
 

Vrije Universiteit Brussel

Ammonia-Hydrogen Blends in Homogeneous-Charge Compression-Ignition Engine
Pochet, Maxime; Truedsson, Ida; Foucher, Fabrice; Jeanmart, Hervé; Contino, Francesco

Published in:
SAE Technical Papers

DOI:
10.4271/2017-24-0087

Publication date:
2017

Document Version:
Accepted author manuscript

Link to publication

Citation for published version (APA):
Pochet, M., Truedsson, I., Foucher, F., Jeanmart, H., & Contino, F. (2017). Ammonia-Hydrogen Blends in
Homogeneous-Charge Compression-Ignition Engine. SAE Technical Papers, 2017-24-0087, 1-10.
https://doi.org/10.4271/2017-24-0087

Copyright
No part of this publication may be reproduced or transmitted in any form, without the prior written permission of the author(s) or other rights
holders to whom publication rights have been transferred, unless permitted by a license attached to the publication (a Creative Commons
license or other), or unless exceptions to copyright law apply.

Take down policy
If you believe that this document infringes your copyright or other rights, please contact openaccess@vub.be, with details of the nature of the
infringement. We will investigate the claim and if justified, we will take the appropriate steps.

Download date: 29. May. 2023

https://doi.org/10.4271/2017-24-0087
https://cris.vub.be/en/publications/ammoniahydrogen-blends-in-homogeneouscharge-compressionignition-engine(9ac819b1-77eb-450c-839a-84cbf09b60a6).html
https://doi.org/10.4271/2017-24-0087


Ammonia-Hydrogen blends in Homogeneous-Charge Compression-Ignition Engine 

Maxime Pochet, Ida Truedsson, Fabrice Foucher, Hervé Jeanmart, Franesco Contino 

Université catholique de Louvain, Belgium 
Université d’Orléans, France 

Vrije Universiteit Brussel, Belgium 

Abstract 

Ammonia and hydrogen can be produced from water, air and excess 
renewable electricity (Power-to-fuel) and are therefore a promising 
alternative in the transition from fossil fuel energy to cleaner energy 
sources. An Homogeneous-Charge Compression-Ignition (HCCI) 
engine is therefore being studied to use both fuels under a variable 
blending ratio for Combined Heat and Power (CHP) production. Due 
to the high auto-ignition resistance of ammonia, hydrogen is required 
to promote and stabilize the HCCI combustion. Therefore the 
research objective is to investigate the HCCI combustion of varying 
hydrogen-ammonia blending ratios in a 16:1 compression ratio HCCI 
engine, with a specific focus maximizing the ammonia proportion as 
well as on the NOx emissions that could arise from the nitrogen 
contained in the ammonia. A single-cylinder, constant speed, HCCI 
engine has been used with an intake pressure varied from 1 to 1.5 bar 
and with intake temperatures ranging from 428 to 473 K. Stable 
combustion was achieved with up to 70 %vol. ammonia proportion 
by increasing intake pressure to 1.5 bar, intake temperature to 473 K, 
and equivalence ratio to 0.28. From pure hydrogen to 60 %vol. 
ammonia proportion, the combustion efficiency only lost 0.6 points. 
Pure hydrogen Indicated Mean Effective Pressure (IMEP) was 
limited to 2.7 bar to avoid ringing (i.e. too high pressure rise rate) but 
blended with ammonia the IMEP safely reached 3.1 bar. For pure 
hydrogen, NOx emissions were below 6 ppm. For hydrogen-ammonia 
blends, NOx were between 1000 and 3500 ppm. Exhaust Gas 
Recirculation (EGR) operations significantly reduced NOx emissions 
through a reduced oxygen availability but with a noticeable negative 
effect on combustion efficiency due to lower in-cylinder 
temperatures. The performed simulations showed the production of 
significant N2O quantities under 1400 K. Ammonia showed to be an 
effective fuel for HCCI conditions and EGR revealed itself as a 
promising NOx reducing technique through a decreased oxygen 
availability. Still the combustion temperature must be kept above 
1400 K  

Introduction 

Motivation of the work  

As the renewable energy production increases to meet the CO2 
emissions reduction goal, the need for electricity storage has never 
been so high. This storage has various purposes such as balancing the 
electricity network [1, 2], providing flexibility, hence decreasing the 
need for back-up fossil fuel energy sources [3, 4], increasing the 
renewables utilization factor and allowing for more units to be 
incorporated into the network [5, 6]. As more renewable energy is 
produced, short-term (daily) storage is not sufficient to balance the 
grid and absorb excess production. Therefore, mid-term (weekly) and 

long-term (monthly to yearly) storage are needed if we ever want to 
achieve a major renewable share in our energy consumption.  

Several technologies like hydro-pumping, compressed air storage, 
and power-to-fuel can be used for mid- and long-term storage [2]. 
Despite its lower efficiency, power-to-fuel shows a tremendous 
opportunity giving its much lower CAPEX (capital expenditure) for 
storage capacity, lower levelized cost of energy and installation 
constraints than the other long-term storage technologies [7, 8, 9]. 
This study focuses on hydrogen and ammonia storage fuels whose 
production and use can be fully decentralized and sustainable: they 
only require water and nitrogen to be produced from electricity and 
their combustion products in ideal conditions are water and nitrogen. 
Hydrogen is obtained from the electrolysis of water with an 
efficiency of about 70%, based on its Lower Heating Value (LHV), 
for commercialized alkaline electrolysers. Yet hydrogen is not 
convenient for storage given its very low energetic density of about 
10 kJ/l in normal conditions. To improve its storage density, many 
solutions exist and are recapitulated in Table 1. These storage routes 
greatly impact the overall efficiency and the obtained properties are 
not always desirable: the energetic density of compression storage is 
rather low; the liquefaction storage has a low efficiency; organic 
liquid and metal hydrides are expensive and require a specific process 
to set hydrogen free. Therefore compressed hydrogen is preferred, but 
only up to mid-term (weekly) storage.  

Table 1. Comparison of various hydrogen storage technologies 

In the case of long-term (months to seasons) storage or in the case of 
high required capacity, a higher density storage solution is preferable 
to lower the costs. In that regard, ammonia shows very interesting 
features (see Table 1). Ammonia is a fuel convenient for storage since 
it is liquid under 9 bar of pressure and at ambient temperature. It is 
obtained from hydrogen and air through the Haber-Bosch process, 
which requires high temperature and pressures (∼150 bar, ∼400°C) 
[15]. Liquid ammonia can be produced from electricity, air and water 
with an efficiency of 50% (LHV) for systems combining a 
conventional electrolyser to a Haber-Bosch process [14-16]. Under 
research are the Solid Oxide Electrolysers (SOE) that realises the 

Hydrogen storage 
technology

Pressure /
Temperature state

Energy 
density 
(GJ/m3)

Overall 
efficiency 
(LHV)

Storage    
duration/
capacity

Compressed [10,11] 700 bar / 293 K 4.5 59 % medium

Liquefied [11,12] 1 bar / 20 K 8.5 49 % long 

Organic liquids [11] 1 bar / 293 K 10 47 % long 

Metal hydrides [13] 1-3 bar / >293K 15 - long 

Liquid Ammonia [14] 9 bar / 293 K 13 50 % long
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electrolysis of water and produces high temperature heat that can be 
recovered by the Haber-Bosch process for an estimated overall 
efficiency for the production of liquid ammonia higher than 62% 
LHV [17,18]. Therefore, the industrial production of liquid ammonia 
from electricity, air and water can be energetically competitive to 
other hydrogen storage technologies. Moreover, taking into account 
the liquid state, non-leaking, energetic density and sustainable 
properties of ammonia, its high potential as a long-term storage fuel 
and future energy vector must be acknowledged [19].  

Having a dual-fuel storage system (i.e. ammonia and hydrogen), a 
technology able to use both of them to produce back electricity when 
needed is required. Moreover, a technology able to perform cold and 
quick starts would ensure more reliability to the whole electricity 
system. The piston engine being multifuel (to some extent), a mature 
technology as backup generator, and low cost (a parameter of primary 
importance when dealing with renewable energy storage), it shows 
great potential for such application. Moreover, piston engines are 
suited for Combined Heat and Power (CHP) applications hence 
allowing for a higher overall efficiency.  

Previous work 

Several Spark-Ignition (SI) and Compression-Ignition (CI) engines 
have been operated in the past decades with ammonia. Still, ammonia 
having a low flame speed and a high auto-ignition resistance, 
combustion promoters like gasoline, diesel or hydrogen were used 
[20, 21, 22, 23]. The high resistance of ammonia to auto-ignition has 
been used by Duynslaegher et al. to successfully operate a pure 
ammonia SI engine with compression ratios higher than 13:1,  
allowing for brake efficiencies of about 39% [24]. Yet, only a poor 
combustion of ammonia was obtained and such compression ratios 
do not allow the use of hydrogen in SI engines. Therefore, to meet 
the goal of a clean and highly efficient ammonia-hydrogen-CHP 
system, the authors decided to experimentally investigate the use of 
HCCI combustion. HCCI combustion allow high compression ratios 
together with low in-cylinder temperatures (no thermal-NOx) while 
being inherently multifuel. The multifuel capability of HCCI engines 
has been demonstrated in several studies [25, 26, 27] and the specific 
case of both hydrogen and ammonia has been investigated by the 
authors in a previous study [28].  

For a naturally aspirated engine with a compression ratio of 16:1, the 
authors showed in [28] that the required intake temperatures to have 
proper combustion timing for hydrogen and ammonia are 440K and 
610 K, respectively. Such difference in auto-ignition resistance is 
linked to their respective ignition delays, see Figure 1. 

Figure 1. Ignition delays for hydrogen and ammonia in a 0.4 equivalence ratio 
air-fuel mixture at 50 bar initial pressure, in a constant volume adiabatic 
chamber. Reproduced from [28]. 

To the best of our knowledge, ammonia has never been used in HCCI 
engines except for one unique experiment: Van Blarigan 
experimented pure ammonia combustion in a 40:1 compression ratio 
HCCI free piston engine without preheating [29]. The success of this 
pure ammonia HCCI engine ought solely to the very high 
compression ratio. Still, such compression ratio cannot be used in the 
present study for two reasons: (1) the friction losses due to higher 
pressures would significantly deteriorate the overall efficiency and 
(2) the engine has to be able to run with pure hydrogen without 
ringing. Ringing occurs in HCCI engines when the combustion 
intensity is too high. Even though it occurs through a slightly 
different mechanism than SI knock (a local auto-ignition inducing a 
gas expansion at the speed of sound [30, 31]), the consequences are 
similar. Ibrahim et al. observed a 16:1 compression ratio, naturally 
aspirated, hydrogen HCCI engine experiencing ringing with 
equivalence ratios higher than 0.3 [32]. This equivalence ratio limit 
was shown to decrease linearly with increasing compression ratio 
[33]. Therefore, to have an engine able to use both fuels efficiently, a 
trade-off between a high compression ratio to promote ammonia 
combustion and a limited compression ratio to prevent hydrogen 
from ringing is needed.  

Present work 

In the considered dual-fuel storage context, an engine able to operate 
under different blending ratios of the two fuels would be very 
desirable. Therefore this paper aims to investigate the effects of a 
substantial addition of ammonia into hydrogen HCCI combustion. 
From the literature it appears clearly that there is a lack of knowledge 
in ammonia combustion under HCCI conditions. Consequently, the 
achievable ammonia content in a hydrogen HCCI engine is unknown 
as well as its effect on engine performances and pollutant emissions.  

For ammonia combustion under HCCI conditions, the required intake 
temperature for the auto-ignition to occur is so high that it causes 
three issues: (1) it is not easy to provide such intake condition and (2) 
it increases the heat losses and (3) it reduces the mixture density, and 
consequently the volumetric efficiency. Therefore, the effect of an 
increased intake pressure to promote ammonia auto-ignition will be 
assessed. Moreover, the ignition delay of ammonia being really high, 
the combustion efficiency and combustion duration will be 
investigated as the ammonia content is increased.  

Finally, ammonia and hydrogen being carbon-free molecules, the 
only concern for fuel emissions will be related to NOx. Hydrogen 
combustion under HCCI conditions is usually NOx-free. Indeed, as it 
is a low temperature combustion process, the Zeldovich mechanism 
is irrelevant and no thermal-NOx are emitted. Nonetheless, when 
adding ammonia to the mixture, nitrogen radicals will spontaneously 
appear from ammonia combustion. Therefore fuel-NOx will be 
produced. Usual temperature reduction techniques will be helpless as 
they only influence thermal-NOx emissions. High EGR rates will be 
performed to evaluate the oxygen availability impact on fuel-NOx 
formation from ammonia combustion. 

Methodology 

Experimental apparatus 

Table 2 gives the specifications of the engine used for the 
experiments. It is a PSA DW10 engine retrofitted to a single-cylinder 
engine operating under HCCI conditions. It has been used for various 
study on HCCI combustion, see for example [34, 35]. It is coupled to 
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an electric motor to set the rotational speed (fixed at 1500 RPM in 
this study). 

Table 2. Engine specifications 

A schematic representation of  the engine test bench is given in 
Figure 2. To ensure homogeneous intake conditions, the mixture is 
first admitted into a 10L intake plenum before entering the engine. 
The Coefficient of Variation of the Indicated Mean Effective Pressure 
(CoVIMEP) obtained throughout this campaign was continuously 
below 3%. Five mass flow controllers were necessary to allow the 
use of both fuels while simulating EGR. The gaseous components 
were controlled by Brooks 585XS devices offering a precision of +/- 
0.7% on the measure and +/- 0.2% on their full range. To allow the 
use of ammonia, high temperature and/or pressure are necessary. 
Pressurized intake air was supplied by a compressor and intake 
pressure was measured in the plenum by a piezo-resistive absolute 
pressure sensor Kistler 4075A offering an accuracy of 0.3% on its full 
scale. Maximum air pressure allowed by the compressor is 1.6 bar. 
Two heaters allow the intake temperature to reach 475 K. Intake 
temperature is measured in each intake pipe by K thermocouples 
having a precision of +/- 2 K. In-cylinder pressure is measured by a 
piezo-electric pressure sensor Kistler 6043A having an accuracy of 
+/- 2% and recorded every 0.1 CAD. NOx emissions were measured 
by an Horiba MEXA 7000. 

Figure 2. Schematic representation of the experimental apparatus. 

Experimental operating conditions  

Having an effective compression ratio of 15.3:1 and given the limited 
test bench intake temperature, pure ammonia operation was not 
possible. Therefore the HCCI combustion has been studied from full 
hydrogen to the maximal content in ammonia possible. Moreover, 
high EGR rate is to be used with ammonia in order to influence the 
formation of fuel-NOx through reduced oxygen availability. For each 
operating condition, the EGR rate, α, is defined as the fraction of 
excess intake air (compared to stoechiometry) that is replaced by 
exhaust gases. This will be done experimentally by inserting the 

correct amount of nitrogen, oxygen and water vapor before the intake 
manifold. The general combustion reaction can be written as follows:  

(1) 

where the second term accounts for the stoechiometric portion of air, 
the third term is the rest of the intake air that is not replaced by EGR, 
the fourth term represents EGR replacing the missing mole quantity 
of intake air and the right hand side of the equation represents the 
exhaust gases with their respective stoechiometric coefficients a, b, 
and c. The initial equivalence ratio (without EGR) is noted ϕ0. All the 
operating conditions experimented in this work are listed in Table 3. 

Table 3. Studied operating conditions and obtained energy content (FuelMEP). 

Engine Model PSA DW10

Displacement volume, Vc 499 cc/cylinder

Stroke / Bore / Conrod length 88 / 85 / 145 mm

Geometric / effective compression ratio 16:1 / 15.3:1

Intake Valve Closing (CAD) 157 bTDC

Exhaust Valve Opening (CAD) 140 aTDC

Coolant temperature 95°C
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Crank shaft 
position sensor

Electric
motor

intake
plenum

exhaust
gas

analyzer

fuel heater

heater

H2

NH3

H2O

Air

N2

Tintake

Pcyl

Pintake

# Constraint Pin 
(bar)

H2 
(%vol.)

NH3 
(%vol.)

ϕ Tin 
(K) 

FuelMEP 
(bar)

1 - Constant blend 
- Increasing ϕ

1.5 100 0 0.18 
0.19 
0.21 
0.22 
0.24

429 6.7 
7.2 
7.7 
8.2 
8.6

2 - Variable blend 
- Constant CA50  
(around 4 CAD) 
- Increasing ϕ 

1.5 100 
68 
51 
46 
42 
39

0 
32 
49 
54 
58 
61

0.21 
0.24 
0.26 
0.26 
0.27 
0.27

428 
439 
460 
467 
474 
479

7.7 
8.4 
8.5 
8.5 
8.5 
8.5

3 - Variable blend 
- Increasing ϕ

1.5 47 
47 
44 
38 
31

53 
53 
56 
62 
69

0.26 
0.26 
0.27 
0.27 
0.28

473 8.5 
8.5 
8.6 
8.8 
8.8

4 - Variable blend 
- Constant CA50  
  (around 4 CAD) 
- Constant ϕ  

1.5 100 
80 
67 
57 
50 
46

0 
20 
33 
43 
50 
54

0.20 428 
433 
445 
458 
467 
474

7.5 
7.2 
7.0 
6.8 
6.6 
6.6

5 - Variable blend 
- Constant Tin 
- Constant ϕ

1.5 55 
50 
45 
42 
40 
37 
35

45 
50 
55 
58 
60 
63 
65

0.20 473 6.6 
6.6 
6.5 
6.3 
6.5 
6.5 
6.5

6 - Constant blend 
- Increasing ϕ

1.0 

1.1

100 

100

0 

0

0.25 
0.25 
0.26 
0.28 
0.31 
0.22 
0.25 
0.26 
0.28 
0.29 

428 

428

6.0 
6.0 
6.3 
6.7 
7.3 
6.0 
6.7 
7.0 
7.4 
7.7

7 0 % EGR 
20 % EGR 
40 % EGR 
60 % EGR

1.0 80 20 0.30 
0.32 
0.35 
0.40

434 
440 
451 
468

7.0 
6.9 
6.8 
6.6

8 60 % EGR 
80 % EGR

1.3 80 20 0.32 
0.36

449 
470

7.5 
6.4

�0 (xH2 + yNH3)

+ �0
3x+ 2y

4
(O2 + 3, 76N2)

+ (1� ↵) (1� �0)
3x+ 2y

4
(O2 + 3, 76N2)

+ 4, 76↵ (1� �0)
3x+ 2y

4

aO2 + bN2 + cH2O

a+ b+ c
�! aO2 + bN2 + cH2O



Predictive simulation tool  

It is of interest to model ammonia combustion in order to estimate the 
engine behavior and the required intake conditions for the given 
experimental engine and operating conditions. To perform these 
simulations, a 0-Dimensional model has been used. The model, 
further developed in [28], reproduces the evolution of the in-cylinder 
thermodynamic state and uses calibrated heat losses so that the 
estimated combustion onset corresponds to the experimental CA10. 
This model will be used as well in the present study to investigate 
specific conditions that the experimental set-up was unable to reach. 

To obtain accurate results, the model must be supplied with an 
appropriate hydrogen-ammonia kinetic mechanism. The mechanism 
has to be validated for HCCI conditions, i.e. regarding ignition delay, 
and for high pressure and lean conditions. The chosen hydrogen-
ammonia mechanism is the one from Mathieu and Petersen, validated 
at high pressure (30 bar) and for lean conditions (equivalence ratio of 
0.5), and at stoechiometry, in a shock tube [36]. This mechanism is 
based on the mechanism from Dagaut et al. [37] and focused on 
improving the ammonia NOx chemistry from their experiments. 

Results and discussion 

Resistance to auto-ignition of ammonia 

Ammonia has been found to be even more resistant to auto-ignition 
than expected from the simulations. Figure 3 shows the experimental 
and simulated required intake temperatures (such that the CA10 
occurs close to TDC) for various hydrogen-ammonia blends. The 
limited test bench intake pressure and temperature did not allow to 
operate with an ammonia volumetric content higher than 61% (for 
CA10 occurring at TDC). Above such concentration in ammonia the 
resistance to auto-ignition increases in an exponential way, as seen 
from the required intake temperature in Figure 3. This fact highlights 
the theoretical promoting effect of hydrogen on ammonia.  

Figure 3. Experimental and simulated required intake temperatures for various 
hydrogen-ammonia blends such that the auto-ignition (CA10) occurs close to 
TDC. Experimental data corresponds to operating conditions # 2. Both 
ammonia resistance to auto-ignition and hydrogen promotion effect are 
observable. 

Even though the auto-ignition resistance seems to have little effect 
below 60 %vol. in ammonia content, it induces substantial effects on 
the combustion timing, as shown in Figure 4 where the pressure 

curves obtained for various hydrogen-ammonia blends are displayed. 
In this case, the intake pressure and temperature have been kept 
constant (operating conditions # 3). For these four operating points, 
the CA50 is delayed from 2.1 to 8.0 CAD. 

Figure 4. Pressure curves for various hydrogen-ammonia blends (operating 
conditions # 3). The combustion timing is heavily affected by ammonia 
content. 

Ammonia combustion characterization 

Allowing the combustion of ammonia by increasing the intake 
temperature is not sufficient to achieve good performances. Given its 
very long ignition delay (see Figure 1), it is of interest to reach high 
in-cylinder temperatures to reduce the probability of unburned gases. 
Figure 5 displays the combustion efficiency as a function of the 
maximal in-cylinder temperature. As no exhaust gas measurements 
were available for unburned hydrogen and ammonia, the Combustion 
Efficiency (CE) is defined as the ratio between the released heat and 
the mixture energy content: 

                          

                       (2)  

where HRR is the Heat Release Rate (J/CAD) computed from the in-
cylinder pressure, which is measured every Δ𝜃 = 0.1 CAD. The 
overall low combustion efficiency is due to the inadequate piston 
shape (conventional Diesel piston shape) and to the non-optimized 
combustion chamber (high squish volume). Therefore only a 
qualitative analysis regarding the CE will be performed. Figure 5 
highlights the dropping combustion efficiency of ammonia for 
maximal in-cylinder temperatures lower than 1300 K. Beyond the 
quenching consideration and wall temperature, this has to do with the 
ignition delay being highly influenced by the temperature. Still, for 
pure hydrogen operation, maximal combustion efficiency was 
maintained below that temperature given its lower ignition delay. 
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Figure 5. Combustion efficiency as a function of the maximal in-cylinder 
temperature for operating conditions # 1,2,3,4,5. Staying higher than 1300 K 
ensures a good combustion efficiency for ammonia. The overall low 
combustion efficiency is due to a non-optimized combustion chamber (high 
squish volume) and piston shape (conventional Diesel piston shape). 

To overcome the decrease in combustion efficiency for increasing 
ammonia proportions, a boost in in-cylinder temperature is necessary. 
Although ammonia has a higher molar LHV than hydrogen, simply 
increasing the ammonia proportion (for a constant equivalence ratio) 
does not produce higher in-cylinder temperatures. Indeed, as the 
stoechiometric combustion of ammonia requires more air, the 
FuelMEP will stay more or less constant. For the operating conditions 
#5, the intake temperature is kept constant and therefore the 
combustion timing is delayed with increasing ammonia proportions, 
hence the decrease in maximum in-cylinder temperature and CE. For 
the operating points #4, the CA50 is kept constant through an 
increase in intake temperature. Therefore, the decrease in CE is due 
to the too small in-cylinder temperature that does not trigger 
ammonia kinetics soon enough in the cycle. However, the maximum 
in-cylinder temperature can be increased by increasing the fuel 
quantity inside the cylinder. Operating conditions # 2,3 reproduces 
the same conditions as # 4,5, excepted that the equivalence ratio is 
increased as the ammonia proportions increases. Therefore, maximal 
in-cylinder temperature increases with ammonia, which diminishes 
the ignition delays for ammonia and allow hydrogen-like CE.  

The consequence of the difference in the ignition delay between 
hydrogen and ammonia can be seen on the heat release rate curves, 
displayed in Figure 6 for three of the operating conditions # 2. The 
curves with ammonia are more asymmetric than the one for pure 
hydrogen. Consequently, the overall heat released can be decomposed 
in two cumulative events: (1) the combustion of hydrogen which (2) 
triggers the combustion of ammonia, following their respective 
ignition delays. Still, looking at the HRR curves, these two events 
overlap: the onset of hydrogen combustion will occur first and then, 
helped by the increase in temperature and the presence of radicals, 
the ammonia combustion will be triggered. The slower increase in 
HRR for the cases containing ammonia is due to a decrease in 
hydrogen mixture concentration. 

Figure 6. Rate of Heat Release curves for various hydrogen-ammonia blends 
of the operating condition # 2. The asymmetry of the ammonia containing 
curves indicates cumulative combustion events of the hydrogen and the 
ammonia contained in the cylinder.. 

These cumulative combustion events translate into an overall 
increased combustion duration. Figure 7 displays the influence of 
ammonia content on the combustion duration for the operating 
conditions # 2,4. For both cases the combustion duration increases 
with the ammonia proportion. The effect is so strong that the 
equivalence ratio of the operating conditions #2 can be increased 
from 0.21 to 0.27 without increasing the maximum HRR (see Figure 
6). 

Figure 7. Combustion duration as a function of the ammonia mixture content 
for operating conditions # 2,4. Increasing ammonia contents induce longer 
combustions. In operating conditions # 2, even though the fuel content is 
increased as the ammonia content is increased, the combustion duration 
increases. 

Ringing behavior of hydrogen and ammonia 

The power output of hydrogen HCCI engines is restricted due the 
limited equivalence ratios used to avoid ringing. The easiest way to 
reduce hydrogen ringing for a given equivalence ratio is to delay its 
combustion later in the cycle to enforce a longer combustion 
duration. Yet, this solution leads to a non optimal cycle and it is 
therefore not ideal for extended operation times. In the considered 
configuration, the longer combustion duration for hydrogen-ammonia 
blends can be exploited to reduce the ringing issues related to 
hydrogen. Moreover, as the ringing results in resonating in-cylinder 
pressure waves, studies have shown the interest of increasing the in-
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cylinder pressure to diminish the intensity contained in the pressure 
waves and hence to decrease ringing intensity [30,31]. These two 
points have been studied and the results are described below.  

Figure 8 displays the ringing intensity and FuelMEP the operating 
conditions #1,2,4,6 against Maximum Pressure Rise Rate (MPRR). 
The ringing intensity of a combustion cycle is defined as the maximal 
amplitude of the pressure signal (in bar) filtered between 4 kHz and 
25 kHz [30,31]. The ringing intensity given here is the average of the 
maximal amplitudes obtained for 100 consecutive combustion cycles. 
The measurement noise for the ringing intensity is in the order of 0.1 
bar. Above that point, a correlation between ringing intensity and 
MPRR for the four operating conditions can be clearly seen. 
Moreover, by evaluating the noise produced by the engine, a ringing 
limit was set to 0.15 bar of ringing intensity and therefore a MPRR 
limit was set to 5.5 bar/CAD. Consequently, two results can be drawn 
from the evolution of the FuelMEP as a function of the MPRR. 
Firstly, by comparing operating conditions # 1,6 for pure hydrogen, it 
can be seen that for an identical MPRR, the condition with a higher 
intake pressure allows a higher FuelMEP. Therefore increasing the 
intake pressure allows to increase the energy content inside the 
cylinder while avoiding ringing, hence a higher Brake Mean 
Effective Pressure (BMEP). Secondly, looking at the operational 
conditions # 2,4 shows the combined effect of ammonia and 
equivalence ratio. For the operating condition # 4, as the ammonia 
proportion is increased the MPRR decreases. However, for the 
operating conditions # 2, even though the equivalence ratio is 
increased compared to operating conditions # 4, the MPRR still 
decreases as a result from the cumulative combustion events and the 
lengthening of the combustion duration. Therefore these cumulative 
combustion events, a characteristic of the hydrogen-ammonia blends, 
allows an un-correlation between the FuelMEP and the MPRR and 
consequently allows for high power densities in the ringing-safe 
region. 

Figure 8. Ringing intensity and FuelMEP as a function of MPRR. Ringing and 
MPRR are shown to be correlated. An increased intake pressure allows higher 
FuelMEP for the same MPRR and ammonia presence reduces the MPRR for 
the same FuelMEP.  

Keeping only the ringing-safe operating points for the conditions # 
1,2,4, the obtained IMEP as a function of the FuelMEP is displayed 
in Figure 9. The obtained IMEP is higher for the ammonia containing 
cases given their higher allowed FuelMEP. Yet, a smaller efficiency is 
observed as the ammonia content increases. Indeed, for the operating 
condition #2 the CA40 is kept constant by increasing the intake 
temperature hence a higher heat loss. For operating condition #4, the 
efficiency is fairly maintained as the ammonia content increases with  
a constant intake temperature.  

Figure 9. IMEP as a function of the FuelMEP for the ringing-safe operating 
conditions # 1,2,4. With an increasing ammonia content, depending on the 
increased intake temperature (#2) or constant intake temperature (#4), the 
gross efficiency decreases or stays constant, respectively. 

For non-carbonated fuels like hydrogen and ammonia, no PM, HC or 
CO can be emitted from the combustion of the fuel. The only 
pollutants of concern here are NOx. For pure hydrogen conditions, the 
measured NOx emissions were constantly below 6 ppm. Indeed, the 
data post processing revealed overall maximal in-cylinder 
temperature in the order of 1400 K, well below the thermal-NOx limit 
of 1800 K. Yet, as soon as some ammonia was added in the mixture, a 
surge of NOx emissions above several thousands ppm was observed, 
see Figure 10, whereas the global in-cylinder temperature did not 
increase. Therefore these emissions are not linked to the thermal 
route but they find their origins in the nitrogen contained in ammonia, 
which is set free as soon as the combustion starts. A decrease in NOx 
emissions can be seen in Figure 10 with an increase in ammonia 
proportion. No factual proof could be brought for this observation, 
although the authors believe it is linked to an increased ammonia 
concentration in the exhaust gases. Indeed, as the ammonia 
proportion at the intake increases, the unburned ammonia 
concentration increases. Consequently, either the measurement 
method (chemiluminescence) was flawed because of the ammonia 
content in the sampled gases, or some Selective Non-Catalytic 
Reduction (SNCR) took place during the expansion stroke. Indeed, 
chemiluminescence for NOx measurement has already been shown to 
be affected by ammonia presence [38] and SNCR is known to happen 
in presence of ammonia and NOx at temperatures around 700 K [39], 
as during the expansion stroke. It is to be noted that both 
phenomenon can have occurred. 
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Figure 10. Measured NOx emissions as a function of the ammonia mixture 
content for operating conditions # 2,3,4,5. NOx emissions are smaller than 6 
ppm for pure hydrogen combustion and are in the order of 1000 to 2000 ppm 
as soon as some ammonia is added in the mixture. 

As explained in the introduction, EGR can be used to reduce the 
oxygen excess and hence penalize the incomplete combustion 
pathway of ammonia. Figure 11 displays the NOx emissions against 
various EGR rates, for the set of experiments # 3,4. The absolute 
values cannot be compared between the two set of experiments as 
they were done with different equivalence ratios, different intake 
pressures and different CA50. But the decreasing trend of NOx 
emissions with an increase in EGR rate is significant. The maximal in 
cylinder temperature staying approximately constant with the varying 
EGR, the reduced NOx production can be attributed to the reduced 
oxygen availability. 

Figure 11. NOx emissions as a function of the EGR rate for the operating 
condition # 7,8. Reduced oxygen availability reduces the formation of NOx. 

Unfortunately the evaporator used to produce the steam of the 
synthetic EGR was not powerful enough to evaporate the water flow 
needed to simulate a 100 % EGR. Theoretically, very few fuel-NOx 
would be produced in such conditions as barely no excess oxygen 
would be available. This effect has been verified through the 
simulation (with the 0D model developed in [28]) of the operating 
conditions #7 with up to 100% EGR, see Figure 12. The simulated 
results give a similar response to EGR as the experiments. With full 
EGR the fuel-air mixture was at stoechiometry, therefore the NO 
emissions were reduced to 89 ppm (no NO2). However, the 
production of N2O (strong greenhouse gas) was forecasted by the 
model, on which EGR had only a limited effect. Still, this point has to 
be verified experimentally because of the limited combustion 
representativity of a 0D model. Moreover, an impact on the 
combustion efficiency should be expected with such high rates of 
EGR. Indeed, for the operating condition # 7, two percentage points 
of combustion efficiency were lost when going from no EGR to 60% 
EGR. Therefore, the use of high EGR rates does not seem to be an 
effective solution as an after-treatment system would still be required 
for N2O emissions. 

Figure 12. 0D simulations of the production of NO and N2O for the operating 
condition # 7. Going towards stoechiometric conditions allows to reduce the 
NOx production to 89 ppm but the N2O production is still substantial. 

Findings and Conclusions 

A 15.3:1 effective compression ratio HCCI engine has been used to 
burn various hydrogen-ammonia blend ratios. Using the maximal 
achievable intake pressure (1.5 bar) and the maximal intake 
temperature (475 K), the engine was able to operate with an ammonia 
content up to 70 %vol. Given the very high ignition delay of 
ammonia, in-cylinder temperatures need to stay above 1300 K to 
maintain hydrogen-like combustion efficiencies. Cumulative (i.e. 
overlapping) combustion events were observed for hydrogen-
ammonia blends leading to longer combustion durations. This effect 
allowed to increase the FuelMEP compared to pure hydrogen while 
staying in ringing-safe operations. The reducing ringing intensity 
effect of an increased intake pressure was also verified. Finally, NOx 
emissions originating from the fuel were obtained for ammonia 
containing blends. Although NOx emissions could be significantly 
reduced through the use of massive EGR (with a certain cost on 
combustion efficiency), simulations showed that N2O emissions were 
produced as well and unaffected by EGR. The main conclusions of 
this paper regarding the findings are :  

• Higher compression ratios and intake pressure should be used with 
ammonia in order to minimize the required intake temperature and 
hence maximize the IMEP and efficiency. However, the hydrogen 
tendency for ringing with high compression ratio would be an 
issue. This demonstrates the advantage that a variable compression 
ratio engine would represent for this dual fuel cogeneration system. 

• Blending hydrogen and ammonia helps increasing the power 
density (by increasing combustion duration) and therefore could 
lead to enhanced brake efficiencies through smaller relative 
mechanical and heat losses. 

• Full EGR could theoretically be used to cancel fuel-NOx emissions. 
Still, it would require strategies to compensate for the induced loss 
in combustion efficiency and the use of a SCR system would be 
required to eliminate the N2O production.  

Future work will be focused on the precise emissions measurements 
of unburned hydrogen and ammonia, and of NOx and N2O. Moreover, 
the use of a heavy duty engine allowing for a pure ammonia content 
is of interest. 
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Definitions/Abbreviations 

BMEP Brake Mean Effective Pressure

CA10 Crank Angle at which 10% of the 
combustion heat has been released

CA50 Crank Angle at which 50% of the 
combustion heat has been released

CAD Crank Angle Degree

CAPEX Capital Expenditure

CE Combustion Efficiency

CHP Combined Heat and Power

CI Compression Ignition

CoVIMEP Coefficient of Variation of the IMEP

EGR Exhaust Gas Recirculation

FuelMEP Fuel Mean Effective Pressure

HC Hydro-Carbons

HCCI Homogeneous-Charge Compression-
Ignition

HRR Heat Release Rate

IMEP Indicated Mean Effective Pressure

LHV Lower Heating Value

MPRR Maximum Pressure Rise Rate

PM Particulate Matter

SI Spark Ignition

SNCR Selective Non-Catalytic Reduction

TDC Top Dead Center

α EGR rate

ϕ Equivalence ratio

ϕ0 Equivalence ratio without EGR
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