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Abstract

Ammonia (NH3) is a promising carbon-free fuel for internal combustion engines, but its
low reactivity and poor ignition properties present significant challenges for stable opera-
tion. This study presents the development and experimental validation of a spark-ignited
combustion process that enables stable engine operation using 100% liquid NHj as a single
fuel. A modified single cylinder research engine, equipped with NHj port fuel injection
and a high-energy capacitive ignition system was used to investigate combustion behavior
under various load conditions. The results show that stable, knock-free combustion with
pure NHj is feasible at every operating point without any ignition aids like diesel fuel
or hydrogen (H;). The full load conditions of a diesel engine can be represented with
an indicated efficiency of 50% using this combustion process. The emission measurements
show nitrogen oxides (NOy) and NHj3 emissions in a 1:1 ratio, which is advantageous for
a passive SCR system. Increased nitrous oxides (N,O) formation occurs at low loads and
cold combustion chamber temperatures. This work demonstrates the technical viability of
carbon-free NH3 combustion in spark-ignited (SI) engines and represents a promising step
towards net-zero combustion.

Keywords: internal combustion engines; ammonia (NH3); spark-ignited; carbon-free fuel;
ignition strategies; maritime propulsion system

1. Introduction

International trade heavily depends on maritime transport, which accounts for a con-
siderable share of global CO, emissions. As part of the effort to reduce Greenhouse Gas
(GHG) emissions across all sectors, the International Maritime Organization (IMO) has
committed to achieving climate neutrality for sea-going vessels by 2050 [1]. In this context,
Ammonia (NHj3) has emerged as a promising zero-carbon fuel. It can be combusted without
forming Carbon dioxide (CO,) and is already globally available through a well-established
infrastructure by the fertilizer industry. Furthermore, NHj3 is a viable Hydrogen (H;) carrier
and enables more efficient storage and transport compared to H; [2,3]. Different concepts
for supplying NHj3 to internal combustion engines have been investigated. Dual-fuel
strategies, where NHj is combined with a carbonaceous pilot fuel (e.g., diesel), improve
ignition and flame propagation but compromise the carbon-neutral potential of NHj [3].
Combinations of NH3 and H; avoid this drawback and enable stable combustion, yet they
require a separate Hy supply, which adds complexity in terms of storage, infrastructure,
and safety [4-7]. Supplying gaseous NHj eliminates liquid handling challenges but suffers
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from low energy density and limited engine performance, particularly at high loads. Liquid
NH; fueling, on the other hand, offers higher energy density and improved load capability
but raises challenges regarding evaporation, mixture formation, material compatibility,
and lubrication [2,8]. These limitations highlight the need to investigate liquid NHj3 as
single fuel, in order to assess its true potential for achieving net-zero combustion.

Ammonia combustion itself is subject to significant challenges, including a high auto-
ignition temperature, low laminar flame speed, and narrow flammability limits [9,10]. Pol-
lutant emissions, in particular NOy, NHj3, and N,O, are highly dependent on combustion
temperature and mixture quality [8,11,12]. Engine-based investigations highlight the chal-
lenges of achieving stable operation across the full load range without pilot fuels [3,13,14].
This context motivates the present study, which focuses on pure liquid ammonia operation
without any hydrogen or hydrocarbon assistance.

Switching to carbon-neutral fuels such as NHj offers the possibility of using existing
combustion systems with relatively few changes and thus at low cost. Among the alter-
native fuels, NHj offers favorable properties including higher volumetric energy density
than H (Table 1) [2].

This study presents the results conducted on a Spark Ignition (SI) engine that was
operated using 100% liquid NH3 and no pilot fuel. The aim was to explore the possibility
of achieving net-zero combustion using NHj as a single fuel. We seek to understand
the ignition and combustion behavior of NHj in every load point to identify technical
boundaries for its use in future marine powertrains. Special emphasis is placed on ignition
properties, heat release, efficiency, and emission formation.

Table 1. Comparison of selected physical and chemical properties of NH3 and reference fuels [15-18].

Property Unit NH; H, Diesel Fuel CHy4 (LNG)
. e M]/L 12.68 2.85 35.15 9.07

Volumetric Calorific Value at bar 9 350 1 250

Max. Laminar Flame Speed m/s 0.07 291 0.4 0.37

Adiabatic Flame Temperature K 2073 2383 2303 2273

Auto-ignition Temperature K 924 833 >498 743

Ignition Energy (1bar and 298K) m]J 18° 0.02 10-30 0.28

Evaporation Energy kJ/kg 1368 223 200-300 511

Tank Volume (rel. to diesel) - 2.8 4.2 1.0 1.3

 Ref. [18] provides a literature overview of measured values. The majority of the values are in the range 8-18 mJ.

2. Experimental Setup

The experimental investigations are carried out on a single cylinder research engine
derived from the Liebherr D966 diesel engine (for characteristics, see Section 2.1). The en-
gine, modified as part of the Campfire Alliance project, operates with spark ignition and
has been adapted for liquid NHj fuel. To ensure precise monitoring and control, the engine
was installed on a fully instrumented test bench, enabling comprehensive data acquisition
with MORPHEE (Enorise, Trappes Cedex, France) and real-time combustion analysis with
with DEWE-800 (DEWETRON GmbH, Grambach, Austria). The test bench also features
conditioning for cooling water, oil, and charge air. Both coolant and lubricating oil tem-
peratures were kept at 85 °C throughout all experiments to ensure reproducibility and
comparability of the operating points. Charge air heating is applied upstream of the intake
manifold using an inline electric air heater to increase the intake air temperature up to
60 °C, which is crucial due to the high enthalpy of NH; vaporization. Elevated intake
temperatures facilitate faster ammonia evaporation, improve mixture homogeneity, and
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enhance ignition reliability, particularly at low-load conditions. A schematic overview of
the setup is shown in Figure 1.

The experiments were performed at steady-state engine operation in three representa-
tive load regimes (low, medium, and high). For each operating point, at least 200 consecu-
tive cycles were recorded and averaged to evaluate combustion stability via the Coefficient
of Variation (COV) of the Indicated Mean Effective Pressure IMEP) COVygp. The igni-
tion system was alternated between a conventional inductive ignition and a high-energy
capacitive system “FlexiSpark” (SEM AB, Amal, Sweden), allowing a direct comparison of
ignition performance with pure liquid NHj3 fueling.
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Dewetron Ign. coil
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Charge
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manifold
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Dynamometer
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Figure 1. Schematic overview of the test bench setup. Dashed lines indicate electrical connections for
signal transmission, while solid lines represent physical conduits.

2.1. Engine Configuration

The original diesel cylinder head was modified to accommodate a spark plug in
place of the diesel injector. A specially designed intake manifold was used, allowing
the integration of a dedicated liquid NHj injector (magnetic injector, nominal injection
pressure 20 bar). The intake pressure and temperature are adjusted by an external oil-free
compressor system and intake heater to ensure defined boundary conditions. It is passed
through a calming volume (volume 200 L) to dampen pulsations. Since the intake manifold
does not incorporate swirl or tumble enhancement devices, no additional charge motion
is generated to support mixture homogenization. Consequently, mixture formation is
predominantly governed by the spray atomization and subsequent vaporization of liquid
NHj3 under the prevailing intake temperature and pressure conditions. The engine was
directly coupled to a dynamometer for controlled variation of load and speed. Engine
specifications, including displacement, bore, and stroke, are summarized in Table 2. Due
to confidentiality agreements with the engine manufacturer, details such as the exact
compression ratio and valve timing cannot be disclosed. Nevertheless, the specifications
correspond to those of a typical medium-speed research diesel engine, and are sufficient to
reproduce the operating conditions reported in this study.
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Table 2. Technical specifications of the single-cylinder test engine.
Engine Detail Specification
Stroke 157 mm
Bore 135 mm
Max. Speed 1900 rpm
Operation Principle 4-stroke spark ignition (SI)
Displacement 224 L
Engine Type Modified Liebherr diesel-fuel engine

2.2. Ignition System Configuration

The standard ignition system used at the test bench, here as a reference, is an inductive,
industry-standard ignition system.

Former tests on the same single-cylinder research engine demonstrated that higher
ignition energy is required to achieve stable operation with pure NHj, particularly at
low loads and low in-cylinder temperatures [19,20]. Based on these findings, a capacitive
ignition system (“FlexiSpark” from SEM [21]) was implemented as the ignition source.
The system consists of an ignition control module (ICM), which includes the primary
voltage source and a dedicated ignition coil sitting on top of the cylinder head. Via CAN-
connection, the parameters “spark duration” and “spark current” can be adjusted to the
user’s desire. A schematic of the ignition system configuration is shown in Figure 2.
The system generates a spark with the required breakdown voltage without supplying
unnecessary energy. After the breakdown it switches over to control the spark current and
duration to the parameters given via CAN. This principle ensures energy-efficient and
reliable spark formation, while reducing spark plug wear. The electrical specifications of
the ignition system are listed in Table 3. The spark plug is the same for all measurements
shown. It is a standard M14 J-Gap spark plug (Robert Bosch GmbH, Stuttgart, Germany)
with an electrode spacing of 0.3 mm.

Ignition Control Module (ICM) %’ Ignition Coil F Spark Plug

Primary voltage source mounted on cylinder head

CAN:-controlled spark Generates breakdown Spark formation at
duration and current voltage required energy

Figure 2. Schematic of the FlexiSpark capacitive ignition system (ICM-Ignition Coil-Spark Plug).

Compared to inductive ignition systems, the capacitive FlexiSpark system enables
precise control of spark energy and avoids uncontrolled post-sparking phenomena (“ghost
sparks”). Diagnostic data such as breakdown voltage estimation and early spark plug
degradation detection are available via CAN interface, allowing advanced combustion
monitoring and control. A particular advantage of the capacitive system is the ability to
increase the spark intensity and to extend the spark duration over several degrees of Crank
angle (CA). This increases the probability that a locally inflammable mixture will pass
through the electrode gap and be successfully ignited.

Table 3. Technical specifications of the ignition system.

Ignition System Detail Specification

Spark Current Adjustable in the range of 50-300 mA
Spark Duration Adjustable in the range of 40-3000 us
Available Voltage >40kV for initial breakdown

Spark Energy Configurable from 5m] up to 330 m]




Energies 2025, 18, 5051

50f 14

2.3. Instrumentation and Data Acquisition

The in-cylinder pressure was recorded using a piezoelectric pressure transducer Kistler
6045BS3-2 (Kistler Instruments AG, Winterthur, Switzerland) with an accuracy of +0.5%
FS. The crankshaft position was referenced via an encoder (Johannes Heidenhain GmbH,
Traunreut, Germany) with a resolution of 0.1° Crank angle (CA). This data was used for
heat release analysis over 200 consecutive engine cycles, allowing for quantification of com-
bustion stability and cycle-to-cycle variations. Absolute piezoelectric pressure transducers
Kistler 4067A (Kistler Instruments AG, Winterthur, Switzerland) (+0.3% FS accuracy) were
installed in the intake manifold, exhaust system, and NHj fuel pipe. Thermocouples of
type K (accuracy +1.5 K) were mounted at the intake, exhaust path, and all other points
of interest. All pressure sensor signals were fed into a high-speed data acquisition sys-
tem DEWE-800 (DEWETRON GmbH, Grambach, Austria) capable of capturing real-time
signals at high resolution, thus enabling detailed combustion diagnostics.

2.4. Emission Measurements

Exhaust gas emissions were monitored using complementary measurement systems
to ensure reliable and accurate data. NOy concentrations were measured using a Chemilu-
minescence detector (CLD) (AVL, Graz, Austria) with a measurement uncertainty of 2%
and a detection limit <1 ppm. NHs and N;O were measured using a Fourier Transform
Infrared Spectroscopy (FTIR) (IAG Gas Analytics GmbH, Weikersdorf, Austria) with a
detection limit of approximately 0.2-0.5 ppm and a measurement uncertainty of 3%. Hp
concentrations were determined using a HSense (V&F Analyse- und Messtechnik GmbH,
Absam, Austria) mass spectrometer with a detection limit below 1 ppm and an accuracy of
2% [22]. All sensors sampled exhaust gas directly from the exhaust manifold via heated
stainless steel lines to prevent condensation and adsorption of reactive species. Sampling
lines were equipped with filters to remove particulate matter, and the gas was kept at
approximately engine exhaust temperature until entering the analyzers. Data acquisition
was performed at a rate of 100 Hz, and measurements were averaged over 30s to ensure
reproducibility. Each analyzer was calibrated prior to testing using certified standard gases
to guarantee accuracy. A schematic of the exhaust gas measurement setup is provided in
Figure 3.

CLD

Engine Heated Sampling Line FTIR
Exhaust Manifold (filters included) NH3, N,O, NOx

Y

Mass Spectrometer
H,

Figure 3. Schematic of the exhaust gas measurement setup.

3. Ignition Characteristics of Pure NH;

NH; presents significant challenges as a fuel due to its high auto-ignition temperature
(924K), low laminar flame speed, high evaporation enthalpy, and narrow flammability
limits [9,18]. Often, H; or other pilot fuels are used to aid inflammation. In this study,
no additional fuels are used to support ignition, highlighting the critical importance of
optimized ignition strategies for the initiation and stabilization of pure NH3 combustion.
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The effects of ignition timing, spark energy, and spark duration are evaluated to determine
reliable ignition under different operating conditions.

Experiments are conducted to identify stable operation boundaries for pure NHj3
combustion. Metrics such as COVypygp of 3% must not be exceeded and standard deviation
of the position of the center of gravity of the combustion (Mass Fraction Burnt (MFB))
MFB50) is used to quantify combustion stability. Sensitivity to the Air-Fuel-Ratio (A), spark
timing, and load is examined.

Mixture formation takes place by injecting liquid NHj into the intake manifold, where
it evaporates and mixes with the compressed intake air. No dedicated swirl or tumble gener-
ation devices are used; thus, mixing relies on turbulent diffusion in the intake manifold and
cylinder. The influence of mixture quality, expressed by A, was analyzed. Under lean condi-
tions (A > 1), the reduced reactivity of NHj results in longer ignition delays and increased
cycle-to-cycle variations, requiring extended spark durations for reliable flame kernel devel-
opment. Regarding emissions, NOx concentrations initially increase under lean operation
up to about A = 1.3 due to higher oxygen availability, and only decrease beyond this point
when combustion temperatures drop. In contrast, unburned NH3 emissions remain rela-
tively constant across the investigated A range, showing that incomplete conversion is less
sensitive to the mixture quality than to the overall combustion temperature [20,23].

4. Results and Discussion

The experiments demonstrate that stable spark ignition of pure NHj is feasible under
controlled conditions. Compared to dual-fuel systems, the ignition delay is longer. How-
ever, the benefits of zero-carbon fuel without H; or diesel addition support the potential
for simplified NH3 engine concepts.

4.1. Combustion Stability and Burning Delay

Figure 4 illustrates the limitations of different ignition systems by plotting the achiev-
able Energetic Ammonia Share (EAS) versus the Indicated Mean Effective Pressure (IMEP).
The maximum possible energetic H, (thus minimal NH3) content which can be achieved
without knocking or pre-ignition is shown. A target COVyygp value below 3% is aimed for
to ensure stable engine operation. The knocking factor (number of knocking cycles) was
evaluated from 200 consecutive cycles using the knock criterion according to Mannesmann
VDO DEWETRON (DEWETRON GmbH, Grambach, Austria). This refers to an industrial
knock detection standard frequently used in engine test benches, based on knock intensity
thresholds, as documented in KIT internal project reports and was required to remain
below 5%. With an inductive ignition system (green line), a maximum EAS of 89% is
achievable at full load (22bar IMEP). However, at lower load operation, the maximum
EAS is significantly reduced to 55%. For higher energetic NHj shares at low load, com-
bustion becomes unstable, defined by a coefficient of variation COVyygpp exceeding 3%. In
contrast, the capacitive ignition system enables stable combustion with 100% EAS over
the whole load range. Even at low loads, such as 3 bar IMEP (idle conditions), up to 100%
EAS is achievable without additional H,. The operational window for pure NHj is thus
significantly extended compared to the inductive system [23].

Figure 5 shows the ignition timing, the °CA position for 10%, 50% , and 90% mass
fraction burnt MFB (MFB10, MFB50, MFB90), as well as the energetic NHj share plotted
against the IMEP. For all operating points, except full load, the MFB50 is kept constant
at 8 °CA aTDCf to maintain stable combustion phasing. At full load, however, the high
compression ratio causes peak cylinder pressures to exceed 220 bar, requiring a delayed
combustion phasing to avoid excessive mechanical stress. In the case of the inductive
ignition system, H is required to stabilize inflammation and combustion. While at constant
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MFB50, the combustion using the capacitive ignition system reaches MFB10 earlier, whereas
the inductive ignition system reaches the end of combustion (MFB90) faster. This shows
that the combustion duration of pure NHj is 2 °CA longer (see Figure 6, bottom left). This
is due to the lower laminar flame speed of pure NH3.

100

. I] ‘ |
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Figure 4. Restriction of the different ignition concepts. The maximum possible EAS versus the IMEP
is shown for the inductive ignition system and the capacitive ignition system.
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Figure 5. Energetic NHj share, MFB10, MFB50, MFB90, and ignition timing for different load points
depending on the ignition concepts.

There is a decreasing offset in the ignition angle between the ignition systems for the
same MFB50 with load. This offset is presumably due to the share of H, and the associated
fast inflammation when using the inductive system. For higher loads and thus smaller
shares of Hj, the offset decreases. The burning delay (see Figure 6, top left) is defined as
the time between ignition spark and MFB10. It is visible that the inflammation of pure
NHj3 is slower, despite the higher energy input of the capacitive ignition system. This
demonstrates that the aforementioned properties of pure NHj result in such challenging
conditions for inflammation that a capacitive ignition system is required, and even then,
the inflammation process is notably slower compared to H;. The indicated combustion
efficiency (Figure 6) for both ignition systems is almost the same with around 50% at 22 bar
Indicated Mean Effective Pressure (IMEP), with a small advantage for the inductive ignition
system. The reason for this is the faster combustion due to the Hj share.
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Figure 6. Burning delay, burning duration and indicated efficiency over the IMEP for the capacitive
ignition system with 100% NHjs and the inductive ignition system at the maximum possible energetic
NHj share with a COVygp < 3%.

4.2. Heat Release

Figure 7 compares the total heating value and the volumetric heat release rate at
17 bar IMEP at maximum possible EAS for the two ignition systems. The total heating value
and net heat release rate were derived from the measured in-cylinder pressure using the
first law of thermodynamics, neglecting wall heat losses. Pressure data were acquired with
a Kistler 6045BS3-2 sensor (Kistler Instruments AG, Winterthur, Switzerland) at 0.1 °CA.
resolution and averaged over 200 consecutive cycles. A polytropic coefficient x of 1.3 was
assumed for compression and expansion. To reduce measurement noise, the data were
smoothed using a Savitzky—Golay filter within a window of —30 to 90 °CA aTDCf. The net
heat release rate was normalized to the maximum value and the cumulative heat release
was calculated including the injected fuel mass and its lower heating value. The curves
represent the mean values from measurement series with the lowest COVpygp, in order to
provide a consistent basis for evaluating combustion duration. The lowest COVpygp value
for the capacitive ignition system is 1.9% and the lowest value for the inductive ignition
system is 2.0%. The results show that the combustion duration achieved with the capacitive
ignition system is similar to that of the inductive ignition system, despite the fact that the
latter requires an H, admixture to initiate stable combustion. While the early combustion
phase in the inductive system appears slightly faster (0.5 °CA) due to hydrogen’s higher
reactivity, the overall heat release process closely aligns with that of the capacitive ignition
system operating on 100% NHj. This shows that, under optimized ignition conditions,
pure NHj3 can achieve similar combustion characteristics without the need for carbon- or
Hj-based ignition assist.

Mass fraction burned: Volumetric heat release: Ignition Timing:
———Inductive I. Sys., 89 % Ammonia Inductive [ Inductive
———Capacitive |. Sys., 100 % Ammonia Capacitive A Capacitive

300

250

200

150

dQ/kJ*m3

100

Total heating value / -

50

-50 " f " f " f " f " f " 0.2

Crank angle / °CA aTDCf

Figure 7. Total heating value, net heat release rate, and ignition timing over Crank angle for different
ignition concepts at 17 bar IMEP and Lambda 1.
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4.3. Effect of Spark Energy and Duration

A particular advantage of the used capacitive ignition system is the ability to extend
the spark duration over several degree Crank angle. The spark duration can be extended to
3000 ps, which means 27 °CA at 1500 rpm. This increases the likelihood that an ignitable
mixture will pass between the electrodes and ignite, especially in the case of poor mixture
formation or lean burning processes [24,25].

4.3.1. Low-Load Operation

Engine operation at very low load points, such as 3bar IMEP, presents significant
challenges for pure NH3 combustion (see Figure 8). Under these conditions the in-cylinder
temperatures and the rotational speeds are low. These factors severely limit the ignition
and flame propagation of NHj [26]. With the capacitive ignition system, it was possible to
achieve stable engine operation. In order to better assess the increased COVpygp, the per-
centage of misfires and the Lowest Nominal Value (LNV) of the IMEP were plotted. The
LNVvep describes the difference between the lowest-measured IMEP value and the mean
IMEP value. Its calculation is shown in Equation (1).

IMEPygin. .

LNVyep(%) = 100 * IMEP e, v

Appropriate values are typically above 75%, indicating proper ignition and combustion
of the air—fuel mixture. Negative values indicate unstable combustion or misfiring [27].
With a spark duration longer than 2000 ps, a stable combustion without misfires can be
achieved. A shorter spark duration increases the likelihood of misfiring.

=== 3 bar IMEP, 100 mA
==o=3 bar IMEP, 200 mA

° 110
< 80 1
o ] E 857 R
L 404 s ]
= S 607
§ 07 = 35
= |
= -40 10
107 6000
= & £
E 6 S 4000
2 4 - 1
Z 5 ~ S 2000 =
01 0
s 507 6000
= 40 i
5 207 = 2000 ——— T
1 - —
g 107 ]
© 9 L L S S e B 0 L E e e e A —
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Spark Duration / us Spark Duration / ys

Figure 8. Emissions and COVpygp for idle speed 3 bar IMEP versus spark duration.

From an emissions perspective, NHj slip was found to be beyond the upper detec-
tion limit of the FTIR measurement system (5000 ppm), indicating significant amounts of
unburned fuel. This is attributed to incomplete combustion due to poor ignition condi-
tions and weak flame development. At the same time, nitrous oxide (N;O) concentrations
reached notably high levels of approximately 80 ppm. The elevated N,O concentrations
observed under low-load conditions can be explained by the underlying reaction pathways
of NHj oxidation. At reduced in-cylinder temperatures, thermal NO formation via the Zel-
dovich mechanism is suppressed, while intermediate species such as NH, NH;, and HNO
become more stable. In particular, N,O is formed through reactions such as
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NH +NO — N,O+H (R1)
NH, + O — HNO + H (R2)

These reactions are followed by subsequent HNO conversion to N,O. As a result, the rela-
tive contribution of these low-temperature pathways increases under part-load operation,
leading to higher measured N,O emissions despite the generally lower thermal load [8,11].
These findings are consistent with combustion studies, which report that at reduced com-
bustion temperatures and lower conversion rates, the formation of N,O from fuel-bound
nitrogen species is significantly enhanced [12].

4.3.2. Partial-Load Operation

Compared to idle operation, combustion stability significantly improves at 11 bar
IMEP. At 17 bar IMEP, the required spark duration can be further reduced by 50% compared
to 11 bar IMEP without compromising ignition reliability or combustion quality. This can
be seen in Figure 9. In general, the higher the load, the shorter the minimum spark
duration required for stable combustion. This trend is attributed to the elevated in-cylinder
temperatures at higher loads, which enhance the ignitability of the mixture and promote
more robust flame kernel development. In addition to the thermal effect, the higher
temperature and pressure levels accelerate the reaction kinetics of the NH3/H; oxidation
mechanism and increase the concentration of reactive radicals such as H, O, and OH. These
radicals play a key role in chain-branching reactions, thereby facilitating earlier ignition and
more stable flame propagation [8,11]. As a result, not only the ignition process but also the
overall burn duration is reduced, contributing to a more rapid and efficient energy release.
The NH;3 and NOy emissions are present in a ratio of 1:1 in a region of 2000 ppm. This ratio
is very attractive for a complete passive SCR system. In summary;, it can be said that the
spark duration has a greater influence on combustion stability than the spark current.
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= 5 E 40
T 4 £
& . g _ 359 —_—
= 3 =1
S 2] go r-
g 19 TTmemTTT e ¥ /
© o a8 51
6000 i 50
| 1
& 4000 \ g 40
= ] = 30
o« ‘\_4
2000 Sal__w
0 10
6000 6000
& 4000 £ 4000
- 4 o
> P L = =——2 =,
g a0 - N0 == .
G T T T T T T T T T T T T 0 T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Spark Duration / ps Spark Duration / ps

Figure 9. Emissions and COVpygp over spark duration for 11 bar IMEP and 17 barIMEP for 100%
NH3 combustion.

4.3.3. High-Load Operation

At high load (22 bar IMEP, see Figure 10), it was possible to significantly reduce the
spark duration by 96% compared to 11 bar IMEP without compromising inflammation
reliability. In general, the results show that the required spark energy for successful
inflammation of NHj decreases with increasing engine load. Under high-load conditions,
the engine exhibits excellent combustion stability even at significantly reduced spark
durations. Notably, a spark duration as short as 40 ps proves sufficient to ensure reliable
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ignition of the mixture. The MFB50 must be selected late (13 °CA aTDCf) at 22 bar IMEP to
avoid exceeding the peak pressure. This causes a higher COVyygp. At high-load operation,
NHj3 emissions remained at around 3000 ppm, NOx emissions at about 2000 ppm, and
N,O concentrations stabilized near 20 ppm. These findings highlight the importance of
optimizing spark duration according to load conditions, in order to balance ignition stability,
emissions performance, and spark plug wear.
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Figure 10. Emissions and COVyygp versus spark duration for 22bar IMEP (ignition timing =
22 °CAbTDCY).

5. Conclusions and Outlook
Summary of Key Findings

Ignition and combustion stability: The experiments demonstrate that stable opera-
tion of a combustion engine with 100% NHjs is feasible across the entire load range using
a capacitive ignition system. The findings highlight that increasing engine load enables both
shorter spark durations and reduced burn durations, due to not only elevated in-cylinder
temperatures but also to enhanced radical pool formation and faster kinetic reactions in the
NHj3/H; oxidation mechanism [28]. These effects improve the ignitability of the mixture
and ultimately enhance combustion stability and efficiency. At low loads (3 bar IMEP),
the system requires long spark duration (>2000 ps) to ensure reliable ignition, whereas at
high loads, short spark duration (40 ps) suffices. This indicates that the thermal decom-
position of NHj3 into Hj is feasible under high-pressure and high-temperature conditions,
facilitating inflammation due to the presence of Hy. With the used high compression ratio,
the end-of-compression temperature reaches approximately 1066 K, providing favorable
conditions for the decomposition of NH3, which is reported to occur above 700K [29,30].

Emissions Low loads and low temperatures lead to slow flame propagation and
thus incomplete combustion, high NHj3 slip (>5000 ppm) and elevated N,O emissions
(=80 ppm). At low loads, elevated N,O emissions are observed, which can be attributed
to the preferential formation of N,O over NOx under low-temperature combustion
conditions [17]. At higher loads (11-22bar IMEP), combustion of pure NHj is very sta-
ble with the capacitive ignition system. The NHj slip drops (=3000 ppm), NOx emissions
(3000 ppm) remain moderate, and the level of N,O emissions (=20 ppm) decreases as the
higher temperatures promote more complete oxidation.

Feasibility: Pure NH3 can be operated in a spark-ignited engine without Hj or carbon-
based pilot fuels when the ignition systems and strategies are optimized. The capacitive
ignition system provided stable and efficient combustion over the whole load range.
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Limitations and outlook: However, this study is subject to certain limitations. First,
the experiments were carried out under steady-state single-cylinder conditions, which may
not fully capture transient operation or multi-cylinder effects. In addition, the analysis fo-
cused primarily on combustion and gaseous emissions and therefore, particulate formation,
long-term ignition system durability, and material compatibility with NHz were beyond the
scope of this work. Future work should therefore investigate transient operation strategies,
including cold start behavior and load transitions, as well as durability aspects of ignition
components under extended high-load operation. Furthermore, the integration of exhaust
aftertreatment systems for simultaneous reduction of unburned NHj3, NOy, and N, O will
be essential to evaluate the overall viability of NHj as a carbon-free engine fuel.
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Abbreviations

A Air-Fuel Ratio
AFR Air-Fuel Ratio
CA Crank angle

CAaTDCf Crank angle after Top Dead Center firing
CAbTDCf Crank angle before Top Dead Center firing

CLD Chemiluminescence detector

CO, Carbon dioxide

Ccov Coefficient of Variation

EAS Energetic Ammonia Share

EGR Exhaust Gas Recirculation

FTIR Fourier Transform Infrared Spectroscopy
GHG Greenhouse Gas

H; Hydrogen

IMEP Indicated Mean Effective Pressure
IMO International Maritime Organization
LNV Lowest Nominal Value

MFB Mass Fraction Burnt

N,O Nitrous oxide

NH;j; Ammonia

NOy Nitrogen oxides
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SI Spark Ignition
TDC Top Dead Center
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