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Preliminary research on the co-combustion process of ammonia  

in a compression-ignition engine 
 
ARTICLE INFO  In the face of increasing requirements for exhaust emission reduction and the search for alternative fuels, 

ammonia is being considered as a potential fuel component in compression-ignition engines. The aim of this 
study was to conduct preliminary research on the co-combustion process of ammonia with diesel fuel and to 

assess its impact on exhaust emissions and engine performance characteristics. In the first stage, measurements 

of ammonia concentration in the exhaust gases were carried out to determine its presence in the exhaust stream. 
Next, optimal engine operating points were determined for various fuel ratios, enabling a comparative analysis 

of the combustion of pure diesel fuel and its mixtures with ammonia. In the final phase, key exhaust emission 

components were measured. The results indicate both potential benefits and challenges associated with using 
ammonia as a fuel additive in diesel engines. The conducted research provides a basis for further analysis aimed 

at optimizing the ammonia co-combustion process to improve efficiency and reduce its environmental impact. 
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1. Introduction 
Rising environmental protection requirements, reduc-

tions in greenhouse gas emissions and the need to decouple 

the transport sector from fossil fuels have intensified the 

search for alternative energy carriers. This is particularly 

relevant for compression-ignition (CI) engines, which dom-

inate in heavy transport, agriculture and distributed power 

generation, creating a demand for low-emission fuels that 

can be used with minimal modifications to existing tech-

nologies. In this context, ammonia (NH₃) is gaining atten-

tion as a potential fuel component or even as a standalone 

fuel [20]. 

Ammonia is a chemical compound with physical and 

chemical properties that has been used for decades in the 

chemical and fertilizer industries. Its main advantages as  

a fuel includes: zero CO₂ emissions during combustion, the 

ability to store and transport it in liquid form, a well-

developed distribution infrastructure and a high hydrogen 

content (17.6% by weight). Unlike pure hydrogen, which 

requires very high-pressure or low-temperature tanks, am-

monia can be stored as a liquid at relatively low pressures 

(about 10 bar at ambient temperature), making it much 

more practical as an energy carrier. However, despite its 

advantages, using ammonia as a fuel in combustion engines 

involves significant limitations. Its lower heating value 

(18.6 MJ/kg) is more than twice as low as that of diesel fuel 

(about 42–45 MJ/kg), which means more mass needs to be 

burned to obtain the same amount of energy. Additionally, 

ammonia’s auto-ignition temperature (~651°C) is significant-

ly higher than that of typical CI engine fuels (about 210°C 

for diesel), making pure ammonia less reactive and harder to 

ignite under standard engine conditions [3, 11, 13, 17].  

Because of these issues, co-combustion of ammonia 

with a conventional fuel like diesel is increasingly pro-

posed. This hybrid approach leverages the advantages of 

both fuels: the high reactivity and energy density of diesel 

and the carbon-free combustion of ammonia. In compres-

sion ignition (CI) engines, diesel injection can act as an 

ignition source for the ammonia-air mixture, promoting 

oxidation and improving combustion stability. By partially 

replacing diesel with ammonia, the overall reliance on fos-

sil fuels can be reduced with implications for both efficien-

cy and emissions [7, 13]. 

Another challenge in using ammonia effectively as an 

engine fuel is its low laminar flame speed, around 0.07 m/s, 

compared to methane or propane (0.3–0.4 m/s) and hydro-

gen (over 2 m/s). This low flame speed results in slower 

combustion of the fuel-air mixture, potentially leading to 

combustion irregularities, longer cycle durations and in-

creased emissions of unburned ammonia. It is especially 

problematic in CI engine cyclic operation, where fast and 

stable combustion is essential. Therefore, research into 

ignition support and flame propagation acceleration strate-

gies – such as pilot fuel injection, hydrogen blending or 

combustion chamber geometry modification is increasingly 

important [1, 19, 4, 21]. 

Ammonia combustion involves a complex reaction ki-

netics. The main combustion reaction is: 

 4 NH3 + 3 O2 → 2 N2 + 6 H₂O (1) 

However, under practical engine conditions, with tem-

perature gradients, uneven mixing and the presence of soot 

or unburned hydrocarbons – side reactions can occur, form-

ing nitrogen oxides (NO, NO2) and leading to unburned 

ammonia emissions (“NH3 slip”). This is especially con-

cerning due to ammonia’s toxicity and pungent odor, which 

are noticeable even at a few ppm. 

Thus, key challenges in ammonia-diesel co-combustion 

include selecting appropriate fuel ratios, engine operating 

conditions and fuel delivery techniques to optimally use the 

energy properties of the mixture while minimizing unwant-

ed exhaust components. Additionally, the effects on overall 

efficiency – such as ignition delay, combustion duration, 
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peak cylinder pressure and pressure-volume curve charac-

teristics must be considered [10, 13, 16]. 

An increasing number of experimental and numerical 

studies on ammonia combustion have been published, in-

cluding fuel cells, gas burners and piston engines. These 

studies show that even small additions of high-reactivity 

fuel (e.g., diesel or hydrogen) can improve ammonia com-

bustion and reduce unreacted molecule emissions. Still, 

many questions remain, especially regarding NOx emissions 

under various operating conditions, flame stability and 

long-term engine component durability. 

Ammonia (NH3) is increasingly considered in the litera-

ture as a low-carbon energy carrier with potential use in 

fuel cells and combustion engines. Unlike hydrogen, am-

monia is easier to store as a liquid and benefits from exist-

ing infrastructure. According to Zamfirescu and Dincer [22] 

producing “green ammonia” from renewable energy, can 

eliminate CO₂ emissions across its lifecycle. 

Combustion studies highlight ammonia’s low reactivity, 

causing ignition issues and slow flame propagation. A lam-

inar flame speed of ~0.07 m/s [6] is significantly lower than 

that of typical hydrocarbon fuels (0.3–0.4 m/s for methane, 

> 2 m/s for hydrogen), presenting a key technological chal-

lenge. 

Studies have shown that even with ammonia shares of 

10–30% by volume, stable engine operation is possible 

when diesel is used as a pilot fuel. Zhang et al. [23] reported 

reduced CO and HC emissions, while Reiter and Kong [14] 

confirmed improved ignition and combustion stability. 

Lee et al. [8] pointed out a significant increase in NOx 

emissions with higher ammonia content. This stems from 

Zeldovich reaction mechanisms and the presence of excess 

unburned ammonia ("NH3 slip"). These researchers rec-

ommend EGR systems and selective catalytic reduction 

(SCR) for emission control. 

Ammonia combustion is governed by complex free rad-

ical kinetics involving H, OH and O radicals. Mørch et al. 

[12] noted that proper combustion conditions, moderate 

excess air and controlled peak temperatures can reduce NOₓ 

emissions. They also highlighted that the pilot fuel injection 

strategy and timing significantly affect combustion effi-

ciency. CFD models (e.g., using CHEMKIN) are increas-

ingly applied to predict emissions for various combustion 

chamber setups. 

Ammonia-fueled engine prototypes are being developed 

for road and marine transport. Toyota and Hyundai [20] are 

working on demonstration projects involving co-

combustion of ammonia with diesel or hydrogen in com-

mercial vehicle engines. MAN Energy Solutions is testing 

ammonia in medium-speed marine engines [9]. These pro-

jects focus on:  

– exhaust gas recirculation (EGR) rates 

– material resistance to ammonia (corrosion and degrada-

tion) 

– NH3 slip detection and mitigation. 

Existing studies clearly show that pure ammonia 

 combustion in CI engines is highly problematic. High 

ignition temperature, low reactivity, and slow flame speed 

make the use of pure ammonia technologically challenging. 

Co-combustion with a pilot fuel like diesel offers a promis-

ing workaround for ignition and combustion stability is-

sues. Key factors for successful implementation include 

proper fuel ratio, injection timing, and combustion chamber 

thermal conditions. Despite growing research, experimental 

data on full-scale CI engines operating under realistic con-

ditions remains limited [5, 15, 18]. 

The present study aims to analyze the co-combustion of 

ammonia with diesel in a CI engine, focusing on: 

– ammonia combustion efficiency (including detection of 

residuals in exhaust gases) 

– the impact of fuel mixture composition on key engine 

parameters. 

Additionally, the study examines how co-combustion 

affects exhaust smoke, an indirect indicator of particulate 

matter from incomplete combustion. The experiment was 

conducted using an engine test bench under partial load and 

constant engine speed. The analysis in this preliminary 

study included combustion/overall efficiency derived from 

fuel flow, brake power and exhaust smoke. Gaseous emis-

sions (NOx, NH3, CO) and particle number (PN) were not 

part of the measurement scope. 

2. Methodology 
The tests were conducted on an engine test bench (Fig. 

1) equipped with a Fiat 1.3 JTD compression-ignition en-

gine with a nominal power output of 51 kW, a Schenck 

W150 eddy-current dynamometer and a data acquisition 

system for recording key engine operating parameters, 

including torque [Nm], engine speed [rpm], fuel consump-

tion [g/h], exhaust gas temperature [°C], intake air tempera-

ture, pressure and exhaust opacity (FSN). Diesel fuel con-

sumption was measured gravimetrically using an Automex 

fuel balance with an accuracy of ±0.1 g. The fuel mass flow 

rate was recorded in grams per hour (g/h), enabling precise 

calculation of specific fuel consumption and overall com-

bustion. Ammonia was supplied to the engine in gaseous 

form via a custom-designed mixing system integrated into 

the intake manifold downstream of the charge air cooler. 

The ammonia source was a high-pressure cylinder (61 L) 

from Messer, containing Ammonia 3.8 (99.98%) and corre-

sponding to 32 kg of gas. The operating pressure of the 

cylinder was 8–10 bar at room temperature (20°C), and the 

valve used was compliant with DIN standards for toxic 

gases. Ammonia was delivered in the gas phase, and its 

temperature was maintained within the range of 15–25°C to 

ensure repeatability of the mixing process. 

The measurement of the ammonia flow rate was carried 

out using a rotameter EK2/NR, with simultaneous monitor-

ing of the gas temperature. To ensure operational safety, the 

guidelines provided by the gas manufacturer, as well as 

occupational health and safety regulations related to the use 

of toxic substances, were strictly followed. 

The load characteristics were determined at a constant 

engine speed of 1200 rpm and within a load range of 20 to 

80 Nm. After achieving thermal stabilization of the engine 

at a given operating point, its performance parameters were 

recorded while fueled exclusively with diesel. Subsequent-

ly, ammonia was introduced into the intake system and data 

on the consumption of both fuels as well as exhaust smoke 

opacity (FSN values, converted to mg/m³) were collected. 

Other gaseous pollutants (NOx, NH3, CO, PN) were not 
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measured at this stage and will be addressed in follow-up 

studies. 
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Fig. 1. Test bench schematic: 1) engine test bench, 2) fuel consumption 

measurement system (mass-based), 3) ammonia supply system, 4) AVL 
 415 smoke meter, 5) data acquisition computer 

 

This operating point was chosen as a representative 

condition for low-to-medium speed operation, typical of 

stationary CI engines (e.g., generators, agricultural machin-

ery). The fixed speed also ensured safe and stable condi-

tions during preliminary trials with ammonia, enabling 

repeatable measurements. The selected load range corre-

sponds to partial load operation, where efficiency and emis-

sion trade-offs are particularly relevant for practical appli-

cations. 

In each case, exhaust gas opacity was measured using 

an AVL 415 smoke meter, which enabled the assessment of 

particulate matter content depending on the composition of 

the fuel mixture. A computer-based data acquisition system 

was used for data collection and recording, allowing real-

time monitoring of engine performance parameters and 

measurement results. 

 

 Fig. 2. Test bench 

The formula used to calculate the overall efficiency is as 

follows: 

 ηcomb =  
Pengine

ṁNH3∗LHVNH3+ ṁdiesel∗LHVdiesel
  (2) 

where: η – overall efficiency, Pₑₙgᵢₙₑ – engine output power 

(mechanical), ṁₙₕ₃, ṁ_diesel – mass flow rates of ammonia 

and diesel fuel [kg/s], LHV – lower heating value of the 

respective fuel [MJ/kg]. 

The conversion of Filter Smoke Number (FSN) values 

obtained using the AVL 415 smoke meter into units of 

mg/m³ was based on an empirical relationship found in the 

literature: 

                                  PM = 1.63 ∙  e(1.08∙FSN)             (3) 

where: PM – mass concentration of particulate matter in the 

exhaust gas [mg/m³], FSN – Filter Smoke Number meas-

ured directly by the smoke meter, e – base of the natural 

logarithm (≈ 2.718). 

This formula [2] is based on standard measurement 

conditions for diesel engines fueled with conventional die-

sel. It should be noted that this conversion is approximate 

and does not substitute for direct gravimetric determination 

of particulate mass. 

3. Results and experimental analysis 

3.1. Influence of ammonia energy share in the fuel  

mixture on overall efficiency 

The data were obtained based on actual efficiency 

measurements for individual fuel blends containing from 0 

up to nearly 60% of ammonia energy share. 

 

Fig. 3. Influence of the ammonia-derived energy share on overall effi-

 ciency at a constant engine speed of 1200 rpm under varying loads 

 

For all analyzed cases, a consistent decrease in overall 

efficiency was observed as the percentage of ammonia 

energy in the fuel mixture increased. The highest efficien-

cies were obtained during combustion of pure diesel fuel. 

At the same time, the lowest were recorded for mixtures 

with the maximum ammonia content. Initial overall com-

bustions (at 0% NH3) were as follows: 

1. 22.57% – 20 Nm 

2. 30.33% – 40 Nm 

3. 35.20% – 60 Nm 

4. 35.08% – 80 Nm. 

At the highest ammonia shares, the efficiencies de-

creased to: 
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1. 16.24% – 57.16% NH3, 20 Nm 

2. 22.27% – 52.21% NH3, 40 Nm 

3. 26.13% – 51.09% NH3, 60 Nm 

4. 26.64% – 48.85% NH3, 80 Nm. 

A detailed analysis of the measured parameters high-

lights how increasing ammonia content influences the com-

bustion process under various load conditions. The decrease 

in overall efficiency with increasing ammonia energy share 

is clear and progresses non-linearly – most significant 

changes occur above ~30% NH3. At low and medium loads 

(20–60 Nm), the largest absolute drops in efficiency were 

observed – up to 6–9 percentage points, corresponding to a 

relative decrease of approximately 25–30%. At the highest 

load (80 Nm), the efficiency drop was slightly less pro-

nounced (from 35.08% to 26.64%) but still significant. The 

higher combustion chamber temperature at high load likely 

promotes better ammonia oxidation. The decrease in effi-

ciency results directly from the properties of ammonia as  

a fuel: high ignition temperature, low lower heating value 

and limited reactivity under compression ignition condi-

tions. Increasing amounts of unburned ammonia in the 

exhaust gases contribute to real energy losses. Despite these 

losses, the presence of unburned ammonia in the exhaust 

can be beneficial from the perspective of SCR (Selective 

Catalytic Reduction) systems, where ammonia acts as  

a reducing agent for NOx. This opens the possibility of 

reducing or eliminating the need for AdBlue dosing. An 

integrated approach to combustion and exhaust aftertreat-

ment may enable the implementation of ammonia-diesel co-

combustion technology while maintaining acceptable effi-

ciency and emission performance. 

3.2. Influence of ammonia energy share in the fuel  

mixture of exhaust smoke opacity 

Figure 4 presents the converted exhaust smoke opacity 

values expressed in mass units (mg/m³), calculated based 

on the FSN (Filter Smoke Number) measurement results. 

These values provide a more direct indication of the mass 

emission of particulate matter, which may be relevant from 

an environmental regulatory perspective. The data are de-

tailed in Table 1. 

 

Fig. 4. Relationship between the ammonia-derived energy share (in dual-

fuel operation: diesel injection + gaseous ammonia supply) and exhaust 
 smoke opacity at 1200 rpm across different engine loads 

 

Table 1. Effect of ammonia-derived energy share (dual-fuel mode: diesel + 

ammonia) on exhaust smoke (FSN and mg/m³) at different torque levels 

 [Nm] 

Nm 20 
   

% 0.00 19.41 35.39 57.16 
   

FSN 0.19 0.18 0.13 0.03 
   

mg/m3 2.00 1,98 1.88 1,68 
   

Nm 40 
  

% 0.00 12.94 25.13 48,.8 52.21 
  

FSN 0.15 0.13 0.12 0.11 0.08 
  

mg/m3 1.92 1.88 1.86 1.84 1.78 
  

Nm 60 
 

% 0.00 9.93 19.34 36.12 43.53 51.09 
 

FSN 0,.9 0.17 0.15 0.09 0.07 0.04 
 

mg/m3 2.00 1.96 1.92 1.80 1.76 1.70 
 

Nm 80 

% 0.00 7.77 15.30 30.16 35.97 43.31 48.85 

FSN 0.37 0.37 0.35 0.30 0.25 0.22 0.20 

mg/m3 2.43 2.43 2.38 2.25 2.14 2.07 2.02 

 

The analysis below outlines the experimental findings 

regarding particulate emissions during ammonia-diesel co-

combustion across different engine load conditions. At all 

load levels, a clear trend of decreasing particulate emissions 

(mg/m³) is observed with increasing ammonia-derived 

energy share in the fuel mixture. The highest absolute par-

ticulate emission values were recorded at the highest load 

(80 Nm), where emissions decreased from approximately 

2.45 mg/m³ to 2.10 mg/m³ (a ~14% reduction). At lower 

loads (20–60 Nm), the relative reduction in particulate 

emissions was more pronounced, exceeding 15% at 20 Nm 

(from ~2.00 mg/m³ to ~1.65 mg/m³). Converting FSN to 

mg/m³ enables more accurate comparisons with emission 

standards. It confirms that ammonia co-combustion can 

positively impact the reduction of particulate mass emis-

sions. 

The following observations provide additional insight 

into the underlying causes and broader implications of the 

observed emission trends. The reduction in particulate mat-

ter with a higher ammonia energy share may be attributed 

to the lower carbon content in the blended fuel (hydrocar-

bons, ammonia), resulting in less soot formation during 

combustion. The presented results confirm a general trend: 

despite a decrease in thermal efficiency, ammonia-

containing mixtures exhibit a more favorable particulate 

emission profile, which may be important in the context of 

air quality regulations and decarbonization strategies. 

Reference of results to current emission standards 

To enhance the practical relevance of the obtained re-

sults, the converted filter smoke number (FSN) values ex-

pressed in mass units (mg/m³) were compared with the 

current emission standards in force within the European 

Union. Although the conducted study was experimental in 

nature and did not follow a full homologation cycle (e.g., 
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WLTP or NRTC), The measured particulate matter emis-

sions can be approximately compared with regulatory 

thresholds applicable to various engine categories. Exam-

ples of particulate matter emission standards: 

1. Euro 6d (for diesel passenger vehicles): 

 particulate mass: 4.5 mg/km 

 particle number: 6 × 10¹¹/km. 

2. Stage V (for non-road mobile machinery and stationary 

engines): 

 for power range 19–56 kW: 15 mg/m³ (or 0.015 

g/kWh) 

 for higher power ranges (e.g., 56–130 kW): limits 

are similar or slightly higher. 

In the conducted tests, the highest measured particulate 

emission value (at 80 Nm torque and 0% ammonia) was 

approximately 2.45 mg/m³. In contrast, the lowest value for 

the same operating point (with 48.85% ammonia) dropped 

to 2.10 mg/m³. At lower loads, emissions decreased even 

further, reaching 1.65 mg/m³ at 20 Nm and ~57% ammonia. 

This indicates that all measured particulate values are sig-

nificantly below the 15 mg/m³ limit defined in the Stage V 

standard, regardless of the ammonia energy share. Ammo-

nia co-combustion contributes to a 10–20% reduction in 

particulate emissions, further distancing the results from the 

regulatory thresholds. Even under suboptimal conditions 

(highest load, low ammonia content) the powertrain re-

mains compliant with emission standards applicable to 

modern non-road engines. 

From an environmental regulatory perspective, the re-

sults clearly demonstrate that co-combustion of ammonia 

with diesel fuel can be implemented without the risk of 

exceeding permissible particulate matter (PM) emission 

limits, even at high ammonia energy shares in the fuel mix-

ture. The measured PM emission levels remain fully com-

pliant with Stage V standards, indicating the potential ap-

plicability of this solution in engines used in construction 

machinery, power generators, and off-road equipment. The 

reduction in PM mass emissions observed during ammonia 

co-combustion may be considered a significant environ-

mental benefit of this technology, not only in terms of re-

ducing local soot emissions but also in contributing to the 

mitigation of low-stack emissions and the improvement of 

air quality. However, it is important to note that the current 

data only reflect particulate emissions. The comparison to 

EU regulatory PM limits is illustrative. The study did not 

follow a certification cycle nor did it measure PN/NOx/ 

NH3/CO. The lack of measurements for gaseous pollutants 

highlights the need for further studies before this combus-

tion concept can be fully classified as compliant with Euro 

or Stage V emission regulations. 

3.3. Decrease in co-combustion efficiency depending  

on the ammonia-derived energy share in the fuel 

mixture 

The analysis considered the decrease in overall efficien-

cy of a compression-ignition engine as a function of the 

increasing ammonia-derived energy share in the fuel mix-

ture, across four engine load levels: 20, 40, 60 and 80 Nm 

(all at a constant speed of 1200 rpm). As a reference point, 

the efficiency values obtained with diesel-only fueling were 

adopted, amounting to: 

 22.57% at 1200 rpm, 20 Nm 

 30.33% at 1200 rpm, 40 Nm 

 35.20% at 1200 rpm, 60 Nm 

 35.08% at 1200 rpm, 80 Nm. 

 

Fig. 5. Decrease in co-combustion efficiency depending on the ammonia 
energy share in the fuel blend at an engine speed of 1200 rpm and a load 

 of 20 Nm 

 

Fig. 6. Decrease in co-combustion efficiency depending on the ammonia 

energy share in the fuel blend at an engine speed of 1200 rpm and a load 

 of 40 Nm 

 

Fig. 7. Decrease in co-combustion efficiency depending on the ammonia 

energy share in the fuel blend at an engine speed of 1200 rpm and a load 

 of 60 Nm 
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Fig. 8. Decrease in co-combustion efficiency depending on the ammonia 

energy share in the fuel blend at an engine speed of 1200 rpm and a load 

 of 80 Nm 

 

As the ammonia-derived energy share in the fuel mix-

ture increased, a consistent decline in overall efficiency was 

observed. These changes are illustrated in Fig. 5–8 as  

a percentage drop in efficiency relative to the baseline die-

sel-only values. 

The analysis below highlights how increasing the am-

monia-derived energy share in a diesel–ammonia fuel blend 

affects overall efficiency under varying load conditions. It 

also outlines key patterns, practical implications and tech-

nical observations based on the recorded results. 

A clear trend was noted across all engine operating 

points: increasing the ammonia energy share in the fuel 

blend leads to a systematic and nonlinear decline in overall 

efficiency, especially above 30–35% NH3. The largest ab-

solute efficiency drop occurred at a load of 20 Nm, with  

a 28.05% decrease at 57.16% ammonia, reducing efficiency 

from 22.57% to 16.24%. At 40 Nm, the maximum efficien-

cy loss was 26.57% at 52.21% NH3 (final efficiency: 

22.27%). For 60 Nm and 51.09% NH3, efficiency declined 

from 35.20% to 26.13%, a 25.77% drop. At the highest 

load, 80 Nm, a reduction from 35.08% to 26.64% (24.06%) 

was observed with 48.85% ammonia. An interesting anom-

aly was noted at 80 Nm with a low ammonia share (7.77%), 

where a slight efficiency increase of 0.6% was recorded. 

This effect may be attributed to favorable thermal condi-

tions at high load enabling more complete oxidation of  

a small fraction of ammonia and possibly enhancing radi-

cal-driven reactions. However, given the small magnitude 

of this change it may also fall within the range of experi-

mental uncertainty. Further tests are required to confirm 

whether this effect is systematic. At high ammonia shares, 

final efficiency values tend to converge across different 

loads, indicating that the engine operates with similar effi-

ciency regardless of torque at elevated NH3 levels, but with 

clearly higher energy losses compared to pure diesel opera-

tion. The efficiency drop is mainly attributed to incomplete 

ammonia combustion, resulting from its high auto-ignition 

temperature and lower heating value. A higher NH3 content 

leads to more unburned fuel and lower usable energy out-

put. From a practical standpoint, small to moderate ammo-

nia admixtures (up to ~20%) may be environmentally justi-

fied, as efficiency losses remain relatively minor and are 

offset by the reduction in particulate emissions. Additional-

ly, the presence of unburned ammonia in the exhaust may 

be beneficial for selective catalytic reduction (SCR) sys-

tems. As a natural NOx reductant, ammonia could potential-

ly replace synthetic AdBlue, simplifying emission control 

systems and lowering operating costs. 

4. Future research directions 

4.1. Development of a method for measuring ammonia 

content in exhaust gases 

The results of the conducted study demonstrated both 

the environmental potential of ammonia–diesel co-

combustion (primarily in reducing particulate matter emis-

sions) and the limitations stemming from decreased system 

energy efficiency. Based on these findings, several key 

areas have been identified for further experimental and 

development work. 

Future research should focus on developing a dedicated 

analytical method – e.g., using UV-VIS spectrophotometry 

combined with cuvette tests. One of the main limitations of 

the current experiment was the inability to directly measure 

ammonia concentration in the exhaust due to interference 

with the chemical gas analyzer. The proposed approach 

includes: 

 use of reagents that selectively react with NH3 in the 

presence of NOₓ and other exhaust components 

 standardization of measurements using portable labora-

tory kits 

 calibration of the method against known concentrations, 

with the possibility of integrating it into a sampling sys-

tem directly from the exhaust line. 

4.2. Optimization of diesel injection strategy 

The observed efficiency drop with increasing ammonia 

share is largely due to inefficient combustion. Therefore, 

research should be conducted on modifying the diesel injec-

tion strategy, aiming to: 

 adjust injection pressure and timing for both pilot and 

main injection events 

 adapt the fuel injection control algorithm to the thermal 

and ignition properties of the diesel–ammonia mixture. 

Such modifications could improve ignition quality and 

reduce the amount of unburned ammonia, thereby increas-

ing overall efficiency. 

4.3. Research on ammonia–hydrogen mixtures and use 

of ammonia decomposition catalysts 

The use of hydrogen as a co-fuel or the application of 

catalysts that decompose ammonia into hydrogen and nitro-

gen has been proposed in the literature as a means of im-

proving combustion stability and efficiency. Hydrogen’s 

high reactivity can enhance ignition and flame propagation 

while catalytic decomposition could provide an in-cylinder 

source of hydrogen. Although not investigated in this study, 

these strategies represent complementary approaches that 

may support future development of ammonia-based engine 

technologies. 

5. Conclusions 
The experiments on ammonia–diesel co-combustion in  

a compression-ignition engine demonstrated both advanta-

ges and limitations of this approach. A clear decline in 
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overall efficiency was observed as the share of ammonia-

derived energy increased, with the most pronounced reduc-

tions occurring above approximately 30% ammonia. These 

efficiency losses reached about 25–30% relative to pure 

diesel operation and were attributed primarily to the high 

ignition temperature and low reactivity of ammonia which 

resulted in incomplete combustion and greater energy loss-

es. At the same time, a consistent decrease in particulate 

emissions was recorded with increasing ammonia content. 

Expressed both as FSN and in converted mass units, partic-

ulate emissions fell by more than 15% at low loads and by 

10–14% at high loads which represents a significant im-

provement in soot-related exhaust quality. Importantly, 

even under the least favorable operating conditions, particu-

late matter levels remained far below the Stage V regulato-

ry limits, suggesting that ammonia–diesel co-combustion 

can be applied without compromising compliance with 

current emission standards. The presence of unburned am-

monia in the exhaust stream also indicates potential integra-

tion with selective catalytic reduction systems where am-

monia could act directly as a NOₓ reductant, reducing or 

eliminating the need for additional reagents. From a practi-

cal standpoint, moderate substitution of diesel with ammo-

nia, up to around 20% of the energy share appears to be the 

most promising compromise offering notable emission 

benefits while limiting efficiency losses to an acceptable 

level. 

 

Nomenclature 

CI compression ignition 

EGR exhaust gas recirculation 

FSN filter smoke number 

LHV  lower heating value 

PM particulate matter 

SCR selective catalytic reduction 

 

Bibliography 

[1] Alnajideen M, Shi H, Northrop W, Emberson D, Kane S, 

Czyzewski P et al. Ammonia combustion and emissions in 

practical applications: a review. Carbon Neutrality. 2024; 

3(1):13. https://doi.org/10.1007/s43979-024-00088-6 

[2] AVL. AVL 415S Smoke meter instruction manual. Graz 

(Austria): AVL List GmbH; 2014. 

[3] Giddey S, Badwal SPS, Kulkarni A. Review of electrochem-

ical ammonia production technologies and materials. Int J 

Hydrogen Energy. 2013;38(34):14576-14594.  

https://doi.org/10.1016/j.ijhydene.2013.09.054 

[4] Guan Y, Zhao D. Enhancing ammonia combustion with 

minimum hydrogen blended in presence of self excited in-

termittent pulsating oscillations. Phys Fluids. 2023;35(5): 

054102. https://doi.org/10.1063/5.0147474 

[5] Hari KK, Ganesan N. Experimental investigation on the 

impact of ammonia fuel in a low powered compression igni-

tion engine – a study toward dual fuel engine approach. En-

viron Prog Sustainable Energy. 2025;44(3):e14580.  

https://doi.org/10.1002/ep.14580 

[6] Hayakawa A, Goto T, Mimoto R, Arakawa Y, Kudo T, 

Kobayashi H. Laminar burning velocity and Markstein 

length of ammonia/air premixed flames at various pressures. 

Fuel. 2015;159:98-106.  

https://doi.org/10.1016/j.fuel.2015.06.070 

[7] Jamrozik A, Tutak W, Pyrc M, Grab-Rogaliński K. Experi-

mental study on ammonia diesel co-combustion in a dual 

fuel compression ignition engine. J Energy Inst. 2024;115: 

101711. https://doi.org/10.1016/j.joei.2024.101711 

[8] Lee J, Park C, Jang I, Kim M, Park G, Kim Y. Experimental 

research on the effect of diesel post injection conditions on 

the efficiency and global warming potential in a single cyl-

inder four stroke marine engine fueled with ammonia and 

diesel. Energy. 2025;314:134244.  

https://doi.org/10.1016/j.energy.2024.134244 

[9] MAN Energy Solutions. Ammonia as a marine fuel: per-

spectives for two stroke marine engines. Technical paper, 

MAN B&W; 2023. 

[10] Mashruk S, Shi H, Mazzotta L, Ustun CE, Aravind B, 

Meloni R et al. Perspectives on NOx emissions and impacts 

from ammonia combustion processes. Energy & Fuels. 

2024;38(20):19253-19292.  

https://doi.org/10.1021/acs.energyfuels.4c03381 

[11] Mielcarzewicz D. Technical indicators of ammonia heavy 

duty engines. Rail Vehicles/Pojazdy Szynowe. 2024;3-4:54-

63. https://doi.org/10.53502/RAIL-202183 

[12] Mørch CS, Bjerre A, Gøttrup MP, Sorenson SC, Schramm J. 

Ammonia/hydrogen mixtures in an SI engine: engine per-

formance and analysis of a proposed fuel system. Fuel. 

2011;90(2):854-864.  

https://doi.org/10.1016/j.fuel.2010.09.042 

[13] Nadimi E, Przybyla G, Lewandowski MT, Adamczyk W. 

Effects of ammonia on combustion, emissions, and perfor-

mance of the ammonia/diesel dual fuel compression ignition 

engine. J Energy Inst. 2023;107:101158.  

https://doi.org/10.1016/J.JOEI.2022.101158 

[14] Reiter AJ, Kong SC. Combustion and emissions characteris-

tics of compression ignition engine using dual ammonia-

diesel fuel. Fuel. 2011;90(1):87-97.  

https://doi.org/10.1016/j.fuel.2010.07.055 

[15] Scharl V, Sattelmayer T. Ignition and combustion character-

istics of diesel piloted ammonia injections. Fuel Communi-

cations. 2022;11:100068.  

https://doi.org/10.1016/j.jfueco.2022.100068 

[16] Sharma V, Panesar A, de Sercey G, Begg S. A review of 

ammonia combustion and emissions characteristics in spark 

ignition engines and future road map. Energies. 2025;18(1): 

41. https://doi.org/10.3390/en18010041 

[17] Stępień Z. Ammonia as an alternative fuel to internal com-

bustion engines. Combustion Engines. 2025;200(1):117-

127. https://doi.org/10.19206/CE- 200289 

[18] Sun J, Tang Q, Wen M, Huang L, Liu H, Yao M. Combus-

tion characteristics and flame development of ammonia in 

an optical spark ignition engine. Fuel. 2024;375:132601.  

https://doi.org/10.1016/j.fuel.2024.132601 

[19] Sun J, Zhao N, Zheng H. A comprehensive review of am-

monia combustion: fundamental characteristics, chemical 

kinetics, and applications in energy systems. Fuel. 2025; 

394:135135. https://doi.org/10.1016/j.fuel.2025.135135 

[20] Tornatore C, Marchitto L, Sabia P, De Joannon M. Ammonia 

as green fuel in internal combustion engines: state of the art 

and future perspectives. Front Mech Eng. 2022;8:944201.  

https://doi.org/10.3389/fmech.2022.944201 

[21] Yasiry A, Wang J, Zhang L, Dai H, Abdulraheem AAA, 

Shahad HAK et al. Experimental study on the effect of hy-



 

Preliminary research on the co-combustion process of ammonia in a compression-ignition engine 

10 COMBUSTION ENGINES, 0000;XXX(X) 

drogen addition on the laminar burning velocity of me-

thane/ammonia–air flames. Appl Sci. 2023;13(10):5853.  

https://doi.org/10.3390/app13105853 

[22] Zamfirescu C, Dincer I. Using ammonia as a sustainable 

fuel. J Power Sources. 2008;185(1):459-465.  

https://doi.org/10.1016/j.jpowsour.2008.02.097 

[23] Zhang X, Yalamanchi K K, Sarathy S M. Combustion 

chemistry of ammonia/C1 fuels: A comprehensive kinetic 

modeling study. Fuel. 2023;341:127676.  

https://doi.org/10.1016/j.fuel.2023.127676  

 

 

Adriana Włóka, DEng. – Faculty of Mechanical 
Engineering, Wroclaw University of Science and 

Technology, Poland. 

e-mail: adriana.wloka@pwr.edu.pl 

 

  

Radosław Włostowski, DEng. – Faculty of Mechani-
cal Engineering, Wroclaw University of Science and 

Technology, Poland. 

e-mail: radoslaw.wlostowski@pwr.edu.pl 

 

  

Kacper Leśny, DEng. – Faculty of Mechanical 
Engineering, Wroclaw University of Science and 

Technology, Poland. 

e-mail: kacper.lesny@pwr.edu.pl 

 

  

Prof. Andrzej Kaźmierczak, DSc., DEng. – Faculty 
of Mechanical Engineering, Wroclaw University of 

Science and Technology, Poland. 

e-mail: andrzej.kazmierczak@pwr.edu.pl 

 

  

 

 

 

 


