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Abstract

Amidst the escalating global greenhouse effect, the shipping industry faces mounting
pressure to decarbonize. Consequently, ammonia has emerged as a promising zero-
carbon fuel for marine engines. This review systematically categorizes current research
on ammonia-fueled marine engines into compression ignition (CI) and spark ignition
(SI) types. CI engines, including homogeneous charge compression ignition (HCCI), par-
tially premixed combustion (PPC), and in-cylinder high-pressure direct-injection dual-fuel
(HPDF) configurations, face challenges such as limited operating ranges, difficulties in
emission control (particularly NOx and NH3 slip), and power constraints. Conversely, SI
engines encompass conventional spark plug and pre-chamber jet ignition systems. While
conventional SI engines suffer from limited power output and rely heavily on reactive
fuel blending, such as hydrogen, pre-chamber jet ignition shows potential to enhance
combustion stability and flame speed. Despite notable progress, widespread application
of ammonia fuel in marine engines is hindered by persistent technical bottlenecks, in-
cluding low reactivity, slow combustion kinetics, and the formation of fuel-bound NOx

and unburned NH3 emissions. A key unresolved technical gap is the lack of an inte-
grated combustion–after-treatment control strategy capable of dynamically maintaining
an appropriate engine-out NH3/NOx balance under variable marine operating conditions
while simultaneously suppressing NOx, NH3 slip, and secondary N2O formation, thus
accelerating the practical implementation of ammonia-powered marine propulsion.

Keywords: marine engine; ammonia fuel; carbon reduction; ammonia engine; combustion
mode

1. Introduction
Fossil fuel combustion and vegetation loss are the primary drivers of rising global

greenhouse gas (GHG) concentrations, thereby intensifying the greenhouse effect. Amid
rapid global industrialization and economic development, this exacerbation has triggered a
series of pressing environmental challenges [1]. The rise in global average temperature has
caused significant glacier mass loss, subsequent sea-level rise, and a gradual reduction in
habitable land area. Approximately 23% of global carbon dioxide emissions are absorbed by
the oceans, increasing acidity and inflicting irreversible damage on marine ecosystems [2].
Furthermore, global warming elevates the frequency and intensity of extreme weather
events—including floods, thunderstorms, wildfires, typhoons, and tsunamis—posing direct
threats to human life and property [3].
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Common greenhouse gases include carbon dioxide (CO2), methane (CH4), nitrous
oxide (N2O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulfur hexafluoride
(SF6) [4–6]. Among these, CO2 makes the most significant contribution to the greenhouse
effect. In 2021, the greenhouse effect contribution rate of CO2 was approximately 218 times
that of CH4 (global average concentration of CH4 is 1908 ± 2 ppb; global warming potential
[GWP] = 21) [7]. It was also about 1243 times that of N2O (global average concentration
of N2O is 334.5 ± 0.1 ppb; GWP = 290) [8]. Consequently, CO2 remains the most critical
greenhouse gas and requires focused control [9,10].

The shipping industry constitutes a significant source of GHG emissions, accounting
for 1.7% of global total GHG emissions and approximately 10.5% of emissions across the
entire transportation sector [11]. To reduce GHG emissions from ships, the International
Maritime Organization (IMO) has put forward measures including ship energy efficiency
management and power system upgrades. Among these, the adoption of low-carbon
alternative fuels represents the ultimate direction for achieving long-term decarbonization
goals for ships [12].

The low-carbon fuels for ships include liquefied natural gas (LNG) [13,14], methanol
(CH3OH) [15–17], ethanol (C2H5OH) [18], and biodiesel [19]. However, these are all
carbon-based fuels with limited carbon reduction potential. Consequently, zero-carbon
fuels have attracted growing attention from researchers in recent years [20]. Hydrogen
(H2) is regarded as a key fuel for reducing GHG emissions and achieving the ultimate
zero-carbon economy. Nevertheless, hydrogen faces technical bottlenecks and safety risks
in transportation, storage, and other related aspects [21–23]. Ammonia is considered a
suitable hydrogen energy carrier. Liquid ammonia for hydrogen storage offers significant
cost advantages, as ammonia can be liquefied at 0.86 MPa under atmospheric pressure or
at a room temperature of 33 ◦C [24].

In summary, given the urgent need for carbon emission reduction in the shipping
industry and the safety constraints of ships, the direct use of ammonia as a shipboard
fuel offers significant advantages [25]. Det Norske Veritas (DNV) predicts that ammonia
will account for 30% of the marine fuel market by 2050, while companies such as MAN
Energy Solutions and Wärtsilä are actively developing and testing marine ammonia-fueled
engines [26,27]. This paper summarizes the research status of ammonia engines and
discusses their existing challenges and future development trends.

2. Physicochemical Characteristics, Economic Aspects, and Infrastructure
for Ammonia Fuel Utilization
2.1. Production, Costs and Logistics of Ammonia Fuel

The economics of ammonia as a fuel is a complex issue, influenced by costs across
multiple stages, including production, storage, transportation, and utilization. Figure 1
shows the cost and market share of green ammonia and gray ammonia. Globally, ammonia
production relies mainly on natural gas and coal (in China, coal accounts for 85% of
feedstock). Each ton of ammonia produced from coal emits 3.5–4.5 tons of CO2 [28]. This
conventional “gray ammonia” has low production costs. Currently, approximately 99% of
global ammonia is gray ammonia, derived from fossil fuels. While its cost is relatively low,
its carbon emissions are substantial [29].

In contrast, green ammonia currently has a higher production cost than conventional
coal-based ammonia. Its synthesis generally relies on renewable electricity-based water
electrolysis to produce green hydrogen, followed by nitrogen separation and ammonia
synthesis. Therefore, the renewable electricity price is a key factor determining the cost
of green ammonia. In China, when the renewable electricity price is in the range of
0.15–0.3 CNY/kWh, the production cost of green ammonia has been estimated at approxi-
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mately 2920–4600 CNY per ton, which is about 1.2–2.1 times that of coal-based ammonia.
By comparison, when the coal price is 700–900 CNY per ton, the production cost of coal-
based ammonia is approximately 2200–2500 CNY per ton. With further reductions in
renewable electricity costs and improvements in electrolyzer efficiency, the cost of green
ammonia is expected to decrease substantially in the future [30]. Whether used in direct
combustion or fuel cells, ammonia fuel currently has a higher cost than conventional fossil
fuels. For example, the fuel cost of ammonia-fueled ships is approximately 1.5–2 times that
of diesel-powered vessels [31].

Figure 1. The cost and market share of green ammonia and gray ammonia. (a) Production cost
of coal-based gray ammonia and green ammonia; (b) Global market share of different ammonia
production routes.

However, with the decline in renewable energy costs, the maturation of green ammonia
production technologies, and the scaling up of production, the cost of ammonia fuel
is expected to decrease. It is anticipated that, after 2030, the cost of green ammonia
may become comparable to that of conventional fuels, with particularly high application
potential in shipping, industrial boilers, and other sectors [32].

In terms of storage and transportation, ammonia can leverage existing liquefied gas
cylinders and pipeline networks. The density of liquid ammonia is comparable to that
of gasoline, making it well suited for long-distance transport. Therefore, ammonia offers
notable convenience as a marine fuel in terms of storage and logistics. However, its
corrosiveness (which affects metals such as copper and zinc) and toxicity (with a threshold
limit value, TLV, of 25–50 ppm) require careful consideration.

2.2. Physical–Chemical Characteristics, Combustion Limitations and Technical Solutions of
Ammonia Fuel

Table 1 presents the physicochemical properties of ammonia and conventional fuels.
Ammonia (NH3) is a polar molecule with a trigonal pyramidal structure, consisting of
one nitrogen atom and three hydrogen atoms. Since it contains no carbon element, it does
not emit CO2, CO, or soot particles under ideal complete combustion conditions, and is
thus recognized as a zero-carbon fuel with considerable carbon reduction potential [33]. In
terms of physical properties, ammonia has a relatively low boiling point (−33.3 ◦C) and can
be liquefied under moderate pressure at room temperature. The volumetric energy density
of liquid ammonia is approximately 11.3 GJ·m−3, which is higher than that of compressed
hydrogen and comparable to that of liquefied natural gas (approximately 14.7 GJ·m−3).
This allows ammonia to be stored on a large scale and transported over long distances using
the existing, well-established chemical infrastructure, an advantage that is particularly
notable in engineering applications [34].
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Table 1. Physicochemical properties of ammonia and traditional fuels [34–36].

Physicochemical Properties NH3 Natural Gas H2 Diesel Gasoline

Boiling point (K) 239.6 111 20.2 453–644 298–483
Energy density (MJ/m3) 11,333 7132 8539 36,403 31,047

Lower heating value (MJ/kg) 18.6 48.28 119.6 42.5 44.5
Autoignition temperature (k) ~924 723 844 503 723

Flammability limits (%) 15–27 5–13.9 4.7–75 0.6–6.5 0.6–8
Minimum ignition energy, MJ 8 0.28 0.02 N/A 0.24

Octane number (RON) 130 107 ≥100 15–25 90–98
Cetane number N/A N/A N/A 40–55 13–17

Laminar flame velocity
(cm/s@300 K, 1 bar) 7 37 291 30 43

Latent heat of vaporization (kJ/kg) 1370 N/A 455 250 348.7
Freezing point/melting point (K) 195.4 90.7 14.0 Grade-dependent Mixture-dependent

Liquid density (kg·m−3) 682 422 70.5 830–850 720–760
Gaseous density (kg·m−3) 0.729 0.680 0.085 N/A N/A

By contrast, in terms of combustion and chemical characteristics, ammonia exhibits
properties markedly different from those of conventional hydrocarbon fuels. Its lower
heating value is only approximately 18.6 MJ·kg−1, the autoignition temperature is as high
as ~924 K, the minimum ignition energy is substantial, the flammability limits are narrow
(around 15–27%), and the laminar flame propagation speed is extremely low [35]. These
characteristics give rise to challenges such as difficult ignition, slow combustion rates, and
insufficient combustion stability when ammonia is utilized in internal combustion engines.
Meanwhile, the nitrogen contained in ammonia molecules inevitably leads to the formation
of fuel-bound NOx during combustion, and under incomplete combustion conditions,
unburned ammonia emissions may also occur, posing more stringent challenges for engine
emission control. In addition, liquid ammonia has a high latent heat of vaporization and
high saturated vapor pressure. During high-pressure injection, it is prone to flash boiling
and transcritical phase transitions, which complicate the in-cylinder processes of spray,
evaporation, and mixing [36].

As a result, conventional injection and combustion control strategies developed for
diesel or gasoline engines cannot be directly applied. Overall, ammonia as a fuel boasts
several distinct advantages, including its zero-carbon attribute, favorable storage and
transportation characteristics, and relatively high volumetric energy density. However,
its inherently low reactivity and slow combustion kinetics, as well as the issues of NOx

and unburned ammonia emissions, have become key technical bottlenecks restricting its
application as a fuel for internal combustion engines. Therefore, practical engineering
applications usually require synergistic optimization through measures such as dual-
fuel combustion, hydrogen enrichment, advanced injection strategies, and exhaust after-
treatment technologies.

For marine applications, however, hydrogen enrichment should not be regarded as a
simple plug-in solution. Although hydrogen can effectively compensate for the low reactiv-
ity and slow flame speed of ammonia, its onboard supply remains a critical engineering
constraint. Direct storage of compressed or liquefied hydrogen requires additional tanks,
safety barriers, ventilation systems, leak detection and explosion-prevention measures,
which may reduce the volumetric advantage of ammonia as a marine fuel. An alternative
approach is onboard ammonia cracking, in which part of the stored ammonia is decom-
posed into a hydrogen–nitrogen mixture and then supplied to the engine as an ignition
promoter or combustion enhancer. This strategy avoids carrying a separate hydrogen
fuel, but introduces new challenges related to catalyst durability, cracking efficiency, heat
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management, transient response and system integration with engine load variations. In
particular, exhaust-heat-driven cracking may improve overall energy utilization, but its
hydrogen production rate may not always match the rapid load changes in marine engines.
Therefore, future hydrogen-assisted ammonia engines should be evaluated not only by
combustion performance, but also by onboard hydrogen sourcing, storage safety, cracking
efficiency and control complexity.

3. The Origin of Ammonia Engines
In the 1940s, the Second World War caused a sharp decline in oil resources, and

ammonia became one of the alternative fuels for internal combustion engines [37]. In 1945,
Kroch first realized the use of liquid ammonia as automotive fuel and gas as the ignition
agent for ammonia, which performs equally well in terms of power and economy as
gasoline engines [38]. The feasibility of the pure ammonia engine was proposed. In the
1960s, driven by new environmental legislation and energy crises, ammonia engines with
ignition systems were proven to be feasible for military applications. Related studies have
shown that using 4–5% of the total fuel mass of hydrogen to ignite ammonia can effectively
improve engine performance [39–41]. For engines that only use ammonia as fuel, higher
compression ratios or spark plugs with higher ignition energies are required to achieve
normal combustion in the cylinder. In addition, the feasibility of the dual-fuel scheme using
diesel as the ignition agent has been verified [42,43].

In recent years, environmental protection, energy conservation, and emission reduc-
tion have become a global consensus. As a zero-carbon fuel and clean energy source,
ammonia has attracted widespread attention. Efficient combustion strategies for engines,
such as homogeneous charge compression ignition (HCCI), partially premixed combustion
(PPC), and low-temperature combustion (LTC), have all made significant progress [44,45].
Advanced engine clean combustion technology and electronic control technology provide
technical support and create new ideas for the development of ammonia engines. The
development process of the ammonia engine is shown in Figure 2.

Figure 2. Timeline of ammonia engine development.

4. Marine Compression Ignition Ammonia Engines
4.1. Marine HCCI Ammonia Engines

The HCCI ammonia engine draws in a homogeneous ammonia–hydrogen mixture. As
shown in Figure 3, during the compression stroke, the mixture autoignites. This combustion
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mode features uniform combustion, a low peak temperature, and low emissions, combining
the high efficiency of diesel engines with the low emissions of premixed gasoline combus-
tion. However, ammonia has low chemical reactivity, a high autoignition temperature, long
ignition delay, and narrow autoignition limits, which make combustion phasing and stable
autoignition difficult to control in the HCCI operation.

Figure 3. HCCI ammonia engine’s working schematic diagram.

In terms of combustion stability and ignition, the increasing ammonia fraction reduces
stability and extends ignition delay. Pochet et al. [46,47] found that, at 70% ammonia
fraction, higher intake pressure and temperature are needed for stable combustion. A
higher ammonia fraction increases the risk of misfire, but it can moderate the excessively
rapid heat release associated with pure hydrogen operation, thereby reducing the ten-
dency toward excessive pressure rise. As reported by Wang et al. [48], relevant parameter
tests yielded the following results: At a compression ratio of 19 and an excess air ratio
of 3.0, hydrogen addition or nitrogen replacement by argon reduced the ignition delay
from 700 ms to 0.31 ms, increased the heat conversion efficiency from 65.1% to 78.2%, and
increased the power density by 20%. Yan et al. [49] noted that the pure ammonia HCCI
operation may suffer from misfire under certain conditions, while hydrogen addition can
improve start-up performance and promote autoignition. However, excessive hydrogen
addition may result in overly rapid heat release and an excessive pressure rise rate, thereby
narrowing the stable operating range of ammonia HCCI engines. Overall, combustion
stability is affected by ammonia fraction, compression ratio, intake temperature, and hy-
drogen addition, with an optimal balance of about 20% hydrogen and an equivalence ratio
of 0.3 for non-road applications.

Regarding emissions, NOx from ammonia-fueled HCCI engines is mainly influenced
by ammonia fraction and combustion temperature. Pochet et al. [46] found that increasing
ammonia fraction raises NOx from 6 ppm to 1000–3500 ppm. Exhaust gas recircula-
tion (EGR) can reduce NOx but lowers cylinder temperature and combustion efficiency.
Yan et al. [49] emphasized that high ammonia fractions increase fuel-based NOx. Under
lean combustion conditions, there is a trade-off between ignition delay, thermal efficiency,
and NOx, requiring the careful control of ammonia fraction, hydrogen addition, EGR, and
inert gas dilution.

Figure 4 shows the working characteristics of an HCCI ammonia engine. Hydro-
gen acts as an ignition promoter and a combustion enhancer in ammonia-fueled HCCI
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engines, improving combustion reactivity, shortening ignition delay, and expanding oper-
ating range. However, excessive hydrogen leads to an overly rapid heat release rate and a
high pressure rise rate, which in turn narrows the stable operating range of homogeneous
charge compression ignition (HCCI) [50]. Therefore, controlling the hydrogen fraction at
approximately 20% is appropriate, and this ratio is suitable for off-road applications or
medium-to-low load operating conditions. HCCI ammonia engines have a narrow oper-
ating range (900–1800 rpm), limiting adaptability to complex marine conditions. Because
ammonia HCCI combustion is highly sensitive to mixture temperature and compression
conditions, stable operation often requires the careful control of the compression ratio, in-
take temperature, hydrogen fraction, heat release rate, and pressure rise rate. These control
strategies can help reduce NOx emissions, but they may also lower combustion efficiency,
increase CO emissions, and shift the combustion phasing. Hydrogen addition improves
combustion stability and expands the operating range of ammonia HCCI engines. How-
ever, for marine applications, the benefit of hydrogen must be balanced against onboard
storage volume, leakage risk, ammonia-cracking efficiency and transient control complexity.
Therefore, hydrogen-assisted HCCI should be considered a system-level solution rather
than only a combustion-enhancement strategy.

Figure 4. Working characteristics of HCCI ammonia engine.

4.2. Marine PPC Ammonia Engine

Due to the high reactivity of fuel, it is difficult to control combustion phasing and the
heat release rate, which leads to rough combustion and limits the applicable load range of
the HCCI combustion mode [51,52]. Studies have shown that fuels with a high research
octane number (RON) exhibit strong autoignition resistance, which can help moderate the
heat release rate, reduce excessive pressure rise, and improve engine thermal efficiency
in PPC. Through in-depth research by numerous domestic and foreign scholars, a new
combustion mode named partially premixed combustion (PPC) has been proposed based
on the HCCI mode. This mode expands the load range for efficient and clean combustion
in compression ignition engines [53,54]. In addition, PPC requires fewer modifications to
traditional compression ignition engines. Therefore, in recent years, numerous studies have
been conducted on partially premixed compression ignition by injecting ammonia into the
intake port, with diesel engines, dimethyl ether engines and other compression ignition
engines as the prototype machines.
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The emission characteristics of ammonia-fueled engines are affected by the ammonia
blending ratio, load conditions, and combustion mode. Reiter and Kong reported that NOx

emissions tend to decrease when the ammonia energy ratio is below 40%. However, when
the ratio exceeds 40%, NOx emissions begin to rise, while CO and HC emissions increase
and CO2 emissions decrease [55,56]. Gill compared the combustion performance of pure
ammonia and dissociated ammonia (H2 + N2 + a small amount of NH3) under high-load
conditions. The results show that pure ammonia offers better combustion stability and
thermal efficiency, but NOx emissions increase, accompanied by N2O formation [57]. Gross
investigated an ammonia/DME direct-injection engine (as schematically illustrated in
Figure 5) and found that ammonia addition prolongs ignition delay and reduces engine
load capacity. Meanwhile, emissions of CO, HC, and fuel-bound NOx increase [58]. Niki
further found that increasing ammonia injection quantity lowers the maximum in-cylinder
pressure and delays ignition timing. NH3 and N2O emissions increase, while CO2 emissions
decrease [59,60]. Yousefi demonstrated that using split diesel injection can reduce unburned
ammonia emissions, achieving a reduction of approximately 83.5% compared with single
injection. Meanwhile, the indicated thermal efficiency in dual-fuel mode can be increased
by about 2%, and greenhouse gas emissions are reduced by 23.7% [61,62]. Overall, ammonia
co-combustion can reduce CO2 emissions, but it leads to increased NOx and NH3 emissions.
Therefore, emission control remains a key challenge for ammonia-fueled engines.

Figure 5. Fuel flow diagram for preparation and delivery of ammonia and DME mixtures. (Solid
arrowed lines: fluid pipelines and flow directions; dashed arrowed lines: electrical, measurement,
control and feedback signals. Horizontal dashed line in storage tank: rated liquid level. Circles
labeled "P": pressure measuring points; bowtie symbols: shut-off/control valves; circles with internal
triangles: transfer pumps).

Regarding engine power and thermal efficiency, several studies have shown that
adjusting the blending ratio of ammonia to diesel (or other auxiliary fuels) can optimize
engine power output and thermal efficiency. Reiter and Kong [55,56] conducted research
on an ammonia/diesel dual-fuel (ADDF) PPC engine. Their results demonstrate that the
ammonia energy ratio can reach up to 95%. Increasing the ammonia ratio enables the
engine to achieve power output exceeding the rated power of pure diesel mode, and the
engine can maintain favorable fuel economy at a specific ammonia ratio under constant
power conditions. Nadimi [63] investigated an ammonia/biodiesel dual-fuel engine, in
which the engine was first operated stably on biodiesel under low-load conditions with a
constant biodiesel mass flow rate. Ammonia was then injected to increase engine torque
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and power output (as illustrated in Figure 6). The results indicated that stable operation
could be achieved when ammonia supplied approximately 69.4% of the total energy input,
although thermal efficiency slightly decreased. These studies indicate that ammonia co-
combustion can enhance the engine’s power potential, but a balance must be struck between
the ammonia ratio and thermal efficiency.

 
Figure 6. Experimental schematic diagram of amino biodiesel dual-fuel engine. P and T represent
the pressure and temperature measurement points, respectively. Reproduced with permission from
ref. [63]. Copyright 2022 WILEY.

Injection strategy has a significant impact on engine performance and emissions.
Studies have shown that multiple injections and advanced diesel injection timing can
effectively control combustion phasing, while also improving NH3 and N2O emissions
under high-load conditions and maintaining high thermal efficiency [64]. Lasocki and
Kane proposed using engine waste heat to partially decompose ammonia, which enhances
mixture uniformity and helps reduce unburned ammonia and NOx emissions [65–67].
Yousefi further confirmed through experiments and simulations that split injection can
reduce unburned ammonia and improve thermal efficiency; however, after-treatment
technology is still required to bring NH3 emissions into compliance [61,62].

Regarding the potential application of ammonia in low-speed two-stroke marine
engines, Liu [68] developed an ammonia engine model and evaluated its performance
and emissions. The results indicate that ammonia can meet the compliance requirements
and thermal efficiency benchmarks of typical marine engines, whether supplied in the
liquid or gaseous form. Liquid ammonia supply outperforms gaseous ammonia in terms of
power output, ammonia slip, and thermal efficiency. Additionally, CO2 and CO emissions
are reduced, and NOx emissions meet the Tier II standard. Table 2 shows the emission
performance of the PPC engine.

The above literature indicates that co-combustion with ammonia is beneficial for
reducing CO2 emissions. However, it also leads to challenges related to NOx, ammonia
slip, and, in some cases, N2O emissions. The ammonia energy fraction is a key factor
affecting emissions. When the ammonia energy ratio is below approximately 40%, NOx

emissions decrease. When the ratio increases further, NOx, CO, and HC emissions tend to
rise, while CO2 emissions continue to decrease. In addition, combustion mode, engine load,
and injection strategy have significant effects on emissions. Multiple and split injection
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strategies can effectively reduce unburned ammonia and improve combustion stability.
Nevertheless, after-treatment systems are still required to meet emission regulations.

Table 2. Emission performance of PPC engine. (Note: ↑ = increased emission concentration;
↓ = reduced emission concentration).

Authors Fuel Situation Measure Emission Characteristics

Reiter and
Kong [55,56] Ammonia/diesel Mixing ammonia gas CO and HC ↑; CO2 ↓; NOx ↓

Gill et al. [57] Pure ammonia and
dissociated ammonia

Comparison of pure ammonia
and dissociated ammonia

Pure ammonia NOx
emissions increase

Gross et al. [58] Ammonia/dimethyl
ether

Compression ignition of DME
to ignite ammonia

CO and HC ↑; NOx ↑ due to
fuel-bound nitrogen; NH3 slip:
several hundred ppm; soot
extremely low

Niki et al. [59] Ammonia/diesel Spray ammonia gas to the
intake pipe

Mixing ammonia gas: NH3, H2O,
and N2O ↑; CO2 linearly ↓

Niki et al. [60] Ammonia/diesel Multi-stage ammonia injection NH3 and N2O ↓; in some
cases, N2O ↑

Kane et al. [66,67] Ammonia/diesel
Compare the concentration of
emissions before and after
the device

Proper catalyst selection enabled
simultaneous reduction of NOx
and NH3

Nadimi et al. [63] Ammonia/biodiesel
dual fuel Mixing ammonia gas CO2, CO, and HC ↓; NO ↑

Yousefi et al. [61] Ammonia/diesel Various injection timings Ammonia energy fraction < 40%;
NOx ↓ 58.8%; N2O ↑

Yousefi et al. [62] Ammonia/diesel Multi-injection strategies NH3 ↓ 83.5%; minimum NH3
slip ≈ 900 ppm

Overall, ammonia co-firing in compression ignition engines has significant potential
for carbon reduction and power enhancement. However, large-scale application is still
limited by the control of NOx, NH3, and N2O emissions. Future studies should focus on
the coordinated optimization of combustion modes, injection strategies, and efficient after-
treatment technologies to achieve the best balance between performance and emissions. It
should be noted that many PPC ammonia studies reviewed in this section were conducted
on automotive-scale diesel engines, single-cylinder research engines or laboratory platforms
rather than low-speed two-stroke marine engines. These studies are still valuable because
they reveal fundamental mechanisms, including the effects of ammonia energy fraction,
pilot-fuel timing, split injection and mixture stratification on ignition delay, NOx formation,
NH3 slip and N2O emissions. However, their direct transferability to large low-speed
marine engines is limited. Marine two-stroke engines differ substantially in bore size,
engine speed, scavenging process, in-cylinder flow structure, spray penetration distance,
wall heat transfer and continuous high-load operating requirements. Therefore, the results
from automotive or research engines should be interpreted as mechanistic evidence for
ammonia combustion control rather than direct proof of marine-engine readiness. Further
validation on large-bore, low-speed two-stroke platforms is required before PPC ammonia
combustion can be considered technically mature for main marine propulsion.

5. Marine Mixed Thermodynamic Cycles and Ammonia Dual-Fuel Engines
In addition to HCCI, PPC, and spark ignition ammonia engines, some ammonia-fueled

marine engines operate under mixed thermodynamic-cycle and dual-fuel combustion
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modes. In these engines, the heat release process cannot be strictly classified as purely Otto-
like or Diesel-like, because pilot-fuel autoignition, ammonia injection, partially premixed
combustion, and mixing-controlled combustion may coexist within the same engine cycle.
Therefore, these engines should be discussed separately from conventional compression
ignition and spark ignition ammonia engines.

This classification is particularly relevant to ammonia/diesel dual-fuel engines. In low-
pressure or intake-premixed ammonia systems, ammonia is supplied through the intake
port or manifold and ignited by a small amount of high-reactivity pilot fuel. Although
this approach can reduce CO2 emissions, gaseous ammonia may displace part of the
intake air and reduce power density, while ammonia’s low reactivity can also lead to
incomplete combustion and high NH3 slip. To overcome these limitations, high-pressure
direct-injection dual-fuel (HPDF) ammonia engines have attracted increasing attention. In
the HPDF operation, ammonia is injected directly into the cylinder at high pressure and
ignited by a diesel pilot, which can better preserve charging efficiency, improve spray–air
mixing, and provide more direct control over combustion phasing and emissions [69].

In recent years, high-pressure injection dual-fuel (HPDF) engines have been considered
to have the potential to reduce emissions and improve thermal efficiency [70–72]. The
HPDF ammonia engine uses a small amount of highly reactive fuel (such as diesel) as an
ignition source to assist in igniting the hard-to-autoignite ammonia fuel, thereby achieving
an efficient and low-carbon combustion process. The HPDF ammonia engine draws in a
mixture of ammonia and hydrogen during the intake stroke. In the compression stroke, the
piston compresses the mixture, raising its temperature and pressure. During the power
stroke, the diesel injector sprays diesel into the cylinder. The diesel autoignites and then
ignites the ammonia–hydrogen mixture. The released energy pushes the piston downward,
producing mechanical work. Finally, during the exhaust stroke, the combustion gases are
expelled (as shown in Figure 7).

 
Figure 7. Working diagram of HPDF ammonia engine.

In 2021, Frankl et al. [73,74] carried out relevant numerical simulation research on
an HPDF ammonia fuel engine, which provided theoretical guidance for the research in
this direction. Li et al. [75] carried out experimental research and numerical simulations
on an HPDF ammonia/diesel dual-fuel engine. They focused on the combustion and
emission characteristics of low- and high-pressure injection dual-fuel modes. The results
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show that the maximum ammonia energy recommended by the low-pressure injection
mode accounts for about 80%, while the high-pressure injection has the potential to achieve
a 97% diesel substitution rate. The HPDF ammonia/diesel mode has similar indicated
thermal efficiency, cooling and exhaust loss to the pure diesel mode. Low-pressure injection
can obtain higher indicated thermal efficiency. Compared with the LPDF mode with 20%
diesel energy fraction, the HPDF mode with 3% diesel energy fraction reduced NH3 by
approximately 80–85%, NOx by 65–75%, and equivalent CO2 emissions by 80–85% under
the same 1000 rpm, −8◦CA aTDC, 1.3 bar and 322 K operating condition.

In terms of emission performance, Sun et al. [76] explored the effects of different
ignition modes and different injector arrangements on the performance of HPDF ammo-
nia/diesel dual-fuel engines. The results show that the combustion performance of the
HPDF-1 arrangement is more stable than that of the HPDF-2 arrangement, which is due to
the fact that the injector arrangement is beneficial to the rapid mixing of fuel, thus promot-
ing the combustion process. In addition, compared with the hydrogen-induced ammonia
ignition mode, the ammonia/hydrogen mixed compression ignition mode reduces the
nitrogen oxide emissions by 29.4%, with a 0.7% decrease in the indicated power. When the
ammonia/hydrogen mixing ratio is 30%, it is close to the original engine emission, and the
ammonia and hydrogen escape decreases with the increase in the mixing ratio.

These results indicate that injector arrangement and ignition mode are important
control factors in HPDF ammonia engines. A suitable injector layout can improve the spatial
matching between the ammonia jet and the ignition region, thereby promoting fuel–air
mixing and reducing unburned NH3/H2 slip. However, ignition strategies with stronger
hydrogen participation may increase power output while also raising NOx emissions.
Therefore, the injector arrangement, ignition mode and ammonia/hydrogen mixing ratio
should be optimized together to balance combustion stability, power performance and
emission control.

In terms of engine power, Wang et al. [77] investigated the effects of different am-
monia/hydrogen mixing ratios on engine combustion and emission performance at four
intake temperatures ranging from 476 K to 551 K. They found that, under the hydrogen
ignition mode at an intake temperature of 476 K, a 30% hydrogen mixing ratio resulted in
higher engine power, better emission performance, a KI value slightly above 2 MPa/◦CA,
fewer components performing negative work, and overall optimal engine performance.

In addition to the above studies, recent research has further confirmed the potential
of liquid ammonia high-pressure direct injection and diesel pilot ignition for marine and
heavy-duty engines. Scharl et al. [78] investigated the ignition and combustion character-
istics of diesel-piloted liquid ammonia sprays under engine-relevant conditions using a
rapid compression–expansion machine. Their results showed that successful ammonia
spray combustion strongly depends on the spatial and temporal interaction between the
diesel pilot spray and the liquid ammonia spray. This indicates that, for HPDF ammonia
engines, the relative arrangement of diesel and ammonia injection is not only a hard-
ware issue, but also a key factor controlling ignition stability, heat release and unburned
ammonia emissions.

Zhou et al. [79] established the CFD models of a pilot diesel-ignited ammonia dual-
fuel low-speed marine engine and compared ammonia premixed combustion with high-
pressure spray combustion. The results showed that both modes could achieve an indicated
thermal efficiency above 50% at a diesel replacement ratio of approximately 98–99%. How-
ever, the optimized premixed mode increased NOx emissions by 140.6% compared with the
pure diesel mode, whereas the optimized high-pressure spray combustion mode reduced
NOx emissions by about 47%. In both optimized cases, the equivalent greenhouse gas
emissions, expressed as CO2 + 300 × N2O, were reduced by approximately 97%, and
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unburned NH3 emissions were negligible. These results suggest that HPDF ammonia
combustion has stronger potential for simultaneous carbon reduction and emission control
in low-speed marine engines.

Zhang et al. [80] experimentally investigated an ammonia/diesel dual direct-injection
strategy on a two-stroke low-speed compression ignition engine based on the diesel jet-
controlled compression ignition concept. They found that diesel spray can provide sufficient
ignition energy for liquid ammonia spray, thereby shortening the ammonia combustion
duration and improving the indicated thermal efficiency compared with pure diesel opera-
tion. Meanwhile, soot, CO and thermal NOx emissions were effectively suppressed under
the dual-fuel mode. This study is particularly important for marine applications because it
directly verifies the feasibility of liquid ammonia direct injection in a two-stroke low-speed
engine rather than only in automotive-scale research engines.

These studies also show that diesel pilot fuel plays a critical but conflicting role in
HPDF ammonia engines. Increasing the pilot-fuel quantity can strengthen ignition, shorten
ammonia combustion duration and improve combustion stability, but it also weakens
the carbon-reduction benefit of ammonia substitution. Conversely, reducing the pilot-
fuel quantity helps lower fossil CO2 emissions, but may increase ignition delay, unstable
combustion and NH3 slip. Therefore, the practical target is not to eliminate pilot fuel
completely, but to find an operating window that balances ammonia substitution, ignition
stability, thermal efficiency and emissions.

Overall, HPDF ammonia engines provide a more promising mixed-cycle pathway
for large marine propulsion than low-pressure or intake-premixed ammonia dual-fuel
systems. By injecting ammonia directly into the cylinder and using a small amount of
diesel pilot fuel for ignition, the HPDF operation can preserve charging efficiency, maintain
power density, and achieve high ammonia substitution while improving combustion
controllability. However, HPDF ammonia combustion still involves important trade-offs.
Increasing the pilot-fuel quantity can improve ignition stability and reduce NH3 slip, but it
also weakens the carbon-reduction benefit. Reducing the pilot-fuel quantity can increase
the zero-carbon fuel share, but may cause unstable ignition, incomplete ammonia oxidation,
and higher NH3 slip. Similarly, ammonia injection pressure, injector arrangement, and
spray–pilot interaction strongly affect NOx formation, NH3 slip, thermal efficiency, and
combustion stability.

Therefore, the key challenge for HPDF ammonia engines is to establish a controllable
operating window that coordinates ammonia injection pressure, pilot-fuel strategy, injec-
tor layout, combustion phasing, and exhaust after-treatment. For large marine engines,
future research should focus on validating HPDF ammonia combustion under large-bore,
low-speed, high-load, and transient operating conditions, while coupling in-cylinder com-
bustion optimization with SCR/ASC after-treatment to achieve high efficiency, low NOx,
low NH3 slip, and low residual carbon emissions.

6. Marine Spark Ignition Ammonia-Fueled Engine
6.1. Marine Conventional Spark Ignition Ammonia Engine

The conventional spark ignition ammonia engine is a combustion mode of an inter-
nal combustion engine based on the spark ignition principle of gasoline engines, using
ammonia (NH3) as the main fuel. Due to the high autoignition temperature and low
combustion rate of ammonia, this type of engine usually requires spark plug ignition
and is often supplemented with hydrogen or other easily combustible fuels to improve
combustion performance.

During the intake stroke, the engine intake valve opens, drawing in a mixture of
ammonia and hydrogen. In the compression stroke, the intake valve closes, and the piston
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moves upward, compressing the mixture and raising its temperature and pressure. During
the power stroke, the spark plug ignites the ammonia–hydrogen mixture. The released
energy pushes the piston downward, producing mechanical work. In the exhaust stroke,
the exhaust valve opens, and the piston moves upward to expel the combustion gases,
completing one cycle (as shown in Figure 8).

 
Figure 8. Working diagram of conventional ignition ammonia engine.

It is generally believed that pure ammonia can be ignited with at least 8 mJ ignition
energy [81]. The spark plug is used to ignite ammonia gas in the engine cylinder. Due to
the slow combustion rate of ammonia gas, single-point ignition reduces the pressure rise
rate, and the combustion duration is longer. This makes the engine use a spark plug to
ignite ammonia gas in the cylinder. Therefore, the ignited ammonia-fueled engine generally
blends other highly active fuels with a faster flame propagation speed. The blended fuels
in the existing research are mainly hydrogen, gasoline and natural gas.

Many studies have focused on the ignition behavior, flame propagation speed, and
cycle stability of ammonia or ammonia–hydrogen mixtures in spark ignition engines.
Mørch et al. [82] mixed ammonia and hydrogen in the intake port and varied the excess-air
ratio and hydrogen fraction. They found that a hydrogen volume fraction of about 10%
can improve ignition and give the best efficiency and power. Frigo and Gentili et al. [83,84]
modified a four-stroke twin-cylinder gasoline engine and supplied an ammonia–hydrogen
mixture through the intake port. The detailed experimental setup is shown in Figure 9.
Their results confirmed that hydrogen compensates for the low reactivity of ammonia and
speeds up flame propagation. It also ensures stable combustion under different loads,
although the overall performance remains lower than the original gasoline engine.

Additionally, Lhuillier et al. [85,86] tested ammonia/air, ammonia–hydrogen/air, and
methane/air mixtures in a single-cylinder SI engine. They showed that near-stoichiometric
ammonia can reach high combustion completeness. They also found that adding 20%
hydrogen shortens the combustion duration, prevents misfire, and strongly enhances
early heat release. Ji et al. [87] studied the effect of adding ammonia to a hydrogen
engine under part load. Ammonia slowed the combustion rate and increased ignition
delay, but it also raised the mean indicated pressure. Dinesh et al. [88] used a variable-
compression-ratio engine to quantify hydrogen-assisted ammonia combustion. Higher
compression ratios and higher hydrogen fractions increased the overall heat release rate
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and sped up early combustion (such as CA10). However, excessive hydrogen reduced
volumetric efficiency and limited performance gains. Overall, adjusting the hydrogen ratio,
equivalence ratio, compression ratio, and ignition strategy can effectively enhance ammonia
reactivity. These studies support that hydrogen addition improves ignition stability and
accelerates heat release.

Figure 9. Schematic diagram of the ammonia–hydrogen fuel system configuration.

The emission studies mainly focus on the mechanisms and control challenges of NOx

(including thermal NOx and fuel NOx), ammonia (NH3) slip, and N2O formation during
ammonia combustion. Ryu et al. [89] used gasoline intake ignition combined with liquid
ammonia direct injection into the cylinder. They found that when ammonia was injected
at 370◦ CA BTDC, the power was close to that of the gasoline mode, but NOx emissions
increased. This indicates that while direct injection improves charge quality, it also en-
hances high-temperature zones and fuel NOx formation. Lhuillier et al. [85] compared
ammonia/air and ammonia/hydrogen/air combustion under different equivalence ratios
and intake pressures. They pointed out that a moderate amount of hydrogen can reduce
fuel NOx to some extent, while near-stoichiometric conditions result in lower NH3 emis-
sions and higher combustion completeness. Oh et al. [90] studied the emissions of a natural
gas–ammonia dual-fuel turbocharged engine at full load (as shown in Figure 10). They
found that when the ammonia energy fraction exceeded 5%, fuel NOx dominated and
increased monotonically with the ammonia ratio. Additionally, a lower excess air ratio led
to a larger increase in NOx.

Furthermore, Wei et al. [91] further studied marine natural gas engines and observed
that, as XNH3 increased, NOx emissions first increased and then decreased, while NH3

and N2O steadily increased. The primary source of NOx was from the fuel pathway.
Xin et al. [92,93] observed that adding ammonia to a hydrogen engine also resulted in an
overall increase in NOx emissions, and delaying ignition could not effectively suppress this
increase. This suggests that, under hydrogen-enhanced combustion, the flame temperature
remains high, making it difficult to control NOx formation. Overall, existing research
consistently highlights that the emission challenges in ammonia combustion are centered
around fuel NOx and NH3 emissions, which are influenced by factors such as ammonia
fraction, equivalence ratio, ignition timing, and hydrogen blending.

Studies on performance and efficiency mainly evaluate how ammonia, ammo-
nia/hydrogen, and ammonia/natural gas blends affect output power, indicated thermal
efficiency, and combustion losses under different operating conditions. Ryu et al. [83]
studied the direct injection of ammonia. They showed that when gasoline provided the
ignition energy and ammonia was injected early, the maximum output reached 2.7 kW.
This was close to the gasoline mode. Their results indicate that a proper injection strategy
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can reduce the charge-loss problem caused by ammonia. Xin et al. [92,93] added a small
amount of ammonia (about 2.2%) into a four-cylinder direct-injection hydrogen engine.
They found that, under specific intake pressures and full-load conditions, both IMEP
and indicated thermal efficiency increased. The main reason was that ammonia helped
moderate the overly rapid heat release rate of hydrogen combustion, which improved the
effective energy output. Oh et al. [90] tested a natural gas–ammonia dual-fuel engine. As
the ammonia energy fraction increased, cooling losses decreased, but pumping losses and
incomplete-combustion losses increased. As a result, the net indicated efficiency dropped
slightly, but it still stayed near the natural gas baseline.

 

Figure 10. Experimental configuration of dual-fuel natural gas–ammonia spark ignition engine.
Reproduced with permission from ref. [88]. Copyright 2021 Elsevier.

Moreover, Wei et al. [91] reported that, within a certain ammonia-blending range,
thermal efficiency increased by about 1.96%. At the same time, CO2 emissions decreased by
up to 44%. These results show the potential benefit of replacing part of the natural gas with
ammonia. Lhuillier et al. [85] also showed that near-stoichiometric operation allowed pure
ammonia to reach a thermal efficiency comparable to methane. Dinesh et al. [88] found
that increasing the compression ratio from 12 to 15 and raising the hydrogen energy share
improved brake thermal efficiency by up to 33%. Overall, the studies show that optimizing
ammonia fraction, intake pressure, hydrogen addition, ignition timing, and compression
ratio can increase the effective heat release of ammonia combustion. With these strategies,
engines can achieve efficiency levels close to or even higher than those of conventional
gaseous fuels.

Table 3 shows the comparison of conventional spark ignition ammonia engines. Due
to the high autoignition temperature and slow flame speed of ammonia, conventional
SI ammonia engines rely on spark ignition. They usually require hydrogen, gasoline, or
natural gas as assisting fuels. Existing studies consistently show that stable and efficient
operation is difficult with pure ammonia. The addition of hydrogen or other reactive
fuels can shorten the combustion duration, enhance early heat release, and improve cycle
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stability, as shown in Table 3. However, the overall performance is still generally lower
than that of conventional gasoline engines.

Table 3. Comparative study on conventional spark ignition ammonia engines.

Authors Fuel System Measure Conclusion

Mørch et al. [82] NH3/H2/Air Blend 10% hydrogen The engine performs best in terms of
efficiency and power.

Frigo and
Gentili et al. [83,84] NH3/H2/Air The introduction of

ammonia–hydrogen mixed gas
The introduction of hydrogen
accelerates flame propagation.

Lhuillier et al. [85,86] NH3/H2/Air Adding 20% hydrogen Shortens the combustion duration
and increases the early heat release

Ji et al. [87] H2/NH3/Air Add ammonia to the
hydrogen engine

Combustion rate decrease, ignition
delay and IMEP

Xin et al. [93,94] H2/NH3
Adding 2.2% ammonia to a
hydrogen engine

IMEP and marked thermal efficiency
are improved

Dinesh et al. [88] NH3/H2

The influence of different
hydrogen ratios on
ammonia engines

The hydrogen ratio can increase the
total heat release rate and accelerate
the early combustion stage.

Wei et al. [91] NG/NH3
Ammonia mixed with
natural gas

The thermal efficiency is increased by
about 1.96%.

Overall, most studies focus on ignition behavior, flame propagation, cycle stability,
and pollutant emissions (such as NOx, ammonia slip, and N2O). Moderate hydrogen blend-
ing, typically 10–20% by volume, can enhance ammonia reactivity and improve ignition
reliability. Stable combustion can be achieved over a wide load range. Increasing the
compression ratio and optimizing the equivalence ratio and ignition timing can further
accelerate heat release and improve combustion efficiency. However, excessive hydro-
gen reduces volumetric efficiency, limits performance improvement and increases NOx

emissions. Future studies should focus on fuel blending optimization, ignition and intake
strategy improvement, and effective after-treatment systems. It should also be noted that
the commonly reported 10–20% hydrogen addition is mainly evaluated from the viewpoint
of combustion improvement. In practical marine engines, the feasibility of this strategy
depends on whether hydrogen is stored onboard, produced by ammonia cracking, or
generated through exhaust-heat recovery, as each route has different implications for safety,
volume, response time and system cost.

6.2. Marine Pre-Chamber Jet Ignition Engine

Ammonia-fueled engines with advanced ignition strategies demonstrate a more promi-
nent advantage in greenhouse gas emission reduction. Specifically, ammonia-fueled engines
adopting ammonia–hydrogen premixed pre-chamber jet ignition show great potential to
overcome the existing power output limitations of ammonia-fueled power systems [94]. As
a high-performance ignition technology, pre-chamber jet ignition is widely recognized as a
key development direction for next-generation advanced ignition systems. For an ammonia-
fueled engine configured with pre-chamber jet ignition, an independent pre-chamber is
arranged, in which the high-reactivity mixture is ignited by a spark plug. After the ignition
event, the in-pre-chamber combustion produces high-temperature and high-pressure gas
jets, which are injected into the main combustion chamber through multiple small orifices.
This process creates multiple distributed ignition sources in the main combustion chamber,
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enhancing both the ignition stability of the cylinder mixture and flame propagation velocity
(as shown in Figure 11).

Figure 11. Working principle of PCJI ammonia-fueled engine.

The pre-combustion chamber can be divided into an active pre-combustion chamber
and a passive pre-combustion chamber. The active pre-combustion chamber has additional
fuel addition, while the passive pre-combustion chamber does not have it [95–97].

Zhao et al. [98] found that at a high compression ratio of 17:1, the jet flame tends to
impact the combustion chamber walls, causing large-scale quenching. The heat release is
rapid in the early combustion stage but slows down later, with unburned hydrocarbons
in the clearance of the combustion chamber and pre-chamber aggravating afterburning
and extending the combustion duration. Adding auxiliary fuel to the pre-chamber can
increase the initial kinetic energy of the hot jet, improve the flame structure, and accelerate
the consumption of the mixture in the main combustion chamber [99]. Zhou et al. [100]
pointed out that pre-chamber jet ignition was superior to traditional spark plug ignition
because it increased the ignition points in the main combustion chamber. The high-speed
impact jets produced after ignition raised the turbulence intensity in the main combustion
chamber, accelerating turbulent flame propagation. At 2000 rpm and 1.2 MPa indicated
mean effective pressure, the 50% combustion angle in the pre-chamber engine was about
8.5◦ earlier than in the spark plug engine. With the increase in speed and load, this effect
gradually decreases.

Liu et al. [101] designed an air-assisted pre-chamber to optimize spark ignition am-
monia engine performance. Wang et al. [102] proposed a turbulent jet ignition strategy
with auxiliary oxygen injection in the pre-chamber to improve the ignition and combustion
performance of ammonia-rich/air mixtures. They found that injecting excess oxygen into
the pre-chamber effectively enhanced ignition. The equivalence ratio of the pre-chamber
had no significant effect on jet intensity, but increasing the equivalence ratio of the main
combustion chamber and decreasing nozzle diameter increased jet velocity. However,
ignition performance was affected by the competition between turbulence and mixture
reactivity, requiring optimal turbulence intensity to promote rapid combustion. Table 4
shows the effect of pre-chamber jet ignition engine on combustion and emissions.
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Table 4. The effect of pre-chamber jet ignition engine on combustion and emissions.

Authors Key Technology Operating
Conditions

Combustion and
Performance Indicators

Emission
Characteristics

Zhao et al. [95] Jet ignition High compression
ratio

Significantly prolonged
combustion duration

Increased unburned
HC due to
enhanced afterburning

Sang et al. [96] TJI with auxiliary
fuel in pre-chamber λ = 1.5 Maximum combustion

pressure +66.4%

NOx reduced by 93.9%
compared with
stoichiometric
operation

Zhou et al. [97] Passive pre-chamber
jet ignition

2000 rpm,
1.2 MPa IMEP

CA50 advanced by
~8.5◦ CA

Not quantitatively
reported

Liu et al. [98] Air-assisted
pre-chamber + TJI

Lean operation,
λ = 1.4

Significant reduction in
IMEP COV

NOx and NH3
emissions reduced

Wang et al. [99] Oxygen-assisted
pre-chamber TJI

Variable nozzle
diameters Jet velocity increases Not quantitatively

reported

Zhan et al. [100] Active pre-chamber
ignition

Different
pre-chamber
injection levels

Increased jet penetration

PM emissions
increased with higher
pre-chamber
fuel supply

Liu et al. [101] Air-assisted RCTJ
pre-chamber + H2

Intake temperature:
300 K

Shortest ignition delay
and combustion
duration for
H2–air mixture

Reduced NH3
emissions (qualitative)

In emission performance research, Sang et al. [99] found that, at an excess air ratio
of 1.5, NOx emissions in the turbulent jet ignition mode were 93.9% lower than those in
stoichiometric combustion. At the same time, Zhan et al. [103] pointed out that increasing
the fuel injection in the active pre-chamber increased the penetration distance and wall
impingement of the fuel jet, which led to higher particulate matter (PM) emissions. In
addition, Liu et al. [104] developed a hydrogen-assisted ammonia combustion strategy
within a pre-chamber. This approach was ultimately applied to an RCTJ pre-chamber to
overcome combustion deficiencies and achieve efficient and stable combustion. The study
also found that the use of different fuels can change the reactivity of the pre-combustion
chamber mixture. The hydrogen–air mixture in the pre-combustion chamber has the
shortest ignition delay time and combustion duration due to its highest reactivity.

In summary, the development of pre-chamber jet ignition (PCJI) technology and its
application in ammonia-fueled engines enhance the ignition energy of the mixture in the
main combustion chamber, achieve multi-point ignition, and accelerate flame propaga-
tion. Pre-chamber jet ignition technology provides a promising pathway for achieving
high efficiency, low emissions, and stable combustion in ammonia-fueled engines. This
technology not only effectively overcomes the ignition limitations of ammonia fuel but
also offers crucial technical support and a viable direction for the future development of
zero-carbon internal combustion engines.

To conclude the discussion of ammonia combustion modes in marine engines, a
cross-comparison of the main emission characteristics is necessary because different en-
gine concepts exhibit distinct NOx and NH3 slip behaviors. Table 5 summarizes the key
differences among HCCI, PPC, HPDF, conventional SI, and pre-chamber jet ignition en-
gines in terms of dominant combustion features, NOx tendency, NH3 slip tendency, and
emission-control challenges.
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Table 5. Key comparison of NOx and NH3 slip characteristics among representative ammonia
combustion modes.

Combustion
Mode

Dominant
Combustion Feature NOx Tendency NH3 Slip Tendency

Key
Emission-Control

Challenge

HCCI
Premixed

autoignition of
NH3/H2 mixture

Increases with NH3
fraction and combustion
temperature; EGR can
reduce NOx but may

lower efficiency

Mainly caused by
incomplete oxidation

and misfire-prone
operation

Balancing ignition
stability, combustion

phasing, NOx
control, and

unburned NH3

PPC

Pilot-assisted or
partially premixed

NH3/diesel
combustion

May decrease at low
NH3 energy fraction,
but increases at high

NH3 substitution due to
fuel-bound nitrogen and
incomplete combustion

Can be significant,
especially under high

NH3 fraction or
insufficient pilot

ignition; split injection
can reduce NH3 slip

Simultaneous control
of NOx, NH3 slip,
CO/HC, and N2O

HPDF
Diesel-pilot ignition
with high-pressure
NH3 direct injection

Optimized spray–pilot
interaction can reduce
NOx compared with

low-pressure or
premixed modes

Generally lower than
intake-premixed

modes, but increases if
pilot energy or spray

matching
is insufficient

Maintaining high
NH3 substitution
while avoiding

unstable ignition and
NH3 slip

Conventional SI

Spark-ignited
premixed NH3/H2,
NH3/gasoline, or

NH3/NG
combustion

Fuel-bound NOx often
increases with NH3
fraction; hydrogen

addition may improve
combustion but can

raise NOx

Reduced near
stoichiometric and

complete combustion
conditions, but

increases under poor
flame propagation

or quenching

Improving flame
propagation while

suppressing
fuel-NOx and
residual NH3

Pre-chamber
jet ignition

Jet-assisted turbulent
premixed

deflagration

Lean operation and
optimized jet ignition

can reduce NOx

Can be reduced by
stronger ignition and

faster flame
propagation

Optimizing
pre-chamber fueling,

jet intensity,
equivalence ratio,
and NH3/H2 slip

Overall, the comparison shows that the emission issue of ammonia engines is not
governed by a single pollutant, but by the coupled control of NOx formation, unburned
NH3, combustion stability, and ammonia substitution ratio. HCCI engines are mainly
limited by autoignition control and combustion phasing, while PPC engines require careful
coordination of ammonia energy fraction, pilot-fuel timing, and injection strategy to avoid
increased NOx, NH3 slip, CO/HC, and N2O emissions. HPDF engines show stronger
potential for marine applications because high-pressure ammonia injection can improve
power density and reduce NH3 slip, but their performance strongly depends on spray–pilot
interaction and pilot-fuel quantity. For conventional SI engines, the major limitation is
ammonia’s slow flame propagation, which can lead to incomplete combustion and residual
NH3. In comparison, pre-chamber jet ignition enhances ignition energy and turbulent flame
development, thereby offering a promising route to improve combustion stability while
reducing NH3 slip and controlling NOx emissions under optimized lean-burn conditions.

7. Exhaust After-Treatment and NH3 Slip Control
Although combustion optimization is essential for ammonia-fueled marine engines,

in-cylinder control alone is unlikely to simultaneously eliminate NOx, NH3 slip, and N2O
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emissions under the variable operating conditions of practical marine propulsion systems.
Across the combustion modes reviewed above, NOx emissions are mainly associated with
both thermal NOx and fuel-bound NOx pathways, while NH3 slip originates from the
incomplete oxidation of ammonia, local over-lean or over-rich mixtures, wall quenching,
crevice effects, and insufficient residence time in low-temperature regions. In addition,
N2O may be formed during low-temperature ammonia oxidation and incomplete nitro-
gen conversion, which is particularly important because N2O has a much higher global
warming potential than CO2. Therefore, exhaust after-treatment should not be consid-
ered as an optional auxiliary system, but as an indispensable part of ammonia engine
development [105–107] (as shown in Figure 12).

Figure 12. System-level control of NOx, NH3 slip and N2O.

Selective catalytic reduction (SCR) is particularly relevant for ammonia-fueled engines
because NH3 is already used as the reductant in conventional NOx control systems. In
typical SCR reactions, NH3 reacts with NO and/or NO2 over a catalyst surface to form N2

and H2O. The standard SCR reaction can be expressed as:

4NH3 + 4NO + O2 → 4N2 + 6H2O

and the fast SCR reaction can be expressed as:

2NH3 + NO + NO2 → 2N2 + 3H2O

For conventional diesel engines, the amount of injected urea or ammonia reductant
can be actively controlled according to the measured NOx concentration. However, in
ammonia-fueled engines, the situation becomes more complex because NH3 is both the
fuel and a potential reductant. A certain amount of engine-out NH3 may participate in
NOx reduction in the SCR catalyst, but uncontrolled NH3 slip cannot be regarded as a
harmless surplus reductant. It represents a toxic exhaust component, may cause odor
and safety concerns, and can lead to secondary emissions if it is not properly converted
downstream. Sun et al. coupled a three-dimensional ammonia–diesel dual-fuel engine
model with a one-dimensional SCR model and showed that NOx could be effectively
reduced under many operating conditions, but excessive engine-out NH3 could remain
high after SCR when the NH3 concentration in the exhaust was too large [108]. Therefore,
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the objective of the after-treatment system is not only high NOx conversion efficiency, but
also the simultaneous limitation of residual NH3 and N2O emissions.

Recent experimental studies further demonstrate this trade-off. Xiang et al. investi-
gated an ammonia/diesel dual-fuel engine equipped with DOC + SCR after-treatment and
reported that increasing the ammonia fraction increased NH3, HC, CO and N2O emissions,
while NOx emissions decreased. Although DOC could reduce NH3 emissions by more
than 90%, NH3 oxidation in the DOC also produced NOx and N2O. The SCR system re-
duced NOx, N2O and NH3 to some extent, but the N2O conversion efficiency remained
limited, and large amounts of NOx and NH3 could still appear at the SCR outlet under
some conditions [105]. Similarly, Tyrewala et al. evaluated a commercial Cu–zeolite SCR
and ammonia slip catalyst system on a high-load dual-fuel ammonia engine. Their results
showed that SCR could achieve more than 99% NOx conversion with less than 50 ppm NH3

slip at air–fuel equivalence ratios greater than 1.4, but additional N2O was formed over the
Cu-SCR catalyst [106]. These findings indicate that SCR/ASC systems are promising for
ammonia engines, but they must be optimized to avoid shifting the emission problem from
NOx and NH3 to N2O.

A practical after-treatment system for ammonia-fueled marine engines may therefore
require a combined SCR and ammonia slip catalyst (ASC) configuration. In this layout, the
SCR catalyst is responsible for reducing NOx by using either controlled reductant dosing
or engine-out NH3, while the ASC is placed downstream to oxidize residual NH3. Ideally,
the ASC should selectively oxidize NH3 to N2 and H2O:

4NH3 + 3O2 → 2N2 + 6H2O

However, excessive or poorly controlled oxidation activity may generate undesirable
NOx or N2O by-products, for example,

4NH3+5O2 → 4NO + 6H2O

2NH3+2O2 → N2O + 3H2O

This trade-off makes catalyst selection and temperature control especially important.
Ghosh et al. emphasized that ASC is an essential final step in the emission-control system
because it selectively oxidizes NH3 to N2, and they proposed a Pt/Al2O3@Cu/ZSM-5
core–shell catalyst to improve low-temperature NH3 conversion and N2 selectivity [109].
Yao et al. developed a one-dimensional kinetic model for a dual-layer ASC consisting of
Cu/SSZ-13 and Pt/Al2O3, showing that NH3 conversion and N2O selectivity are affected
by the NO/NH3 ratio and space velocity [110]. Therefore, the ASC should be evaluated not
only by its NH3 conversion efficiency, but also by its selectivity toward N2 and its ability to
suppress secondary N2O formation.

Marine engines introduce additional challenges for SCR and ASC operation. Unlike
stationary engines operating near steady-state conditions, marine propulsion engines often
experience wide load variations, long low-load operation, acceleration and deceleration
during maneuvering, and changes in exhaust temperature. At a low load, the exhaust
temperature may be insufficient for high SCR activity, which can reduce NOx conversion
and increase NH3 slip. At a high load, elevated exhaust temperature may improve catalytic
activity but also increase thermal NOx formation and promote undesired ammonia oxi-
dation (as shown in Figure 13). In addition, marine fuels and lubricants may introduce
sulfur-containing species, water vapor and particulate matter, which can affect catalyst
durability and long-term activity. Brandenberger et al. summarized the complex reac-
tion chemistry, undesired side reactions and catalyst mechanism issues of NH3-SCR over
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metal-exchanged zeolites, while Jabłońska reviewed Cu-containing SSZ-13 catalysts for
both NH3-SCR-DeNOx and selective ammonia oxidation, including hydrothermal stability,
poisoning resistance and reaction mechanisms [111,112]. These studies indicate that marine
ammonia-engine after-treatment systems must be designed for a broad operating window
rather than a single optimized point.

Figure 13. SCR–ASC after-treatment mechanism and operating trade-offs. (Solid arrows in figures
denote actual exhaust flow and aftertreatment sequence; dashed arrows represent effects of operating
conditions, control parameters or potential issues on aftertreatment units).

From a control perspective, the key parameter is the dynamic balance between engine-
out NOx and NH3. If the NH3/NOx ratio is too low, NOx conversion in the SCR catalyst is
insufficient. If it is too high, residual NH3 passes through the SCR catalyst and increases
the burden on the downstream ASC. This problem is more difficult in ammonia engines
than in conventional diesel engines because engine-out NH3 slip is strongly affected by
ammonia energy fraction, equivalence ratio, hydrogen addition, injection timing, ignition
strategy and combustion completeness. Therefore, closed-loop control based on NOx, NH3,
oxygen concentration and exhaust-temperature sensors may be necessary. Such a system
should coordinate fuel injection, ignition timing, pilot-fuel quantity, hydrogen enrichment
and SCR/ASC operation in real time.

Overall, NH3 slip control should be treated as a system-level problem rather than a
separate exhaust-cleaning issue. Increasing combustion temperature or hydrogen fraction
may reduce unburned NH3, but it can also increase NOx formation. Operating at lean
or low-temperature conditions may suppress NOx, but it can increase NH3 slip and N2O
emissions. Similarly, SCR can reduce NOx effectively, but inappropriate NH3 management
may lead to excessive downstream NH3 or secondary N2O formation. Consequently, future
ammonia-fueled marine engines should be developed through combustion–after-treatment
co-optimization. For large marine engines, the most promising strategy is to combine stable
in-cylinder ammonia combustion, minimized pilot-fuel consumption, controlled engine-
out NH3/NOx ratio, efficient SCR conversion and highly selective ASC operation. This
integrated approach is essential for achieving low NOx, low NH3 slip, low N2O emissions
and practical compliance with future marine emission regulations.
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8. Conclusions
Research on ammonia-fueled marine engines has progressed from early feasibility

verification to a clearer understanding of combustion-mode selection, fuel reactivity im-
provement, emission formation, and exhaust after-treatment. Current studies show that
ammonia can be used in internal combustion engines, but its low chemical reactivity, high
autoignition temperature, slow combustion rate, and nitrogen-containing molecular struc-
ture make stable combustion and emission control more difficult than for conventional
hydrocarbon fuels. Different combustion concepts show different advantages and limita-
tions. HCCI ammonia engines can achieve low-temperature and premixed autoignition
combustion, but their operating range is narrow and strongly affected by ammonia frac-
tion, hydrogen addition, intake temperature, compression ratio, and combustion phasing.
PPC ammonia engines can extend the load range compared with HCCI and reduce CO2

emissions through ammonia substitution, but NOx, NH3 slip, CO/HC, and N2O emissions
remain difficult to control. HPDF ammonia engines are more suitable for large marine
engines because high-pressure ammonia direct injection can preserve intake-air charging
efficiency, maintain power density, and achieve high ammonia substitution. However, their
performance depends strongly on diesel pilot quantity, ammonia injection pressure, injector
arrangement, and spray–pilot interaction. For spark ignition ammonia engines, hydrogen,
gasoline, or natural gas blending can improve ignition and flame propagation, while pre-
chamber jet ignition provides a promising route for enhancing lean combustion stability.

The reviewed studies also reveal several important contradictions. Increasing hydro-
gen addition, combustion temperature, or pilot-fuel quantity can improve combustion
stability and reduce NH3 slip, but it may also increase NOx emissions, the pressure rise rate,
system complexity, or residual fossil CO2 emissions. Lean or low-temperature combustion
can reduce thermal NOx, but it may increase incomplete ammonia oxidation, NH3 slip,
and N2O formation. Similarly, SCR and ASC systems can reduce NOx and residual NH3,
but poorly controlled ammonia oxidation may generate secondary NOx or N2O. Therefore,
ammonia-engine performance should not be evaluated only by CO2 reduction or thermal
efficiency. NOx, NH3 slip, N2O, combustion stability, pilot-fuel consumption, and after-
treatment selectivity must be considered together. The key bottleneck to commercialization
is the lack of an integrated and durable combustion–after-treatment control system suitable
for real marine operating conditions. In practical ammonia-fueled marine engines, NH3 is
simultaneously the fuel, a possible unburned toxic exhaust component, and a potential SCR
reductant. This makes the dynamic balance between engine-out NH3 and NOx especially
important. Future research should focus on large-bore marine-engine validation, HPDF
ammonia injection and pilot ignition optimization, pre-chamber ignition development,
onboard ammonia safety and corrosion control, ammonia cracking or hydrogen-supply
strategies, and SCR/ASC systems with high NOx conversion, high NH3 conversion, low
N2O selectivity, and long-term durability. Only through coordinated optimization of com-
bustion, fuel supply, control strategy, and after-treatment can ammonia-fueled marine
engines become a practical route for deep decarbonization of shipping.
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Abbreviations

Abbreviation Full term Description

GHG Greenhouse Gas
Gaseous compounds that trap heat in the atmosphere, such as CO2, CH4, N2O,
and others.

CO2 Carbon Dioxide The primary greenhouse gas emitted through human activities.
CH4 Methane A potent greenhouse gas with high global warming potential.
N2O Nitrous Oxide A greenhouse gas mainly produced by agricultural and combustion processes.

HCCI
Homogeneous Charge A combustion mode that simultaneously ignites a premixed fuel–air
Compression Ignition mixture via compression.

PPC
Partially Premixed A combustion mode that blends characteristics of diesel and gasoline
Combustion combustion for high efficiency.

HPDF
High Pressure Combustion system using dual injection (typically diesel + ammonia or
Dual Fuel hydrogen) under high pressure.

SI Spark Ignition Conventional ignition using spark plugs, similar to gasoline engines.

TJI Turbulent Jet Ignition
An advanced ignition system using pre-chamber hot jets to enhance
combustion rate.

EGR Exhaust Gas Recirculation
A method to reduce NOx emissions by recirculating a portion of exhaust gas
into the intake.

NOx Nitrogen Oxides
Harmful nitrogen compounds produced during combustion, including NO
and NO2.

IMEP
Indicated Mean

A measure of engine power output per cycle, reflecting combustion efficiency.
Effective Pressure

CA10–CA90 Crank Angle 10–90% The crank angle interval over which 10–90% of the fuel mass is burned.

λ (Lambda) Excess Air Ratio
The ratio of actual air/fuel ratio to the stoichiometric air/fuel ratio; indicates
lean or rich combustion.

RON Research Octane Number A measure of a fuel’s resistance to knock under standard test conditions.

LTC
Low-Temperature

Combustion strategy aimed at reducing NOx and soot emissions.
Combustion

NH3 Ammonia
Zero-carbon fuel under study for internal combustion engines and
marine propulsion.

H2 Hydrogen
A clean, high-reactivity fuel often blended with ammonia to improve ignition
and combustion.

DME Dimethyl Ether Alternative fuel used as ignition promoter in ammonia dual-fuel systems.

EEDI
Energy Efficiency

IMO metric to measure energy efficiency of ships.
Design Index

IMO
International

UN agency responsible for regulating shipping emissions and efficiency.
Maritime Organization
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