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Abstract: The main purpose of the article is to present a comprehensive and critical review of
the challenges and risks associated with the use of green ammonia as an alternative fuel in land
transport. The review is motivated by the clear trend toward phasing out fossil fuel vehicles and
replacing them with emission-free alternatives. Topics covered include safety aspects such as safety of
powering of vehicles, the production of green ammonia, the use of ammonia in the context of various
fuel solutions (combustion engines and fuel cell engines), and the discussion of ammonia-powered
vehicles in the context of air pollution. The paper offers new insights into identifying the challenges
and obstacles that may arise in the case of the massive use of green ammonia as a fuel for land
transport. In addition, the review presents the latest information on the technological readiness of the
necessary infrastructure for the production, transport, storage, and utilization of green ammonia in
internal combustion or electric engines.

Keywords: green ammonia; fuel cell; combustion; review; alternative fuel; challenges

1. Introduction

In recent years, the global trend to phase out fossil fuel vehicles can be seen in many
countries and cities, as summarized in [1]. The most ambitious plans assume a ban on the
registration of gas-powered cars by 2025 (Norway and South Korea), 2026 (Belgium), and
2027 (Austria). By September 2021, 28 countries had declared this action on the horizon of
2050 [2]. One of the most influential regulations was established in the European Union (EU).
Road transport is reported to be responsible for 15% of EU CO2 emissions [3]; therefore, in
June 2022, the EU Parliament agreed to a complete ban on the registration of vehicles with
non-zero emissions starting 2035 and a reduction in new registrations by half by 2030 [3].
The aim of these regulations is to achieve the climate neutrality of road transport in terms
of CO2 emissions by 2050 [4].

It should also be noted that similar regulations are being introduced in other parts
of the world. China has announced that all new vehicles sold in China will have to run
on alternative fuels by 2035 [5]. Half of them will have to be electric and half will have
to fuel cells or plug-in hybrid. Moreover, California regulators passed legislation in 2022
banning the sale of new gas-powered cars by 2035 [6]. In addition, other international
regulations, such as the GHG Strategy by the International Maritime Organization (IMO),
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which assumes a 40% reduction in average emissions by 2030 (compared to 2008), force the
transition to zero- or low-emission fuels in maritime transport [7].

The withdrawal of gas-powered vehicles occurs in conjunction with the popularization
and strong promotion of electromobility. This is well illustrated by the Chinese policy
mentioned above that requires the registration of electric, fuel cell, and plug-in hybrid
cars [5]. Another similar example is the Electric Vehicles Initiative (EVI) [8], which is an
intergovernmental policy forum created in 2010 as part of the Clean Energy Ministerial
(CEM) program. In 2017, EVI launched the EV30@30 campaign, which aims to achieve a
30% share of the electric vehicle market in total sales of all vehicles (except two-wheelers)
by 2030. The campaign was endorsed by 11 countries and is supported by 29 companies
and organizations [8].

In addition to the very strong trend towards electromobility, other alternative fuels
are being considered and developed, such as hydrogen, ammonia [9], and biomethane [10].
Several other fuels are listed as helping reduce emissions on the road to zero-emission trans-
port. These are liquefied petroleum gas (LPG), compressed natural gas (CNG), liquefied
natural gas (LNG), and synthetic and paraffinic fuels (made from biomass or natural gas, as
well as vegetable oils or animal fats) [9]. Some of these fuels are permanent gases (hydrogen,
biomethane, and natural gas), which makes their storage challenging as it requires elevated
pressure (in the case of hydrogen, 700 bar) and low temperature (approximately 110 K for
natural gas and biomethane and 30 K for hydrogen). This will result in the high complexity
of storage and fueling systems, which will be demanding in terms of safe exploitation. This
can be a limiting factor in the massive application of these fuels.

This paper is focused on the application of ammonia, for which numerous aspects
promote its application as fuel in onshore transportation and is summarized as follows.

• As a carbon-free emission fuel:

– It can be used directly in the combustion process [11];
– It is a igh-density hydrogen carrier (liquid ammonia contains 1.77 times as much

as liquid hydrogen (by volume) [12], and hydrogen can be converted to ammo-
nia [13])

– As a non-fossil fuel, its production is not limited by natural deposits.

• As a good economic solution:

– Availability: NH3 is one of the most produced and distributed chemicals in the
world [14];

– Technological feasibility: infrastructure already exists for the production, trans-
port, and distribution [15];

– Low cost of ammonia as fuel: it is comparable to the cost of diesel fuel on an
energy basis [16].

– Volume expander to current fuels: as a mixture, ammonia can be blended with,
for example, gasoline [13];

– Low storage costs: ammonia can be stored at room temperature (300 K) with
relatively low pressure (more-less 10 bar) [16];

– Cheap long-distance transportation: ammonia’s energy cost is far lower than for
transporting electricity over long distances (>2000 km) [13];

However, at this point, it should be emphasized that the success of the green transfor-
mation depends not only on the setting of ambitious goals and regulations but also on the
technological readiness of the solutions required for this. This factor concerns, in particular,
the field of alternative fuels and supporting infrastructure (responsible for fuel production,
storage, and logistics). This article aims to critically assess the state of technological readi-
ness for the use of green ammonia as a zero-emission alternative fuel. The work presents
a comprehensive review of the technological process chain schematically presented in
Figure 1. It starts with green ammonia production technology and then the possibilities of
its storage and logistics are analyzed, taking into account the accompanying processes such
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as regasification and charging. Subsequently, the possibility of using ammonia as a fuel in
available solutions dedicated to road transport is discussed and analyzed.

Figure 1. Illustration of the ammonia process chain.

The review also concerns the safety aspects of the discussed processes, as they are
an integral element of each link in the above-mentioned process chain for green ammo-
nia. In addition, the work highlights and identifies potential roadblocks and dangerous
interference with other industries that use ammonia. Attention is also drawn to the most
important challenges related to the use of green ammonia as an alternative emission-free
fuel in road transport.

2. Current Status of Ammonia

Besides the important future role of ammonia in decarbonization, it is already the
second most widely produced chemical with an annual production ranging from 150 [17]
to 183 Mts [18] and a production capacity of 243 Mts [18]. Between 80% [17] and 85% [18] of
ammonia is used in the fertilizer industry as a fixed nitrogen source, and it is estimated that
from 50% [18] to 70% [17] of the global population is fed with the support of ammonia-based
fertilizers. Other applications of ammonia are refrigeration [19] (ammonia is a common
refrigerant in large industrial refrigeration systems) and feedstock for the production of
explosives, textiles, and pharmaceuticals [20].

Although 90% is consumed on-site as feedstock, transport and storage infrastructure
are also well developed [18]. Around 18–20 Mt of ammonia is transported by ship (with a
fleet of 170 ammonia vessels, 40 in continuous operation), and 7–10 Mt by road, train, or via
pipelines. The ammonia shipping infrastructure is also well developed with loading and
unloading facilities. There are around 120 ammonia terminals around the world located in
every industrialized region [18,21].

The above-mentioned review of the current status of ammonia shows that it is already
a well-developed and high-maturity industry (in terms of production, storage, and trans-
port), as ammonia has been playing a crucial industrial role for decades. However, the
currently available infrastructure and production capacity can become far insufficient for
the development of new applications of ammonia, especially those as demanding as road
transport. It is estimated that due to the increasing interest in ammonia as a maritime fuel
and in power generation, its demand may triple by 2050 compared to 2020 levels [17]. If
the potential demand for onshore transportation is included this forecast may be exceeded.
Moreover, increasing the application of ammonia can negatively interfere with the produc-
tion of fertilizers and as a result with the prices and availability of food, which can have
severe social and economic consequences.

3. Safety Aspects, Also Related to the Safe Powering of Vehicles

According to the Regulation of the European Parliament and of the Council No. 1272/2008
on the classification, labeling, and packaging of substances and mixtures, ammonia is
registered in the EU list of existing commercial substances. Ammonia is registered under
number 231-635-3 and is classified as a hazardous substance. This, in turn, imposes
on all entities placing ammonia on the European market the obligation to prepare and
make available a safety data sheet prepared in accordance with the Regulation of the EU
Parliament and of the Council No. 1907/2006 on the registration, evaluation, authorization,
and restriction of chemicals, commonly known as the REACH regulation. According to the
sample ammonia safety data sheet [22], the following hazards have been identified:
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1. Physical threats

• Flammable gas;
• Gas under pressure, which may explode if heated.

2. Health hazards

• Toxic if inhaled;
• Causes severe skin burns and eye damage;
• Corrosive to the respiratory tract.

3. Environmental hazards

• Very toxic to aquatic life, with long-lasting effects.

3.1. Human Toxicity

Ammonia is a colorless, toxic gas with a strong pungent odor that can be felt at
concentrations as low as 5–30 ppm. In contact with the skin, liquid ammonia can cause
irritation and serious burns. At concentrations of 1700 ppm, health problems such as
coughing and swelling of the laryngeal area can appear. Exposure to concentrations of
2500 to 4500 ppm for about 30 min can be fatal [23]. Recommendations from the US National
Institute for Occupational Safety and Health (NIOSH) indicate that the concentration at
which exposure longer than 15 min is potentially dangerous is 35 ppm, and the level
immediately harmful to life or health is 300 ppm [24]. Because ammonia vapors dissolve
well in water and also produce strong reflexes that immediately hold, effect of breathing
ammonia vapors into the respiratory organs is usually limited to the upper respiratory
tract. Very high concentrations of ammonia can enter the lower respiratory tract. The
consequences can be very serious, such as lung damage, which is an indirect threat to life.
In contact with the skin, ammonia vaporizes as a result of its very high affinity for water,
and ammonia causes severe dehydration of tissues and, as a consequence of this reaction,
ammonium hydroxide, which can then cause severe burns. Ammonia in liquid form also
poses a serious risk of frostbite: at ambient pressure, ammonia’s saturation temperature is
−33 ◦C. With the release of liquefied ammonia, because of the presence of water vapor in
the air (e.g., in high humidity), vapors heavier than air are formed. These toxic fumes may
spread at ground level or in poorly ventilated areas in low-lying areas, potentially exposing
people to harmful (fatal) concentrations. Thus, if large amounts of ammonia are released,
this may cause long-range ammonia clouds from the spill site. Table 1 summarizes the
health effects for humans when exposed to ammonia depending on the concentration.

Table 1. Effects of ammonia concentration in the air on human health [25].

Concentration
ppm Symptoms

5 Felt in the air

10 Road vehicles emission limit in acc. to [26,27]

25 Permissible concentration in air for exposure up to 8 h

35 Permissible concentration with exposure up to 15 min, perceptible in water

50 Irritating to eyes, nose and throat

100 Limit concentration at which without personal protective equipment exposure for up to
1 h does not cause irreversible damage to health

300 Concentration at which, during short-term exposure, disturbances of consciousness and
irreversible health effects are not observed

500 Limit concentration at which, without personal protective equipment, exposure for up to
30 min does not cause irreversible damage to health

700–1700 Coughing, bronchospasm, significant tearing and irritation of the eyes

5000 Chemical bronchitis, pulmonary edema, chemical burns to the skin, high risk of death
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3.2. Environmental Toxicity

Ammonia is a toxic substance that poses a threat to the natural environment. Its
leakage may lead to contamination of the air, soil, and, in particular, the water environment.
When analyzing the impact of ammonia on the environment, the most important factor is its
reaction with water. Ammonia in contact with water, found in any environment, undergoes
an equilibrium reaction in which a nontoxic ammonium ion and a hydroxide ion are
formed [28]. The equilibrium depends on the reaction conditions, for example, the water’s
temperature and pH. The reaction of dissolving ammonia in water is highly exothermic,
generating 2000 kJ of heat per kilogram of ammonia dissolved in water. Dissolving 1 kg of
ammonia releases enough energy to evaporate nearly 1.5 kg of water.

Ammonia in the air is a pollutant and a secondary precursor to particulate matter.
Some ammonia forms ammonium, and some of it combines with other compounds in
the atmosphere, such as nitric and sulfuric acids, to form ammonium salts, a form of fine
particulate matter that is harmful to humans [29]. However, air polluted with ammonia is
quickly cleaned by rainfall, which transfers pollutants to the soil or water reservoirs.

After an uncontrolled release of ammonia into the soil, some will evaporate immedi-
ately. Both the vapor and the part remaining in the soil will react with moisture from the
air and the soil. The evaporated part of the ammonia, which forms ammonium, eventually
returns to the soil in the rain. Ammonium binds rapidly to negatively charged soil organic
matter and soil clays. Ammonium rarely accumulates in the soil as it is quickly taken up
by plant roots, and the remainder is converted by bacteria to nitrates. Nitrates can also be
absorbed by plant roots [30].

If ammonia is released into water, particularly small bodies of stagnant water, the
dissolved ammonia poses a serious threat to the aquatic environment. As a result of
exceeding the lethal concentration, aquatic organisms in the immediate vicinity of the
spill are killed. Due to the exothermic reaction with water, ammonia will evaporate at a
high rate and, entering the gas phase, will contaminate the air, significantly increasing
the range of environmental impact. According to recommendations, the ammonia
concentration should not exceed 3–6 mg/L for short-term exposure and 0.3–2 mg/L for
long-term exposure [31]. It is also assumed that a concentration less than 0.02 mg/L is
safe for fish reproduction [32].

The actual effects of ammonia leakage into the environment are difficult to predict
due to several factors. First, the course of the water–ammonia reaction depends on the pH
of the medium and its temperature. The higher the pH of the water and its temperature,
the higher the concentration of ammonia in relation to the ammonium ion. In addition to
the concentration of ammonia, its negative impact on living organisms depends on the
species but mainly on the exposure time. There is no information in the literature on the
lethal concentration of ammonia in water or air for humans, but there are a lot of data for
farm animals and aquatic organisms. Toxicity to living organisms of chemical substances is
defined using two indicators: lethal dose (LD) and lethal concentration (LC).

• LD50 is the amount of material administered at one time that causes the death of 50%
(half) of a group of test animals. LD50 is one way to measure the short-term poisoning
potential (acute toxicity) of a material.

• LC values usually refer to the concentration of a chemical in air, but in environmental
tests, they can also mean the concentration of a chemical in water. According to the
Organization for Economic Cooperation and Development (OECD) guidelines for the
testing of chemicals, a traditional experiment involves groups of animals exposed to a
concentration (or series of concentrations) for a specified period of time (usually 4 h).
The animals are clinically observed for up to 14 days. The concentration of a chemical
in the air that kills 50% of test animals during the observation period is the LC50 value.
Other exposure times (as opposed to the traditional 4 h) may apply depending on
specific regulations.

Table 2 shows the selected values of the LC and LD parameters available in the literature.
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Table 2. Values of LD and LC for selected animal species.

Species LC50, ppm LD50, ppm

Rat [33] 7000 40,000

Mouse [33] 4000 10,000

Cat [33] 1000 3000

Daphnia magna
(an aquatic organism from the plankton group) [34]

0.66 -

Lepomis cyanellus
(Freshwater fish) [34]

140 -

Scophthalmus
maximus [34]

11 -

In Table 2, it can be seen that ammonia is particularly dangerous for the aquatic
environment; the lethal concentration of LC ammonia for aquatic organisms is several
orders of magnitude lower than for terrestrial animals.

Although ammonia can have a negative impact on the environment, the risk of using
it as a fuel appears to be low. This is due to several factors. First, the large difference
between the normal saturation temperature of ammonia and the ambient temperature
causes a significant amount of ammonia to evaporate when spilled. Second, the ratio of the
amount of ammonia used as fuel to the amount of surrounding water or soil is so small
that even in the case of a complete fuel spill, the lethal concentration will only be exceeded
in the immediate vicinity of the spill and should not exceed the limit values at a greater
distance. The last argument is that ammonia, as a nitrogen carrier, is a nutrient, and over
time, through natural processes called the nitrogen cycle, it will turn into nitrides, which
are a fertilizer for plants [35].

3.3. Flammability

Due to the low flammability of ammonia compared to hydrocarbon fuels and other
chemical substances, the hazards resulting from its flammability are definitely lower than,
for example, from toxicity. In air, the limit of flammability of ammonia is 15% and the upper
limit is 28%, and in oxygen, these values are 25% and 75%, respectively. The minimum
ignition energy is 8 mJ, which is about 30 times lower than in the case of methane. The
auto-ignition temperature is relatively high at 651 ◦C.

Due to the high heat of vaporization of 1371 kJ/kg ( for methane it is only 510 kJ/kg),
liquid ammonia is not flammable. This is due to the fact that the heat obtained in the
combustion process is usually not sufficient to evaporate enough liquid to sustain the
combustion process. This situation changes significantly if the heat for evaporation is
supplied from another source. For example, if a leak occurs, the large amounts of heat
supplied from the ground or water will cause rapid evaporation to sustain the combustion
process. The combustion of ammonia in air is problematic, and an additional source of
ignition is usually required [36].

3.4. Explosiveness

Although ammonia is a slow-burning agent, under specific conditions, it can form an
explosive mixture. The minimum ignition energy is 680 mJ (about 10,000 times more than
hydrogen). An explosion can occur when a large amount of vapor is ignited in an enclosed
or semi-enclosed space. Poorly ventilated rooms, in particular, are at risk of explosion.

3.5. Corrosivity

Ammonia, when mixed with a small amount of water, becomes highly corrosive to a
range of materials, including zinc, copper and brass, but is not corrosive to iron or steel
within ammonia storage temperatures. However, ammonia corrosion in special situations
can occur even in materials resistant to the corrosive effects of ammonia, which is related
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to the mechanism of stress corrosion. This type of corrosion can occur when components
are subjected to simultaneous stresses and a corrosive environment. Steel-made pressure
tanks are particularly susceptible to this type of corrosion. Factors that have a direct impact
on the occurrence of stress corrosion cracking of steel in an ammonia environment are

• The yield strength of the material;
• Residual stresses, e.g., after welding processes;
• Oxygen content;
• Water content

It is recommended that the components in contact with ammonia are made of steel
with relatively low yield strength Re ∈ (300÷ 400) MPa. All elements in which residual
stresses may occur, e.g., after welding, heat treatment, and plastic forming processes, are
tempered to reduce stresses. Additionally, for safety reasons, air should be removed from
the installation before starting, for example, by blowing with inert gas, and ammonia
should be used in a hydrated form with a minimum water content of 0.2%.

3.6. Gas under Pressure

Ammonia is a refrigerant that can be stored in liquid and gaseous forms at ambient
temperature under significant pressure. Pressure depends on temperature, and at 25 ◦C,
it is 10 bar. The storage of any medium under pressure is inherently associated with
the risk of bursting the storage tank in the event of an uncontrolled increase in pressure
caused by an increase in temperature. Therefore, the design pressure of liquid ammonia
storage tanks always has values corresponding to the saturation pressure at much higher
temperatures, e.g., 55 ◦C, where the pressure is 23 bar. In particular, tanks are exposed to
an uncontrolled increase in temperature during emergency situations such as fire, during
which the external temperature of the tank can increase to several hundred ◦C, which
corresponds to a pressure increase of several hundred bars. In this case, the tank must be
protected in a different way than a sufficiently high design pressure; for this purpose, safety
valves are used. Each space, including the tank, in which liquid ammonia may be contained
should be protected with a device that protects against excessive pressure increase.

3.7. Chilled Refrigerant

The second method for storing liquid ammonia is saturation storage at ambient
pressure, for which the temperature of ammonia is −33 ◦C. In addition to the risk of
chemical burns described above, contact with the medium at this temperature is associated
with a risk of severe frostbite. The same risk exists when in contact with pressurized
ammonia; if for any reason the pressure drops, the liquid will cool down quickly. Therefore,
any work on installations with saturated liquid ammonia should be carried out with special
precautions and with the use of personal protective equipment, i.e., gloves for contact with
cold agents, protective glasses, long-sleeved clothing, and trousers.

3.8. Summary

The presented physicochemical properties of ammonia and the associated hazards
mean that its use as a fuel should be carried out while maintaining the appropriate safety
measures. Unfortunately, in the case of land applications, there are currently no relevant
regulations in this area.

It can be expected that the use of ammonia as an energy carrier for vehicles and
land-based equipment will require legislation in the near future that will include

• Design rules;
• Specifications of the valve in relation to the required safety level;
• Specifications of the valve in relation to the performance of the installation;
• Requirements for all installation components to have certificates confirming compli-

ance with the relevant regulations;
• Installation and maintenance requirements;
• Supervision requirements; and
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• Requirements for periodic inspection.

The maritime transport segment is the only legally regulated transport sector with
respect to the use of ammonia as fuel [37,38]. This is due to the response of the maritime
industry to the GHG reduction target defined by the IMO [39]. In the Emission Control
Areas (ECAs) introduced by the IMO, the emissions of SOx and NOx are severely limited.
Ammonia, apart from, e.g., LNG, is one of the few fuels that can meet these criteria.

4. Production of Green Ammonia

As mentioned above, ammonia is one of the most produced chemicals, and therefore,
the technologies for its production are mature and well developed in terms of production
capacity. However, most ammonia is produced from natural gas (via steam methane
reforming and Haber–Bosch process) and in the current production pathway cannot be
considered green [40]. Therefore, the main challenge concerning the production of green
ammonia is not related to production technologies but to the availability of green substrates
for its production: green hydrogen and green nitrogen.

Figure 2 shows the map of ammonia production pathways. One can distinguish a
path based on conventional sources, i.e., coal or biomass gasification and steam methane
reforming of natural gas. This path is not green as it leads to additional greenhouse gas
emissions. The second path is based on the use of electricity from emission-free sources or
the use of biogas for reforming. It should be noted that both in the first and in the second
case, the key element remains the Haber–Bosch process, which is the high-temperature
and high-pressure synthesis of N2 and H2. This process can be considered as green as
long as the components of synthesis are achieved in a zero-emission manner. In practice,
it requires the application of renewable energy sources such as wind, solar, hydro, and
nuclear combined with hydrogen from electrolysis and nitrogen from the air separation
unit [40] or biogas (as a one-to-one replacement for natural gas) in the steam methane
reforming process [41,42].

Figure 2. Possible ammonia production pathways. The conventional path, resulting in additional
net greenhouse gas emissions, and the emission-free green path.

Examples of green ammonia plants include Norway’s Rjukan from 1927 to 1988 and
Glomfjord from 1949 to 1993, which used hydropower. The process was not competitive
with ammonia produced from natural gas and therefore did not proceed. Additionally, in
Pilbara in Australia, plans have been proposed to build electrolyzers, powered by solar
energy, to produce a small fraction of the large plant’s capacity of 840,000 tons per year.
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The mix of plants based on fossil and renewable electricity has been called hybrid green
ammonia [43].

Numerous researchers have analyzed the techno-economic assessment of the viability
of green ammonia production plants, which is summarized in Table 3. Several renewable
production pathways have been analyzed, including onshore and offshore wind [44–49],
solar [47–50], and hydro [49,51]. The application of biogas is also suggested by [41,42], but
is not yet supported by techno-economic analysis.

The reported production cost of ammonia ranges from 430 to 1248 EUR/t of NH3.
It is expected that it can be improved to 282 EUR/t of NH3 (from the initial 430 EUR/t
of NH3) [47] and to 410 EUR/t of NH3 (from the initial 630 EUR/t of NH3) [50]. The
authors [46] reported a breakdown of CAPEX of the 300 t/day green ammonia plant, where
the electrolyzer corresponds to 65% of the total CAPEX. The report [40] compared energy
cost efficiency and CAPEX for various feedstocks for ammonia production: natural gas,
coal, and wind. Green ammonia produced from renewable sources is approximately 5 times
more expensive in terms of energy cost and 3–4 times more expensive in terms of CAPEX
than ammonia from natural gas. Green ammonia was also shown to cost approximately
400–850 USD/t of NH3 (current ammonia pricing varies from 200–700 USD/t of NH3),
which is similar to costs reported by IEA [52]: 450–700 USD/t of NH3 and IRENA [53]:
650–850 USD/t of NH3.

Table 3. Summary of studies focused on the techno-economic assessment of the viability of green
ammonia production plants.

Reference Production Path LCOA Remarks[44] Wind 455–637 EUR

[45] wind +/ solar 842 and 759 EUR for off-grid and on-grid solutions analyzed for
multiple locations

[46] offshore wind 1114 EUR

[51] hydro 1248 EUR

[47] wind, solar 430 EUR 534 locations in 70 countries studied future
improvement to 282 EUR possible island operation

[48] solar, wind 664 EUR

[49] solar, wind, hydro 431–528 EUR

[50] solar 653 EUR future price 410 EUR

In the report [40], a very important issue is highlighted on the scale of green ammonia
production. It was prepared with reference to the marine sector. It indicates that in order
to produce 650 million tons of ammonia (the demand of the marine sector), 6.5 PWh of
renewable electricity produced from solar, wind, and hydro is required, which corresponds
to the current electricity generation in China. CAPEX of the electricity generation infras-
tructure is estimated at 3.2 trillion USD, with an additional 1.3 trillion USD for ammonia
plants. According to [54], the fuel consumption of road transport is approximately two
times greater than for the marine sector, which corresponds to investments in renewable
energy and ammonia plant infrastructure at the level of 10 trillion USD (in comparison, the
US budget for 2022 was1.6 trillion USD [55]). Very high investment costs can be a roadblock
for the application of ammonia as a fuel on a large scale.

Another important aspect is interference with food production, as it is also dependent
on ammonia. As mentioned above, 80% [17] to 85% [18] ammonia is utilized in the fertilizer
industry as a fixed nitrogen source, and it is estimated that 50% [18] to 70% [17] of the global
population is fed with the support of ammonia-based fertilizers. This can lead to a shortage
of ammonia for food production, an increase in food prices, or local food shortages. A
similar scenario has already taken place in the past, when a large proportion of agricultural
producers switched to the production of biofuels, which caused very large price increases
and consequently famine in the poorest countries [56,57].
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The facts presented above form a very strong argument against any other large-scale
application of ammonia, including its application as a fuel. However, the food market
will suffer from green transformation anyway because current emissive ammonia sources
will have to be replaced by green ones, which, as shown above, require significant capital
investments and will result in higher ammonia production costs.

Summary

The most significant advantage of ammonia is that it is a mature chemical in terms of
production. However, currently produced ammonia cannot be considered green. There
are several green ammonia production pathways based on a variety of renewable sources,
including biogas, wind, solar, hydro, and nuclear. The available techno-economic analyses
show that the prices of green ammonia will be at least double those of conventional
ammonia. Moreover, it is indicated that the application of green ammonia in transport will
force significant development of renewable sources and ammonia plants, which require
capital investments on the order of tens of trillions of USD. Last, expanding the application
of ammonia to new areas can be very influential for other ammonia-based sectors, especially
the agriculture and food sector. This is, in the authors’ opinion, the greatest threat related
to the application of green ammonia as a fuel in onshore transportation. This interference
is actually challenging and dangerous, even in the case of replacing conventional natural-
gas-based ammonia with green ammonia, regardless of the application.

5. Storage (Refrigeration and Pressure) and Regasification of Ammonia

The technology for the storage of ammonia and transport infrastructure for ammonia
are at a high level of maturity due to the large-scale use of this substance in the production
of inorganic fertilizers. Ammonia has an established infrastructure for trade and trans-
portation around the world, with a network of ports equipped to handle large quantities of
ammonia [58]. This existing infrastructure provides a solid foundation for the rapid adop-
tion of ammonia as a viable energy carrier. A vital system of ports, pipelines, and storage
facilities is in place to facilitate the trade of ammonia. The United States has more than
10,000 ammonia storage sites, which are linked through a pipeline network spanning more
than 3000 km and connecting the Gulf of Mexico to the Midwest [59]. The Tolyatti–Odessa
pipeline, which spans an impressive 2471 km, is currently the longest ammonia pipeline
in the world and runs from Russia to Ukraine [59]; however, the transfer was stopped in
February 2022 due to the military conflict between the two countries.

The storage of ammonia is carried out under increased pressure or reduced tempera-
ture, as described in Section 3. The substance is typically stored in the form of a liquid [60].
Figure 3 shows the phase equilibrium diagram of ammonia. The triple point [61] of this
substance occurs for an absolute pressure of 6.060 kPa and a temperature of 195.4 K. The
normal boiling point of ammonia (saturation temperature at 1 bar) is about −33.4 ◦C. The
critical parameters of ammonia are 113.57 bar and 132.41 ◦C, respectively [61]. This means
that ammonia can be stored as a liquid under subcritical conditions at saturation. It is
possible to periodically store ammonia as a subcooled liquid, resulting, for example, from
the mode of the current operation, but conditions in the tank will tend toward the saturated
state. The storage of liquid ammonia at a reduced temperature is advantageous because of
the significant change in the density of the liquid depending on the saturation temperature.
For a temperature of −33 ◦C, the density is 682 kg/m3, while at a saturation temperature of
53 ◦C, the density is 555 kg/m3. To store liquefied ammonia under atmospheric pressure, it
is necessary to cool the medium to saturation temperature (point 1 bar, −33 ◦C) (Figure 4).
The capacity of an atmospheric tank can reach 50,000 t NH3 [60]. Atmospheric storage
characterizes steel consumption at a rate 4–10 times lower than other types of tanks [62].
However, the use of atmospheric storage requires the continuous withdrawal of ammonia
vapors as a result of heat input caused by low saturation temperature. These tanks are used
mainly in industry. Both atmospheric and semi-refrigerated tanks require the application
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of a refrigeration compressor [62], which is used to recompress the boil-off as well as to
cool the incoming ammonia [60].

Figure 3. Phase diagram of ammonia [63].

Figure 4. Density of ammonia as a function of saturation temperature and pressure [64].

The absorption process can also be applied to the accumulation of ammonia. This
method may be advantageous for safety reasons, since ammonia desorption occurs under
heating or pressure drop. Metal halides are proposed for the absorption material [65–69].
This kind of ammonia storage is found in TRL 3–4 [69].

In onshore transport, pressurized storage conditions are the most common [60].
Gaseous ammonia is compressed to a saturation pressure corresponding to the ambi-
ent temperature. This allows the ammonia vapor to condense under high pressure in the
heat exchanger and deliver the liquid to the tank. This method is also applied for other
fuels such as CNG or compressed hydrogen (H2 compressed gas) (Figure 5); however, the
pressure required for ammonia is much lower.

Figure 5. Storage parameters of different possible substances to apply as a fuel in onshore trans-
port [70–73].
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Ammonia has a density and normal boiling point comparable to that of LPG. As a
result, some process solutions, such as storage tanks or fueling systems, can be simply
adapted to ammonia but with additional safety systems included. Furthermore, as a result
of the corrosive properties of ammonia, appropriate materials should also be considered in
their production. An example of such a storage system was proposed in [74] and illustrates
an example of an ammonia tank system, which can be installed in onshore transport such
as a car.

Preventing ammonia leakage requires a combination of predictive modeling, advanced
sensing technologies, and efficient detection methods. A hydraulic model was developed to
predict ammonia outflow from damaged pipelines [75]. In addition to predictive modeling,
the development of advanced sensing technologies can also play a crucial role in preventing
ammonia leakage. In [76], the development of a reentrant thorny ZnO/graphene hybrid
nanowall structure that can detect NH3 gas while repelling liquid contamination was
presented. This sensor exhibits excellent sensitivity, selectivity, repeatability, and stability,
even after bacterial contamination, making it a promising tool for monitoring ammonia
levels in various environments.

Ammonia needs to be converted from a liquid to a gas for use as a fuel. This is typically
performed using a heated vaporizer with a pressure regulator [12,14,77] or high-pressure
common rail injection [78]. Spark-ignition engines are well suited for use with ammonia
due to their high compression ratios. Adding a small amount of H2 or using a catalyst can
speed up the combustion process, but modifications are needed to prevent backfiring [71].

Summary

Ammonia storage tanks (refrigerated, semi-refrigerated, and non-refrigerated) are in
TRL 9 [62], which means that this technology is well developed. However, these solutions
mainly concern the refrigeration and fertilizer industries. To use ammonia for energy
production in onshore transport, it is necessary to adapt and modernize the existing
infrastructure. As a result of the similarity of the thermodynamic parameters of ammonia
and LPG, it is possible to use LPG facilities for ammonia storage. However, they should be
equipped with additional safety systems.

6. Ammonia Fueling Solutions

The use of ammonia as a fuel source has been known for years. During World War II,
ammonia was used as a fuel in vehicles when diesel fuel became limited due to the ongoing
war. In 1942, Belgium’s transport department was informed that diesel fuel would not be
available, which led to a shortage of fuel for buses. A common solution at the time was
to mix coal gas with ammonia because coal gas acted as a combustion promoter due to
ammonia’s difficulty burning. However, these buses were decommissioned as soon as
fossil fuels became available again [79].

The idea of using ammonia as fuel also appeared in the US military, which realized
that 65% of the total tonnage required for combat and transportation operations during
the war consisted of fuels and lubricants. As a result, they researched alternative fuels and
proposed using mobile nuclear reactors to locally produce ammonia for their vehicles. This
would reduce their transportation costs and increase their independence from third parties.
Although these mobile reactors were supposed to be used in the 1980s, they were never
realized [79].

Today, the main concerns are more focused on carbon-free emission fuels, and for that
reason, ammonia is again becoming an interesting area for development [79]. Ammonia is
widely recognized as the most viable option to reduce GHG emissions in large-scale internal
combustion engines and power generation, which is listed in the related literature [80]. This
is because the low energy density of current battery technologies makes electric propulsion
impractical in these sectors [14].

As an emission-free fuel, ammonia has a lower volumetric and mass density than
most commonly used hydrocarbons in the fuel industry (Figure 6). However, the difference
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is within one order of magnitude. Its gravimetric energy density is also lower than that
of hydrogen, but it has lower storage and safety costs [14]. These characteristics increase
its competitiveness against hydrocarbons and H2. Ammonia is the primary nitrogen fuel
currently being studied in automotive powertrains [79]. Most research focuses on ammonia
alone or dual fuel solutions for both types of engines: spark ignition engines (SI) and
compression ignition engines (CI) (see Figure 7). Because ammonia is also considered a
good source of hydrogen carriers, it was also researched for use in fuel cells (ammonia
fuel cells and hydrazine fuel cells). In the following section, the focus is on NH3-fueled
combustion engines and their optimizations.

Figure 6. Comparison of ammonia energy densities to other fuels [64].

Figure 7. Different technologies paths to be used for vehicular propulsion using nitrogen-based fuels.

6.1. Hydrogen-Based Fuels in Transport Industry

Currently, alternative fuels such as ammonia, methanol, and hydrogen face marginal
use in the transportation industry. In onshore transportation, the use of ammonia is
completely unheard of, and the most popular solution is hydrogen, which is mainly used
in fuel cell systems. Currently, hydrogen-powered cars or trains with internal combustion
engines are not available on the market. However, such attempts have been made in the
past, but none of the solutions have taken off on a large scale, and they are not available on
the market. Fuel cells are more popular in car transportation. PEMFC has already been
applied, and it is the only fuel cell technology used on an industrial scale in that sector.
However, in 2019, only three public cars powered by hydrogen-fed PEMFC were available
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on the market: (i) Hyundai ix35 FCEV (100 kW), (ii) Toyota Mirai (113 kW), and (iii) Honda
Clarity (100 kW) [81].

Buses have slightly higher propulsion power requirements than cars. In this sector,
the power demand is up to 300 kW, and the use of hydrogen and fuel cells is more common
there than in public cars. The reason is more support programs, for example, JIVE I,
JIVE II [82], that affect the popularization of hydrogen-powered urban transportation. This
stimulates the industry to introduce new solutions. The last onroad area is heavy-duty
transport. The power demand in that sector varies from 30 kW to 500 kW. This large
power range is related to the fact that some of the supporting systems can be powered by
a separate energy source, which makes it possible to reduce CO2 without making global
technological changes in the truck. In 2023, in connection with the H2Haul EU co-financed
project, 16 new heavy-duty hydrogen PEMFC trucks manufactured by IVECO and VDL
should appear on EU roads [83].

When discussing onshore transportation, the railway sector should not be omitted.
Non-electrified sections of railway lines are a significant problem across Europe. In 2013, a
map of nine main EU rail transport lines was presented, almost 50% of which are used by
trains powered by diesel engines [84]. The power of diesel engines used in locomotives
ranges from 1to 3 MW [85,86]. Reducing fossil fuel consumption requires technological
changes in this part of the transportation sector as well. The capacity needed to power
locomotives is up to several times higher than that required for road transport. In 2018, the
first German hydrogen-powered passenger train entered service. The total power rating of
the two fuel cell installations is more than 600 kW. The solution is based on compressed
hydrogen, and, as shown above, it has a lower volumetric power density than ammonia.

The power requirements for land transportation are in the range of 30–500 kW for
road solutions and up to several MW for rail solutions (Figure 8). Currently, this market
is occupied by internal combustion engines fueled by fossil fuels, but the latest trend
(in addition to unannounced battery solutions) points to the slow deployment of hydrogen-
powered PEM fuel cell systems. However, as outlined in earlier chapters, ammonia does
not appear to be a worse fuel than hydrogen in terms of power density. On the other hand,
the use of ammonia faces technological problems from the perspective of implementation,
whether in fuel cells or in internal combustion engines. The following subsections dis-
cuss the potential advantages and disadvantages of the selected ammonia-fueled energy
conversion technologies.

Figure 8. Power demand for selected types of ground transportation from the perspective of fuel cell
deployment based on [81–86].

6.2. Internal Combustion Engines (ICE)—Issues Related with Ammonia as Fuel Source

The use of ammonia as a fuel in combustion systems faces several practical challenges.
These challenges arise due to NH3’s poor ignition quality, high autoignition temperature,
and low flame speed. NH3 has a Research Octane Number (RON) greater than 130,
which is considered poor and a high autoignition temperature of 924 K. Its flame speed
is also significantly lower than that of conventional fuels and alcohols, about one order
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of magnitude, and three times lower than that of H2. Furthermore, NH3 has narrow
flammability limits in air and a very high Minimum Ignition Energy (MIE) of 680 mJ
compared to other fuels (Table 4). Furthermore, NH3 has a high latent heat of vaporization
of 1370 kJ/kg, which is much higher than that of ethanol, LH2, and gasoline. This high latent
heat of vaporization can lead to a drastic decrease in combustion temperature when NH3 is
injected in engines, resulting in incomplete combustion and loss of engine efficiency [14].

Table 4. Combustion properties of ammonia and other fuels [14].

Fuels Octane [RON] Flame Velocity
(m/s)

Flammability Limits
(vol%)

Minimum Ignition Energy
(mJ)

Autoignition [AIT]
(°C)

NH3
1 bar/−33 °C >130 0.07 15–28 680 651

NH3
300 bar/25 °C

H2
1 bar/−253 °C >130 3.25 4.7–75 −0.02 500

H2
300 bar/25 °C

Diesel
1 bar/25 °C <20 −0.8 0.43–0.6 −0.02 210–350

Gasoline
1 bar/25 °C 100 0.41 0.6–8 −0.14 247–280

Methanol
1 bar/25 °C 109 0.56 6.7–36 0.14 470

Ethanol
1 bar/25 °C 109 0.58 3.3–19 0.6 365

Under normal conditions, the combustion of ammonia typically leads to the forma-
tion of higher levels of nitrogen oxides compared to other fuels. These nitrogen oxides
consist mainly of nitric oxide (NO) and nitrogen dioxide (NO2). These pollutants are both
chemically and radioactively active, contributing to the greenhouse gas effect and playing
a significant role in the formation of acid rain [87]. The issue of NOx emissions is described
in detail in the next section.

To achieve stable combustion in the chamber, it is necessary that ammonia be present
in vapor form. This requires the design and implementation of onboard systems capable of
vaporizing and cracking ammonia to increase the flame speed and combustion ratio [88].
Such systems may include various components, such as vaporizers, catalysts, and reactors,
that work together to ensure efficient and effective combustion of ammonia in the desired
application. As described in Section 3, ammonia can also react with materials and lead to
corrosion. The proper design and operation of these systems are critical to ensuring safe
and reliable performance [13].

6.3. Spark Ignition Engines

Internal combustion engines (ICEs) can be divided into spark ignition engines (SIs) and
compression ignition engines (CI). Both engine types were tested with ammonia as a fuel.
One of the first research papers dedicated to SI was Cornelius et al. [89], who examined the
combustion of neat gaseous NH3 in a SI engine. Liquid ammonia was vaporized and then
injected into the intake manifold to mix with the intake air. The start of ignition (SOI) of the
NH3 engine had to be advanced by a crank angle (CA) of approximately 100◦ before the top
dead center (bTDC) to achieve stable engine operation. However, even with advanced SOI,
the indicated thermal efficiency (ITE) of the ammonia engine was approximately 12% lower
than that of neat gasoline engines running at 2400 RPM. Furthermore, the NH3-fueled
engine was only capable of operating up to 2400 RPM due to the low reactivity of NH3.

These findings suggest that further research and development are necessary to improve
the performance and efficiency of NH3-fueled engines, which are listed and described in
Table 5.
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Table 5. Spark Ignition engines optimization summary [11].

Description Advantages Disadvantages

neat ammonia [89]:
- air mixing - better engine stability and better efficiency - efficiency lower than gasoline engines

- can only operate up to 2400 RPM

- turbocharging - output power comparable with gasoline engines

- increased CR - extends engine operating speed to 4000 RPM

fuel blending:
- with H2 [89,90]

- reduces unburned NH3 emission;
- efficiency competitive to neat gasoline engine

- efficiency declined below 3000 RPM.
- N2O emissions increased

- with gasoline [91] - satisfactory engine stability and performances

- with gasoline &
methanol/ethanol [92] - performance at >3500 RPM better than baseline fuel

dissociating NH3
by hot exhaust gas [16]

Compared to engine without NH3 dissociation:
- engine brake power elevated
- NOX emission lowered
- NH3 slip and CO emissions lowered.

- additional NH3 dissiociating installation

dissociating NH3 by Hydrogen
Generation System [93]

- at 3000 RPM nearly identical efficiency to gasoline
- at >3000 RPM efficiency engine remained
- NOX emission lowered to the gasoline engine

- additional NH3 Hydrogen Generation
System installation

decomposed NH3 mixing
with gasoline [89] - increasing flame speed and combustion stability - additional NH3 decomposing installation

separate injection NH3 and H2 [94] - good power response to a neat gasoline engine - NOX emissions increased

NH3 direct-injection blended
with gasoline [16,95] - higher engine power. - fuel efficiency lower to gasoline/NH3

Recent research has demonstrated that a mixture of ammonia and hydrogen can power
an SI engine. In this mixture, ammonia serves as fuel, while hydrogen acts as a combustion
promoter generated by an on-board catalytic reactor [93]. The heat produced by the engine
exhaust gases maintains the hydrogen at a working temperature, preventing the cracking of
ammonia. This process is significantly more beneficial than pure ammonia injection, but it
leads to higher combustion temperatures and correspondingly higher NOx emissions [13].

6.4. Compression Ignition Engines

The CI engine is a type of piston machine that is commonly used for power generation,
and it has a higher compression ratio (CR) (14–25) and thermal efficiency (eta: 45–55%)
than SI engines (CR: 8–12, η: 28–42%). The annual installed capacity for CI engines is
approximately ten times higher than that of SI engines. Unlike the SI engine, combustion
in the CI engine occurs in four distinct stages: ignition delay, premixed burning, mixing-
controlled combustion, and afterburning. The presence of NH3 influences the combustion
process at each stage and the subsequent reaction [11].

In recent years, many developments have been implemented in CI engines and new
solutions have been designed for better engine performance; a summarized list of different
solutions and their corresponding advantages and disadvantages is presented in Table 6.

Table 6. Compression Ignition Engine optimization summary [11].

Description Advantages Disadvantages

advanced Start of Ignition (SOI) [96,97] - enhanced engine heat release rate
- increased cylinder pressure - higher NO emissions

retarded fuel injection timing [98,99] - NO emission reduction - increase of unburned NH3

aqueous ammonia [100–102] - improved performance
- reduced HC, CO, NO emissions

- increase noise level
- higher CR for stable operation

blending NH3 with fossil fuels - enhanced engine heat release rate - increased NO emissions

oxygenated fuels [103–106] - HC, CO emissions reduction - lower efficiency

ammonia decomposition [107–109] - HC, CO emissions reduction - lower efficiency

Using a retarded fuel injection timing for aTDC is not an effective way to improve
NH3 combustion in CI engines. While this method can significantly reduce NOX emissions,
it also causes a significant increase in unburned NH3. Aqueous ammonia is a better option
to improve engine performance and emissions. However, it is important to note that the
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use of aqueous ammonia is likely to increase engine noise because of the higher heat release
in the premixing burning stage. When NH3 is blended with fossil diesel, it often leads to an
improved engine heat release rate (HRR) but higher NOx emissions. In general, combustion
and emissions of NH3 can be improved by optimizing the mass flow and timing for the
pilot and main injection, resulting in a simultaneous reduction in N2-based emissions and
an increase in engine HRR [11].

6.5. Summary

To aid the decarbonization of the energy sector and encourage the widespread use
of hydrogen, the use of ammonia directly as fuel, partially decomposed or mixed with
other fuels, can have numerous advantages. Ammonia is an attractive, sustainable fuel
and energy carrier due to its high volumetric energy density (in comparison to hydrogen)
and well-established production and transportation infrastructure. However, the use of
ammonia in combustion presents several significant challenges, such as low flame speeds,
narrow flammability limits, and a tendency to form NOx.

There are no mass-produced vehicles that use ammonia as a fuel source today, but
there are already some working solutions using this carbon-free fuel. However, the concern
of MAN, which is also the main manufacturer of trucks in Europe, works on improving
combustion engines to burn ammonia [110]. The research and development of the tech-
nology are being performed with a view of implementation in the maritime industry, but
it involves internal combustion engines, which raises the potential for implementation in
other transportation sectors as well.

There are some working automobile solutions with ammonia as a fuel source. At a
news conference held on 27 April 2015 at Pinehurst Farm in Blairstown, Iowa, the first
tractor operating on renewable fuels was unveiled. This tractor has the ability to run on
hydrogen gas or ammonia, which is mixed with a small amount of hydrogen [111].

Another ammonia-powered car was the Marangoni GT 86-R Eco Explorer presented
at the Geneva Motor Show in 2013. The Eco Explorer was a modification that enhances
the appearance and performance of the Toyota sports coupe while also bolstering its eco-
friendly features. Marangoni achieved this by installing an LPG tank below the boot,
allowing GT 86 to utilize compressed ammonia as fuel, resulting in a range of 111 miles
without generating any CO2 as ammonia does not contain carbon. Additionally, the vehicle
can be switched back to gasoline power for an exhilarating driving experience [112].

Looking at TRL makes it evident that, during WW2, ammonia-powered buses were
on the TRL = 9, as proven in operation in the environment. Still, it was only temporary
until the return to fossil fuels was more efficient and less hazardous. Today, this technology
has been demonstrated in single prototypes and can be considered at TRL = 7.

6.6. Fuel Cells—Current State of Development

During the past two decades, the popularity of fuel cells in the industry has been
steadily increasing [113]. The most popular types of fuel cells are proton exchange mem-
branes, alkaline, phosphoric acid, direct methanol, molten carbonite, and solid oxide, which
ae abbreviated as PEMFC, AFC, PAFC, DMFC, MCFC, and SOFC, respectively. Each of the
technologies is characterized by a different purpose and method of operation, and their
strengths and weaknesses are widely described in the literature [114].

In 2021, the total capacity of fuel cell systems was estimated to be 2330.4 MW [115].
As shown in a report from 2019 [113], a number of large-scale (>200 kW) stationary fuel
cell units has grown continuously. Between 2007 and 2017, a 10-fold increase (from around
80 MW to almost 800 MW) in installed capacity was recorded. During this period, an
increase in power was observed in stationary installations, mainly for MCFC, PAFC, and
SOFC [113]. The highest increase was recorded for SOFC. Fuel cell technologies are the
most popular in the USA and Korea [113]. Only in 2019 were two stationary SOFC system
projects with power 80 and 100 MW assigned in Korea [116]. However, when fuel cells are
discussed, one cannot forget the huge market share occupied by PEMFCs. This technology
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is used more often in smaller units, portable applications, or in transportation [114,117].
In 2022, according to Polaris Market Research, the global fuel cell vehicle market was
estimated at 1.51 billion USD and was occupied mainly by PEMFCs. It has been predicted
to increase to 62.88 billion USD by 2032 [118]. The possible use of fuel cells is being
considered in almost all modes of transportation, considering trains, ships, and even
airplanes [21,114,117,119]. The use of fuel cells is in line with the growing popularity of
using hydrogen and other alternative fuels such as ammonia.

6.7. Selected Methods of Supplying Fuel Cells with Ammonia

As mentioned above, the energy source in NH3 is hydrogen. During combustion, it is
accompanied by high temperatures that allow ammonia to decompose and oxidize. Because
of the mentioned problems related to poor ignition quality, high auto-ignition temperature,
and low flame speed, fuel cells are an interesting technology to consider for converting
ammonia to electricity since they do not involve typical combustion but electrochemical
reactions. In the case of fuel cells, NH3 must be decomposed into molecular hydrogen,
which is then involved in electrochemical processes. The decomposition of ammonia
(cracking), depending on the catalyst, occurs at temperatures ranging from 350 ◦C to
800 ◦C [120]. For this reason, unlike SOFCs, low-temperature fuel cells (e.g., PEMFCs,
AFCs) require an external reactor to decompose ammonia to (H2 and N2) and a cooler to
deliver them to cells at operating temperature [121].

The use of NH3 in the selected fuel cell technology requires various auxiliary com-
ponents in the fuel processing system. Figure 9 shows possible configurations of selected
ammonia-fueled fuel cells. Ammonia decomposition can be carried out in a reactor as an
endothermic cracking process or as an autothermal process with partial hydrogen combus-
tion. In the second case, nitrogen and sulfur oxides or CO2 can be supplied with the air
to the reactor. If the gases are not purified, they can poison the fuel cells. Furthermore, in
the autothermic decomposition process, that is, partial combustion, there is a chance of
the appearance of nitrogen oxides, which can adversely affect the operation of PEM-type
cells [122]. CO2 can be dangerous for AFC, and sulfur can poison SOFC [123]. For this
reason, additional filters are required in installations.

Figure 9. Suggested possible configurations of selected ammonia-fed fuel cells based on collected
information on limitations in selected technologies [120–129].

The main advantage of SOFC cells is that the high nickel content of the anode substrates
means they do not require a cracker [124–128]. Likewise with the AFC, however, if the
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performance of SOFCs fueled by ammonia is very similar to that of a hydrogen-fueled
one, then the AFC performance is rather low [129]. On the other hand, ammonia poisons
PEM cells [130]. On this basis, it can be concluded that in order to use NH3 in AFC or
PEMFC systems, additional components are required to enable proper fuel processing. In
addition, the cells themselves do not require technological changes, which allows us to
conclude that the PEMFC technology implemented already in transportation is ready for
the use of NH3, while the entire system needs to be redesigned, and this can block ammonia
implementations in these solutions. On the other hand, taking into account the number of
additional elements which must be used in such a system, as well as the NH3 cracking and
operating temperatures of the fuel cells, it seems optimal to use SOFC technology powered
indirectly or directly by ammonia. According to the IEA, ammonia-fed SOFC electric
vehicles are at a 4–5 TRL level [131], but no TRL information was found for ammonia-fed
PEMFC or AFC systems.

6.8. Ammonia-Fed Solid Oxide Fuel Cells

Currently, there are few companies on the market that produce SOFCs or energy
systems based on them. Most of the proposed SOFCs are on a small scale of 1–10 kW,
that is, in a range that does not meet the current requirements in the transport sector.
Based on the sources found, only five companies’ SOFC systems offer solutions below and
above 100 kW [132–135]. A market review paper appeared in the NAUTILIUS project,
which collected data on the power density of fuel cell stacks, as well as systems offered
on the market. A comparison of SOFC and PEM technologies and a comparison with
a typical 500 kW diesel engine is shown in Table 7. The summary notes that PEMFC
and SOFC systems are competitive with diesel engines in terms of power density. It is
worth noting, however, that the NAUTILUS comparison encountered limited data on the
gravimetric energy density of both PEMFC and SOFC fuel cell stacks. This can be seen,
among other things, by comparing the energy density of PEMFC systems versus stacks.
The maximum energy density of PEMFC stacks from sources found by NAUTILUS is lower
than the maximum energy density of the systems. This is related to the limited information
provided by manufacturers. However, the comparison shows what power densities can be
expected from fuel cell systems, which are likely to become more common on the market.
The maximum achieved electrical efficiencies of both cell-based systems exceed 50% for
SOFC stacks reaching up to 65%. However, the performance of hydrogen-powered stacks
is compared with that of an example 500kW diesel engine. Due to the absence of fuel cell
systems as well as ammonia-fueled engines on the market, this comparison only indicates
that cell technology has a high potential to replace combustion technologies [115].

Referring to previously gathered information about the construction of NH3-powered
and fuel-cell-based systems, installing additional equipment including an NH3 reactor will
lower their power density. Therefore, due to the fact that a standard method of ammonia
decomposition occurs in the presence of a nickel catalyst at >550 ◦C, SOFC technology is
more convenient for discussion than PEMFC [136].

Table 7. Comparison of SOFC and PEMFC technologies fed by hydrogen with an example 500 kW
Diesel engine [115,137].

Technology
Volumetric Power Density,

kW/m3
Gravimetric Power Density,

kW/t
Efficiency,

%

SOFC stack 200–400 <100 -
SOFC system 2–100 <70 35–65
PEMFC stack 50–200 100–600 -
PEMFC system 4–500 10–500 40–60
Diesel engine (500 kW) 235 330 -

Studies of ammonia-fed SOFC stacks are constantly appearing in the literature. In 2015,
Cinti and Desideri [138] presented an experimental analysis with a 0-dimensional model
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(including heat exchangers, an SOFC stack, and an afterburner) to determine the efficiency
of a system based on an SOFC cell stack fueled by urea, which decomposes into ammonia,
among other things, during the decomposition process. The total efficiency of the modeled
system, depending on the fuel utilization factor, reached 65% at 800 °C. Okanishi et al. [139]
conducted a comprehensive study on a cell stack (NiO-YSZ anode materials, ZrO2-based
electrolyte) at 770 ◦C. In the study, the analysis was carried out for three methods of fuel
processing—direct stack supply (DIC), ammonia cracker, and auto-thermal cracker, in
which ammonia is decomposed to hydrogen in the presence of trace oxygen, which leads to
the partial conversion of hydrogen to steam, allowing it to maintain constant temperature
in the reactor. Due to the steam supply to the stack, the performance with the autothermal
cracker was lowest, especially for low currents. However, at high loads, they showed that
power densities were comparable to the case with an internal cracker. The stack showed
the highest performance for hydrogen. In a 1000 h test, the operation of the ammonia-
fueled stack was stable and did not show more degradation over time than hydrogen [139].
The researchers then conducted analyses on a 30-cell 1 kW class stack; both tests did not
show negative effects of ammonia on the cells, and the researchers did not observe NH3
emissions [125]. In 2018, results were published [140] on a short stack of SOLIDpower
S.p.A. in cells with a Ni-YSZ/YSZ/GDC/LSCF-GDC configuration. The stack was fed
with ammonia distributed in a cracker to N2 and H2. Experiments were conducted at
700 ◦C, 750 ◦C, and 800 ◦C. A power density of 375 mW/cm2 was achieved, and the energy
conversion efficiency of the cell based on the numerical model was 67%. One of the most
recent studies published by Quach et al. [141] was also performed on a mixture of N2- and
H2-simulated ammonia. The experiments were performed on a 2.5 kW class stack. This
shows interest in the use of ammonia in SOFC stacks. This coincides with an increase in
the number of cells used to build the stacks under study. This indicates an ever-increasing
interest in the subject and carries great potential for technology development in the coming
years. Table 8 collects the data of tests performed on ammonia. It can be seen that the
electrical efficiency of the NH3-fueled stacks matches the electrical efficiency of the H2-
fueled SOFC systems compiled in Table 7. It is assumed that the efficiency of the systems is
lower, as power is required for auxiliary equipment. However, this does not change the
fact that the efficiency of ammonia-fueled SOFC stacks can exceed 60% efficiency.

Table 8. Studies on ammonia-fueled stacks.

Material
Stack Power

Class,
W

Stack Electrical
Efficiency,

%

Noted Power
Density,
mW/cm2

Anode Support
Thickness,

µm

Electrolyte
Thickness,

µm

Temperature,
◦C

Number
of Cells,

-

Cell Active
Area,
cm2

Ref.

Ni-YSZ/YSZ/LSM 75 30–65 240 1500 8–10 800 4 80 [138]
Ni-YSZ/YSZ/LSM 75 30–65 240 1500 8–10 800 4 80 [142]
NiO-YSZ/YSZ/not specified 200 - 210 1000–1100 7–13 770 10 95 [139]
Ni-YSZ/YSZ/GDC/LSCF-GDC 100 67 375 240 8 800 6 48 [140] *
Ni-YSZ/YSZ/GDC/LSCF-GDC 100 52.1 360 240 8 750 6 80 [143]
Ni/GDC/10Sc1CeSZ/LSM/ScSZ 200 - 180 40 ** 165 840 10 127 [144]
Ni-YSZ/YSZ/LaNiO-based
perovskite material 1000 - 368 1000–1100 7–13 750 30 95 [125]

* Tests were conducted on simulated gas (H2 + N2). ** These studies use a stack with the electrolyte acting as a
support, rather than support in the form of an anode layer.

6.9. Summary

As shown, the transition from hydrogen to NH3 for fuel cell systems may not be
straightforward, as it involves problems such as the requirement of additional equip-
ment to reduce the energy density of the system, fuel cell poisoning, and temperature
incompatibility. SOFCs are the best candidate for using NH3 as fuel. The IEA states that
the ammonia-fed SOFC fuel cells that power electric vehicles are at a readiness level of
4–5 [131], and there is no information on TRLs for other types of fuel cells. However, the use
of SOFC stacks in short-distance transportation appears to be impossible with the current
development of this technology. SOFC stacks work mainly in stationary solutions, where
frequent load shifting or frequent blanking is not required. Therefore, this technology has
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much more potential for implementation in the far sea or in rail freight transportation.
Currently, it seems that the use of ammonia in land transport using fuel cells brings great
challenges, especially from the perspective of powering road transport, while not bringing
many benefits.

7. Ammonia Fuel in the Context of Clean Air Policies

For many of the reasons described above (see Section 1), ammonia is being researched
and developed as a carbon-emission-free fuel. In addition to removing CO2 emissions
from transport, reducing emissions of air pollutants is an equally great challenge, as
they are one of the greatest threats to humanity today [145]. Exposure to air pollution
of particulate matter up to 2.5 µm in diameter (PM2.5), nitrogen dioxide (NO2), and
ozone (O3) is associated with a reduced life expectancy due to the increased risk of heart
disease, stroke, and chronic obstructive pulmonary disease. There is also an apparent link
between exposure to air pollution and diabetes and Alzheimer’s disease [146]. According
to the latest recommendations of the World Health Organization (WHO) air pollution
recommendations, in 2019, 97% of the urban population in Europe was exposed to PM2.5,
94% to NO2, and 99% to O3 [147].

People who live near highways with high traffic experience increased health risks from
traffic pollution [148,149]. According to calculations based on 2014 data [150], the trans-
portation sector accounted for 8.6% of global PM2.5 emissions, contributing to 330,000 pre-
mature deaths and 891 billion USD in economic losses annually [151]. Despite the absence
of tailpipe emissions of PM from electric or fuel cell cars, it is still emitted primarily through
resuspension, brake wear, and friction with the road surface [152]. Studies show that the
non-exhaust emission of PM in electric cars is higher than the total dust emissions from
gasoline or diesel cars with EURO 6 standards. Considering the different types of roads, it
can be higher by 7–12%, with reference to internal combustion engines [153]. It is related
to the increased weight of electric cars due to the application of batteries. Given that cars
using ammonia will also have fuel cells installed along with the battery, the weight of
the car may be similar to or even greater than that of an EV. This may contribute to even
greater non-exhaust emissions. However, due to the inability to compare the weight of
similar vehicles, the lack of knowledge of the technology used in the braking system and
other variables, estimating emissions is affected by a high level of uncertainty. It is worth
remembering, however, that emissions from pre-EURO 5 passenger cars have significantly
higher particulate matter emissions into the air than those with fuel cells, as a result of fuel
combustion, mainly from diesel engines [154].

In Europe, the transportation sector accounts for 48% of total nitrogen oxide emis-
sions, and in the US, the rate is 41% [155]. It is notable that diesel vehicles are responsible
for most of these concentrations due to their relatively higher share of NOX emissions
compared to gasoline-powered engines, especially in cars with emission standards lower
than EURO 5 [156]. NOX is a pollutant of particular importance because it acts as a
precursor to the formation of O3 and secondary PM2.5 particles. Studies indicate that
vehicles that use ammonia as fuel in the catalytic combustion process emit nitrogen
oxides [157]. NOX concentrations in untreated diesel exhaust are typically between 50
and 1000 ppm (particles per million). In vehicles using ammonia combustion, NOX
emissions range from 0 to 6 ppm, depending on the combustion temperature and catalyst
used [158]. With the technology of using ammonia as a fuel for fuel cells, there are no
emissions of nitrogen oxides [143]. This type of technology would be more beneficial in
terms of reducing NOX in the atmosphere.

Although ammonia is being explored for use as a low-carbon fuel for transportation,
it is important to remember that atmospheric ammonia emissions are considered a political
and scientific problem because they pose health and environmental risks. NH3 is extremely
volatile and highly toxic to humans, as mentioned in Section 3. Agriculture is the largest
source of global NH3 emissions, accounting for 81%. Ammonia emissions pose a significant
threat to urban air quality due to their important role in secondary particle formation [159].
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Chemical reactions in the atmosphere involving ammonia contribute significantly to the
formation of PM2.5 [160]. NH3 is responsible for half of the PM2.5 pollution in Europe
and 30% in the US [161], and ammonia-derived aerosols account for a large share of total
PM [162]. Given these toxic effects of ammonia, NH3 emissions from the road transport
sector are significant. The new emission standards being introduced for vehicles also have
a direct impact on reducing ammonia pollution [163]. NH3 emission rates for gasoline
engines range from 300 to 470 ppm, for diesel vehicles from 340 to 500 ppm, and for
vehicles powered by other fuels from 290 to 600 ppm. In the case of using a dual-fuel
compression ignition engine with ammonia and diesel, the concentration of unburned
ammonia in wet exhaust ranged from 7 ppm for the diesel-only case to 14,800 ppm for the
maximum contribution of ammonia energy (84.2% of the energy input) [164]. Using solid
oxide fuel cells, ammonia emissions have been observed in the range of 40–250 ppm [143].
It is important to note that SOFC-based systems typically use an additional post-reaction
gas afterburner, such as a catalytic burner, where the ammonia can further decompose. In
addition, most of the studies mentioned in the previous section using ammonia as fuel also
presented a solution with an additional ammonia reactor upstream of the fuel cell stack.
Such solutions mean that there should not be any NH3 emissions in the target applications.

Summary

The use of ammonia in combination with another fuel (gasoline or diesel) does not
solve the problem of total reduction in nitrogen oxides, and in some cases, these are higher
for combustion cars meeting EURO 6 emission standards. If ammonia fuel cells are applied,
NOx emissions do not occur, which is beneficial from the point of view of improving air
quality. Cars powered by fuel cells can contribute to the same or even higher PM emissions
compared to combustion cars with EURO 5 standard and above, as mentioned before. This
is caused by the greater non-exhausted emission due to the significantly higher weight of
the cars powered by fuel cells. In addition, the amount of PM emissions resulting from
the combustion of ammonia in conjunction with other fuels has not yet been estimated.
Due to the strong toxicity of ammonia indicated above, a more detailed analysis of NH3 air
emissions from cars using ammonia as fuel is needed. There is still great uncertainty in
assessing the impact of these types of vehicles on air pollution. Some indirect emissions,
for example, the health effects of ammonia fumes escaping during vehicle refueling, are, to
the best of our knowledge, unknown.

8. Summary: Indication of the Strengths and Weaknesses of Green Ammonia as a Fuel
and Further Research and Optimization Directions Required

The article presents an analysis of the challenges associated with the use of ammonia
as a fuel. Despite the demonstration of a large number of challenges, it should be noted that
all of them are already technically mastered in other industrial sectors. These challenges
are no greater than those associated with other types of fuels commonly used today, but
they are simply different and require a different approach. The main barrier blocking the
widespread use of ammonia as a fuel is not the risks associated with it but the lack of
appropriate legislation regulating such a process. Therefore, the immediate step should be
to develop such regulations; unfortunately, the maritime sector remains the only sanctioned
one in this respect so far, and there is no information about ongoing work in this direction
in other transport sectors.

In terms of ammonia production, it has to be pointed out that current ammonia
technologies are completely mature, but in the current pathway, they cannot be consid-
ered green. Therefore, the challenge is mainly related to providing renewable energy for
the production of green ammonia. The CAPEX of this conversion is reported to be very
high, which can be considered a potential roadblock. Furthermore, based on the available
techno-economic analyses of green ammonia plants, it can be expected that the price of
green ammonia will exceed the current ammonia prices by 100–200%. This will definitely
limit the application of ammonia as a fuel in road transport. Despite the significant chal-
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lenges summarized above, the greatest threat, in the authors’ opinion, remains possible
interference with other ammonia-dependent markets, especially the agriculture and food
sector, which have a very severe impact on food prices and availability. To proceed safely
with the development of new ammonia-demanding sectors, the protection of ammonia
supplies can be required for such strategic and high-priority sectors as agriculture and
food production.

Ammonia storage tanks indicate an advanced maturity of the technology. However,
these solutions are primarily tailored for the refrigeration and fertilizer industries. For
the use of ammonia in onshore transport energy production, existing infrastructure needs
adaptation and modernization. Given the similarity of the thermodynamic parameters
between ammonia and LPG, LPG facilities could potentially be repurposed for ammonia
storage, provided they are equipped with additional safety systems. This adaptation is
crucial for the safe and efficient use of ammonia in the energy sector. Despite the high TRL
of current ammonia storage solutions, their conversion to new energy applications will
require further innovation and modification.

Ammonia as a fuel source has already been implemented on a mass scale during WW2,
and nowadays, there are single-working prototypes with better engine efficiency. Most of
those implemented automobiles were based on dual fuel solutions due to poor ammonia
combustion properties that lead to low engine stability. Due to this fact, vehicles with
combustion engines working only on ammonia do not seem to also be introduced for mass
transportation. The dual-fuel operation brings with it an increase in system complexity;
however, it is not exclusionary, as best exemplified by cars running on gasoline and LPG.
Although in these solutions the engine usually operates interchangeably in single-fuel
modes, it has the equipment to process both fuels. However, the downside to this solution
can be drawn from the fact that it will not result in an elimination of CO2 emissions but
only in their reduction, even contributing to an increase in NOX emissions. Therefore, the
use of ammonia has benefits but does not appear to be a game changer.

Fuel cells are increasingly resonating in the energy market. However, they are currently
adapted to operate with hydrogen and possibly methane. As the review showed, design
changes are required to implement ammonia in fuel cell systems. The expansion of current
systems used in the on-road industry seems irrational. The first reason is that the market is
mainly taken over by PEM cells, which are not temperature-compatible with the ammonia
cracking process required to be carried out before the fuel is delivered to the cell stacks. The
second is the required expansion of the system by several components, which ultimately
reduces the gravimetric and volumetric energy density, acting negatively on the potential
size of the cars, as well as the economics of their production. The difference in the operating
temperature of cells and the cracking of ammonia can be eliminated using SOFC cells.
However, the operating characteristics of SOFC-based systems appear to be unsuitable
for on-road applications. The long system start-up time and the limited ability to operate
in the dynamic change mode make SOFC a candidate for long-distance transportation
applications, mainly marine and possibly rail, rather than on-road solutions. Compiling
information on the powering of internal combustion engines and fuel cells, it seems that
the use of ammonia in land transportation, especially road transportation, brings far more
challenges than gain from the transformation of the fuel sector. However, it should be
noted that if the changes aim to reduce the amount of unhealthy substances released into
the atmosphere a few centimeters above the ground, it is understandable to push for new,
safer solutions.

This paper also discusses the use of ammonia as a potential carbon-free fuel in the
transportation sector, with a focus on its impact on air pollution. Hazardous pollutants such
as PM2.5 and NO2 are considered, which are associated with many health problems. The
transportation sector is identified as a significant contributor to these pollutants. Ammonia
as a fuel significantly reduces CO2 emissions and could be a step towards carbon-neutral
transportation. Vehicles using ammonia fuel in catalytic combustion processes produce
very low NOX emissions compared to diesel and gasoline vehicles, which can also help
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reduce ozone and secondary PM2.5 particles. The use of SOFC technology eliminates
NOX emissions, providing another potential advantage of ammonia over conventional
fuels. However, co-firing with other fuels does not solve the problem of reducing NOX
concentrations, reducing the effectiveness of ammonia as a low-emission fuel. Moreover,
fuel cell vehicles may emit more particulate matter than vehicles with internal combustion
engines with EURO 5 and older due to higher non-exhaust emissions. In addition, due to
the high toxicity of ammonia, their increased use in transportation could pose a significant
risk to public health and the environment. More research is needed to quantify and reduce
non-exhaust emissions from heavy electric or fuel cell vehicles, including those powered
by ammonia. Further studies are required to assess the impacts of NH3 emissions from
vehicles that use ammonia as fuel due to its high toxicity. While SOFC technology is
promising, more work is needed to optimize its performance and reduce the potential for
PM emissions. Since co-firing does not adequately reduce NOX emissions, other methods
of combining ammonia with conventional fuels need to be investigated. This could also
include exploring advanced after-treatment technologies to reduce NOX emissions from
co-fired engines.

The prospects of using green ammonia as a fuel are not obvious. Although ammonia
has already been used to power internal combustion engines for many decades, its proper-
ties are incomparably less favorable than those of crude oil, gasoline, methane, or LPG, in
terms of both possible performance and safety. This requires the installation of additional
systems and more expensive materials, which may affect the price, lifetime, and comfort
of use. An interesting alternative seems to be the use of ammonia to power fuel cells, but
further research is required here. However, the most important issue may be the negative
impact of the massive use of ammonia as a fuel on food prices, as ammonia is essential for
food production.

Author Contributions: Conceptualization, M.C., M.L., K.M., Z.M., D.P., P.P., Z.R., M.S., M.L., K.M.,
Z.M., D.P., P.P., Z.R. and M.S.; writing—original draft preparation, M.L., K.M., Z.M., D.P., P.P., Z.R.
and M.S.; writing—review and editing, M.L., K.M., Z.M., D.P., P.P., Z.R. and M.S.; visualization, M.L.,
K.M. and Z.R.; supervision, Z.R. and Z.M. All authors have read and agreed to the published version
of the manuscript.

Funding: The work has been partly funded by National Fund for Environmental Protection and
Water Management in Warsaw, Poland. The work has been supported by statutory funds

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: From the Polish Ministry of Science and Higher Education.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

AFC Alkaline Fuel Cell
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CI Compression Ignition
CNG Compressed Natural Gas
CR Compression Ratio
DMFC Direct Methanol Fuel Cell
EU European Union
EVI Electric Vehicles Initiative
FC Fuel cell
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GHG Green House Gases
HRR Heat Release Rate
ICE Internal Combustion Engine
IEA International Energy Agency
IMO International Marine Organization
IRENA International Renewable Energy Agency
LC Lethal Concentration
LCOA Levelized Cost of Ammonia
LD Lethal Dose
LNG Liquefied Natural Gas
LPG Liquid Petroleum Gas
MCFC Molten Carbonite Fuel Cell
MIE Minimum Ignition Energy
NIOSH National Institute for Occupational Safety and Health
OECD Organization for Economic Cooperation and Development
PAFC Phosphoric Acid Fuel Cell
PEMFC Proton Exchange Membrane Fuel Cell
PM Particulate Matter
RON research Octane Number
SI Spark Ignition
SOFC Solid Oxide Fuel Cell
TRL Technology Readiness Level
US United States
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