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Abstract

Ammonia (NHs) is a promising carbon-free fuel that offers higher volumetric energy density and easier transport than hydrogen.
However, its direct combustion is limited by its slow burning rates and high ignition temperatures. Co-firing with a more reactive fuel,
such as ethanol, can overcome these limitations. In this study, the combustion of ammonia/ethanol blends was evaluated in a
customized spark-assisted compression ignition (SACI) engine featuring a sub-chamber and a 17.7 compression ratio. The
experimental investigation focused on the interaction between boost pressures (5 to 15 kPa) and ammonia energy ratios (50% and
60%) at 1000 rpm and an excess air ratio of 1.2. The results suggest that increasing boost pressure reduced the thermal efficiency
and indicated mean effective pressure (IMEP). Accordingly, this resulted in a lower in-cylinder pressure and heat release rate, which
slowed down the combustion process. Such unusual behaviour can be attributed to an increase in the latent heat of vaporization of
ethanol with pressure, which requires more heat energy for fuel vaporization and effectively cools the combustion chamber.
Furthermore, while adopting lower ammonia energy ratios improved engine performance, it resulted in higher NO, emissions due to
the lack of unburned NHjs in the exhaust to undergo the thermal DeNOy process, suggesting the need for careful adjustment of the
boost pressure and ammonia energy ratio for the practical application of ammonia/ethanol fuels in combustion engines.
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Introduction

Climate change has become one of the most pressing environmental challenges worldwide. The primary driver of this
phenomenon is the accumulation of greenhouse gases in the atmosphere, with carbon dioxide (CO;) accounting for
approximately 65% of these emissions, making it the most significant contributor to climate change (United States
Environmental Protection Agency, 2023). Currently, the transportation sector remains heavily reliant on fossil fuels such
as gasoline and diesel, which are the major sources of CO, emissions. Although electric vehicles (EVs) are a promising
solution for reducing carbon footprints, their widespread adoption is hindered by several limitations, including
inadequate charging infrastructure and the relatively low energy density of batteries. Given these constraints, there is
a growing interest in exploring alternative fuels that can deliver energy without contributing to CO, emissions (Hu et al.,
2024; Sonawane et al., 2025).

Previous studies have explored alternative fuels such as hydrogen (Sapnken et al., 2024), biofuels (Kumar et al., 2024),
and ammonia (Mohammed et al., 2024). Since hydrogen combustion mainly produces water (H20), it is considered the
most appealing of the three methods. However, the biggest challenges with hydrogen are its storage (Hamedani &
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Abbasian, 2024) and transportation (Moriarty & Honnery, 2019) as extreme pressure and temperature are required to
handle hydrogen economically. In contrast, ammonia can be easily transported, has a higher volumetric energy density
than hydrogen (Brandon & Smith, 2021), and has a well-established supply chain owing to its widespread use in the
agricultural sector. Therefore, the practical use of hydrogen is often associated with its conversion into ammonia, which
acts as a hydrogen carrier (Sun et al., 2024).

Nonetheless, despite its potential as a substitute for fossil fuels, ammonia has several drawbacks when used directly as
an engine fuel such as high ignition resistance (Lanni & Rossi, 2022) and slow laminar burning speed (Hayakawa et al.,
2015). Given these challenges, researchers have devised methods to improve the performance of ammonia-fueled
engines, such as using an engine sub-chamber (Guo et al., 2022; Ichiyanagi et al., 2024a; Ichiyanagi et al., 2024b; Yilmaz
et al., 2023) and blending it with more reactive fuels. In addition to the aforementioned approaches, multiple spark
plugs have been implemented to combat the combustibility issue of ammonia (Lanni et al., 2025; Uddeen et al., 2023).
The results from these experiments prove that increasing the number of spark plugs helps create more initial flame
kernels and improves the subsequent combustion process. In addition, the use of plasma-assisted ignition for the
combustion of pure ammonia has been introduced to improve the overall combustibility (Zhang et al., 2025). This
approach differs from the usual dual-fuel combustion solution, where the results show that plasma-assisted ignition can
achieve relatively stable combustion of pure ammonia, as proven by the coefficient of variation (CoV) of the indicated
mean effective pressure (IMEP). However, the application of these ignition strategies is limited. Even though the use of
multiple spark plugs improves flame propagation at the start of combustion, it does not fundamentally overcome the
low reactivity of ammonia. The application of plasma-assisted ignition is hindered by the complexity of implementing
this technology and the large energy consumption required to generate plasma, resulting in lower energy efficiency
overall. Considering the drawbacks of these less conventional methods, the use of a dual-fuel strategy remains a more
practical approach, and studies have shown improved combustion through blending with gasoline (Ding et al., 2025),
kerosene (Zhu et al., 2024), and alcohols such as ethanol (Li et al., 2024; Uddeen et al., 2024). Among these, pairing with
ethanol reduces carbon dioxide emissions because ethanol contains fewer carbon atoms and can be produced in a
renewable and sustainable manner (Shih et al., 2018). Furthermore, studies have demonstrated the advantages of
blending ammonia with ethanol, such as lower knock propensity and reduced pressure oscillations due to the high
octane number of ammonia, which suggests a synergy between the two fuels, where ethanol enhances ammonia
combustion, while ammonia helps to maintain stable ethanol combustion (Meng et al., 2024). The research on
ammonia/ethanol fuel blends can be further complemented by this study, which focuses on the use of higher ammonia
energy ratios and the addition of boost pressure for the intake conditions.

The synergy between the two fuels has motivated previous studies to investigate ammonia/ethanol combustion under
boosted conditions (Pelé et al., 2024) or when operated in a spark-assisted compression ignition (SACI) engine with a
sub-chamber (Okada et al., 2025). However, only a few studies have explored their simultaneous effects on
ammonia/ethanol combustion. In addition, the use of ethanol as a combustion promoter presents a number of
drawbacks, such as severe charge cooling, reduced energy density, and mixture dilution, because of the presence of
oxygen. These effects, particularly at high ammonia ratios, can reduce engine performance and impede the overall
combustion process. Techniques such as intake heating, boosting, improved injection, and sophisticated ignition
systems are required to overcome these obstacles and maximize the positive effects of ethanol while minimizing its
negative effects. In line with the proposed solutions, in this study, we investigated the effect of boost pressure on the
combustion of ammonia/ethanol blends with high ammonia energy ratios. This study focused on investigating blends
with ammonia energy ratios of 50 and 60% with boost pressures of 5, 10, and 15 kPa. By examining these parameters,
this study sought to optimize the use of ammonia/ethanol blends in practical engine applications, contributing to the
development of cleaner and more efficient energy solutions.

Experimental Methods

Experimental Setup

We employed a modified diesel engine (YANMAR TF120V) with the configurations shown in Figure 1, and its
specifications are provided in Table 1 (Yilmaz et al.,, 2023). The overall system included a fuel delivery system,
oxygen/NOx sensors, water-cooling mechanism, catalyst, intake/exhaust system, data acquisition setup, system for
controlling temperature and pressure, and sub-chamber. The displacement of the engine was 6.38 x 10 m3. The piston
had a stroke of 9.6 x 102 m along with a diameter of 9.2 x 102 m. The sub-chamber had an opening size of 5.26 x 10> m?
and was integrated into the main combustion chamber, which had a volume of 23.5 x 10® m3. The geometry of the sub-
chamber is defined as a sphero-cylinder, comprising a central cylinder (height = 8.0 x 103 m, radius = 1.6 x 102 m)
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capped at both ends by hemispheres of the same radius. With a compression ratio of 17.7, this engine delivered nearly
double the power of a conventional spark ignition (SI) engine. An ammonia injector (Nikki O-RING Type) and an ethanol
injector (BOSCH INJ-035) connected to the ethanol and ammonia fuel tanks were replaced from the sub-chamber and
positioned at the intake manifold. Ammonia was injected in gaseous form at a supply pressure of 400 kPa. Ethanol was
injected at a pressure of 300 kPa and temperature of 298 K. The top of the sub-chamber was fitted with a spark plug
(NGK-SRM) and the mixture supply to the sub-chamber originated only from the main chamber. The pressure variations
in the main combustion chamber were tracked using a pressure sensor (Kistler 6054BR-3-1). The engine was connected
to an electromagnetic clutch that controlled the engine speed using an eddy current dynamometer. The throttle valve
was adjusted manually to maintain a steady intake pressure. A sensor was used to record the intake pressure. The
engine control unit (ECU, INFINITY SERIES 7) processed the signals sent to the data logger and regulated the amount of
fuel and the ratio as well as the time of fuel injection and ignition. A rotary encoder tracked the location of the piston
during combustion by transmitting a top dead center (TDC) signal every two crankshaft rotations to the ECU. Raw
pressure data were used to acquire the in-cylinder pressure data in synchronization with the rotary encoder. The
exhaust system was equipped with nitrogen oxide (NOx) and oxygen sensors (Horiba MEXA-720NOx) to monitor the
engine emissions. This sensor was placed upstream of the catalyst to measure only the effects of combustion without
the influence of the catalyst. Table 2 lists the models and measurement errors of the instruments used in the
experiments. The cooling system included a heat exchanger, pump, coolant heater, and temperature sensors that
tracked the coolant temperatures. The exhaust line was equipped with a catalyst to eliminate unburned gas from the
combustion. In this study, the boost pressure is defined as the increase in the intake manifold pressure relative to the
naturally aspirated condition, with boost levels set at 5, 10, and 15 kPa above the baseline (naturally aspirated
condition). In general, the manifold pressure is expressed as the absolute pressure, whereas the boost pressure is based
on the gauge pressure. The boost pressure was measured at the intake manifold using a calibrated pressure sensor. All
operating parameters, including the engine speed, excess air ratio, and ignition timing, were maintained constant across
all test conditions. Additional details regarding the fuel injection system, sub-chamber configuration, and data
acquisition procedures are included in this paper to ensure reproducibility of the data.
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Figure 1  Schematic of the engine experimental setup.
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Table 1 Specifications of the engine used in the experiments.

Type of Engine Used [-]
Max. Speed [rpm]
Engine Model [-]
Ignition Method [-]
Valve Mechanism [-]
Type of Aspiration [-]
Fuel Injection Method [-]
Total Displacement [m3]
Compression Ratio [-]
Bore x Stroke [m]
Sub-chamber [-]

Single-cylinder Horizontal-oriented Diesel Engine
2400

YANMAR TF 120V - E
Spark Ignition
Overhead Valve
Boosted Intake

Port Injection

6.38 x 1074

17.7
9.2x1072x9.6x1072
Spherical Swirl

Sub-chamber Volumetric Displacement [m?3] 23.5x 107
Orifice count [-] 1
Orifice Area (Cross-section) [m?] 5.26 x 107

Engine Cooling System [-] Water Cooling with Heat Exchanger

Table 2 Specifications of the measurement instruments used in the experiments.

Measurement Model Measurement error
Pressure Kistler 6054BR-3-1 +0.6%
Intake pressure DELCO 3bar MAP Sensor +1.5%
NOy Horiba MEXA-720NOy NOy concentration within £5% of output

Experimental Conditions and Procedure

We investigated the combustion characteristics and performance of ammonia/ethanol fuel blends in a high-
compression-ratio spark-assisted compression ignition (SACI) engine equipped with a specialized sub-chamber design.
The experimental setup shown in Table 3 was meticulously configured to ensure precise data collection, where the
critical combustion parameters were recorded at intervals of 100 consecutive cycles to guarantee statistical reliability.
Specifically, for the analysis of 100 recorded in-cylinder pressure cycles, only those with a peak pressure within three
standard deviations of the mean were selected. We employed a dual-fuel injection system in which gaseous ammonia
and liquid ethanol were introduced into the intake manifold via port fuel injection. This approach allowed precise control
over the fuel blend composition while systematically varying two key parameters: (1) boost pressure at 5, 10, and 15
kPa (defined as the gauge pressure) and (2) ammonia energy ratio at 50 and 60%. In this experiment, the engine speed
was controlled and the brake mean effective pressure (BMEP) under the conditions shown in Table 3 was varied within
a range of 0.466-0.601 MPa. The ECU dynamically adjusted the ammonia energy ratio in real time and calibrated it
according to the proportional contribution of the fuel to the total calorific value of the blend. To optimize combustion
efficiency, the experimental design incorporated carefully timed valve events, with the specific intake and exhaust valve
timings shown in Table 3.

Table 3 Investigated conditions for this study.

Fuels used in the experiment [-]

Ammonia, Ethanol

Ammonia Energy Ratio [%] 50, 60
Boost Pressure [kPa Gauge] 5,10, 15
Ignition Timing [°CA BTDC (Compression Stroke)] 6
Standard Injection Timing [°CA ATDC (Intake Stroke)] 660
Brake Mean Effective Pressure (BMEP) [MPa] 0.466-0.601
Engine Speed [rpm] 1000
Excess Air Ratio [-] 1.2
Coolant Temperature [K] 343
Intake Air Temperature [K] 298
Intake Valve Opening (IVO) [°CA ATDC (Intake Stroke)] -6
Intake Valve Closing (IVC) [°CA ATDC (Intake Stroke)] 215
Exhaust Valve Opening (EVO) [°CA ATDC (Intake Stroke)] -218
Exhaust Valve Closing (EVC) [°CA ATDC (Intake Stroke)] 7

A constant ignition timing of 6 °CA BTDC was chosen for this experiment as it was able to achieve relatively stable
combustion performance for higher ammonia energy ratios based on previous experiments focused on ignition timing
variations (Okada et al., 2025). During the operation, a precisely metered portion of the air/ammonia/ethanol blend
was routed into the sub-chamber during the compression phase. Ignition was initiated slightly before the top dead
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center (TDC) of the compression stroke via a strategically positioned spark plug. The high-energy flame front generated
in the sub-chamber then propagated into the main combustion chamber through a calibrated orifice during the power
stroke, ensuring robust ignition of the primary charge.

Analytical Methods

Convection and radiation are the two main ways in which heat is transmitted during combustion from the cylinder
interior to the walls. However, our analysis only considers convection heat transfer and we do not consider radiation
heat transfer due to its insignificant effect on the spark ignition engine (Lounici & Bouzid., 2011). Thus, Eq. (1) can be
used to determine Qnts), which is the heat transferred from combustion for every crank angle to the cylinder wall.

Qneoy = he@yAc(Toy — Tw) (1)

Here, T corresponds to the in-cylinder temperature at every crank angle [K], and Tw corresponds to the average
temperature of the wall cylinder [K]. Ac is the combustion chamber area [m?], and § is the instantaneous crank angle
position in degrees [°CA]. In addition, hc is the convective heat transfer coefficient for gas [kW/m?K]. Hohenberg's
correlation is expressed by Eq. (2) (Hohenberg, 1979), which serves as the foundation for the convective heat transfer
coefficient, hc.

_ _ 0.8
hegy = 1879P () *T(9)™**V(6) "% (Spy + €) (2)

Here, Vis) and Ps) represent the volume [m3] and in-cylinder pressure [MPa] at every crank angle, respectively. ¢
represents the Hohenberg recommended calibration factor with a value of 1.4 (Hohenberg, 1979). Eq. (3) is used to
calculate Sp, which is the average speed of the piston [m/s].

n
Sp =25 (3)
Here, n is the engine speed [rpm] and S is the piston stroke [m].

Eq. (4) is used to determine Qurrs), Which is the heat release rate (HRR).

1 dP av
Qurre) = 75 (V(e) —5 T kP g) + Qnt (4)

av
ae
angle, respectively, while k is the specific heat ratio, which is defined as constant in this study. The collected data on the

in-cylinder pressure can be used to calculate the IMEP. Egs. (5) and (6) are used to calculate the IMEP.

Here, — and Z—Z are the rate of change of volume [m?3] and pressure [MPa] in the main and sub-chamber for each crank

IMEP = Vi-gSPdV (5)

N

1 _1Pg41tP
IMEP = o X205 (Vio+1) = Vo)) (6)

Here, a corresponds to the cumulative number of crank angles in a cycle, and Vs corresponds to the stroke volume [m?3].

Eqg. (7) is used to calculate the combustion duration.
Combustion Duration = CA90 — CA10 (7)

Here, CA10 and CA90 are the crank angles at which 10 and 90% of the total heat has been released, respectively.

Eq. (8) is used to calculate the in-cylinder temperature [K].

HOMO)
T = —2"2T 8
© = Brycvipe 1VE (8)

Here, Tyc, Pivc, and V¢ are the temperature [K], pressure [MPa], and volume [m?3] during intake valve closing (IVC),
respectively.

Eq. (9) is used to calculate 7., which is the combustion efficiency.

0
fgf QHRRAO

Mg - Hyg+ Me - Hye

Ne = (9)

Eq. (10) is used to determine 7;, which is the indicated thermal efficiency.
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M= ——— (10)

MgHyg+MeHye

Here, me and mq represent the fuel masses [kg] of the injected ethanol and ammonia, respectively. Hee and Huos represent
the lower heating values [kJ/kg] of ethanol (26,700 kJ/kg) and ammonia (18,600 kl/kg), respectively.

W; = (W, + Wp) - 1000 (11)
360°

We = f1800 Pav (12)
540°

Wp = [, 0 PAV (13)

Here, W; corresponds to the indicated work for each engine cycle [MJ]. W, and W} correspond to the amount of work
required during the compression [MJ] and expansion [MJ] stages, respectively.

Experimental Results

In this section, the experimental results are presented and compared with previous results at 0 kPa (naturally aspirated
condition) obtained using the same setup and operating conditions (Okada et al., 2025). Figure 2 compares the in-
cylinder pressures at different boost pressures of 0, 5, 10, and 15 kPa for ammonia energy ratios of 50 and 60%. The
results indicated that the in-cylinder pressure decreased with increasing intake pressure, where increasing the boost
pressure from 0 to 5 kPa and from 5 to 10 kPa resulted in a substantial decrease in the in-cylinder pressure. However, a
subsequent boost of 10 to 15 kPa had a minor effect on the measured in-cylinder pressure. The same behavior was
observed for the heat release rate shown in Figure 3.
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Figure 2  In-cylinder pressure against crank angle at various boost pressures for an ammonia energy ratio of (a) 50% and
(b) 60%.
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Figure 3  Heat release rate against crank angle at various boost pressures and ammonia energy ratios.

This decrease in the in-cylinder pressure and heat release rate with a higher intake boost can be attributed to the
increased heat capacity of the fuel blend and high latent heat of vaporization of ethanol, which results in an enhanced
charge cooling effect from ethanol evaporation (Pan et al., 2021; Khalif et al., 2017; Min et al., 2024) and reduces the
overall combustion intensity. More details regarding this phenomenon are discussed in the following section.
Furthermore, increasing the ammonia energy ratio to 60% resulted in both lower in-cylinder pressure and heat release
rate due to slow flame speed and resistance to autoignition of ammonia, which prevented complete combustion.

Figure 4 shows the IMEP at various boost pressures of 0, 5, 10, and 15 kPa and ammonia energy ratios of 50 and 60%.
The IMEP is a key metric for evaluating engine performance, representing the indicated work per unit stroke volume, as
given by Eq. (6). The IMEP serves as a key indicator of how effectively an engine converts fuel energy into mechanical
output. Although the results suggest a lower IMEP with a higher share of ammonia in the fuel blend (ammonia energy
ratio: 60%), there seems to be a different dependence of IMEP on the intake boost for the two ammonia energy ratios
investigated. At an ammonia energy ratio of 50%, varying the intake boost had a negligible effect on the engine IMEP.
In contrast, a higher boost pressure reduced the IMEP for the engine operating with an ammonia energy ratio of 60%.
The same behavior was also observed in the engine indicated thermal efficiency, as shown in Figure 5, because both are
indicators of how effectively the engine uses energy, where the combination of an ammonia energy ratio of 50% and
boost pressures of 0 kPa and 5 kPa yielded similar indicated thermal efficiency results.

The CoV, which is a metric used to evaluate combustion stability, is shown in Figure 6. While the values for an ammonia
energy ratio of 50% suggest stable combustion (CoV < 5%), a significant increase in CoV was observed for an ammonia
energy ratio of 60% at higher boost pressures (10 and 15kPa), which suggests instability during combustion. The possible
reasons for such unstable operation include the slower reactivity of fuel blends with a higher ammonia energy ratio,
which causes misfires during combustion. Although supercharging increases the intake air mass, it can also reduce the
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effective intake charge temperature due to the enhanced charge cooling effects, particularly in fuels such as ethanol
with a high latent heat of vaporization. The resulting lower in-cylinder temperature suppresses the reaction rates and
further slows down the reactivity of the fuel blends, resulting in conditions that are more prone to combustion
instability. To compensate for slower chemical kinetics and maintain optimal combustion phasing, earlier ignition timing
is required. Therefore, we do not recommend using high boost pressures and high ammonia energy ratios for practical
engines unless a more advanced ignition timing is used.
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Figure 7 compares the combustion duration for each experimental condition measured using the standard CA10—CA90
method, which calculates the crank angle between the points at which 10 and 90% of the total heat has been released,
as defined in Eq. (7). The results show clear trends that help explain the behavior of ammonia/ethanol fuel blends during
combustion under different engine settings. As expected, a higher ammonia content led to longer combustion times
due to the high resistance of ammonia to combustion. The combustion duration is expected to follow the heat release
rate behavior as the boost pressure is varied, as shown in Figure 3. Indeed, with an increased intake boost, the
combustion duration was prolonged for both ammonia energy ratios, where the change was steep between boost
pressures of 5 and 10 kPa for ammonia energy ratio of 50%. As for the cases with ammonia energy ratio of 60%, the
same steep increase in duration was also observed when the boost pressure was increased from 10 kPa to 15 kPa.

25

= = N
o 13 o

Combustion duration [deg]

o

50% Ammonia energy ratio

—8— 60% Ammonia energy ratio

0 5 10 15

Boost pressure [kPa]

Figure 7  Combustion duration with respect to boost pressure at different ammonia energy ratios.

Figure 8 shows the combustion efficiency results calculated using Eq. (9). The combustion efficiency exhibited a trend
consistent with the decrease in the in-cylinder pressure and heat release rate with increasing boost pressure. For an
ammonia energy ratio of 50%, the combustion efficiency remained relatively stable, showing only a slight increase at 5
kPa, followed by a marginal decrease at higher boost pressures, indicating that the reduction in combustion intensity
had a limited effect under this condition. Although boosting typically increases the intake air mass, the results indicate
that this does not translate into improved combustion. Instead, increasing the boost pressure from 0 kPa to 10 kPa led
to a reduction in the combustion efficiency, with only a minor additional effect observed from 10 kPa to 15 kPa,
mirroring the decreasing changes observed in both the in-cylinder pressure and heat release rate. In contrast, for an
ammonia energy ratio of 60%, the combustion efficiency decreased more noticeably with increasing boost pressure,
reflecting the combined effects of reduced heat release and slower combustion kinetics associated with the higher
ammonia content.
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Figure8 Combustion efficiency with respect to boost pressure at different ammonia energy ratios.

The in-cylinder temperatures for each condition determined using Eq. (8) are shown in Figure 9. In line with the heat
release rate shown in Figure 3, the use of a higher boost pressure generated a lower in-cylinder temperature for the
ammonia energy ratios investigated in this study. However, under all boost pressure conditions, the overall peak
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temperature decreased as the ammonia energy ratio increased. Accordingly, the condition with the lowest boost
pressure combined with the lowest ammonia energy ratio resulted in the highest combustion temperature. However,
as shown in Figure 10, these conditions also generally corresponded to higher NOx emissions. The reason for this
tradeoff between performance and NOx emissions is discussed in the following section.
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Figure 9 In-cylinder temperature against crank angle at various boost pressures and ammonia energy ratios.
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Figure 10 NOy emissions with respect to boost pressure at different ammonia energy ratios.
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Discussion

As shown in Figure 2, the peak in-cylinder pressure decreased and its occurrence was delayed to a later ignition timing
with a higher boost pressure. When ethanol is subjected to high boost pressures, a significant amount of thermal energy
is required to convert it from a liquid state to a vapor state. The absolute mass of injected ethanol increases to maintain
the required energy ratio at higher boost pressures. The increased mass of the evaporating liquid extracts a substantial
amount of sensible heat from the intake charge (Huang et al., 2015). This exact thermodynamic mechanism of increasing
the mass of the injected ethanol enhances charge cooling. This energy requirement subsequently cools the combustion
chamber, reducing the overall pressure development during combustion. This behavior is interesting because it differs
significantly from that of conventional hydrocarbon fuels, such as gasoline and diesel, where a higher boost pressure
usually results in a higher cylinder pressure due to enhanced volumetric efficiency (Anggono et al., 2019). The overall
cylinder pressure appeared to be affected by variations in the ammonia energy ratio. A lower ammonia energy ratio
generated higher peak pressures than a higher ammonia energy ratio for all boost pressures investigated in this study.
The presence of more ethanol promotes the formation of radicals, which accelerate the reaction process, leading to
shorter ignition delay times and a higher overall flame speed (Li et al., 2023; Yang et al., 2024; Pelé et al., 2022). This
agrees with the results shown in Figure 7, where the combustion duration is prolonged at a higher ammonia energy
ratio.

As shown in Figure 3, increasing the boost pressure consistently resulted in lower peak heat release rates for all
ammonia energy ratios. It is evident that there is an inverse relationship between the boost pressure and maximum
heat release rate when using ammonia-dominant fuel blends, and that this trend is consistent with the in-cylinder
pressure behavior shown in Figure 2, indicating a consistent thermodynamic response across the various measurement
parameters. Analysis of the results also revealed a clear and consistent pattern in the combustion properties between
different ammonia energy ratios. Varying the ammonia energy ratio resulted in a behavior similar to the boost pressure
effect, where a lower ammonia energy ratio combined with a lower boost pressure corresponded to higher peak heat
release rates. The higher heat release with a lower ammonia energy ratio can be attributed to the increased
combustibility of the fuel blend due to the greater proportion of ethanol in the fuel blend, which is more combustible
than ammonia. This effect was more pronounced at lower boost pressures, where the cooling effects of ethanol
vaporization were lower. Such a noticeable decrease in peak heat release rate observed after switching from an
ammonia energy ratio of 50% to 60% emphasizes the need for fuel ratio adjustments in order to attain optimal
combustion performance.

As shown in Figure 4, the fuel blend with an ammonia energy ratio of 60% produced lower IMEP values across all tested
boost pressures compared with those with an ammonia energy ratio of 50%. This reduction in performance is due to
the inherent combustion properties of ammonia. Ammonia has a naturally slow laminar flame speed, which causes it to
burn slower than ethanol (Dong et al., 2024). Therefore, the combustion process is slower and less complete when more
ammonia is used, particularly during the power stroke, where pressure generation is the most critical. A slower burn
rate results in lower in-cylinder pressures, which ultimately lead to a reduction in the overall work that an engine can
produce per cycle. Furthermore, the influence of boost pressure on the IMEP varied depending on the ammonia content
of the fuel. For an ammonia energy ratio of 60%, increasing the boost pressure from 0 kPa to 15 kPa resulted in a gradual
decrease in the IMEP. In contrast, an ammonia energy ratio of 50% showed a more stable response, maintaining
relatively consistent IMEP values regardless of the boost pressure applied. The decrease in the IMEP with increasing
boost pressure is caused by the high latent heat of vaporization of ethanol (Pan et al., 2021; Khalif et al., 2017; Min et
al., 2024), which absorbs a large amount of heat as it evaporates. At higher boost pressures, this effect becomes
stronger, which leads to cooling of the intake charge and combustion chamber. This cooling effect reduces the amount
of thermal energy available to create pressure during combustion. The different responses to the boost pressure
between ammonia energy ratios of 50 and 60% can be attributed to the reactivity of the fuel blend. Because ammonia
has a significantly slower flame speed than ethanol, a higher ammonia content slows down combustion, and combined
with the boost pressure (where cooling due to ethanol evaporation is more intense) worsens the combustion
performance. The most significant drop in IMEP occurred when the boost pressure was increased from 5 kPa to 10 kPa
and the IMEP further decreased at higher boost pressures combined with an ammonia energy ratio of 60%. In this case,
the IMEP was lower than that without boost pressure. Furthermore, as shown in Figure 6, the reduced performance
under this condition was followed by a significant increase in the CoV IMEP above 5%, indicating unstable engine
operation. This highlights the challenges of using ethanol paired with high-ammonia-content fuels under high boost
pressures.

As shown in Figure 5, the indicated thermal efficiency decreased, which was consistent with the increasing ammonia
energy ratios. Although significant decrease in the indicated thermal efficiency was not observed at an ammonia energy
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ratio of 50% with increasing boost pressure, a noticeable decrease in the indicated thermal efficiency was evident at an
ammonia energy ratio of 60%. This difference in performance can be attributed to several factors. The slow-burning
characteristic of ammonia makes combustion less efficient, and the high latent heat of vaporization of ethanol absorbs
a large amount of heat during evaporation. At a higher boost pressure, this cooling effect becomes stronger, thereby
reducing the combustion temperature and energy output. This cooling effect leads to greater heat loss from the
combustion chamber, further reducing the thermal efficiency. When a higher ammonia energy ratio is combined with
a higher boost pressure, the combustion performance worsens. The slow burning of ammonia and the strong cooling
effects of ethanol vaporization work together concurrently, which reduces the combustion effectiveness and efficiency.
The engine setup used in this study benefits from the incorporation of a higher ethanol content, which helps the fuel to
burn faster and more completely, whereas the low boost pressure reduces the cooling effect from ethanol evaporation.
In combination, these factors help the engine convert more of the fuel blend’s energy into useful work, leading to higher
efficiency.

Figure 7 shows the trend of the combustion duration of the fuel mixture, which further supports the combustion
behavior of ammonia, showing that the combustion duration is primarily governed by the low combustion speed of
ammonia, as noted in an earlier study (Dong et al., 2024). As shown in Figure 3(a), when comparing the results at boost
pressures of 5 and 10 kPa, the peak heat release rate at 10 kPa was smaller than that at 5 kPa. The heat release rate of
~375-380 °CA at 10 kPa was more pronounced than that at 5 kPa. This resulted in slower combustion and an increase
in combustion duration. However, when comparing the results at boost pressures of 10 and 15 kPa, the characteristics
of the heat release rate for both cases were similar, resulting in a similar combustion duration. As shown in Figure 7,
when the ammonia energy ratio was 60%, the combustion duration increased in the order of increasing boost pressure
(5 > 10 > 15 kPa). As shown in Figure 3(b), this is due to the decrease in the peak heat release rate in the above order.
This is also evident when comparing the overall heat release at boost pressures of 5 and 10 kPa, where a delay ~385 °CA
to 395 °CA was observed for the end of heat release. Subsequently, when comparing the results at boost pressures of
10 and 15 kPa, a further delay of ~395 °CA to 400 °CA was observed. These factors result in slower combustion and
longer combustion duration. The slower burning rate of ammonia causes heat to be released more gradually, which
stretches out the entire combustion process. The results showed that increasing the boost pressure from 0 kPa to 15
kPa also led to longer combustion times for both fuel blends. This is due to ethanol’s high latent heat of vaporization
(Pan et al., 2021; Khalif et al., 2017; Min et al., 2024). This characteristic enables ethanol to absorb heat during
evaporation. At higher boost levels, this effect becomes stronger, cooling the air/fuel mixture and delaying the start and
progress of combustion. This cooling effect helps explain the observed decrease in the peak heat release rate and peak
cylinder pressure as the boost pressure increases. The combination of a higher ammonia energy ratio and applying a
high boost pressure had an even more noticeable effect. Although both ammonia energy ratios of 50 and 60% showed
longer combustion durations at higher boost levels, the fuel blend with an ammonia energy ratio of 60% was more
sensitive to these changes. At the highest boost pressure of 15 kPa, the fuel blend with an ammonia energy ratio of 60%
had a significantly longer combustion duration than that with an ammonia energy ratio of 50% under the same
conditions. This increased sensitivity for the fuel blend with a higher ammonia energy ratio is also caused by the same
two factors affecting the combustion of ammonia: the high ignition temperature and slow flame speed. Indeed, the
slow burning speed of ammonia and strong cooling of ethanol during vaporization under pressure are the factors that
significantly contribute to slower combustion for the fuel blend with a higher ammonia energy ratio.

To further clarify the combustion duration under supercharging conditions, the combustion phase was analyzed using
CA0-10, CA50, and CA10-90, which represent the ignition delay, combustion center, and combustion duration,
respectively. The observed combustion phases are shown in Figure 11. As the boost pressure increased, the CA0O-10
values showed a were relatively constant when using an ammonia energy ratio of 50%, suggesting a more stable initial
combustion. In contrast, a slight increase in CA0-10 values was observed for cases with an ammonia energy ratio of 60%
and higher boost pressure, suggesting a minor extension of the ignition delay. This behavior is thought to be due to the
suppression of initial heat generation through a combination of effects such as enhanced intake air cooling and
decreased chemical reactivity of the ammonia/ethanol fuel blend. The results for CA50 showed relatively constant crank
angle values when the boost pressure was increased and an ammonia energy ratio of 50% was used. In contrast, the
CAS50 values slightly increased for an ammonia energy ratio of 60% at higher boost pressures, which could reduce the
overall combustion efficiency. Because CA50 represents the heat generation center, this delay implies that a large part
of the combustion occurs later than the optimal timing. Therefore, the decrease in IMEP observed under supercharging
conditions is identified as being mainly caused by the delay in the combustion phase. These results are also reflected in
the respective combustion efficiency and indicated thermal efficiency results. In addition, the CA10-90 values increased
when a higher boost pressure was applied. This effect was more notable at an ammonia energy ratio of 60%, in contrast
to that at an ammonia energy ratio of 50%. This trend indicates prolonged combustion duration and reduced work done
during the expansion stroke, which accounts for the decrease in the IMEP and directly affects the decrease in thermal



Combustion Characteristics of High Concentration Ammonia/Ethanol Blends 757
DOI: 10.5614/j.eng.technol.sci.2026.58.6.1

efficiency. One possible explanation for this is that the cooling effect associated with ethanol further slows down the
oxidation reactions, which are already slow during the combustion of ammonia. Therefore, the cooling effect caused by
ethanol evaporation and its influence are considered as follows: When the boost pressure is increased from 5 kPa to 15
kPa, the difference in ethanol injection mass is 1.29 x 10 and 1.57 x 10°® kg for an ammonia energy ratio of 50 and 60%,
respectively. Assuming a latent heat of vaporization of ethanol of 838 ki/kg and a specific heat of air of 1.006 kJ/kgK as
the main content of the blend, and further assuming that the entire displacement volume of 6.38 x 10 m3 is cooled,
the increase in boost pressure from 5 kPa to 15 kPa results in an additional temperature drop of 1.3 and 1.6 K for an
ammonia energy ratio of 50 and 60%, respectively. This decrease in temperature at the intake timing becomes
substantial at a later stage when the fuel blends undergo compression. Furthermore, the above analysis assumes a fully
homogenous blend and cooling of the entire intake charge, whereas in actual conditions, the fuel blend may not be fully
homogenous at the intake timing, which can result in a larger reduction in the local temperature.
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Figure 11 Combustion phasing with respect to boost pressure at different ammonia energy ratios.

The combustion efficiency results can be observed in Figure 8, where the resulting trend can be attributed to the
enhanced charge cooling effect caused by the high latent heat of vaporization of ethanol, which reduces the in-cylinder
temperature and suppresses the reaction rates, thereby reducing both the in-cylinder pressure and heat release. As the
boost pressure increases, more air/fuel mixture is introduced into the cylinder, resulting in a larger amount of heat
energy required to evaporate ethanol. This absorbs a significant amount of heat from the surrounding charge, leading
to a reduction in the in-cylinder temperature before ignition. An increase in the ammonia energy ratio further reduces
the thermal efficiency due to the low reactivity of ammonia and slow flame propagation, which prevents complete
combustion. When these two effects are combined, the combustion duration is significantly extended, which explains
the substantial decrease in the combustion efficiency. In contrast, at an ammonia energy ratio of 50%, a higher fraction
of ethanol enhances the reactivity, allowing combustion efficiency to remain steady despite the cooling effect. Overall,
the above observations suggest that increasing the boost pressure under the investigated conditions does not lead to
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an increase in the combustion performance, but instead contributes to reduced efficiency, particularly at higher
ammonia fractions.

Figures 9 and 10 show the relationships between the boost pressure, ammonia energy ratio, in-cylinder temperature,
and NOx emissions. The trend observed in Figure 9 may be associated with the high latent heat of vaporization of ethanol
(Pan et al., 2021; Khalif et al., 2017; Min et al., 2024). A slight decrease in the overall cylinder temperature was observed
as the boost pressure was increased for all ammonia energy ratios used in this study. The combination of increased
mixture heat capacity, strong charge cooling effect from ethanol evaporation, and slow combustion kinetics of ammonia
results in a reduction in the peak heat release rate, which leads to a lower estimated combustion temperature. With
this observation, it is reasonable to infer that the thermal NOx formation from atmospheric nitrogen is also suppressed
by the lower combustion temperature (Qian et al., 2024). Indeed, a decreasing trend in NOx emissions was observed as
the boost pressure increased for all ammonia energy ratios, which was consistent with the lower in-cylinder
temperature observed at higher boost pressures, as shown in Figure 9. The opposite behavior was observed for the
effect of ammonia energy content, where a higher ammonia energy ratio generally resulted in lower NOx emissions
under boosted conditions. However, unlike hydrocarbons, where NOx is mainly formed from atmospheric nitrogen,
which is dependent on the combustion temperature, the presence of nitrogen in the molecular structure of ammonia
can promote the formation of NOx during combustion, and hence, a higher ammonia energy ratio is expected to
promote NOx emissions. Nonetheless, as shown in Figure 10, with the exception of the naturally aspirated case, higher
ammonia energy ratios resulted in lower NOx emissions. This trend is consistent with less effective combustion at higher
ammonia energy ratios, which may reduce NOx formation and leave more residual NHs available to react with NOx to
form nitrogen and water vapor (Tian et al., 2024), which is commonly referred to as the thermal DeNOx process.
However, because ammonia slip was not directly measured in this study, the presence and contribution of such
reactions cannot be confirmed. Therefore, the observed reduction in NOx emissions is discussed primarily in relation to
the combined effects of the combustion temperature and fuel properties. However, this interpretation does not directly
apply to the naturally aspirated case (boost pressure: 0 kPa) because combustion is more effective and the in-cylinder
temperature is substantially higher than that in the boosted cases, potentially resulting in less residual NHz available for
NOx reduction while also promoting thermal NOx formation (Okada et al., 2025). Accordingly, a higher ammonia energy
ratio resulted in higher NOx emissions under naturally aspirated condition (boost pressure: 0 kPa).

4NO + 4NH; + 0, - 4N, + 6H,0 (14)

NO + NO, + 2NH; — 2N, + 3H,0 (15)

6NO, + 8NH; - 7N, + 12H,0 (16)
Conclusion

Based on the key findings of this study, several conclusions can be drawn regarding the combustion performance of
ammonia/ethanol blends. First, a higher ammonia energy ratio resulted in slower ignition due to the high ignition
temperature and slow flame speed of ammonia, which was reflected in the peak heat release rate, in-cylinder pressure,
and engine efficiency that directly correlates with the indicated thermal efficiency; consequently, a better overall
performance was achieved using a lower ammonia energy ratio of 50%. Furthermore, increasing the boost pressure
decreased the peak heat release rate and in-cylinder pressure because the high latent heat of vaporization of ethanol
increased the thermal energy required for fuel vaporization, subsequently cooling the engine and decelerating
combustion. Across all ammonia energy ratios, applying a higher boost pressure reduced the overall engine
performance, as evidenced by the IMEP and indicated thermal efficiency, while combining a high boost pressure with a
high ammonia energy ratio led to unstable combustion and misfires due to slower blend reactivity, highlighting the need
for more advanced ignition timing and indicating that optimal results are achieved at the lowest boost pressure.

In addition to altering overall performance, a higher ammonia energy ratio demanded higher temperatures to initiate
combustion and exhibited slower flame propagation that prolonged the combustion duration. This duration was
extended even further by increasing the boost pressure—particularly at higher ammonia energy ratios due to the
combined effects of the high boost pressure and ethanol’s high latent heat of vaporization cooling the chamber, it
suggests that combining a lower ammonia energy ratio with the lowest boost pressure yields the shortest combustion
duration. Regarding exhaust characteristics, variations in boost pressures and ammonia energy ratios significantly
altered NOx emission levels. Higher boost pressures lowered overall NOx emissions across all blends due to reduced in-
cylinder temperatures, whereas higher ammonia energy ratios also reduced NOx emissions, likely driven by the thermal
DeNOx process where excess unburned NHs reacts with NOx Thus, a distinct trade-off exists between engine
performance and emissions, wherein the combination of the lowest boost pressure and the lowest ammonia energy
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ratio delivered superior performance but generated the highest NOx emissions among the tested conditions. Overall,
this study demonstrates the necessity of carefully optimizing both boost pressure and ammonia energy ratio for
practical application, and future research is recommended to investigate other operating parameters such as ignition
timing, engine speed, intake temperature, and excess air ratio under boosted conditions to achieve both enhanced
engine performance and reduced NOx emissions.
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    Q  h t ( 𝜃 ) =    h  c  ( 𝜃 )   A  c (   T   ( 𝜃 ) −   T  w )


   h  c ( 𝜃 ) = 1879     P   ( 𝜃 )  0 . 8     T   ( 𝜃 )  − 0 . 4     V   ( 𝜃 )  − 0 . 06    (   S   ( p ) + c )  0 . 8


    S  P = 2 S   n 60


    Q  H R R ( 𝜃 ) =  1  𝜅 − 1  (   V  ( 𝜃 )   d P  d 𝜃 + 𝜅   P  ( 𝜃 )   d V  d 𝜃 ) +   Q  h t


    d V  d 𝜃


    d P  d 𝜃


  I M E P =    1    V  s ∙  ∮  P d V


  I M E P =    1    V  s ∙   ∑  𝜃 = 0  a − 1      P  𝜃 + 1 +   P  𝜃 2 ∙ (   V  ( 𝜃 + 1 ) −   V  ( 𝜃 )


  C o m b u s t i o n   D u r a t i o n = C A 90 − C A 10


    T  ( 𝜃 ) =     P  ( 𝜃 ) ∙   V  ( 𝜃 )    P  I V C ∙   V  I V C   T  I V C


    T  I V C


      P  I V C


    V  I V C


    𝜂  c


    𝜂  C =     ∫    𝜃 1    𝜃 2    Q  H R R d 𝜃    m  a     ⋅   H  u a +     m  e     ⋅   H  u e


      𝜂  i


    𝜂  i =     W  i    m  a   H  u a +   m  e   H  u e


    W  i = (   W  C +   W  P ) ∙ 1000


    W  C =   ∫   180 0   360 0  P d V


    W  P =   ∫   360 0   540 0  P d V


    W  i


    W  C


    W  P


  4 NO + 4 N  H 3 +  O 2 → 4  N 2 +   6 H 2 O


  N O + N   O 2 +   2 N H 3 → 2   N 2 +   3 H 2 O


  6 N   O 2 + 8 N   H 3 →   7 N 2 +   12 H 2 O

