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Abstract: The objective of this paper is to provide new data about the possibility to consider ammonia as a zero 

carbon fuel for spark-ignition engine. For that a current GDI PSA engine was chosen in order to update the results 

available in the literature mainly obtained with CFR engine. Particular attention was paid to the possible low limit 

load by using pure ammonia, or with a small amount of hydrogen, depending on engine speed, in order to highlight 

the limitation during cold start conditions. It can be concluded that these conditions require H2 addition, but 10% (of 

the total fuel volume) is sufficient.  Measurements of exhaust pollutants and in particular, NOx led to an assessment 

of the effect of dilution and the limitation with pure ammonia fuel in turbocharged like conditions: for these conditions, 

no more than 10% of EGR allows stable working operation but can reduce NOx by up to 40%.  

Keywords: Spark-ignition engine, Ammonia, H2 addition, 

1. Introduction 

The 2010 Paris Agreement [1] aiming at mitigating greenhouse gases requires a global transition from fossil to 

renewable resources use in the next decades. Nowadays the main energy sources, such as fossil fuels, should be 

replaced by renewable energy sources, together with an increased electrification of many usages. Alternative fuels 

are therefore widely considered as important energy carriers, because they are particularly adapted for specific 

hard-to-electrify end-uses, such as high temperature heat, long-distance mobility, or even for mid- and long-term 

energy storage. According to the International Energy Agency (IEA)1, ‘green’ hydrogen will play a key role in the 

world’s transition to a sustainable energy future as it is one of the most promising and clean energy carriers, both 

                                                           
1 https://www.iea.org/reports/the-future-of-hydrogen 
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for transportation and power generation [2,3]. However, even using the best available technologies, its density is 

too low for it to be easily transported and stored with acceptable safety and at a reasonable cost. 

Among other renewable fuels, Ammonia (NH3) is currently receiving an increased interest as a potential renewable 

carbon-free energy carrier [2]. It is both considered as a fuel for direct use in combustion system or fuel cell, or as 

an efficient hydrogen carrier (17.8% hydrogen content by mass) when it is decomposed. Although ammonia use as 

an internal combustion engine fuel has been considered since many decades, its deployment was first limited by 

the competition with hydrocarbon fuels in terms of availability, handling ease and safety and also energy density 

and combustion properties. Indeed, it is a toxic chemical with a difficult flammability and very low combustion 

intensity, illustrated by its narrow flammability limits (FL) and low Laminar Burning Velocity (LBV) in Table 1, 

respectively. Nonetheless, today’s context on global warming is making fossil fuels undesired due to their 

unacceptable environmental impact, and ammonia exhibits many advantages. First, due to the huge development 

of renewables energies and the water electrolysis as one storage solution, ‘green’ ammonia could be produced 

economically without any carbon emissions and as its combustion releases mainly water and nitrogen. Moreover, 

as displayed in Table 1, ammonia can be stored as liquid under mild pressure conditions at ambient temperature, 

thus ensuring a comparable energy density with other fuels, especially regarding its competitive Lower Heating 

Value (LHV). A life cycle analysis, provided by Bicer and Dincer [4] showed that greenhouse gas emissions could 

be reduced by almost a factor three by using ammonia-fuelled vehicles instead of gasoline vehicles. 

Table 1. Ammonia properties and comparison with other fuels at 300 K and 0.1 MPa, unless stated otherwise. 

Data from [2,5,6]. 

Species 
Ammoni

a 
Methanol Hydrogen Methane  Gasoline 

Formula NH3 CH3OH H2 CH4 - 

Storage Liquid Liquid 
Compress

ed 

Compres

sed 
Liquid 

Storage 

temperatur

e (K) 

300 300 300 300 300 

Storage 

pressure 

(MPa) 

1.1 0.1 70 25 0.1 
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density @ 

storage 

conditions 

(kg.m-3) 

600 784.6 39.1 187 ~740 

FL in air 

(vol.%) 
15-28 6.7-36 4.7-75 5-15 0.6-8 

LBV @ 

stoichiome

try (m.s-1) 

0.07 0.36 3.51 0.38 0.58 

Auto-

ignition T 

(K) 

930 712 773-850 859 503 

Research 

Octane 

Number 

130 119 >100 120 90-98 

LHV 

(MJ/kg) 
18.8 19.9 120 50 44.5 

Even though now there is no transport fleet running with ammonia as fuel, using it as an alternative to fossil fuels 

for transportation vehicles was already considered decades ago. The first famous example is the bus fleet operated 

in Belgium during World War II caused by the limited availability of Diesel fuel [7]. It is also the birth of the first dual-

fuel engine: coal gas (composed of 50% H2) was directly injected into the combustion chamber filled with ammonia. 

In the mid-60s, several studies [8–14] focused on the possibility of using ammonia as fuel in thermal engines, 

providing first recommendations regarding the chemical compatibility of ammonia because of its corrosiveness to 

copper, copper alloys, nickel and even some plastics. 

The two classical engine architectures were considered in these studies, namely Spark-Ignition (SI) and 

Compression Ignition (CI). Although, most projects currently concern CI engines [15], the low auto-ignition ability 

and high octane rating (Table 1) of ammonia suggests a more suitable use in SI engines. The energy content of 

ammonia introduced for a stoichiometric mixture with air is higher than that of gasoline, but fuel consumption is 

double in the case of neat ammonia. However, its low flame speed and narrow flammability limits can lead to 

incomplete combustion in SI engines. To counterbalance, ignition could be promoted by a more reactive fuel, as H2 

or  gasoline type fuel and the in-cylinder temperature can be increased by a higher compression ratio (CR) or 

supercharged conditions without any risk of knocking. 
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A recent review [16] reported only 16 studies investigating the use of ammonia fuel in spark-ignition engine. About 

half of them were conducted in CFR engine with CR ranging from 6.1 to 10 which is representative of current 

vehicles [6,10,17–21]. The other half were conducted with modern single cylinder engine [22–25] or multi-cylinder 

engine [26,27]. Among those studies, only two investigated higher CR, i.e. about 14:1 [6,22]. Among these studies, 

it is striking to realise that only a few have explored the feasibility of running an SI engine with ammonia only. At 

this state it can be concluded that pure ammonia is possible mainly at full load operation as underlined in [22] and 

recently confirmed by Lhuillier et al. [24,25]. To improve the combustion process, the best carbon-free promoter is 

hydrogen but also due to its combustion velocity and wide flammability range. In [16], Mounaïm-Rousselle and 

Brequigny concluded from previous studies [6,23–25,28]  that with conventional CR (about 10:1), only small 

quantities of hydrogen are necessary to ensure stable operation and best efficiencies (around 5 to 10%). Those 

small quantities can even been obtained by the means of an thermal converter to dissociate on-board ammonia into 

H2 and N2 [22,29]. Only, one study evokes the specificity of H2 requirement at idle speed, which seems to be so 

important that it cannot be provided with such converter [28]. 

Regarding the pollutant emissions caused by the use of ammonia fuel, the issue is not trivial and requires in-depth 

studies before being able to propose optimized solutions according to the best operating mode to deal with the 

problem of NOx, perhaps N2O but also NH3 or even H2. Without any aftertreatment device, it appears that: 

 lean operation leads to high NOx (higher than with gasoline) but low 

 unburnt NH3  

 rich operation leads to low NOx but too high unburnt NH3, unacceptable due to the smell and toxicity 

 increasing H2 quantity at the intake leads to slightly higher NOx level but very low unburnt NH3 (due to a better 

combustion efficiency) but with some H2 content at the exhaust. 

At this point, the optimization of the use of ammonia as fuel suffers from the limited data available on the 

performance of ammonia-fueled vehicles. Therefore, in order to increase the knowledge on ammonia fueled SI 

engine, the present paper will provide new database:  

 first by providing the operating conditions at full load (i.e. atmospheric intake pressure) but as a function of 

different engine speed and H2 quantity in the fuel blend,  

 second, the lowest possible intake pressure, i.e. load conditions,  
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 and last in the case of  turbocharged conditions (fixed regime of 2000 rpm), to evaluate the maximum dilution 

ratio limit and its impact on pollutant.  

2. Experimental Method 

2.1 Experimental Setup 

Engine experiments were conducted in a modern four-cylinder four-stroke Gasoline Direct Injection-SI EP6 PSA 

engine, modified to become an indirect injection single-cylinder engine by filling only one out of four cylinders as 

fully described [21]. The engine specifications are presented in Table 2. 

Table 2. Engine specifications. 

Displaced volume 399.5 cm3 

Stroke 85.8 mm 

Bore 77 mm 

Connecting rod length 138.5 mm 

Compression ratio 10.5:1 

Number of valves 4 

The engine is driven by an electric motor at a fixed engine speed varied from 650 to 2000 rpm. The main shaft is 

equipped with an optical encoder for angular position monitoring with a 0.1 Crank Angle Degree (CAD) resolution. 

A water-cooled AVL piezoelectric pressure transducer with a 0.1 CAD resolution and a measuring range of 0 – 25 

MPa provides in-cylinder pressure measurements. Engine intake and exhaust temperature and pressure are 

monitored using type K thermocouples and piezo-resistive absolute pressure transducers. The absolute cylinder 

pressure is obtained by equalizing it with the mean absolute intake pressure, Pin, at 20 CAD after inlet valve opening. 

The spark plug device is the original one with a time discharge set to 2 ms.  

Ammonia, hydrogen and air gaseous flows are measured and controlled using Brooks thermal mass flowmeters 

with ± 0.7% accuracy. They are preheated to the intake temperature of 323 K and premixed in an intake plenum 

before injection. A scheme of the experimental setup is shown in Figure 1. 
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Figure 1. Layout of the experimental setup. 

The wet exhaust gases are analyzed using a Gasmet Fourier Transform Infrared (FTIR) spectrometer to assess 

H2O, NO, NO2, N2O and NH3 concentrations. To obtain simultaneous quantitative measurement of many gaseous 

species with a good time resolution and accuracy, the interferences between the species of interest are correctly 

identified and considered in the analysis settings. The analysis ranges and uncertainty estimation can be found in 

previous work [30]. Please note that error bars are not plotted consistently in order to improve readability. In addition, 

analyzers for H2 by thermal conductivity and O2 by paramagnetic (ADEV) are used on a dry exhaust gas sample 

(without H20 and NH3). The water vapor measurement done with the FTIR analyzer is used for wet correction. The 

accuracy of the H2 and O2 analyzers is ± 1% (range 0 – 20% H2, 0 – 21% O2). 

2.2 Investigated conditions 

The global stoichiometric reaction of NH3/H2/air complete combustion is, where 𝑥𝐻2 is the hydrogen molar fraction 

in the fuel mixture, as: 

(1 − 𝑥𝐻2)𝑁𝐻3 + 𝑥𝐻2𝐻2 +
3 − 𝑥𝐻2

4
(𝑂2 + 3.76𝑁2) → ⋯

(
3 − 𝑥𝐻2

2
)𝐻2𝑂 + (

1 − 𝑥𝐻2
2

+ 3.76 ∗
3 − 𝑥𝐻2

4
)𝑁2 [1]

 

Non-stoichiometric mixtures are defined by the global equivalence ratio: 

𝜙 =

𝑋𝐻2 + 𝑋𝑁𝐻3
𝑋𝑎𝑖𝑟

(
𝑋𝐻2 + 𝑋𝑁𝐻3

𝑋𝑎𝑖𝑟
)
𝑠𝑡

[2] 

𝑿𝒔 represents the molar fraction of the species, s, in the reactive mixture. The spark-ignition timing is set to ensure 

the maximum net indicated mean effective pressure (IMEP) with a coefficient of variation of the IMEP over 100 
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cycles, COVIMEP lower than 5%. Only averaged values over 100 cycles are presented in this paper. The range of 

investigated operating conditions is summarized in Table 4. 

Table 3. Overview of the test conditions. 

Engine speed (rpm) 650; 1000; 1500; 2000 

Intake temperature (K) 323 

Intake pressure (bar) 
[0.6 – 1]  

1.3 for dilution impact 

H2 molar fraction in the 

fuel, 𝑥𝐻2 
[0.0 – 0.10] 

𝜙 [0.9 – 1.1] 

%N2 dilution 
Up to 8% of the total at 

the intake 

3. Results 

3.1 Operating limits 

In Table 4, stable operation modes are identified with a cross and black cells indicate conditions where either ignition 

or stable operation (COVIMEP<=5%) were possible. As it can be seen, addition of 10% H2 is sufficient to promote the 

ignition in all conditions. Increasing the engine speed makes the combustion for pure ammonia more difficult. 

Besides, it was not possible to ignite or ensure stable operations at 2000 rpm for pure ammonia. It is also more 

difficult to obtain stable combustion in lean conditions.
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Table 4. Limits in operating the engine with ammonia for several engine speeds, equivalence ratios, percentages 

of H2 as a function of intake pressures 

  650 rpm 1000 rpm 1500 rpm 2000 rpm 

  %H2 

Φ Pin (bar) 0% 5% 10% 0% 5% 10% 0% 5% 10% 0% 5% 10% 

0.9 

<=0,65      X   X   X 

0,8-0,85  X X X X X  X X   X 

1  X X X X X X X X  X X 

1 

<=0,65   X  X X   X   X 

0,8-0,85 X X X X X X  X X  X X 

1 X X X X X X X X X  X X 

1.1 

<=0,65   X  X X   X   X 

0,8 -0,85 X X X X X X  X X  X X 

1 X X X X X X X X X  X X 

 

Figure 2 shows the IMEP as a function of the minimum intake pressure acceptable to ensure stable operation, i.e. 

COVIMEP<=5%. Increasing H2 content in the fuel enables to operate at lower intake pressure down to 0.55 bar which 
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provides a 2.75 Bar IMEP. For pure ammonia, the minimum intake pressure achieved is 0.75 bar corresponding to 

4.8 bar IMEP. It is therefore possible to operate the engine at very low load. 

 

Figure 2. IMEP vs. minimum intake Pressure 

3.2 Engine speed effect for engine performance at atmospheric intake pressure 

Figure 4 shows the IMEP as a function of the engine speed, for 10% H2 in the fuel, which guarantees stable 

operations in all conditions. One can notice the classical IMEP increase with engine speed at optimized Spark-

Timing [31] due to improved combustion, less wall heat losses and improved volumetric efficiency. Higher IMEP is 

obtained for stoichiometric and slightly rich mixture due to higher energy content. It seems that the IMEP peak value 

is not reached on this engine speed range consistently with the work of Cornelius et al. [9] that show the peak IMEP 

at 2500 rpm with a very similar CR. 
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Figure 3. IMEP vs. Engine Speed at Pin = 1 bar and 10% H2. 1500 rpm from [23]. 

Ignition timing (IT) and Combustion phasing (CAX = Crank Angle Degrees (CAD) when X% of fresh fuel mass is 

burned) at the stoichiometric condition with 5% H2 in ammonia blend are plotted in Figure 4. Similar combustion 

phasing and durations are displayed except for 2000 rpm which has a much earlier spark timing. This phasing is 

set because of a very low flame speed compared to the engine speed: the flame requires therefore more CAD to 

propagate in the cylinder.  

 

Figure 4. Combustion phasing for Pin=1 bar, Φ=1, 5% H2. 1500 rpm from [23] 

Figures 5 and 6 present respectively NH3 and NOx emissions as a function of the equivalence ratio for all H2 

contents and 3 engine speeds at atmospheric intake pressure. As well expected, NH3 at exhaust increases with 
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equivalence ratio and NOx decreases.  The addition of H2 in ammonia decreases NH3 emissions at the exhaust, 

due to less NH3 as fuel at the intake but also a slight improvement of the combustion efficiency, as for example at 

the stoichiometry from 0.95 for neat ammonia to 0.96 with 10%H2 at 1000 rpm,  

 

 

The maximum of NOx level is founded in this study at Φ=0.9 for all conditions. The decrease of NOx with 

equivalence ratio increase as previously  observed [23–25], is similar to NOx evolution for any hydrocarbons even 

if NOx pathway is not only the thermal one. Indeed, there is also the fuel NO route due to the presence of N in the 

fuel molecule itself. This increases NOx level at the exhaust. Increasing the engine speed seems to reduce NH3 

level but the effect on NOx is less evident. In their study, Frigo and Gentili [28] showed that NOx level was almost 

constant as a function as the engine speed from 2500 to 4000 rpm, but it should be kept in mind that NH3/H2 ratio 

was optimised for each operation condition. Here, if NOx is plotted as a function of the engine speed for 2 

equivalence ratio and the 3 fuel compositions, as seen in Fig. 7, it can be concluded that for =0.9, NOx increases 

with both engine speed and %H2 increase. For stoichiometric mixture, the engine speed effect is less evident. NOx 

emissions are mainly composed by NO as seen on Fig. 8 where NO2/NO is plotted. Minimum levels of NO2 are 

observed at stoichiometry for 650 (about 20 ppm) and 2000 rpm (about 90 ppm). However higher values are 

measured at 1000 rpm (between 300 and 500 ppm) without any expected explanations. Increasing equivalence 

ratio decreases NO2 but less than for NO thus increasing the proportion of NO2 in the NOx. 
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Figure 5. NH3 emissions vs equivalence ratio for different engine speeds and H2 content, Pin=1 bar. 

 

Figure 6. NOx emissions vs equivalence ratio for different engine speeds and H2 content, Pin=1 bar. 

 

Figure 7. NOx emissions vs engine speed for H2% content (0,5 and 10), at  = 0.9 and 1. Pin=1 bar 

. 
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Figure 8. NO2/NO emissions vs equivalence ratio for different engine speeds and H2 content, Pin= 1 bar. 

The combustion of NH3, due to the combustion kinetics and the presence of N in the fuel, can generate another 

product, N2O, which has higher global warming potential than CO2 itself (i.e. 265 times higher). The evolution of 

N2O as function of the equivalence ratio, plotted in Figure 9, presents the same trend as NOx emissions: with a 

maximum value on the lean side and a decrease with the equivalence ratio increase. Maximum level measured is 

about 80 ppm which corresponds to 2.1% equivalent of CO2 at the exhaust. It can be noted also that the increase 
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of engine speed clearly increases N2O emissions (by 1.5) and also the increase of H2 seems to favour the production 

of N2O. As a result, the potential of NH3 as fuel in decreasing greenhouse gases emissions is here illustrated. 

 

Figure 9. N2O emissions vs equivalence ratio for different engine speeds and H2 content, Pin=1 bar. 

Due to the presence of H2 in some fuel mixtures, it is interesting to follow also H2 emissions, as displayed in Figure 

10. As expected, H2 reaches important level as unburnt gases of the fuel mixture until 3% of total exhaust gases, in 

the case of rich fuel mixtures. But it is interesting to notice that H2 is found at the exhaust even for neat ammonia 

combustion. This is in agreement with the work of Cornelius et al. [9] and Lhuillier et al. [24] and indicates NH3 

dissociation in the cylinder. For neat ammonia in rich conditions, H2 emissions are even higher than H2 content in 

NH3 blend. For lean and stoichiometric conditions, as the measured values are below the accuracy range of the 

analyser, it proves the total consumption of H2 as in [9,24]. The increase of engine speed seems to lead to an 

increase of H2 emissions. Some kinetics simulations are needed to improve these results as a function of residence 

time.  
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 Figure 10. H2 emissions vs equivalence ratio for different engine speeds and H2 content, Pin=1 bar. 

From the exhaust pollutants measurement, it is clear that mitigation strategies for both NH3 and NOx are needed 

before to consider ammonia as a fuel, acceptable for commercial applications. A Selective Catalyst Reactor (SCR) 

could be one solution, since both heat and the NOx reducing agent, NH3 is available in the exhaust pipe, as 

suggested by Westlye et al. [17]. It has to be noticed first that NH3 content in the exhaust is for all conditions higher 

than NOx to allow SCR operating. The feasibility of that approach is assessed in Figure 11 that shows the average 

exhaust temperature as function of the equivalence ratio. As expected, the highest exhaust temperatures are 

obtained for stoichiometric and slightly rich mixtures, where the maximum LBV is reached, thus bringing the 

operating conditions closer to an ideal cycle. The best operating temperature for usual catalysts is in the range 280–

480 °C. This would require running the engine below 2000 rpm for an atmospheric intake pressure. Indeed, 

increasing the engine speed increases the exhaust gas temperature due to a higher exhaust flowrate whereas H2 

content in the fuel (in the range studied) seems not to have impact on the exhaust temperature consistently with 

Lhuillier et al. results [23]. 
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Figure 11. Exhaust temperature vs. equivalence ratio. Pin=1 

bar 

Nonetheless, before considering complicate post-exhaust systems, the use of exhaust gases recirculation (internal 

or external) can be explored for two main reasons: to limit NOx emissions, especially for lean operating mode but 

also for rich pure ammonia to get H2 contents at the intake and therefore help the combustion development itself. 

In the following, a dilution with N2 is considered only to evaluate the stability of the combustion itself in the case of 

pure ammonia (without any H2 content at the intake).  

 

3.3 Dilution opportunity @ 1500 rpm and Pin=1.3 bar 

In order to simulate EGR effect, N2 was introduced at the intake in the case of ammonia as fuel only. An intake 

pressure of 1.3 bar was chosen, as this operating condition is easier with pure ammonia [25]. It was possible to 

ignite the air-NH3-N2 mixture until a N2 amount up to 9% of the total intake air-fuel mixture, which corresponds to 

maximum 11% of intake air as an equivalent EGR. As shown in Figure 12, IMEP linearly decreases with %N2 

(because of the lower energy content) up to 6-7% N2 where a drop occurs due to the stability limit that is reached 

as seen on the COVIMEP in Figure 13. 
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Figure 12. IMEP vs %N2 in total intake gases for pure ammonia, Pin=1.3 bar, 1500 rpm. 

 

Figure 13. COVIMEP vs %N2 in total intake gases for pure ammonia, Pin=1.3 bar, 1500 rpm. 

As expected, the combustion remains stable up to a certain percentage before COVIMEP explodes (about 8%N2) 

similarly to hydrocarbon fuel [32]. Dilution shows interesting potential in reducing NOx at the exhaust as it can be 

seen in Figure 14, especially on the lean side where a 40% decrease is observed with 8%N2 without increasing NH3 

emissions. Real EGR could be even more interesting since it should contain unburned NH3 as well as potential H2 

as already show in Fig. 10 [24]. 
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Figure 14. NOx vs vs %N2 in total intake gases for pure ammonia. Pin=1.3 bar, 1500 rpm. 

4. Conclusion 

This paper has provided insights in operating an ammonia fuelled Spark-Ignition engine in terms of operating limit, 

engine speed effect, and dilution possibilities. 

Regarding the operating limits, it has been showed that it is possible to run one engine at very low load as 2.75 bar 

IMEP, when  10%H2 is added wand at the idle speed (i.e 650 rpm) even with neat ammonia as fuel. Globally, 10%H2 

in the fuel is enough to operate in all conditions. However, for neat ammonia, the low load operation is difficult and 

requires a greater mininum intake pressure. Moreover, the operation at 2000 rpm is not possible due to the slow 

combustion speed. At full load, concerning the effect of the engine speed, IMEP displays a classical increase with 

engine regime. Combustion phasing appears to be not affected by the engine speed but the ignition timing needs 

to be advanced for higher engine speed so that the flame has sufficient time to propagate inside the cylinder.  

Regarding the emissions, NH3 at the exhaust decreases with an engine speed increase, with highest levels reached 

for rich mixture. NOx emissions are mainly composed by NO and the effect of the engine speed seems to depend 

on the equivalence ratio. Even if NH3 does not produce any carbon content at the exhaust, it can emit N2O, one of 

the most important greenhouse gases. Due to its very low emission level, the global warming potential represents 

only 2.1% equivalent of CO2 impact. For both NOx and N2O, highest levels of emissions are observed on the lean 

side with a decrease with equivalence ratio increase. Last, H2 is obtained at the exhaust in rich conditions even for 
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neat ammonia combustion, which will be an interesting opportunity for real EGR applications in order to promote 

combustion. Exhaust temperatures were also monitored and seem suitable for a SCR use to mitigate both NH3 and 

NOx emissions at least below 2000 rpm. 

The last part of this study shows that dilution with N2 in turbocharged liked conditions is interesting in decreasing 

NOx at the exhaust especially for lean and stoichiometric mixture even if only an equivalent EGR ratio lower than 

10% is used to ensure combustion stability. As a result, there is an interesting potential in studying operation with 

real EGR dilution as it should contain not only N2 but also H2, NOX, NH3, and water which will will surely impact the 

chemistry and the thermodynamics.  
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7. Glossary 

CAD:  Crank Angle Degree 

IMEP:   Indicated Mean Effective Pressure 

RPM:   Rotation per Minute 

COV:   Coefficient of variation 

NOx:    Nitrogen oxides 

IT:  Ignition Timing 

EGR:   Exhaust Gas Recirculation 

 


