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Abstract: Because of the global increasing demand for energy, combustible fuels are widely used by
both home and industry. Today hydrocarbon dependency has led to huge environmental and health
risks from the emissions that they cause. As a result, hydrogen (Hz) and ammonia (NHs) have been
proposed as promising renewable and carbon-neutral energy carriers to mitigate COz emissions in
transport. For long-range applications like marine diesel engines, typical alternatives, such as battery-
electric, hybrid or fuel cell solutions, are simply too expensive and provide insufficient torque output.
The low auto-ignition propensity of ammonia necessitates the utilization of highly reactive fuels to
facilitate its combustion process, such as hydrogen. Ammonia as a marine fuel offers several benefits,
including the elimination of emissions of sulfur oxides (SOx) and particulate matter (PM). However,
newly published research suggests that significant combustion difficulties are faced while burning
hydrogen-ammonia blends, primarily due to the various ignition delays of hydrogen and ammonia,
which results in incomplete combustion and increased generation of nitrogen oxides (NOx) products
like NO, NOg, and N:O. This review thoroughly examines the properties of ammonia and hydrogen
as potential fuels for internal combustion engines (ICEs), discussing their physicochemical
properties, blending methods, and fuel injection techniques, while also identifying critical knowledge
gaps that need to be overcome to stimulate the evolution of H2-NHs fuels.

Keywords: ammonia-hydrogen fuel mixtures; internal combustion engine (ICE); sustainable energy;
combustion challenges of ammonia; emission reduction; fuel injection techniques

1. Introduction

There is no doubt that fossil fuels negatively affect human health and the environment in the
transport sector. These fuels emit massive amounts of carbon dioxide which cause a number of
environmental problems, such as the greenhouse effect, rising sea levels, and glacial melting [1,2]. To
address these challenges, the International Maritime Organization (IMO) aims to cut greenhouse gas
emissions from the maritime sector by at least 50% by 2050 [3]. The role of alternative fuels at carbon-
free transition, therefore, will serve to improve environmental quality and ensure a sustainable
energy. Though light-duty vehicle electrification presents an immediate answer for decreasing CO:
and other greenhouse gasses, this technology falls short in heavy-duty applications due to restrictions
such as low energy density and long battery charge times [4]. Thus, it is vital to move to cleaner fuels
such as ammonia and hydrogen to enhance environmental conditions and increase access to energy
sources. Both these fuels are eco-friendly alternative as they are either free from carbon and sulphur
and thus produce zero carbon emissions when burned [5].

Hydrogen-based fuel is increasingly being regarded as a good alternative fuel to consider for
end-use due to its wide flammability limits and high heat value per mass. However, significant
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barriers to incorporating hydrogen into fuel supply chains remain due to its low density and storage
and transportation challenges [6,7]. Hydrogen carriers such as ammonia, which are energetically
more dense and thus have a greater specific energy content than Hz gas or pressurized liquid, can be
used to tackle these challenges [8,9]. Furthermore, ammonia can be easily and safely stored [10,11]
and transported. Nevertheless, ammonia fuel still faces challenges; it possesses corrosive
characteristics and has unfavored combustion properties, that includes low laminar burning velocity
(LBV), high auto-ignition temperature, and narrow flammability limits (see Table 1) [5]. Even with
those sticking points, ammonia is thought to be safer than hydrocarbons or hydrogen, as leaks do not
pose the risk of an accidental fire or explosion.

Table 1. Some fuel proprieties of ammonia, hydrogen, and gasoline.

Species Units Ammonia Hydrogen Gasoline

Storage - Liquid Compressed Liquid
Lower heating value MJ/Kg 18.8 120.0 44.5
Laminar flame velocity m/s 0.015 3.51 0.58
Flammability limits, gas in air Vol.% 15-28 4.7-75 0.6-8
Autoignition temperature °C 651 500-577 230
Absolute min. ignition energy mg 8.0 0.018 0.14
Octane number - >130 >100 90-98
Minimum Ignition Energy, mj 680 0.02 0.20

Explosion limit (volume ratio) % 16~28 4.5~75 1.4~7.6

Few studies were conducted over the years to examine the use of ammonia (NHs) as a fuel for
internal combustion engines considering important aspects like fuel supply methods, ignition and
power modes [15-22]. These investigations indicate that ammonia requires a high ignition energy to
have the capability of being an independent fuel due to its low flammability limits [23,24]. Ammonia
is currently used in engine applications primarily in two forms: as a blend with hydrogen or
combined with another high energy fuel (e.g., diesel, gasoline, dimethyl ether, or natural gas [25-28]).
It improves the combustion properties of ammonia. However, it is still necessary to achieve some
performance results, develop fuel injection strategies, and reduce the pollutants emissions to present
different technical solutions addressing the operational constraints and favouring the future
development of sustainable energy [21,29].

2. Ammonia and Hydrogen Characteristics in ICEs

2.1. Ammonia as a Fuel

Globally, ammonia production accounts for nearly 50% of hydrogen production [30]. Over 85%
of NHs is consumed in agriculture and transported and stored globally. Compared to liquid
hydrogen, ammonia has a greater volumetric hydrogen density in its liquid form [31], making it an
attractive candidate as a hydrogen carrier. Due to the existing infrastructure for transport and storage,
ammonia has great potential as a sustainable energy carrier. It is produced from green hydrogen
using renewable energy — we are talking about wind, hydro and solar power plants. Ammonia does
not contain any carbon elements, which means burning ammonia does not produce carbon dioxide
or carbon monoxide. Moreover, NH3 shows better combustion properties and generate higher torque
output, which is beneficial for reducing some undesirable processes such as knocking due to NH3's
low energy density and high auto-ignition temperature, attributed to its relatively high-octane
number and high latent heat of vaporization [32,33]. In addition, ammonia has more independence
than hydrogen [34].

Ammonia exhibits a friendlier safety profile than other potential transportation fuels, like
hydrogen, gasoline and propane, though there are some precautions to take. Ammonia vapor, while
highly toxic, corrosive and deadly to animals in high concentrations, is easily recognized with low
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threshold of detection due to its pungent odor [35] and is lighter than air with a low boiling point. In
addition, the low reactivity of ammonia makes it less dangerous than other fuels when it comes to
accidental fire or explosion. This low reactivity feature also makes it difficult to burn pure ammonia
[23,36]. The overall reaction of the combustion of ammonia involves the following for the complete
combustion case [37]:

4NH; + 30, — 2N, + 6H,0 + heat (1)

Ammonia combustion is problematic owing to its low combustion rate, especially at low load
and high-speed operations, complicating the operation of the engine. Ammonia has a low energy
density, so combustion is easy; therefore, with compression ignition (CI) engines, ammonia is much
more difficult. Hence this process requires high compression ratios, up to 35:1 and 100:1. Ammonia
exhibits a low cetane number, around 0, which is critically limiting its ignition quality in such
systems. Whereas, ammonia is capable of being used by spark ignition (SI) engines, where the
ignition process is initiated by a spark plug. High octane number makes ammonia an antiknock agent
that can be adapted to these engines. The combustion and reactivity characteristics of ammonia under
these conditions are quite variable and, therefore, often require using a combustion promoter fuel in
currently used spark-ignition (SI) engines to ensure stable operation [36]. The positive aspects of
ammonia as a prospective combustion engine fuel are demonstrated in Figure 1.

*  33% higher energy density
e Liquefied Ammonia: 106 kg-H>/m?
e Liquefied Ha: 71 kg-Ha/m?

Hydrogen
Carrier
e Low catalytic temperature . < \ e Carbon-free fuel
or no catalytic reforming e . e Challenges: high latent heat of
J Rmms J Combustion vaporization and high auto-

ignition temperature

e  Haber-Bosch Process

Production e Green ammonia synthesis

via carbon-free route

e Easy handling and storage
e (Liquified at 1.1 MPa and 300 K)

e Reasonable product cost. 4
e Cost competitive with
gasoline.

e  Establish distribution network
e Widely used in agricultural and
industrial applications

Distribution

Figure 1. Characteristics of NHs as fuel for IC engines [38].

As stated before Ammonia had been a great used industrial chemical. Its low flame spread
velocity is ideal for marine applications in which the engine rotates at lower speeds allowing for long
combustion times [39]. However, in recent years a number of steps have taken place in the maritime
sector, including a feasibility study on ammonia as a marine fuel, conducted by Dutch ship design
company C-Job Naval Architects [40].

As an energy carrier, hydrogen has numerous benefits that make it ideal for use in ICEs. Such a
wide flammability range (4-75% v/v in air) is one of its major advantages. Such wide range makes it
possible to run engines in a very lean mixture and reach power output similar to that of conventional
fuels with lower fuel consumption and lower emissions of pollutants.

One of the most important features of hydrogen is its very high flame speed of 2.7 m/s [41,42].
Being one of the fastest flame speeds, which means it propagates quickly! It improves combustion
and ensures a complete one in each cycle of the engine chamber. This big advantage, though, turns
into a disadvantage too. It has a significantly lower quenching distance of 0.6 mm, less than that of
gasoline at 2.0 mm, due in part to hydrogen's rapid flame speed. The quenching distance represents
the distance where the combustion flame extinguishes from the internal cylinder wall. That very
small quenching distance means that extinguishing a hydrogen flame is inherently more difficult
than quenching the flames of most other fuels. Thus, the flame of a hydrogen-air mixture is more
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easily able to propagate through almost closed inlet valves, which increases the risk of backfiring
relative to hydrocarbon-air flames [43].

Hydrogen also poses challenges in the area of energy density. Hydrogen takes up a lot more
volume than gasoline so it needs to be compacted, usually custome storage solutions such as tankes
at high pressures. In addition, the compression of hydrogen requires a further input of energy,
around 10-15% of the hydrogen's own energy content.

Many aspects of ICE with hydrogen have been thoroughly studied in the literature, as a
promising alternative fuel. Hydrogen combustion properties have been studied extensively, focusing
on parameter like flame velocity, shortest quenching distance, and backfire risk [42,43]. In addition,
new methods have been explored for the challenges that stem from its energy density, such as storage
technologies and materials developmental advancements.

Hydrogen has special characteristics that make it applicable as fuel in both CI (compression
ignition) and SI (spark ignition) internal combustion engines. Chemical energy converts into
mechanical energy in the combustion of the fuel-air mixture in these engines. In SI engines, an
ignition source is utilized, and in CI engines, the fuel-air mixture is compressed to its auto-ignition
temperature [44].

The use of ammonia (NHs) as an internal combustion (IC) engine fuel was first researched in
1942 immediately after the Second World War, due to problems associated with the availability of
hydrocarbons [45]. The key research advances are provided in Table 2. Belgium also used ammonia
to fuel public transport buses during this period, in response to shortages of diesel fuel [45]. In the
1960s, additional work was conducted to assess the potential of ammonia as a fuel for SI [46], as well
as CI [47] engines, focusing on aspects such as raw materials, corrosive properties, engine materials,
and combustion behavior. Due to an acute shortage of fossil fuels, some vehicles started to run on
ammonia, attracting more interest and studies from the US army, to become fuel independent [48].

Study on ammonia as a fuel for internal combustion engines have been carried out in various
stages, each with different goals Its initial stage, from the 1960s to the 1970s, was guided by the oil
crisis and post-World War II logistical challenges. In comparison, contemporary ammonia fuel
research focuses mainly on carbon-zeal strategies that support greenhouse gas emission reduction.

Table 2. Summary of research advancements on ammonia as a fuel post-World War II.

Engine

Main Authors Year (SI/CI)

Focuses and Progress

The first utilization of liquid anhydrous ammonia for motor

Emerio Kroch [45] 1942 Diesel oil . .
buses in Belgium.

Cornelius W et al. [46] Examining factors such as material requirements, corrosive
Gray Jr JT et al.[47] 1960s  SI/CI properties, and combustion characteristics for Ammonia.
Pearsall T] and Conducting multiple studies by the US Army to increase fuel
Garabedian CG [48] independence.

Ammonia has a much higher-octane rating than gasoline, so it is very satisfactory for SI engines.
The presence of an ignition source favours sulphur, breaking through its high auto-ignition
temperature. This is in part due to ammonia's extremely low flame rate but can be decreased by the
addition of other compounds or more ammonia [32,49]. The use of NH3 as fuel in CI engine is more
challenging as higher compression ratio is required to reach the high autoignition temperature of the
fuel [32]. Even though running a conventional internal combustion engine (ICE) on NHs can be
accomplished with only minor modifications, the less than ideal combustion performance of a pure
ammonia fuel is a challenge. When ammonia is mixed with other fuels, significant combustion
improvement is achieved, which is why researchers from different fields are focused on the study of
ammonia blended engines [50].

2. Ammonia Blended Technologies
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2.1. Ammonia Blends with Hydrocarbon Fuels

In the mid-20th century, NH3 emerged as an interesting potential vehicle fuel, due to shortages
from the war. Today, NH3 is championed as a potential player in a sustainable, decarbonized future
for the transportation sector. There is considerable literature examining the use of ammonia as an
alternative fuel, making it a promising option for the future propulsion of Internal Combustion
Engines (ICEs) [15,46,47].

On the other hand, while evaluating ammonia's engine combustion, several intrinsic factors
ought to be considered. These include its high ignition temperature, high latent heat, low heating
value, fuel-bound nitrogen, and low boiling point. High ignition temperature (651 °C) and narrow
ignition limits (16-25% by volume in air) [51-53] characterize ammonia that pure combustion in
compression-ignition engines requires a very high compression ratio.

Nevertheless, the use of pure NH3 as a dedicated fuel in ICEs offers challenges, largely due to
its poor combustion characteristics, such as high auto-ignition temperature, narrow flammability
range (16-25 % vol. (in the air), low flame rate and high heat of vaporization [53-56]. In addition, the
performance of spark-ignition engines using ammonia as fuel is reduced by 20% compared to
gasoline [51]. To overcome these limitations, one attractive strategy is to mix ammonia (NH3) with
conventional hydrocarbon fuels to improve the ignitability of the blend while simultaneously
reducing carbon emissions. Extensive studies were dedicated towards analyzing different types of
fuels mixing practiced with ammonia and their various blend ratios; which include gasoline, diesel,
ethanol, methanol, dimethyl ether (DME), diethyl ether (DEE), kerosene, and other fuels. To
overcome the combustion issues depicted in Table 3, these studies have provided novel methods.

Gross and Kong [51] employed various ammonia (NH3) and dimethyl ether (DME) fuels in
internal combustion engines (ICEs) and tested them in 2013. Their analysis showed how much the
addition of ammonia to the fuel mixture of the engine could make a difference at high loads relative
to what a pure diesel engine would do. For instance, their research indicates that ammonia's lower
flame speed and higher auto-ignition temperature will lead to longer ignition delays and limit the
envelopes of the engine. Increasing the injection pressure to 180 bar from a typical 150 bar for DME
improved the combustion of the fuel mixture.

In another study, Niki et al. [53] investigated the doping of diesel fuel with ammonia. The results
demonstrated the decreased ignition time, cylinder compression and peak pressure while ammonia
was injected inside a diesel engine. Despite these discoveries, the authors finished that ammonia
could function as a viable clear gasoline answer and an emissions management device.

Furthermore, several studies have demonstrated that the introduction of methanol and ethanol
into gasoline fuels can increase ammonia solubility [56]. Also replacing kerosene with diesel fuel has
been shown to improve combustion efficiency, thereby reducing carbon emissions and enhancing
ammonia combustion [57]. However, at steady-state operation, a common observation related to the
introduction of hydrocarbons-enriched fuels is the surge in engine torque and output power.
Nevertheless, this benefit is usually offset by increased emissions of nitrogen oxides (NOx) [13,26,54].

Table 3. Summary of research advances of Ammonia as a fuel blended with hydrocarbon.

Main Authors Year  Type Focuses and Progress

Demonstrated dual-fuel CI operation with ammonia-diesel;

Reiter A.]. et al.
citer A.J. eta 2011 Experiment reduced CO, emissions but faced ignition delay and

4
[>4] efficiency trade-offs.
Gross CW, Kong SC . Studled.CI engine usmg dlrect—m]ectlon.ammoma—DME
[51] 2013 Experiment blends; improved ignition and combustion performance
with higher DME content.
Haputhanthri SO ' Evaluat'ed ammonia—gasoli.n‘e blends with.emulsifier.s;
[56] 2014 Experiment showed improved fuel stability and potential for engine

performance enhancement.
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Investigated ammonia mixed into intake air in diesel
Niki Y. etal. [53] 2016 Experiment engines; found improved combustion and reduced
emissions, with challenges in ammonia control.
Numerically studied injection timing and pilot fuel effects in
Tay, K.L. etal. [57] 2017 Simulation .a kerosene—diesel/émmonia d.ue.ll—fuel e.ngine; .f01.md
improved combustion and efficiency with optimized
injection strategies.
Reviewed the use of ammonia as a fuel for power

Valera-Medina, A et
alerahiedind, A€ 2018 Review generation, focusing on its potential to reduce CO;

al [13] o
emissions.

Investigated the effects of multiple diesel fuel injections in a
diesel engine with ammonia mixed into intake air; found
reduced emissions and improved combustion performance
with optimized injection strategies.

Niki Y. etal. [20] 2019 Experiment

Dimitriou P, Javaid Reviewed ammonia as a CI engine fuel; highlighted

R. [26] 2020 Review challenges in combustion control and emissions, while

emphasizing its potential for reducing CO..

2.2. Ammonia Blends with Hydrogen

Dual-fuel combustion using ammonia (NH3) as an energy carrier has been demonstrated to
improve combustion reactivity with the addition of hydrogen (H2) [58-61], and only a small volume
of H2 is required to realize these improvements. In this method, the amount of CO in the exhaust is
reduced, as CO can partly replace gasoline combustion with ammonia, resulting in further CO
oxidation to CO2 [19]. Moreover, molecular hydrogen can be produced on-demand using ammonia
dissociation—this hardly requires a container to be kept somewhere else. This characteristic provides
hydrogen-enriched ammonia a higher combustion-promoting capacity than other fuel alternatives
[36,49]. In 2015, Comotti et al. beet cultivation) [61] and in-situ hydrogen production using a catalytic
cracking reactor [62] had shown promising results with improvement in engine cycle and stability
with addition of hydrogen and significant reduction in nitrogen oxide (NOx) emission. Apart from
this information in literature, several direct ammonia-hydrogen mixtures strategies have also been
evaluated, including partially dissociating ammonia prior to its injection, which has been shown to
improve the performance and reduce emissions of an ammonia engine, such relevant advancement
work is summarized in Table 4.

Table 4. Summary of research advances of Ammonia as a fuel blended with hydrogen.

Main

Authors Year Type Focuses and Progress

Examined ammonia/hydrogen mixtures in an SI engine,
Morch CS [12] 2011 Experiment improving combustion efficiency and emissions control, and
proposing a modified fuel system for optimized dual-fuel use.
Proposed a novel heavy-duty engine concept using a dual-fuel
H2-NH3 system. The study highlighted the potential for
2012 Experiment improved fuel efficiency and reduced emissions, while
addressing the technical challenges of ammonia and hydrogen
combustion in heavy-duty engines.

Boretti AA
[64]

Explored a hybrid vehicle powered by hydrogen and ammonia,
focusing on the integration of these fuels for improved vehicle

P Get
ozzana = et o012 Experiment efficiency and reduced environmental impact. The study assessed

al-e1] the potential benefits and challenges of using hydrogen-ammonia
combinations in hybrid vehicle applications.
Frigo S . Analyzed the performance of a 4-stroke SI engine fueled with
2012 E
Gentili R [58] 0 xperiment ammonia and hydrogen. The study highlighted improved
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combustion characteristics and emission reductions, while
discussing the challenges related to ammonia’s ignition properties
and the need for optimized fuel management.
Further explored the feasibility of fueling an SI engine with

Frigo, S et al. 2014 Experiment an.ln.loma and hyc.ir(?gen. ngh.hghtmg }mprovem.ents in engine
[60] efficiency and emission reductions, while addressing challenges
such as ignition delay and fuel mixture control.
Studying the combustion and emissions of an SI engine with
Ryu K et al. 2014 Experiment direct ammonia injection and po.rt—lr.qected gasoline showed.
[19] enhanced power performance, making it comparable to a gasoline
engine.
Studied direct ammonia injection in a spark-ignition engine;
Ryu K et al. . found improved combustion efficiency and reduced CO,
2014 Experiment = | e
[63] emissions, but challenges with ignition control and lower energy
content.
. Developed a hydrogen generation system for ammonia-hydrogen
Comotti M L . . . . . .
[62] 2015 Description fueled engines, improving fuel efficiency and emissions while

addressing integration challenges.
Developed a chemical kinetic model for ammonia oxidation with

Otomo, J et al. an improved reaction mechanism for ammonia/air and

2018 Description

[59] ammonia/hydrogen/air combustion, enhancing the
understanding of combustion characteristics and efficiency.
Reviewed the latest advances and future challenges of using
Langella G et 2022 Description ar.nmonia asa fuel for iflternallco.mbustion engines,. highlighting
al [36] its potential for reducing emissions and the technical barriers

such as combustion efficiency and NOx control.

A new design of heavy-duty ammonia-hydrogen dual-fuel combustion engine had been built
and presented by Alberto Boretti [64], which aims to achieve combustion efficiency comparable with
diesel engine. Incorporating an in-cylinder pre-jet ignition chamber with a glow plug, a secondary
hydrogen injector, and primary injectors for ammonia and hydrogen, this design enables ignition
without the operational need for a pre-ignition hydrogen flow. Simulations were performed using
GT-POWER, but the results were limited by the lack of engine models with two combustion pre-
ignition chambers and a lack of experimental data that directly impacted the simulation results.

Pochet et al. [65] studied the addition of ammonia to hydrogen Homogeneous Charge
Compression Ignition (HCCI) engines to evaluate the accessible energy rate versus efficiency and
emission characteristics. They also suggested that the intake temperature required for full
combustion of hydrogen was around 427K, beyond which auto-ignition resistance had a negligible
effect on up to 60% ammonia content. Merch et al. conducted experiments on an engine modified to
study the combustion efficiency and power of an ammonia-fueled hydrogen engine with different
blending ratios. As shown in Figure 2, their experiments indicated that the optimal combustion
efficiency of the mixed fuel gas was obtained when the hydrogen volume fraction was 10%, resulting
in maximum power output of the engine. Moreover, because hydrogen and ammonia have higher
octane numbers than fossil fuels, they have the potential to improve engine compression ratios,
resulting in improved heat cycles and generation [12,55].
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Figure 2. Engine operating characteristics at different compression ratios and hydrogen doping ratios. (a) on

indicated mean effective pressure; (b) on indicated efficiency [12,55].

Overviews of other ammonia-hydrogen fuel blends on different engine types with varying
blending ratios can be found in Table 5 (CI engines) and Table 6 (SI engine). Fuel composition and
engine configurations play critical roles in combustion performance, efficiency, and emissions, and
these studies offer valuable insights.

Table 5. Various studies on the feasibility of using ammonia fuel blends in ICEs (CI engines).

Mixture Eneine
Authors Year composition of & Main findings
type
fuel
i ia bl ith diethyl ether, showi
Issayev et 95-80% NH/5- Studied ammonia blended with diethyl ether, showing

al, [66] 2020 0% DEE ClI improved combust.lon eff1c1enc¥ aer emissions for
alternative fuel applications.
Reiter and 95% NHs/5% Investigated diesel engine operation using ammonia
2010 . CI . .
Kong [68] diesel as a carbon-free fuel, demonstrating potential for
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reduced emissions and highlighting operational
challenges.
Examined the combustion and emissions of a

. 60% NHs/40% compression-ignition engine using dual ammonia-
Reiter and : . LT . .
Kong [54] 2011 diesel; 40% CI diesel fuel, finding improved combustion efficiency
& NHs/60% diesel and reduced emissions, with some challenges in
ignition control.
20% NH3/80% .S’fuch.ed a comprfzs51on—1gn}tlon eng}ne ‘us1r‘1g direct-
Gross and injection ammonia-DME mixtures, finding improved
2013 DME; 40% CI o .
Kong [51] performance and reduced emissions, with challenges
NHs/60% DME . o .
in optimizing the fuel mixture.
60% NH/40% Investlga‘ted a comprcissmn—%gmtlor} engine using high
Ryu et al. ammonia concentrations mixed with dimethyl ether,
2014 DME; 40% ca oo o
[69] finding enhanced performance and reduced emissions,
NH3/60% DME . . . . e
with challenges in controlling combustion stability.
Explored ammonia-hydrogen blends in a
Pochet et al homogeneous-charge compression-ignition engine,
[65] "2017 70 vol% NHs+H2 CI  showing improved combustion efficiency and reduced
emissions, with a focus on optimizing fuel mixture
and engine operation.
Methanol (84%),
Bro and Ethanol (80%), Studied ammonia as an alternative fuel in a diesel
Pedersen 1977 Methane (62%), ClI engine, noting lower emissions but challenges with
[76] Ammonia ignition and efficiency.
(87%)and Diesel

Table 6. Various studies on the feasibility of using ammonia fuel blends in ICEs (SI engines).

Mixture

Enei
Authors  Year composition of ngine Main findings
type
fuel
Explored the fuel mix limits and efficiency of a
stoichiometric ammonia and gasoline dual-fueled
Grannell et 70% NHs/30% D . e .
2008 . SI spark ignition engine, highlighting challenges in
al. [67] gasoline . . . . .
maintaining efficiency while using ammonia as a
fuel.
Gasoli 30
. iso me Studied ammonia-gasoline blends in spark-ignited
Haputhanthri 2015 vol’ ethanol or SI  engines, showing potential for better fuel efficienc
et al. [70] methanol + 17.35 Bnes, g(‘;l o Y
vol% NHs and lower emissions.
Compared two systems using liquefied ammonia
Ezzat and for vehicular applications, with and without fuel
. 2018 80% NHs/20% H2 - cells. The study assessed performance, efficiency,
Dincer [72] . . .
and environmental impact, demonstrating the
viability of ammonia as a sustainable vehicle fuel.
. Studied laminar premixed hydrogen-ammonia/air
Fuel equivalence )
. flames for hydrogen production. The research
Lee and al. ratio of 0.60-1.67 , . ,
2010 . - revealed the combustion properties of ammonia-
[73] mole fraction of L.
I hydrogen blends, contributing to hydrogen
generation for sustainable energy systems.
Developed an in-line adsorption system to reduce
Koike and 2019 40% NH+/60% Ha S cold-start ammonia emissions in ammonia-

Suzuoki [74]

hydrogen fueled engines, improving
environmental performance and emission control.

doi:10.20944/preprints202504.1525.v1
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Conducted a numerical study on premixed
ammonia-hydrogen combustion under engine-
Duetal. [75] 2021 NHs/40-60% H- SI relevant conditions, optimizing combustion
efficiency and emissions in ammonia-hydrogen
powered engines.
Studied ammonia/hydrogen/air combustion in a
Lhuillier et 2020 NH3/0-60% Ho oI spark i@ition le?gine, showing improv?d
al. [49] combustion efficiency but challenges with

emissions control.

3. Fuel Injection Strategies for the Combustion Process

3.1. Ammonia Injection Strategies for ICEs Engine

Due to ammonia’s distinct thermodynamic characteristics, which alter the combustion process,
fuel injection strategies are critical in ammonia. [77]. A recent study by Niki et al. [78], investigated
several injection strategies in an ammonia CI engine, such as pilot and post-injection. The results
showed that improving the pilot injection timing from 30-70 CA bTDC led to the reduction of NH3
slip (2000 ppm). However, this change in timing of pilot injection also brought higher nitrogen-based
emissions. Pilot injection timing adjusted to 50° CA bTDC decreased maximum cylinder pressure
since heat loss was initiated by the combustion started at the beginning of compression. This was
further supported by the small peak of premixed combustion which suggested that part of the fuel
was ignited and burned before primary injection. For post-injection, the pressure in the internal
cylinder was constant for post-injection timing at 50°CA aTDC, and the HRR map confirmed that the
injected fuel burns and raises the temperature towards the expansion stroke. Leading research
progress indicates that the post-injection timing delayed from 10 to 40° CA aTDC could reduce both
unburned ammonia and NOx emissions, but when it was advanced to 50° CA aTDC the effect
ceased;Detailed information is shown in Table 7.

A new combustion strategy for internal combustion engines applied with neat ammonia fuel
was proposed by Lee and Song [22]. In contrast to the study presented in this document, the authors
suggested using ammonia as an energy medium, where a small quantity of ammonia is introduced
during combustion. This was done by injecting premixed ammonia-air (the fuel) at the end of the
compression stroke (Mollner et al., 2012), which also produced high temperature and pressure within
the cylinder enough to ignite the main NH3 spray injection. The authors validated this concept with
engine modeling and a parametric study. Nonetheless, they found that fully combusting NH3
without the addition of carbon based materials to improve the combustion 98 has not yet been
accomplished.

Lamas and Rodriguez [79] conducted a different study to analyze the effect of different fuel
injection configurations (parabolic, triangular. rectangular, etc.) Results indicated that the parabolic
NOx profile has been shown to decrease high levels of NOx by ~75%. However, the study also
showed that an increased injection time was less effective at reducing NOx emissions.

The recent numerical study by Lamas et al. [80] showed that ammonia can act as a NOx-reducing
agent when injected in the expansion stroke. A multi-cylinder CI engine work with ammonia/marine
diesel oil was found to exhibit an 80% reduction in NOx emissions when NH3 was injected at a 4%
ammonia-to-fuel ratio with separate injectors and an injection timing of 58.4° CA aTDC. By injecting
ammonia at 3-5% ammonia-to-fuel ratio and at an injection timing of 43.2° CA aTDC, NOx emissions
were reduced by almost 60% when a CI engine fueled NH3/H2/Diesel mixture was tested [81].
Delaying injection times did, however, lead to higher emissions of unburned ammonia. Thus,
ammonia plays the role of fuel during injection close to the TDC of compression and a NOx-reductant
agent during injection in the expansion stroke [82].

Table 7. Summary of research advances of Ammonia injection strategies.
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Main Authors Year Engine Type Focuses and Progress
Developed a numerical model to analyze NOx
Lamas & . L
. . . reduction through ammonia injection in diesel-
Rodriguez 2017 CI  Simulation . . .
(1] hydrogen engines, demonstrating potential for
emissions control.
Developed a combustion strategy for ammonia-fueled
Lee & Song 2018 ) Experiment internal combu.stl.on engines, ex'amlmng 1ts operating
[22] characteristics and potential for enhanced

performance.

Studied the effects of multiple diesel fuel injections on
emission characteristics in a diesel engine with
Niki et al. [78] 2019 CI  Experiment . . ) . 'g ..

ammonia gas mixed into the intake air, finding
improvements in emission control.

A technical review assessing the existing

Lesmana H et . understanding of using ammonia as a fuel in internal
2019 CI Review . . . .
al. [82] combustion engines, either in its pure form or
combined with other fuels
Lamas MI, Investigating different fuel injection configurations,
Rodriguez CG 2019 ClI  Simulation such as parabolic, triangular, and rectangular shapes to
[79] reduce NOx emissions in internal combustion engines.
explored the reduction of NOx emissions by nearly
Lamas et al. 2020 Cl  Simulation E.EO./O 11.1 a r-narme dles.el engine usmg dlreFt ammonia
[80] injection into the cylinder, comparing this approach
with water injection.
SI/CT . . . .
. . Advancements in ammonia combustion to make it a
Chiong M Cet 2021 '8 Experiment viable option for sustainable energy in engines and
al. [77] &gas ¥ P gy meng

. turbines.
turbine

3.2. Hydrogen Injection Strategies for ICES Engine

Port Fuel Injection (PFI), the standard SI fuel injection model is limited by the use of throttle
valve for load and timing of fuel delivery control. However, an innovative solution, hydrogen Direct
Injection (DI) systems for the increase of the power density and near-zero emissions of hydrogen
internal combustion engines, has been sinthethized [83]. As the injection happens when inlet valves
completely close, it effectively overcomes backfire phenomena observed with PFI setups. Moreover,
for fuels such as hydrogen, the DI approach may compensate for the reduced volumetric efficiency
that occurs when fuel displaces air in the gas phase in the intake manifold. Thus, it can provide a
power density similar to or greater than that of a conventional gasoline engine [84,85]; pertinent
advanced investigations are presented in Table 8.

Multiple analyses and tests have highlighted the potential of hydrogen DI systems. An example
of this is a DI system with injection pressures up to 300 bar that has been successfully implemented
by BMW and its partners into a Spark-Ignition (SI) engine. Remarkably, this system attained a high
42% efficiency, which was comparable to diesel engines [86]. RE: Mazda Continues Development of
Hydrogen Rotary Engine That Combines Port Fuel Injection and DI They've been tested with a sports
car, where the range reaches almost 649 km [87] with this engine.

Table 8. Summary of research advances of Hydrogen injection strategies.

Main Authors Year Engine Type Focuses and Progress
. Studied the performance and combustion of a direct
Mohammadi . S . . . .
A et al. [83] 2007  SI  Experiment injection SI hydrogen engine, showing efficiency gains

but highlighting combustion control challenges.
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The progress of hydrogen-fueled internal combustion
Verhelst S et 2013 SI/CI Description engines was rev‘ie'wed, hig}.ﬂighting adva.ncements in
al. [84] combustion efficiency, emissions reduction, and the
challenges of hydrogen storage and engine design.
The study reviews recent research on hydrogen usage in
Wankel spark-ignition (SI) engines, focusing on

Ozcanli, M et .. . . ..
2018 SI  Description performance improvements, combustion characteristics,

1. [86
al. [86] and emission reductions associated with hydrogen as a
fuel.
The review explores hydrogen direct injection in
Yip HL et al 2019 SI/CI Description enginesf focusing on its potential .for' Carbon—fr?e
[85] combustion, performance, and emission reduction

challenges.

4. Conclusion

Ammonia as a fuel or energy carrier could significantly assist in the decarbonization of the
energy sector and the integration of hydrogen into the marketplace. Ammonia (NH3) shows great
promise as an energy carrier owing to its high energy density, as well as the existing infrastructure
for transportation and production, offering an attractive and sustainable alternative. Nevertheless,
burning ammonia has its own hurdles to overcome: slow flame propagation, narrow combustion
range, and the potential for the release of nitrogen oxides (NOx).

Focusing on intermixing reaction of ammonia with hydrogen and performance and emissions
characteristics. The main conclusions we could draw from the literature are as follows:
¢ The mechanical approaches for ammonia combustion have mitigated the common challenges in

a few studies. As an example, with the addition of a new ignition system or the introduction of a

second fuel, minimum ignition energy can be decreased. Only the addition of a combustion

promoter can markedly improve flame speed.

¢ Mixing ammonia with hydrogen has relatively fewer adverse effects than other fuel blend
combinations at the same time promotes combustion characteristics of ammonia. Both ammonia
and hydrogen have very high octane rating which allows burning them on higher compression
ratio engines that improves thermal efficiency and engine performance.

¢ An ammonia doping ratio of about 10% has been reported to provide inhibitive combustion and
operating efficiency of the ammonia-doped hydrogen engines. However, it may not make the
most efficient use of space and energy and raises additional safety concerns. Hydrogen
production can help save resources wastage, mitigate safety issues, and ensure the efficient
working of hydrogen-ammonia engines.

¢ Ammonia decomposition for hydrogen production has been revealed to be a feasible method for
supplying hydrogen, as it allows the elimination of hydrogen storage, which lowers the costs and
the required amount of equipment. However, this approach is still limited by several factors
including the decrease in hydrogen production when ammonia flow and consumption rise
because the residence time of ammonia in the catalyst is short.

However, we are still in the early stages of research and development of ammonia-based
hydrogen engines, and already we have optical and readily produced agents that are one step closer
to making ammonia a cleaner, renewable, and easily attainable, long-lasting fuel source. In the long
run, this shift can massively reduce carbon emissions and enable sustainable energy solutions across
industries.
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Abbreviations

The following abbreviations are used in this manuscript:
aTDC After Top Dead Center

bTDC Before Top Dead Center

CA Crank Angle
CI Compression Ignition (engine)
CcO Carbon Monoxide
CO, Carbon Dioxide
DEE Diethyl Ether
DME Dimethyl Ether
DI Direct Injection
EEOI Energy Efficiency Operational Index (used in maritime emissions)
GHG Greenhouse Gas
H, Hydrogen
HCCI Homogeneous Charge Compression Ignition
HRR Heat Release Rate
ICE Internal Combustion Engine
MO International Maritime Organization
LBV Laminar Burning Velocity
MJ/kg Megajoules per kilogram (energy density)
NH; Ammonia
NO Nitric Oxide
NO; Nitrogen Dioxide
NO4 Nitrogen Oxides (collective term for NO, NO,, N,O)
N.O Nitrous Oxide
PFI Port Fuel Injection
PM Particulate Matter
SI Spark Ignition (engine)
SO Sulfur Oxides
TDC Top Dead Center
Vol.% Volume Percentage
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