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Abstract

In the current context of developing strategies to mitigate global warming driven by an-
thropogenic greenhouse gas emissions, hydrogen and ammonia have emerged as critical
vectors for the decarbonization of the transportation, energy, and industrial sectors. Am-
monia, specifically, serves as a highly effective hydrogen carrier, possessing three times the
volumetric energy density of hydrogen. In this study, the authors present experimental
findings from a compression ignition (CI) engine operating at a constant speed across two
distinct loads. A dual-fuel strategy was employed, wherein ammonia was injected into the
intake manifold to partially displace conventional diesel fuel. The results demonstrate that
optimizing ammonia injection leads to a significant smoke reduction of up to 73.43% and
a decrease in CO, emissions of approximately 15.7%, albeit with a relative BTE penalty
of 9.14% and an NOy increase of 9.30% at the lower load setting. These findings strongly
align with earlier research, providing further evidence that ammonia effectively mitigates
soot and carbon-based emissions while simultaneously reducing fuel consumption and
smoke opacity.

Keywords: diesel engine; ammonia injection; efficiency; emissions

1. Introduction

The transition toward decarbonized transport fuels is primarily driven by the man-
dates of Directive 2003/87/EC, Decision (EU) 2015/1814, and Regulation (EU) 2015/757 [1].
These frameworks establish a comprehensive global strategy to mitigate anthropogenic
global warming by 2050. Furthermore, recent legislative actions by various European
Union (EU) member states, mandating that all new vehicles sold on the EU market must
be zero-emission by 2035, represent a decisive commitment to intensifying research into
alternative fuel technologies.

In the maritime sector, the vast majority of vessels continue to rely on fossil fuels.
Currently, the fuel share is dominated by Heavy Fuel Oil (HFO) at 72%, followed by Marine
Diesel Oil (MDO) at 26%, and Liquefied Natural Gas (LNG) at 2% [2].
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The escalating demands of global trade have resulted in the maritime industry con-
suming approximately 300 million tons of fossil fuels annually [3]. Consequently, the
combustion of these fuels in shipping accounts for roughly 1.056 billion tons of CO,
emissions. Furthermore, the broader transportation and agricultural sectors collectively
contribute more than 8 billion tons of CO, per year.

Within this framework, hydrogen and ammonia are poised to play a pivotal role in
decarbonizing not only the transport industry [4], encompassing terrestrial, maritime, and
aerial modes, but also the energy sector and other industries that contribute significantly to
anthropogenic greenhouse gas emissions [5].

The primary vector for decarbonization involves electricity generated from renewable
energy sources, subsequently stored as green hydrogen or ammonia. The adoption of these
carriers as alternative fuels requires a rapid expansion of renewable power generation
capacity [6], projected to reach approximately 120,000 TWh by 2050, a four- to fivefold
increase over current levels. Simultaneously, a substantial reduction in production costs is
essential to ensure economic competitiveness and facilitate widespread implementation [7].

Ammonia serves as an effective hydrogen carrier, offering a volumetric energy density
approximately three times that of hydrogen [8]. Furthermore, ammonia facilitates more
straightforward storage, as it can be maintained in liquid phase at 298 K and 10 bar [9].
Given that many countries already possess extensive infrastructure and technical exper-
tise in the production, storage, and distribution of ammonia [10], it represents a highly
promising zero-carbon fuel across various industrial and transport sectors.

Despite its potential, utilizing ammonia in internal combustion engines (ICE) presents
several technical challenges [11-13]. These include a low heating value [14], a low boil-
ing point, and a reduced laminar burning velocity [11,15] (see Table 1). Furthermore,
ammonia exhibits a high auto-ignition temperature [14], an elevated minimum ignition
energy [16], and a low adiabatic flame temperature [11,13]. Combined with a prolonged
ignition delay [13,15], low radiation intensity, high latent heat of vaporization [14], and
narrow flammability limits [13,14], these characteristics complicate its use as a monofuel in
ICE applications.

The physicochemical properties of various fuels for reciprocating internal combustion
engines are summarized in Table 1.

Combustion under fuel-rich conditions can mitigate the formation of NOy emissions
but produces higher quantities of unreacted ammonia. The equivalence ratio should be
maintained at approximately 1.1 to limit NOx emissions and residual ammonia levels [17].

Nadimi et al. experimentally investigated ammonia/biodiesel dual-fuel operation on
a single-cylinder, four-stroke Lifan C186F diesel engine. A maximum of 69.4% of the input
energy was provided by ammonia under stable operating conditions. Results indicated
that the brake thermal efficiency (BTE) decreased from 31.8% for pure biodiesel to 29.4% at
the highest ammonia energy ratio under full load. As ammonia replaced biodiesel, CO,,
CO, and total unburnt hydrocarbon (THC) emissions decreased significantly; specifically,
CO; decreased by 510 g/kWh and CO by 30.1 g/kWh. However, NO emissions increased
with higher ammonia flow rates, attributed to the fuel-bound nitrogen in NHj [18].

Salek et al. numerically studied the impact of adding 10% ammonia on engine perfor-
mance and emissions across a wide range of engine speeds for a spark-ignition (SI) engine
using AVL BOOST software. The results showed that a 10% ammonia injection reduces
the peak in-cylinder temperature by 50 K, resulting in a significant 50% reduction in NOx
emissions throughout the investigated speed range. Furthermore, the minimum octane
number required to avoid knock was decreased by the injection of 10% ammonia, indicating
that ammonia enrichment can effectively mitigate knock-induced engine failure [19].
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Reiter and Kong investigated the impact of injecting gaseous ammonia into the intake
manifold on the emissions and combustion characteristics of a compression-ignition (CI)
engine. They tested different ammonia/diesel energy ratios at constant power output,
focusing on an operating range of 40% to 60% ammonia energy share to achieve optimal
fuel efficiency. Their experimental results demonstrated that when the ammonia energy
contribution exceeded 60%, NO emissions increased significantly, whereas soot emissions
decreased with higher ammonia ratios [20].

The cited studies focused on researching internal combustion engines’ operation with
various combinations of diesel and ammonia in different fractions. The present study
offers experimental data for diesel engines operating with diesel-ammonia mixtures when
ammonia is injected by port-fuel sequential mode, with different durations and timings,
which is a novel research condition.

Table 1. Fuel properties.

Properties/Fuel Ammonia * Diesel Fuel **
Chemical formula NHj; C10Hz0—C16Hag
Molecular mass (g/mol) 17.03 170-226
Density at 20 °C, 760 mmHg (kg/m?) 0.718 810-880
Density in the liquid phase (kg/ m?) 682 810-880
Kinematic viscosity (20 °C) (mm? /s) NTP 0.33 1.9-4.1
Dynamic viscosity pPa-s at 25 °C 10.7 1364-2659
Boiling point (°C) —33.34 125-400
Flash point (°C) N/A 65-88
Latent heat of vaporization (KJ/kg) 1371 250
Higher heating value (M]/kg) 22.5 44.8
Lower heating value (M]/kg) 18.8 42.5
Mass diffusivity in air (mm?/s) 22.8 -
Flammability Limits (% vol in air) 15-28 0.6-5.5
Auto-ignition temperature (°C) 651 180-320
Minimum ignition energy (m]) 8.0 -
Laminar flame speed in air NTP (cm/s) 6-8 30
Air—fuel stoichiometric ratio (Kg/Kg) 6.46 14.5
Adjiabatic flame temperature in air (°C) 1800 2054
Diffusion coefficient in air NTP (cm?/s) 0.228 0.0008
Carbon content (% mass) 0 87
Hydrogen content (% mass) 17.76 12.6
Oxygen content (% mass) 0 0
Nitrogen content (% mass) 82.24 0
Octane number (RON) >130 15-25
Cetane number 0 40-55

NTP = normal conditions of temperature (293 K) and pressure (1.01 atm). * Data derived from PubChem records
for Ammonia (CID 222). ** Data derived from standard reference databases (e.g., Engineering Toolbox, DieselNet).

Ammonia has long been regarded as a potential candidate for power generation
and has garnered significant interest in recent years. While technical challenges persist,
ammonia is recognized as a promising alternative fuel for future power systems. Current
research and an expanding body of work are accelerating the development of viable
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solutions, positioning ammonia as a vital component in the transition toward a sustainable
energy sector [21].

Recent advancements in the field have increasingly focused on pushing the boundaries
of ammonia substitution, with modern literature demonstrating the feasibility of higher
energy share ratios to further minimize carbon reliance [22].

2. Test Bench Description

The research was conducted on a naturally aspirated, four-stroke UTB 2404055 tractor
diesel engine. The engine features a compression ratio (CR) of 17.5, with a rated speed of
2400 rpm and a nominal power output of 48 kW. Detailed technical specifications for the
engine are summarized in Table 2.

Table 2. Technical specifications of the diesel engine.

Maximum Brake = Maximum Brake Cylinder Piston CR Number of  Displacement Fueling Injection
Power/Speed Torque/Speed Bore Stroke Cylinders (L) System System
48 KW /2400 rpm 102 mm 115 mm 17.5 4 3.76 Direct Delphi
injection

The engine was installed in a test cell equipped with the necessary instrumentation
for experimental research (Figure 1). An AVL Alpha 160 eddy current dynamometer
was utilized to accurately measure instantaneous engine torque and speed. Control and
monitoring of the test equipment were managed via an AVL EMCON 400 controller.
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Figure 1. Engine test bench layout.

For exhaust emissions analysis and determination of the relative air-fuel ratio, a
HORIBA Mexa 7170D gas analyzer was employed to measure CO,, CO, NOx, and THC
emissions. Simultaneously, exhaust smoke opacity was quantified as Filter Smoke Number
(FSN) using an AVL 415S smokemeter. For this experimental campaign, the ammonia
slip was not measured due to the lack of a dedicated instrument. Table 3 presents the
measurement ranges and calculated error uncertainties of the emission testing instruments.
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Table 3. Technical specifications of emission measuring instruments.

Instrument Measurement Range Accuracy/Uncertainty
HORIBA MEXA 7170D CO,/CO/NOy/THC 0-20%/0-10%/0-10,000 ppm/ +1.0% of full scale
0-10,000 ppm
AVL 4158 Smoke Opacity (FSN) 0-10 FSN +0.1 FSN

Various parameters, including the temperature and pressure of the exhaust gas, cooling
water, intake air, and oil, as well as ambient conditions, were continuously monitored via
dedicated sensors and recorded using the AVL Puma Open v1.4 system.

The ammonia fuel supply system was developed in collaboration with Liquid Ammo-
nia Sustainable Technologies and FEV ECE Automotive. Operating on a principle similar
to Liquefied Petroleum Gas (LPG) systems, ammonia was injected in its gaseous phase
into the intake manifold. Landi Renzo supplied the ammonia injectors and injection rail,
while a MegaSquirt 3 Engine Management System (EMS) served as the Electronic Control
Unit (ECU). Parameter tuning and calibration were conducted using the TunerStudio MS
v3.1.08 software.

The ECU, guided by signals indicating the camshaft position and the top dead center
(TDC) piston position, initiated injection events that were precisely synchronized with the
intake valve position. This adjustment of the injection signal was accomplished through
the control of both the crank angle timing and the signal duration. The injection duration
(or signal length) was established within a range of 4 to 20 milliseconds and remained
adjustable in 2-millisecond increments to ensure accurate control over the fueling pa-
rameters. The ammonia pressure was stabilized using a specific pressure regulator. The
real-time ammonia injection parameters and combustion characteristics, evaluated using
in-cylinder pressure traces captured via an oscilloscope, are illustrated in Figure 2. These
data, in conjunction with the primary engine operating conditions and the sequential
fuel injection parameters detailed in Table 4, constituted the baseline for the experimental
control strategy.
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Figure 2. Ammonia injection signals and in-cylinder pressure trace.

A Hall-effect sensor was used to detect pulses from the flywheel, with one of the
flywheel teeth being machined deeper to identify a complete crankshaft revolution. Simul-
taneously, a second Hall-effect sensor was employed to monitor the rocker arm during the
intake valve lift to define the corresponding piston position within the engine cycle.

These data, alongside the engine speed-dependent intake valve characteristics (Table 5),
provided the foundation for defining the ammonia injection strategy and the calibration
parameters for the wheel decoder.
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Table 4. Engine and sequential settings for fuel injection parameters.
Engine and Sequential Settings
Required Fuel (ms) 58.2
Control Algorithm Alpha-N
Squirts Per Engine Cycle 1
Injector Staging Simultaneous
Engine Stroke/Rotary Four-stroke
No. Cylinders/Rotors 4
Number of Injectors 4
Engine Type Even fire
Engine Size (cc) 3159
Injector Size Each (cc) 200
Main Fuel Outputs MS3X fuel
Sequential On Fully Sequential
Angle Specifies Beginning of squirt
Injector Trim Off
Firing Order A 1
Firing Order B 3
Firing Order C 4
Firing Order D 2
Table 5. Wheel decoder parameters.
Ignition Options/Wheel Decoder
Spark Mode (Dizzy, EDIS, Wheel) Toothed wheel
HEI/GMDIS, TFI, C3I Options Off
Skip Pulses 1
Ignition Input Capture Falling edge
Spark Output Going high
Number Of Coils Single coil
Spark Hardware In Use MS3X spark
Cam Input (See tooltip) MS3X cam in
Trigger Wheel Arrangement Dual wheel with missing tooth
Trigger Wheel Teeth (teeth) 40
Missing Teeth (teeth) 1
Tooth #1 Angle (deg BTDC) 80
Main Wheel Speed Crank wheel
Second Trigger Active On Rising edge
Start Wasted COP Wait for cam signal
High RPM Fuel/Spark Delay After Sync-Loss Oft
Fixed Advance Use table
Use Prediction No prediction
Cranking Dwell (ms) 6
Cranking Advance (degrees) 10
Toyota Multiplex Oft
Dwell Type Standard dwell
Use Dwell Table Off
Nominal Dwell (ms) 3
Spark Duration (ms) 1
Spark Hardware Latency (usec) 0
Spark Trim Off

To optimize the combustion process, the ammonia injection timing was accurately
tuned. A range of specific values was experimentally evaluated, and the optimal timing was
selected to provide the most favorable balance between engine performance and exhaust
emission levels.
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Table 6 illustrates an example of the injection timing table used in this study. The
investigation was conducted across two distinct operating points, where the same injection
advance was found to be optimal for both cases.

Table 6. Ammonia injection advanced table.

Fuel Load%

1200 1400 2000 2400

rpm
100 N/A N/A N/A N/A
90 N/A N/A N/A N/A
80 N/A 60... —40 deg CA N/A N/A
70 N/A N/A N/A N/A
60 N/A 60...—40 deg CA N/A N/A
50 N/A N/A N/A N/A
40 N/A N/A N/A N/A
30 N/A N/A N/A N/A

3. Results and Discussions

Different engine operating conditions, specifically the maximum torque speed of
1400 rpm across several loads, were considered for the tests in this study. The engine-
dynamometer unit was configured for constant speed/constant torque operation; con-
sequently, diesel fuel consumption was automatically adjusted via the throttle actuator
controlled by the test bed computer. During this investigation, experimental data were
gathered at engine loads of 40% and 60%, combined with four distinct levels of ammonia
injection at optimal injection timing. The engine was initially operated on pure diesel
(D100%) to establish a reference baseline and subsequently transitioned to dual-fuel mode
using various diesel-ammonia mixtures (Diesel + ammonia).

For each experimental test point, at least three independent repetitions were conducted,
with each test involving the acquisition of 200 consecutive engine cycles. The resulting
datasets comprised cycle-by-cycle records, multi-cycle averages, and statistical metrics.
The coefficient of variation (COV) for peak in-cylinder pressure was found to be less
than 3%. Throughout the testing, the oil temperature was regulated at 85 &+ 5 °C using a
heat exchanger system equipped with two OMRON E5CN temperature controllers and
solenoid valves.

The engine cooling water temperature was maintained within the range of 70 £ 5 °C.

Two partial loads, 132 Nm and 180 Nm, were established as the reference operating
conditions for the tests conducted in this study. The resulting values for these reference
conditions are summarized in Table 7.

Table 7. Engine operating reference conditions.

Fuel Engine Speed  Torque Power BSFC BTE CO, NOy Smoke
Mode Nm kW g/kWh % % ppm FSN
Diesel 100% 132 19.36 248.2 33.9 6.25 484 0.72
Diesel 100% 180 26.39 236.8 35.5 8.66 648 1.95

Subsequently, a series of tests was performed to establish the optimal ammonia injec-
tion timing. These experiments were conducted at loads of 132 Nm and 180 Nm (main-
taining the constant speed of 1400 rpm). For these evaluations, the volumetric flow rate of
ammonia was held constant by maintaining an injection duration of 8 ms (equivalent to
1.5 m3/h). The injection timings were varied from 60 to —40 deg CA (degrees crank angle
with positive values before gas exchange TDC and negative values after TDC) in 20 deg
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CA increments. Ammonia supply was regulated at 2 bar gauge pressure, while a dedicated
thermal management system maintained the temperature of ammonia at 15 °C. Consistent
with the baseline procedure, three trials were conducted for each point, and the resulting
averaged data are summarized in Table 8.

Table 8. Engine operating conditions in diesel-ammonia dual-fuel mode.

Fuel Engine Speed Torque Power N?ﬁ)x()l' Mass % NH; Enl\ellgzl% gﬁ;tlll(:]n AN;I;:;L
Mode rpm Nm kW m3/h % % ms Deg CA
Diesel 100% 132 19.36 0 0 0 0 -
Diesel + ammonia 132 19.36 1.35...1.5 40.9...45 23.2...264 8 60...—40
Diesel 100% 180 26.39 0 0 0 0 -
Diesel + ammonia 1400 180 26.39 1.6...1.75 33.1...39.1 22.8...24 8 60...—40
Diesel + ammonia 132 19.36 1.5...3.78 45...66.7 26.4...46.8 8,10,12, 14, 16 40
Diesel + ammonia 180 26.39 1.8...3.1 39.1...58.7 22.8...384 8,10, 12,14, 16 40

The mass and energy percentages of ammonia in the mixture are defined as

N

1)

O/OmNH =
3
Chp + Ch,

Chypy, * QNH,
Chp * QD + Chyy, * QNH,

JoeNH; = 2)
where ¢}, and Chyyy, are the fuel consumptions for diesel and ammonia, and Qp and Qnp,
are their corresponding lower heating values.

To evaluate the brake fuel consumption (BSFC) and the brake thermal efficiency (BTE)
for diesel-ammonia mixtures, an equivalent heating value (Q.qy) was calculated based on
the individual lower heating values of each fuel component:

Qeqv = %p * Qp + O/ONHg * QNH3 3)

where %p and %3 are the mass fractions of diesel and ammonia.
Total fuel consumption for the mixture (cp,_ ) is calculated as the sum of its individ-
ual components:

Chiix = Chp T Chmg, (4)

where ¢}, and Chy denote the mass flow rates (in kg/h) of diesel and ammonia respectively.
The following formulas were used to calculate the BTE and BSFC of the mixtures:

_ Shwix 10378
BSFC = o 10 [iB o] 5)
BTE — ~¢*3%00 100 (%] ©6)
Chypix* eqv

where P, is the engine brake power.

For evaluation of the corrected relative air—fuel ratio, the stoichiometric air—fuel ratios

for diesel and ammonia are defined as <%) = 14.5 and % = 6.46.

stp SINHy
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The HORIBA gas analyzer calculates the relative air-fuel ratio by applying Brettschnei-
der’s formula based only on what it can sense (diesel carbon and leftover oxygen). It does
not take into account the stoichiometric air-fuel ratio of the mixture:

A A A
() = %p * () + %NH3 * () (7)
F F stp F StNH3

Stmix

The evaluation of the corrected relative air—fuel ratio can be evaluated as:
A
AHOR * (?)

OnE

where Afor is the relative air-fuel ratio from the HORIBA gas analyzer.
Figure 3 shows the variation in mass (a) and energy (b) percentages of ammonia
relative to injection timing.

)\c = (8)

Stmix

50.0 33.0
48.0 31.0
46.0 n 29.0+
T
T 44.0 7 Z 270 4
< ol N 25.0 .
o 42,05 I
P —1 & —i et
a 40.0 =
o @ 21.0 -
[=
36:0 . 17.0
-0 -30  -10 10 30 50 70 50 -30  -10 10 30 50 70
CA Advance CA Advance
¢ Mass % 132 Nm X Mass % 180 Nm ¢ Energy % 132 Nm X Energy % 180 Nm

(a) (b)

Figure 3. Variation in mass (a) and energy (b) % of NH3 vs. NHj3 injection timing. That blue and red
are the two different analysed loads, and the lines are trend lines.

The effect of NHj3 injection timing on mass and energy fractions is highly dependent on
engine load. The mass percentage of NHj3 increases at advanced injection timings for both
evaluated loads. Advancing the injection timing beyond 20 deg CA enhances the energy
share of NHj3 at both a lower load (132 Nm) and a higher load (180 Nm), highlighting a
trade-off in fuel utilization strategies across different operating regimes. As indicated by
the error bars, the maximum percentage variations are limited to 4.4% for mass and 6.1%
for energy.

Figure 4 depicts the variation in the HORIBA analyzer relative air-fuel ratio and
corrected relative air—fuel ratio versus the ammonia injection timing.

Ammonia possesses a significantly lower stoichiometric air-fuel ratio compared to
conventional diesel fuel. Consequently, as the mass percentage of ammonia within the
fuel blend increases, it exerts a downward pull on the overall mixture’s stoichiometric
requirement. Because the blend requires less air for complete combustion per unit of fuel
than pure diesel, operating under similar physical air supply conditions inherently shifts
the corrected relative air—fuel ratio upward. This trend highlights the necessity of intake air
management in ammonia—diesel dual-fuel engines.
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Figure 4. Ac and ApoR variation vs. NHj injection timing.

Increasing the engine torque from 132 Nm to 180 Nm shifts both the apparent and
corrected lambda curves downward. This behavior aligns with standard internal combus-
tion physics; meeting the higher torque demand requires a higher total fuel mass flow rate,
which inherently pushes the combustion environment into a richer zone. As indicated
by the error bars, the maximum percentage variations are limited to 3% for A analyzer
and calculated.

Figure 5 illustrates the variation in brake-specific fuel consumption (a) and brake
thermal efficiency (b) as a function of ammonia injection timing.

385 37
K 35 T
\' : /’A- —_— = I S—ix: T
e S — g !
345 - 29
¥ 27
% =
50 -30 -10 10 30 50 70 -50 -30 -10 10 30 50 70
CA Advance CA Advance
¢ BSFC 132 Nm X BSFC 180 Nm ¢ BTE 132 Nm X BTE 180 Nm

(a) (b)

Figure 5. BSFC (a) and BTE (b) variation vs. NHj injection timing.

At 132 Nm, the BSFC exhibits a sharp increase between 44.3% and 52.8%, remaining
above 45% across the entire domain of ammonia injection timing. This increase corresponds
to a clear efficiency drop compared to diesel, with the BTE ranging from 29.4% to 31.0%
(compared to a baseline of 33.9%). The lower load environment requires a higher fuel mass
flow to compensate for ammonia’s lower calorific value and less efficient combustion at
these settings.
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At 180 Nm, efficiency is more resilient with the BTE range rising to 32.5-33.2%,
moving significantly closer to the 35.5% diesel baseline. The BSFC penalty also lessens,
showing a smaller increase relative to the pure diesel baseline. This confirms that increased
engine load supports more complete combustion and better thermal utilization of the

ammonia—diesel mixture.

Figure 6 illustrates the concentrations of CO (a), CO; (b) and Figure 7, NOy (a) and
smoke emissions (b) variation as a function of ammonia injection timing relative to the
TDC. While maintaining a constant ammonia dosage and engine power output, the in-
jection timing was swept from 60 to —40 deg CA (where positive values denote timing
before the gas exchange at TDC). Notably, the introduction of ammonia into the cylinder
charge resulted in particular emission trends across both tested engine loads, suggesting a

nonuniform response to injection timing variations regardless of the specific load point.

320 25
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E / 260 - \ 5
Q 4{ 240 \ —_ L i = =
o 40U \ O\° 6-5 o
o 220 I ~
(@) - 2001 7 (@) 5
K 1 JéﬁN\ﬁ——/Y | © 2.5
160
iy 0.5
-50 -30 -10 10 30 50 70 50 30 -10 10 30 50 70
CA Advance CA Advance
¢ COppm 132 Nm % CO ppm 180 Nm +C02 % 132 Nm ® CO2 % 180Nm
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Figure 6. CO (a) and CO; (b) emission variation vs. NHj injection timing.
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@)

Figure 7. NOy (a) and Smoke (Filter Smoke Number) (b) emission variation vs. NHj injection timing.

At 132 Nm load, the optimum point for reducing carbon emissions is at 60 deg CA
injection advance (before TDC). At this setting, the CO, concentration is 5.27%, which
represents the highest percentage difference (reduction) of 15.75% compared to the pure
diesel baseline. This significant drop in carbon output is achieved at a BTE percentage

(b)

difference of 9.14% (a relative decrease from 33.9% to 30.8%).
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At 180 Nm load, the optimum point for reducing carbon emissions occurs at —40 deg
CA injection advance (after TDC). At this point, the CO, concentration is 7.31%, which
represents the highest percentage difference (reduction) of 15.64% compared to pure diesel.
This significant reduction in carbon output is achieved at a BTE percentage difference of
7.61% (decreasing from 35.5% to 32.8%). As indicated by the error bars, the maximum
percentage variations are limited to 13% for CO and 4% for CO;.

At 132 Nm load, the optimum point for minimizing the NOy increase typically associ-
ated with ammonia combustion is also found at 60 deg CA injection advance (before TDC).
Here, the NOy level is 529 ppm, which is the lowest percentage difference (increase) of
9.30% compared to pure diesel. Compared to other advanced timings (which saw increases
up to 19.8%), this point offers the best trade-off, operating at a relative BTE percentage
difference of 9.14%.

At 180 Nm load, the optimum point for NOy control is found at —40 deg CA injection
advance (after TDC). At this setting, the NOy level is 640.5 ppm, representing the lowest
percentage difference (reduction) of 1.16% compared to the pure diesel baseline. This near-
parity with diesel emissions is achieved while maintaining a BTE percentage difference
of 7.32%.

At 132 Nm load, the optimum point for smoke number reduction occurs at 60 deg CA
injection advance (before TDC), where the smoke number drops to 0.19. This represents
the highest percentage difference (reduction) of 73.43% compared to pure diesel fuel. This
drastic improvement in exhaust clarity is maintained with a BTE percentage difference
of 9.14%.

At 180 Nm load, the optimum point for minimizing soot and smoke occurs at
20 deg CA injection advance (before TDC). Here, the smoke number is 1.425, which is the
highest percentage difference (reduction) of 26.92% compared to pure diesel fuel. This
improvement in exhaust quality is realized at a BTE percentage difference of 7.32%. As
indicated by the error bars, the maximum percentage variations are limited to 3.1% for NOx
and 23% for the smoke number.

These findings demonstrate a significant smoke reduction of up to 73.43% and CO,
drops of approximately 15.7%, strongly aligning with earlier work [23], providing evidence
that ammonia effectively mitigates soot and carbon-based emissions. While the data
presented in this study highlights how critical injection timing is for managing NOy levels,
it corroborates the conclusion of the earlier work that ammonia dual-fuel systems can
achieve substantial pollutant reductions even at mass fractions up to 30%. In terms of
performance, the observed BTE reductions of 7.32% to 9.14% in the present study are
comparable to the reported 4.7% efficiency decrease at low loads of the earlier work,
although it has been noted that efficiency can actually improve by 1.7% under heavy load
conditions. Both studies reflect a shared trend where effective power and torque decrease
due to ammonia’s lower calorific value and slower flame speed, with the earlier work
recording power losses between 12.7% and 47.1% depending on the engine load.

4. Conclusions

Based on the experimental investigations and data analysis, the principal conclusions
of this study can be summarized as follows:

1. Ammonia can be effectively utilized in compression-ignition engines through dual-fuel
operation, where diesel fuel is partially substituted by ammonia while maintaining
stable combustion.

2. For the 132 Nm load condition, the 60 deg CA injection advance (before TDC) stands
out as the most effective configuration because it maximizes emission reductions while
preserving as much efficiency as possible. At this specific point, the engine achieves
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its highest CO, reduction of 15.75% and its most significant smoke number reduction
of 73.43%. It also yields the lowest NOy increase of only 9.30% relative to the pure
diesel baseline. All these environmental benefits are attained with a BTE (absolute
value of 30.8%) relative reduction of 9.14%, making it the technical sweet spot for
this lower load scenario where advanced timing is clearly superior. The 60° deg CA
injection advance condition corresponds precisely to the 45% ammonia mass fraction,
which represents the maximum tested value within our experimental matrix, rather
than the absolute stability limit of the engine. By utilizing an ECU-based control
setup, the researchers identified that ammonia injection timing is critical for balancing
performance and emissions. This study provides a specific, calibrated approach to
managing the technical trade-offs between brake thermal efficiency and nitrogen oxide
emissions inherent in ammonia-fueled compression-ignition engines.

3. Regarding the 180 Nm load condition, the optimal operating point shifts to —20 deg
CA injection advance (after TDC) due to the changing combustion dynamics at higher
torque. This timing is uniquely efficient, offering a low relative BTE reduction of 7.32%
while delivering a powerful CO, reduction of 15.52%. Most importantly, it is one of
the few timings that effectively keeps nitrogen oxides in check, resulting in a NOy
reduction of 0.77% compared to the pure diesel baseline. While it also provides a
solid 19.23% reduction in the smoke number, its ability to balance efficiency with an
optimum in both carbon and nitrogen emissions makes it the clear choice for high-load
operations. The percentage of ammonia for this point was 33%.

4.  Maximizing the trade-off between emissions reduction and thermal efficiency relies
heavily on precisely synchronizing ammonia intake manifold injection characteristics
with baseline engine operating parameters.

5. Optimal ammonia utilization cannot rely on a static strategy; it requires precise pa-
rameterization tailored to each individual engine operating mode. This necessitates
the specific calibration of the NH3 mass percentage, injection timing, and injection
duration across all operating conditions.

In conclusion, this research demonstrates the significant potential of ammonia/diesel
dual-fuel operation, emphasizing that precise alignment of ammonia injection parameters
with engine operating conditions is essential to simultaneously achieve emission reductions
and maintain optimal engine efficiency and performance.

The experimental results should be considered cautiously because the ammonia slip
was not measured during the tests. This remains a primary objective for subsequent
experimental campaigns.
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