogen generate
only water molecules as a byproduct, rendering them
highly efficient and suitable for diverse applications ran-
ging from emergency backup systems to land-based vehi-
cles such as cars [6]. Similarly, ammonia showcases high
energy density potential and a carbon-free composition,
making it particularly valuable for transportation-related
energy solutions. Ammonia can be produced by combining
molecular nitrogen with hydrogen derived from renew-
able sources, thereby circumventing the need for gasoline
or diesel fuels [7,8]. Recent research initiatives exploring
energetic applications for ammonia and hydrogen as trans-
portable energy sources have uncovered immense positive
potential across various societal domains [2,5,9–11]. How-
ever, realizing the full potential of hydrogen and ammonia
as alternative transportation fuels requires overcoming
several challenges, including issues surrounding storage
and utilization capacity due to hyper-reactivity-associated
molecule configurations [12–14]. Despite these hurdles,
hydrogen, often touted as the “fuel of the future,” remains
a subject of intense research interest. Fuel cells utilizing
hydrogen offer an efficient conversion process, producing
clean energy with water vapor as the sole byproduct [15].
Continued development efforts hold promise for increasing
efficiencies and robustness, potentially making mass pro-
duction more cost-effective [16]. Furthermore, immense
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possibility is exploring how hydrogen can become a feasible
form of transport particularly through fuel cell electric vehi-
cles (FCEVs) [17].

Balasubramanian et al. delved into the properties of
hydrogen as an alternative fuel source discussing its appli-
cations and challenges. The research provides an analysis
of facets of hydrogen, including production methods, sto-
rage techniques, and its integration, into energy systems.
They highlight discoveries about hydrogen properties, its
ability to store a lot of energy, and its positive impact on
the environment. The study also stresses the significance of
factors such as storing and distributing hydrogen to use it
as a fuel. In summary, this research provides insights into
how hydrogen behaves and its role in transitioning to sus-
tainable energy sources. It suggests areas for exploration
and advancement in this field [18]. In another research
paper by Mladenova et al., the focus was on developing
electrocatalysts based on Ni and Co for air electrodes
without carbon in zinc air batteries. The researchers con-
ducted experiments and analyses to showcase how these
electrocatalysts effectively improve the performance and
efficiency of zinc air batteries. These catalysts demon-
strated activity aiding in crucial processes such as oxygen–
reduction reaction and oxygen evolution reaction necessary
for battery function. Additionally, they exhibited stability
and durability across operational conditions suggesting
their viability for the real-world use in environmentally
friendly energy storage systems. The study underscores
the importance of advancing materials such as Ni and Co-
based electrocatalysts to drive the shift toward energy
technologies [19].

This study delves into examining different aspects
essential for using hydrogen and ammonia as alternative
fuels for the transportation sector, particularly in under-
standing their environmental impacts. While the advan-
tages of these fuels, such as emissions reduction and
environmental benefits, are widely recognized, specific
technical methods and challenges require further eluci-
dation. Through a review of cutting-edge research and
progress, this article aims to offer insights into the feasibility

and consequences of transitioning to hydrogen and
ammonia fuels for transportation. By exploring produc-
tion techniques, energy efficiency, infrastructure needs,
and potential uses, this study seeks to provide valuable insights
into considerations and possible obstacles. Furthermore, it
endeavors to highlight the contributions and innovations of
the proposed research within the community while addressing
concerns about the clarity of its contributions.

2 Methodology

To gain an understanding of the aspects and implications
of using hydrogen and ammonia as transportation fuels, a
thorough review of relevant literature was conducted.
Then, research articles, reports, and data from sources that
covered aspects such as production methods, energy density,
environmental impact, infrastructure requirements and poten-
tial applications were carefully gathered. After gathering the
data, we analyzed it meticulously to extract insights and iden-
tify trends related to hydrogen and ammonia as transportation
fuels. Also, the information about production costs, energy
densities, emission profiles, efficiency levels, and advance-
ments in fuel cell and combustion technologies was obtained.
A significant part of our methodology involved performing an
analysis between hydrogen and ammonia versus fossil fuels
and other alternative energy sources. We evaluated factors
such as cost-effectiveness, energy content, potential emissions
reduction capabilities, infrastructure compatibility, and
technological readiness. To evaluate the impact of adopting
hydrogen and ammonia as transportation fuels, scenario mod-
eling techniques were used. Based on adoption rates, produc-
tion methods, and policy interventions, situations were made
to estimate potential reductions, in emissions improvements in
energy security and economic implications. Figure 1 illustrates
the methodology phases for this research. It is crucial to note
that this research heavily depended on existing literature and
data sources, which may introduce biases or gaps. Further-
more, since alternative energy technologies are constantly
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Figure 1: Methodology flowchart.
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evolving, some data points may become outdated or subject, to
change.

3 Hydrogen

Hydrogen is not naturally available in its pure form and
must be generated from hydrogen-containing compounds.
Currently, around 6% of the overall energy demand is
allocated to the production of hydrogen in various indus-
tries [20]. Figure 2 illustrates the different routes and
possibilities for hydrogen production and the subsequent
use of hydrogen-based products. To illustrate, the cost
of producing hydrogen using natural gas varies from
0.5 to 1.7 USD/kg. However, when renewable sources are
employed, the cost significantly increases to approximately
3–8 USD/kg [21]. The primary method for generating hydrogen
through thermochemical conversion is via oil and coal.
Meanwhile, SMR is recognized as the most widely adopted
approach. Currently, around 70 million tons of hydrogen is
produced annually using natural gas, representing roughly
75% of the global hydrogen production [22].

4 Ammonia

Ammonia possesses alkaline properties, is colorless, and
exhibits a fairly potent odor. Through a techno-economic
analysis, it has been determined that ammonia is the most
cost-effective fuel when compared to conventional options
such as gasoline, natural gas, liquefied petroleum gas,

methanol, and hydrogen [23]. Ammonia production and its
use processes in the energy sector are shown in Figure 3 [24].

Ammonia is frequently generated through the Haber–Bosch
process, which was created in the early 1900s and continues
to be used today, despite its high expenses and energy
requirements. The process involves combining nitrogen
(N2) and molecular hydrogen (H2) using iron-based catalysts
at higher temperatures ranging from 400 to 500°C and pres-
sures reaching up to 300 bar [25].

5 Production and applications

Ammonia and hydrogen possess distinct properties that
make them attractive as transportation fuels. Ammonia is
non-toxic, readily available, and has a high energy density.
On the other hand, hydrogen is the lightest element, pro-
viding high energy content per unit weight. Both can be
produced through various methods, including electrolysis
of water, renewable energy sources, and SMR.

To generate hydrogen fuel and ammonia fuel using
energy to split water, it is necessary to employ the process
known as water splitting. This method involves using a
photocatalyst to convert energy into chemical energy in
the form of clean and renewable hydrogen fuel [26]. Solar
water splitting has attracted attention for its ability to con-
vert energy into usable fuel. By harnessing power, water
can be divided into hydrogen and oxygen through photo-
electrochemical reactions offering a promising route for
sustainable fuel production [27]. Solar water splitting and
nitrogenfixation are at the forefront of hydrogen and ammonia
synthesis, providing eco-energy efficient alternatives to
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Figure 2: Possible methods for manufacturing hydrogen and products based on hydrogen.
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production methods such as SMR and the Haber–Bosch pro-
cess. These approaches operate at room temperature and
atmospheric pressure, making them energy-efficient choices
[28]. The simple process of producing hydrogen through
water splitting allows for the transformation of energy
into various forms such as ammonia for transportation
and storage. The photocatalytic splitting of water plays a
role in fuel production by facilitating the generation of
hydrogen fuel from sunlight and water [29]. This procedure
is a component of photosynthesis, with the goal of trans-
forming energy into energy-dense chemical fuels such as
hydrogen [30]. The partnership between semiconductor
photocatalysts in the process of water splitting has garnered
attention from researchers, for generating eco-friendly and
renewable hydrogen fuel [31].

Understanding the properties and production methods
is crucial in evaluating the viability of ammonia and
hydrogen as alternative fuels. Hydrogen may be used as
fuel for internal combustion engines, rockets, ammonia
synthesis, and new power-generating technologies [32].

Significant advancements in fuel cell technology and
powertrain systems have expanded the potential applica-
tions of ammonia and hydrogen in transportation. FCEVs
using hydrogen have also gained traction in recent years,
offering zero-emission mobility. Ammonia, with its high
energy density, is being explored as a hydrogen carrier
where it can be converted back to hydrogen for use in
fuel cells or combustion engines. To fully realize the promise
of ammonia and hydrogen as alternative fuels, research and
development activities are concentrated on enhancing the
effectiveness, robustness, and affordability of these technol-
ogies [33]. Looking beyond just transportation applications,
it becomes clear that ammonia holds great promise for our
future in regard to successful energy storage solutions.

Through its use in powering various types of industry while
also serving as a reliable source of renewable energy carrier
material, this compound offers vast versatility and the
potential for highly efficient electricity management sys-
tems. All factors considered when striving toward sustain-
ability make the option of using ammonia one that is both
wise and forward thinking [34]. Still, remarkable improve-
ments are underway in the field of hydrogen and ammonia
utilization for transportation purposes. The diligent work
from talented scientists accompanied by engineering experts
has led us toward advanced materials technology break-
throughs. These advancements optimize fuel cell performance
while further enhancing productivity triggered by better effi-
ciency in electrolysis systems together with ammonia synth-
esis processes [35].

Hydrogen fuels pose a combustion challenge due to
their high flammability, which can lead to difficulties in
controlling the ignition process, resulting in issues such as
pre-ignition and detonation [36]. The use of hydrogen in
various applications, such as fuel cells and energy produc-
tion, has been a subject of extensive research, highlighting
the importance of understanding the production and applica-
tion processes of hydrogen-based technologies [37]. Further-
more, studies on the transformation of the nitrogen cycle and
its potential solutions have been explored, emphasizing the
role of reactive nitrogen in agriculture and environmental
science [38]. Research on the production and applications of
amylose-lipid complexes as resistant starch has provided
insights into recent approaches for enhancing starch proper-
ties and applications [39].

The research article, by Yang et al. [26], discusses the
roles of cocatalysts in photocatalysis and photoelectrocata-
lysis focusing specifically on reactions involving water
splitting. Water splitting is a process that involves the

Figure 3: Ammonia production and use processes in the energy sector.
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transfer of electrons. The study highlights how cocatalysts
play a role in enabling photocatalytic and photoelectroca-
talytic water-splitting reactions, which are vital for sustain-
able energy generation. By explaining the functions of
cocatalysts in these processes, the research contributes to
enhance our knowledge of energy conversion mechanisms.

On the other hand, the research by Kobayashi et al.
[40] delved into the aspects and technological advance-
ments related to combustion. Ammonia combustion is a
subject due to its potential as an energy carrier. The study
likely explores aspects such as the combustion behavior of
ammonia, its efficacy as a fuel source, and the environ-
mental impacts associated with using ammonia for energy
purposes. Understanding the science and technology behind
combustion is essential for unlocking its potential, as an
ecofriendly energy alternative. This research sheds light
on both the challenges and opportunities linked to using
ammonia as a fuel option.

6 Supplementary fuels for future

Hydrogen production and applications have gained signif-
icant attention as a sustainable energy source for the
future, with a focus on enhancing energy efficiency and
reducing environmental impact [41].

Hydrogen-based fuel cells are currently present in
many industries, including public transit systems and com-
mercial fleet companies. However, ammonia is soon catching
up as a better option for transporting energy with low emis-
sions. Not only do these green technologies help reduce
carbon footprint but also bring apparent operational advan-
tages like reducing noise pollution levels with increased dur-
ability, ultimately leading toward a smoother transport
experience. In upcoming years, we can expect an acceler-
ated shift toward using hydrogen and ammonia-based alter-
natives on the roads [42].

With mounting concern about climate change arising
on a global scale mainly due to human made factors such
as CO2 emissions from automobiles, we must pivot toward
cleaner transportation solutions such as utilizing alterna-
tives like hydrogen fuel. Hydrogen’s’ efficient energy con-
tent coupled with zero emissions when used in fuel cells
makes it an excellent promising choice for green mobility
today. Compared to battery-powered electric automobiles,
FCEVs fueled by hydrogen have greater driving ranges
with shorter refilling times. This presents an opportunity
for a better experience in transportation [43,44]. Addition-
ally, ammonia is emerging as a potential fuel option for
long-distance trips due to its high energy density, and it is

easily converted into hydrogen for use in fuel cells [1].
Incorporating these alternative fuels represents essential
strides toward reducing global greenhouse gas emissions
contributing to climate change while using efficient energy
sources exhibiting no harmful emissions. As we work toward
planet restoration and environmentally sound actions, hydrogen
infrastructure is consistently growing daily outside the status
quo from battery-powered electric cars. Refueling stations and
hydrogen charging stations are establishing worldwide, coun-
tries such as Japan, Germany, and the United States lead this
infrastructure [45]. Experts expect that around one out of 12
cars will run on hydrogen by 2030, comprising major mar-
kets such as Germany, Japan, South Korea, and the United
States, leading clean transport solutions soon-representing
only an initial step forward combining green technology
with industry’s developmental efforts [46,47]. Moreover, sev-
eral trucks could adopt hydrogen engine option enabling
transporting goods with dramatically reduced carbon foot-
print for a cleaner tomorrow. Furthermore, trains trans-
porting passengers without affecting air quality or ships
without harming marine life represent sustainable trans-
port goals worth achieving today [46,47]. Hydrogen and
ammonia-based fuel cell technologies continue to evolve
through sustained investment in research and development
by the automotive industry. The focus at present remains
squarely centered on improving its efficiency, performance
as well as cost-effectiveness while supporting its reliability.
With ongoing efforts aimed at bringing these solutions to
commercialization realization, it seems likely that their pro-
spects will continue rising steadily upward [48,49]. In the
meanwhile, governments and regulatory bodies are also pro-
viding support and incentives for the adoption of hydrogen
and ammonia as transportation fuels. Financial incentives,
research funding, and policy frameworks are being imple-
mented to promote the development and deployment of these
alternative fuel technologies [50].

The persistent growth of CO2 emissions and the impli-
cations for achieving climate targets have underscored the
urgency of transitioning to cleaner energy sources [51].
Automatic mechanism generation for the combustion of
advanced biofuels, such as diethyl ether, has paved the
way for innovative approaches to sustainable fuel produc-
tion [52]. Machine learning-based observation-constrained
projections have revealed elevated global socioeconomic
risks from wildfires, emphasizing the need for proactive
measures to address future challenges [53]. Radical trans-
formation pathways toward sustainable electricity have
been explored, highlighting the importance of evolving
energy systems to meet future demands [54]. A near-term
to net-zero alternative to the social cost of carbon has been
proposed, offering insights into setting carbon prices and
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transitioning to a low-carbon economy [55]. Net emission
reductions from electric cars and heat pumps in various
world regions over time have been analyzed, showcasing
the potential of electrification in reducing greenhouse gas
emissions [56]. Insights into the electrocatalytic CO2 reduc-
tion in aprotic media have provided valuable information
on sustainable energy production and utilization [57]. Tem-
porally explicit abiotic depletion potential for mineral
resource use has shed light on the future demand for
resources and the importance of sustainable resource
management [58]. The value of fast transitioning to a fully
sustainable energy system has been highlighted, empha-
sizing the benefits of rapid adoption of renewable energy
technologies [59]. Divestment strategies prevailing over the
green paradox have shown the effectiveness of financial
decisions in driving sustainable energy transitions [60]. Fe
cycle sustainability assessment of alternative energy sources
for the Western Australian transport sector has provided
insights into the economic and environmental implications
of transitioning to renewable energy sources [61]. Renew-
able energy for sustainable development in developing
countries has been recognized as a key driver for environ-
mental protection and economic growth.

Based on the reviews, wide-scale adoption of hydrogen
and ammonia as transportation fuels will depend on pro-
ductive cooperation among academia, industry stakeholders
including businesses involved in the production of these
fuels, as well as governmental agencies regulating them.
Fuel cell technology advancements along with infrastruc-
ture development will make such a transition increasingly
smooth through joint endeavors such as public–private
partnerships or research collaborations between research
and development teams globally. Overcoming technical dif-
ficulties inherent in adopting cleaner methods of transport
will also require sustained knowledge from all participants’
aspect.

7 Economic and environmental
benefits

Traditional transportation fuels, which are mostly sourced
from fossil fuels, have been a major cause of pollution in
the environment. These fuels, which include diesel and
gasoline, have been connected to emissions of greenhouse
gases and air pollution, among other types of pollution [62].
In addition to releasing pollutants into the environment
directly, burning fossil fuels emits greenhouse gases such as
CO2 that also have a role in climate change [63]. The depletion
of fossil fuel resources exacerbates the environmental effect,

underscoring the need for cleaner and more sustainable
energy sources [64]. The use of conventional transportation
fuels has resulted in a number of environmental problems,
such as air pollution, which puts people’s health at serious
danger, especially in metropolitan areas [63]. Particulate
matter, nitrogen oxides, and volatile organic compounds
are among the pollutants released during the burning of
these fuels. These pollutants have been connected to respira-
tory illnesses as well as other health issues [63]. Further-
more, the use of fossil fuels in transportation raises the
risk of smog and other dangerous pollutants that destroy
ecosystems and lower air quality [65].

The need to switch to greener and more sustainable
transportation fuels is becoming more demanding, in order
to solve the environmental problems caused by conven-
tional fuels. One potential substitute that can assist in low-
ering environmental pollution linked to conventional fossil
fuels is hydrogen fuel [62], which burns cleanly and pro-
duces no toxic emissions [65]. In a similar vein, biofuels pro-
duced from renewable resources, such as biomass, have
drawn interest as a more environmentally friendly substitute
for conventional fossil fuels that can help lower pollution and
greenhouse gas emissions [66].

Finally, the current state of environmental contamina-
tion resulting from conventional transportation fuels empha-
sizes the necessity of shifting to greener andmore sustainable
energy sources. It is feasible to reduce the environmental
effect of transportation and move toward a more sustainable
future by moving away from fossil fuels and toward alterna-
tives such as biofuels and hydrogen fuel.

Hydrogen and ammonia show immense potential in
minimizing our reliance on fossil fuels as well as mitigating
associated price volatility positively across many econo-
mies today. As more people transition toward using solar
or wind-powered electricity generation globally, there will
be a significant increase in producing hydrogen or ammonia
from these widely available renewable energy resources.
Recent studies indicate that renewable-produced hydrogen
could soon compete favorably with fossil fuels by 2030 [67].
There is much promise for less-expensive methods of pro-
ducing ammonia too [68]. The sustainable production of
these two resources is dominant, as worldwide demand
for nitrogen-based fertilizers continues to surge. Future
energy applications have great promise for green ammonia,
which is produced by air, water, and renewable energy
resources [69,70]. Valuable characteristics such as its non-
flammable properties and buoyant traits make it an attrac-
tive chemical resource useful in many economies of the
future. Its versatility allowing extraction from various sources
including renewable energy or even nuclear power genera-
tion waste adds to its favorable appeal [71]. Hydrogen
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presents itself prominently because of having no carbon con-
tent besides having a high rate of flame propagation sup-
ported by being broadly flammable. These advantageous
characteristics are incredibly promising in developing
clean combustion systems surpassing older alternatives
[72]. Described as alternative transportation fuels pri-
marily due to their greenhouse gas emissions reducing
potential during combustion, both ammonia and hydrogen
yieldminimal harmful gases depending on productionmethods
followed closely by green ammonia manufacture that alleviates
carbon capture tech use [73]. To ensure long-term success while
minimizing environmental impact through final evaluation
entails analyzing sustainability, life cycle environmental
impacts, as well as the carbon footprint. In evaluating potential
solutions for reducing global levels of greenhouse gas emissions,
researchers have taken keen interest in thoroughly studying all
possibilities. A noteworthy study, undertaken by the Interna-
tional Energy Agency (IEA), found that incorporating hydrogen
and fuel cell technologies into transportation has the capacity to
bring about a significant drop borne out over time. The IEA
surmises that this technology could cut down on those emis-
sions as much as 20% globally before we reach the year 2050
[74]. Meanwhile, yet another research analysis argues clearly in
favor of using ammonia to replace traditional diesel in trans-
port systems, which could result in emissions reductions on the
order of 97% [75]. Additionally, using hydrogen and ammonia
as transportation fuels could make a significant difference in
combating local air pollution. These fuels have superiority over
conventional ones, since under the specific conditions, they do
not emit any particulate matter or nitrogen oxides (NOx) on
burning [76]. Encouraging a wide-scale use of such sustainable
resources for mobility purposes could potentially improve
overall urban environmental conditions and ensure better
public health outcomes by minimizing exposure to harmful
toxins associated with air pollutions. In summary, the use of
ammonia and hydrogen fuels offers enviable advantages ran-
ging from reduced carbon footprint usage, contributing toward
establishing cleaner overall environmental health via low-level
emissions and longer uncompromising ranges to build sound
economic prosperity for present and future generations.

8 Challenges and limitations

The use of hydrogen and ammonia as fuels in the trans-
portation sector is accompanied by benefits and chal-
lenges. Although these fuels offer advantages such as
zero emissions and improved energy efficiency, several
obstacles must be overcome for their widespread adoption.
One major challenge is the need to develop infrastructure

for the production, storage, and distribution of hydrogen
and ammonia [77]. Existing infrastructure mainly caters to
fossil fuels, presenting a considerable monetary and tem-
poral burden in adapting or constructing new infrastruc-
ture for these alternative fuels. Hydrogen offers cleaner
combustion and zero tailpipe emissions through fuel cells,
but it faces infrastructure challenges. Ammonia has advan-
tages in terms of storage and transportation but requires
addressing NOx emissions and toxicity concerns. In addi-
tion, hydrogen and ammonia have lower energy densities
than traditional fuels, which may hinder their adaptability
in certain transportation scenarios due to larger storage
systems required [78,79]. The production process remains
another limitation, as most hydrogen is currently sourced
from fossil fuels undermining its environmental impact
goal. While electrolysis fueled by renewable energy can gen-
erate hydrogen from water, it requires scalability improve-
ments along with cost-effective measures. Similarly, the
generation of ammonia has heavily relied on natural gas
leading to emission greenhouse gases [80].

Safety standards also require regarding handling hazar-
dous gases such as hydrogen and ammonia, both of which
highly flammable and necessitating specialized system
approaches vital for safety. Development of strict safety pro-
tocols through regulatory frameworks serves a critical role in
mitigating potential risks related to their handling. Due to
their low energy density and high flammability, the safest
method of storing hydrogen is widely recognized to be
solid-state storage in porous materials and hydrides [81–85].
The use of ammonia presents several challenges due to its
unique characteristics. Ammonia has a notably lower heating
value compared to other hydrocarbons. Its narrow range of
equivalence ratio, spanning from 0.63 to 1.4, and high auto-
ignition temperature contribute to its low flammability. Com-
pared to hydrogen, methane, and propane, ammonia has a
lower adiabatic flame temperature of 1,800°C (as opposed to
2,110, 1,950, and 2,000°C, respectively). Ammonia, as a result,
displays decreased radiation heat transfer, which is essential
during combustion and heat transfer processing. Further-
more, ammonia has a significantly lower maximum laminar
burning velocity of 0.07m/s, in contrast to methane (0.37m/s),
propane (0.43m/s), and hydrogen (2.91m/s) [24]. Additionally,
vehicle performance running on these innovative fuels may
pose limitations – where although there has been progress
made using hydrogen fuel cells, durability advancements,
cost reduction measures, and efficiency remain imperative
needs. Driving sustainable production methods yields impli-
cations that host significant decarbonization opportunities
shaping the future of transportation sector.

Besides the production, transportation, and storage
limitation, still some other obstacles exist at using
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hydrogen and ammonia at internal combustion engines as
an independent fuel. Without modifications to the combus-
tion system and crankcase, ordinary engines cannot run on
hydrogen due to changes in chemical characteristics and
fuel/air ratios. For this, a number of automakers have
developed hydrogen-powered direct-fuel prototypes [86].

Due to the limitations of hydrogen’s flammability as
well as the tremendous temperature and pressure created
during combustion, the material for this type of engine was
carefully chosen. Additionally, certain spark plugs were
developed for hydrogen systems to prevent pre-ignition.
Creating an engine fueled entirely by hydrogen’s unique
properties presents some significant hurdles that must be
overcome successfully before its implementation can occur
effectively. One major obstacle presents itself through low
energy per unit volume resulting from its lower density.
Thus, larger storage tank requirements may become neces-
sary than most modern-day fuel sources [87]. Additionally,
hydrogen fuels present a combustion challenge due to their
high flammability that sometimes makes it difficult to
maintain adequate control of the ignition process leading
to issues such as pre-ignition and detonation [88,89]. This
problem gets compounded by the elements incredibly fast
laminar flame speed that requires taking measures aimed
at minimizing combustion flame build-up while still regu-
lating it to achieve optimal combustion processes [90]. The
difficulty is often intensified by hydrogen’s short quenching
distance, causing flames to travel closer toward cylinder walls
than desirable before extinguishing. This issue further leads to
lubricant evaporation effects and affects combustion results
adversely [87,89]. Furthermore, involving hydrogen-based
fuels would require addressing other unique characteristics
such as its high diffusivity level posing difficulties in stratifying
fuel–air mixtures accurately [91]. Hydrogen fuel use causes an
increase in NOx emissions resulting in reduced power output
for hydrogen-based engines. While some research has
occurred concerning NOx emissions, air-to-fuel ratio relation-
ships and spark timing around these engines’ limitations exist
concerning experimental analysis [92,93]. Therefore, it is
necessary for designing engines intended explicitly for use
with hydrogen by identifying different aspects such as accu-
rately predicting flame initiation through studying chemical
properties, such as laminar flame speed and ignition delay
time regarding hydrogen combustion processes [94]. More-
over, proper gas injection systems are required for accurate
measurements concerning the amount of fuel delivered, while
selecting suitable ignition systems becomes essential in redu-
cing the risks associated with autoignition related to particular
fuel mixture from hydrogen fuel properties [95]. Finally, simu-
lating oil–fuel dilution effectively reduces particulate forma-
tion during combustion processes [94].

The market study of hydrogen sensors and sensing
systems highlights the need for further development and
exploration of sensor technologies, especially in smaller
industries facing challenges such as cost limitations and
lack of personnel to handle sensors [96]. The sector cou-
pling concept faces economic feasibility challenges due to
uncertain future developments of competing solutions [97].
The use of ammonia as a fuel also poses some challenges
that need to be overcome, in terms of both production
process optimization and combustion in internal combus-
tion engines [98]. The challenges of future internal com-
bustion engines, including CO2 reduction and dual-fuel
combustion, underscore the need for technological advance-
ments to address climate change and energy needs [99].
The transition of the transportation sector toward sus-
tainability through hydrogen fuel faces challenges in
commercialization and scalability, requiring significant
technological advancements [100]. The challenges of future
nuclear power lie in the development of safer and more
efficient nuclear reactor designs [101]. The synthesis and
processing of multi-metallic nanoparticles in fuel cell tech-
nology serve as an intriguing way to address challenges in
catalysis and efficiency [102]. The enzymatic approach to
biodiesel production highlights challenges in downstream
processing costs and environmental impacts, driving the
search for alternative production methods and substrates.
Determining the air quality and greenhouse gas impacts of
hydrogen infrastructure and ECEVs is crucial in addressing
challenges related to pollutant emissions and air pollu-
tion [103].

9 Discussion

Our research explores the potential of hydrogen and ammonia
as fuel options for transportation aiming to address the issue
of climate change and decrease greenhouse gas emissions in
the worldwide transportation industry. By conducting an ana-
lysis that includes reviewing existing literature examining
production methods and exploring uses, we offer valuable
insights into the technical demands and environmental
impacts associated with transitioning to transport systems
based on hydrogen and ammonia. We highlight how using
sources such as solar, wind, or hydropower for fuel produc-
tion could help reduce dependence on fuels and promote a
more environmentally friendly energy sector. Additionally,
our examination demonstrates the versatility and effective-
ness of hydrogen in FCEVs as a clean energy solution for
different transport needs. Meanwhile, ammonia shows pro-
mise as an alternative fuel option due to its energy density and
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compatibility with infrastructure despite facing challenges
related to NOx emissions and toxicity issues.

Comparing our findings with existing studies confirms
the advantages and energy efficiency gains of using hydrogen
and ammonia. Furthermore, our research introduces per-
spectives on the viability and scalability of adopting these
fuels. We emphasize the significance of investing in infra-
structure development and technological advancements to
address implementation hurdles highlighting the importance
of collaboration, among institutions, industry players, and
government bodies. Table 1 shows a comparison summary
of fossil fuels versus hydrogen and ammonia.

While our research makes contributions to the discus-
sion on transportation fuels, it is important to note that
there are limitations. These include relying on existing
data sources and the possibility of biases in how we
reviewed the literature. However, by presenting an ana-
lysis of our findings comparing them with existing studies
discussing the implications and acknowledging both
strengths and limitations, we aim to deepen under-
standing of the advantages and challenges related to
using hydrogen and ammonia in transportation.

Carbon neutral fuels present options for transportation
offering the potential to reduce impact and decrease reli-
ance on limited fossil fuel resources. However, it is crucial to
evaluate their practicality in terms of cost-effectiveness and
efficiency when compared to fuels. To address this issue, it is

necessary to make a comparison between carbon traditional
fuels. Although traditional fuels are commonly used, they
come with challenges related to emissions, performance,
and noise in diesel engines [104]. The research conducted
by Biswas and Mukhopadhyay examines the effectiveness of
injection strategies in enhancing emissions control, perfor-
mance optimization, and noise reduction in diesel engines.

Moreover, understanding the dynamics of combustion
processes and safety considerations is essential for asses-
sing both carbon fuels. Zhong et al. [105] explored flame
propagation characteristics during gas explosions under
conditions to gain insights into combustion behavior and
safety implications. By combining insights from these stu-
dies, a comprehensive comparison can be made between
carbon fuels while considering factors such as emissions
levels, performance metrics, noise generation patterns,
combustion properties, and safety aspects. This compara-
tive analysis provides a picture of the state and future
potential of carbon neutral fuels, within the transportation
industry and contribution to automotive and combustion
science.

The transition to new fuels involves a mix of realities,
potentials, challenges, and promising. It is crucial to grasp
these elements for making plans in the energy and trans-
portation fields.
• Reality: currently, the landscape of fuels is marked by
research efforts to reduce environmental impact, decrease

Table 1: General comparison of fossil fuel with hydrogen and ammonia

Aspect Fossil fuel Hydrogen and ammonia

Production and applications • Widely available
• Established infrastructure
• High carbon emissions
• Conventional extraction methods

• Emerging technology
• Developing infrastructure
• Low or zero-carbon emissions
• Production involves electrolysis of water,
followed by Haber–Bosch process

Supplementary fuels for future • Limited sustainability
• Contributing to climate change and air pollution
• Dependence on finite resources

• Potential for sustainable production using
renewable energy sources

• Potential to mitigate climate change and reduce
air pollution

• Reliance on abundant sources of hydrogen and
nitrogen

Economic and environmental
benefits

• Economic costs associated with carbon emissions
and pollution

• Environmental degradation from extraction and
combustion

• Potential for geopolitical conflicts over fossil fuel
resources

• Potential economic benefits from reduced
emissions and pollution

• Reduced environmental impact from production
and use

• Decreased dependence on fossil fuels and
geopolitical stability

Challenges and limitations • Carbon capture and storage technologies are costly
and not widely implemented

• Energy-intensive extraction and processing
methods

• Environmental damage from spills and accidents

• Technological challenges in large-scale
production and distribution

• Energy-intensive electrolysis process
• Safety concerns regarding ammonia handling
and storage
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reliance on limited fossil fuel resources, and tackle sus-
tainability issues. Despite progress in these areas, the
widespread acceptance and commercialization of fuels
are still at a stage due to significant challenges related
to infrastructure, regulations, and economics.

• Potential: despite existing hurdles, new fuels offer potential
to transform the energy sector. Zero emission options such as
hydrogen and ammonia opportunities for friendly transporta-
tion solutions by using renewable energy sources and cutting-
edge technologies. Moreover, advancements in fuel efficiency,
performance enhancement, and emissions control avenues
for promoting sustainability and driving socio-progress.

• Challenges: embracing fuels on a scale comes with
numerous obstacles. Addressing barriers such as energy
conversion efficiency, infrastructure development, and
storage capacities is crucial for unlocking the benefits
of alternative fuels. Additionally, factors such as feasi-
bility, policy frameworks, and public acceptance are
influencers in determining the direction of fuel transi-
tions. Meeting these obstacles head on requires coopera-
tion, among business and governmental entities.

• Promising: despite the difficulties, the advantages of
fuels are significant. Apart from helping the environ-
ment, they present chances for creativity, job growth,
and energy stability. By supporting research, invest-
ments, and policy-making, communities can unlock the
capabilities of fuels and pave the way to a sustainable
and robust energy future.

By tackling hurdles and seizing emerging opportu-
nities, stakeholders can navigate toward a more sustain-
able energy landscape.

Our research highlights the potential of hydrogen and
ammonia as fuel options for transportation. This has impli-
cations, beyond discussions. It also impacts societal and
environmental aspects. By considering economic and environ-
mental factors, we hope to guide decision-making processes
and shape policies that promote cleaner energy solutions in
transportation. Ultimately, this contributes to initiatives aimed
at addressing climate change and supporting development.

10 Conclusion

In summary, this research underscores the importance
of studying hydrogen and ammonia as fuels for transpor-
tation. The study delves into existing literature and tech-
nological advancements to provide an understanding
of the feasibility and implications of transitioning to
energy options in the transportation industry. The results

emphasize the advantages of using hydrogen and ammonia
such as reducing greenhouse gas emissions and enhancing
energy efficiency while also tackling challenges related to
production methods, storage solutions, and deployment con-
siderations. It emphasizes the need for research and devel-
opment efforts to overcome these obstacles for the adoption
of these fuels. The study also acknowledges its limitations by
highlighting the necessity for investigation into aspects and
socio-economic factors during the transition to alternative
fuels. Future studies could focus on refining production
techniques, improving infrastructure, and implementing
policy measures to promote transportation fuels. By recog-
nizing its contribution and suggesting directions, for research,
this study aims to guide policymakers, researchers, and
industry stakeholders in their endeavors to combat climate
change and enhance air quality through alternative fuel
adoption.
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