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Introduction
As the awareness of human-induced climate changes has grown, the quest for clean technologies has become an
important topic. Countries have obligated themselves to reduce their greenhouse gas (GHG) emissions through
agreements such as the Paris Agreement. The transport sector accounted for around 27 % of the GHG emissions in
2019, revealing a substantial potential for reduction. This works concern the investigation of injection strategies and
propose guidelines for operating dual-fuel compression ignition engines. The two fuels used, with five different
blending ratios, were n-heptane and ammonia. Using constant pressure reactor models, the investigation provided maps
of equivalence ratios and temperature, where regions with high concentrations of NOx, soot, and N2O were highlighted.
Akihama et al. [1] and Kitamura et al. [2] have previously created equivalence-temperature diagnostics maps for
hydrocarbon fuels, which have been frequently used in varius studies. These maps have to be updated if ammonia is
introduced. Specie that has not been considered previously is nitrous oxide (N2O) – a greenhouse gas whose climate
impact is around 300 times stronger than tat of CO2. Further, a stochastic reactor model (SRM) was employed to identify
favorable injection strategy by examining in-cylinder inhomogeneities. The results revealed a significant fuel
dependency regarding soot and N2O emissions, while the high NOx concentration region remained little affected by
changing the fuel composition. This underpins the importance of N 2O consideration when ammonia is introduced into
combustion applications. The SRM simulations supported the understanding of high N2O emissions for certain
conditions.

Materials and Methods
To obtain the equivalence-temperature (φ-T) diagnostic maps, kinetic calculations with a constant pressure reactor
were carried out with a chemical mechanism from Shrestha et al. [3], consisting of 402 species and 4750 reactions using
LOGEresearch software [4]. To validate the methodolgy, the conditions were based on the previous studies by Kitamura
et al. [2] and Akihama et al. [1] (see Table 1) and compared with the respective map. The comparison revealed a good
agreement although different chemical kinetic mechanisms were applied. Secondly, SRM simulations were performed
using LOGEengine software [4] to identify favourable injection timings which allows to avoid high emissionconcentration regions. Five different fuel blends were investigated with the blending ratios of 100/0, 80/20, 50/50,
20/80, and 0/100 in energy share of n-heptane and ammonia with the air as oxidizer.
Table 1. Constant pressure reactor conditions used in the present study.
Conditions
Pressure
6000 kPa
Temperature
700-3000 K
Equivalence ratios
0.1-7.0 (∆ = 0.25)
Final time
2 ms

Results and Discussions
The results in Fig. 1 show that the φ -T maps exhibit a fuel dependency, especially concerning N2O and soot.
Regarding the NOx concentration regions, it was clear that the region of high NOx (≥ 10000 ppm) were weakly sensitive
to the fuel blend. This was traced mainly to the contribution by thermal NOx, and little changes accounted for by fuel
bounded NOx. However, for lower concentrations (≤ 500 ppm), fuel-bounded nitrogen dependency was stronger. Yet,
with a little impact of investigated injection strategies. Regarding the soot emissions, the fuel dependency was strongly
exhibited. For pure n-heptane the soot region is the largest, decreases significantly for 80/20 ammonia/n-heptane and is
of little concern for pure ammonia. Apparently, the soot region is only important for the cases where ammonia is
accounted below 50% of energy content. For higher ammonia concentrations the soot region became narrower and is
present only for high equivalence ratios. A region with a high N2O concentration (≥ 1000 ppm) is identified in ammonia
blends and presented in Fig. 1 using a green/yellow color scale. In pure n-heptane case such N2O region is not present,

but with an increased content of ammonia, it starts to cover a broader range of conditions and reaches higher values. It
starts to appear at relatively low temperatures and originates from the reactions of NH and NH 2 with NO and NO2,
respectively. These reactions produce N2O during ignition in the constant pressure reactor setup. After complete
combustion of ammonia, no NH and NH3 is present, thus very low levels of N2O were observed, and the values above
5 ppm were obtained only for high temperatures and low equivalence ratios coinciding with the thermal NOx formation
region. Therefore, to highlight the origin of the large N 2O concentration island, the red line is plotted to indicate the
results from fully burning reactors, where the outlet temperature has stabilized on its right-hand side. Identifying the
N2O concentration island is expected to help in establishing injection strategies by avoiding engine opearation in this
region. For example direct injection strategies with various level of stratifications can be investigated and potentially
may avoid N2O formation compared to the port injection strategy with homogenous in-cylinder mixture.

Fig. 1. φ -T map for the five different base cases. The red line represents the end of the ignition phase. The NOx
region is set to show concentrations above 10000 ppm, while the N 2O concentrations are above 1000 ppm. The soot
formation region shows levels above 0.001.

Conclusions
In this work, an investigation of a ammonia-diesel dual-fuel compression ignition conditions was carried out. Five
different blending ratios of the fuel were investigated consisting of ammonia and n-heptane (0/100, 20/80, 50/50, 80/20,
100/0 on energy basis). The aim of the study was to create guidelines for injection strategies in the form of injection
timing (IT) favorable for minimizing emissions. Through the use of a constant pressure reactor model,φ-T maps were
created. On the maps, high concentrations of NO x, N2O and soot were highlighted. Lastly, stochastic reactor modeling
(SRM) was applied to investigate favorable IT with the goal of avoiding high emission regions. The results revealed
that theφ-T maps exhibits a significant fuel dependency regarding soot and N 2O emissions, while the high NOx
concentration region remained little affected by changing the fuel composition, traced to the thermal NOx mechanism’s
contribution. Regions of lower levels of NOx (≤ 500 ppm), exhibited a fuel dependency, as the fuel NOx, prompt NOx,
and thermal De-NOx mechanisms contributed differently at various fuel compositions. The soot formation potential
was of little concern for cases with more than 50% of the energy in the fuel provided from ammonia. The N 2O emissions
exhibit low formation potential for fully burned conditions at high temperatures, yielding single digits or low double
digits ppm levels. Yet, high N2O levels were obtained in the ignition phase. The region was island-shaped located at
lower temperatures, and became more significant with increasing ammonia concentration in the fuel. These results
underpins the importance of N2O consideration when ammonia is introduced to internal combustion engine. The SRM
simulations supported these findings. However, due to uncertainties regarding the model in dual fuel operation results
were considered as preliminary and further investigation is need. Therefore, the next steps consists of improvements in
the SRM mixing time scale modelling for duel fuel operations but also veryfing how in-engine mixture conditions
correspond to the regions derived from constant pressure reactor simulations.
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Introduction
Production of Greenhouse Gas (GHG) emissions has become a growing concern in the modern world and as a result,
there has been increased efforts to reduce their production within industrial sectors. The transport sector has already
reduced emissions by as much as 1 billion tonnes in 2020. This significant reduction was mainly due to the Covid-19
pandemic, but a large percentage of this reduction was a result of the increase in the electrification of road vehicles, as
discussed by the International Energy Agency.
However, forms of transport such as large shipping vessels cannot currently to utilise electric powertrains to reduce
GHG emissions as the power sources used are not suitable at this moment in time. This is because, current battery
technology is unable to provide a continuous high discharge rate needed for propulsion in large vehicles, due to their
poor volumetric and gravimetric energy densities. Additionally, large batteries needed for large vehicles would have a
high cost associated due to the cost being approximately $140/kWh. Moreover, fuel cells which are seen as the other
alternative power source for electric powertrains also cannot be utilised, as fuel cell technology is still in the relatively
early stages of development. Meaning that there are issues associated with reliability, particularly when fuel cells are
scaled up due to the challenges associated in maintaining a uniform fuel flow distribution.
As a result of these issues being apparent with batteries and fuel cells being used as power sources for electric
powertrains, combustion of energy dense fuels in the Internal Combustion Engine (ICE) remains the only feasible power
train for large vehicles, and this will be the expected case for at least the next twenty years. However, the use of
hydrocarbon fuels in ICEs cannot continue as organisations such as the International Maritime Organisation have
adopted mandatory measures to meet their commitment to half GHG emissions by 2050. Examples of these mandatory
measures are the pollution prevention treaty MARPOL, the ship energy efficiency management plan, and the energy
design index, all of which are compulsory for newly manufactured ships.
Therefore, alternative fuels need to be considered when utilising ICEs. Naturally, the next substitute for hydrocarbon
fuels to be used in ICEs is biofuels. However, combustion of biofuels will ultimately still result in the production of
GHG emissions and because of this they cannot be considered as long-term replacements. As a result, there are only
two other fuels which have been deemed by literature and industry, as suitable fuels for combustion. These fuels being
hydrogen and ammonia.
The combustion performance of both these fuels is relatively unknown and as a result studies need to now focus on how
these fuels work in ICEs, how to achieve effective combustion with them and what their performance and emissions
trade-off is. Practical experimentation is the preferred method to find answers to these questions, as doing so would
allow one to receive the data in real-time and provide an understanding of how the fuels work in the real-world
conditions. Despite this, engine testing has significant development costs and potential operational issues associated
with them. Combined thermodynamic and thermochemical modelling methods can however be seen as a relevant
alternative. This is because, one may predict the combustion performance of the fuel in as close to real world conditions
and quantify their performance and emissions trade-off. For fuels such as hydrogen and ammonia, utilising chemical
kinetic modelling tools would be most suitable as the use of these modelling tools allow an assessment on the fuel’s
reaction pathways to be made, and therefore, a calculated assessment on how the fuels behave in ICE applications.
As a result, this study will summarise the development of an ICE chemical kinetic model in ANSYS Chemkin-Pro. The
initial set-up of the model will be discussed, followed by the post-processing methodology needed to extract useful
data, as well as provide an insight in whether current combustion mechanisms used in the software can be used to assess
ammonia combustion in a compression ignition ICE.

Conclusions
Having addressed the need for this study, a methodology to create a chemical kinetic model has been addressed, in
addition to a post processing methodology. This study has also addressed whether the combustion mechanisms currently
used by Chemkin-Pro can be used to assess ammonia combustion. From the studies conducted, it is shown that there is
positive correlation in reproducing data found in Reiter and Kong’s study. However, at some modelled ammonia
concentrations the data significantly differentiates. Having conducted a series of parametric studies on heat loss, it was
concluded that the discrepancies must be correlate to the combustion mechanisms themselves.

To proceed, there should be a re-assessment in how the ammonia combustion mechanisms work, as there appears to be
some phenomena being overlooked. Therefore, with further studies conducted into the behavior of the combustion
mechanisms, a more accurate chemical kinetic model for ammonia combustion in ICEs can be created to provide an
accurate modelling environment for this fuel.
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Introduction
The reciprocating internal combustion engine is used in almost every corner of the world. It owes its popularity to its
flexibility and wide power output range while maintaining high efficiency in converting the chemical energy of
combusted fuel into mechanical work. The versatility of its applications is evidenced by the fact that more than 200
million units of internal combustion engines are produced annually worldwide [1], ranging from hobby applications to
propulsion of the largest marine vessels to electricity and heat generation. The scale of internal combustion engine
applications in the power industry ranges from a few kilowatts to several megawatts of power output. Recently, efforts
by politicians to eliminate internal combustion engines from automobile powertrains have intensified. Lawmakers in
the European Parliament plenary voted on the beginning of June 2022 to mandate that all new car and van sales should
be zero emissions from 2035 [2]. The use of ammonia as a fuel for internal combustion engines can prolong their use
in various industries. In particular, given the technological maturity that characterizes internal combustion engines.

Methods
At the Department of Thermal Engineering at the Silesian University of Technology, research is being carried out under
the ACTIVATE project (Ammonia as an emission-free fuel for an internal combustion engine-powered agricultural
vehicle) to adapt a compression-ignition engine to run on ammonia injected directly into the engine cylinder. The pilot
fuel (initiating ammonia ignition) can be biodiesel or regular diesel oil. The SCOUT 15-T agricultural tractor was
selected as a demonstration platform for ammonia diesel engine technology. The tractor was originally fitted with an
R195-T type 815 cc compression ignition engine with a maximum power of 9.19 kW. The main advantage of the tractor
is its simple design, which allows the installation of additional testing facilities. In addition, the transmission system
using two SPZ V-Belts allows for quick adaptation of the drive system to the new or modified engine version. The
R195-T engine has not enough space to mount additional components such as an ammonia injector and in-cylinder
pressure sensor. For this reason, an analysis was carried out of commercially available CI engines that have the right
performance and design parameters to implement ACTIVATE technology. The Lifan C186FD engine with
displacement of 418 cc and a maximum power output of 7.2 kW. was selected. Engine has been adapted for direct
ammonia injection. The modification included:
- making a port in the engine head and installing a GDI injector (for ammonia injection)
- installation of a common rail system
- installation of temperature sensors in selected areas of the engine
- installation of a crankshaft and camshaft position sensor
- application of two stand-alone ECUs.

Fig. 1. Lifan engine head modified to direct ammonia injector

Results and Discussions
Preliminary tests with direct ammonia injection were performed for an engine speed of 1500 rpm. During the tests,
efforts were made to maintain a constant fuel mass flow (i.e., a biodiesel pilot dose and ammonia). The injection advance
angle of the pilot dose was constant at 17 degrees before TDC. This value was taken for comparative reasons, as it is
the injection timing at which the Lifan engine operates on factory settings when running on diesel fuel. The first tests
with ammonia supply in to the engine intake manifold were also carried out for this value of pilot dose injection timing.
The results of these studies were presented in the paper [3]. The presented research results in this work were carried out
in the range of changes of direct ammonia injection timing. During the tests, the ammonia injection timing was changed
from 25 to 7 degrees before TDC. Figure 2a shows the effect of ammonia injection timing on the engine indicated
efficiency. Figure 2b, shows fluctuations in the chemical energy contribution of ammonia to the total chemical energy
fuel fed to the engine i.e. ammonia and biodiesel (AES – ammonia energy share). Figures 3 to 5 present the effect of
ammonia injection timing on specific emissions of CO2, CO, CH4, C6H14, NH3, NO, N2O and exhaust gas temperature
(EGT). The specific emission was calculated to the indicated engine work.
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Fig. 2. Indicated Efficiency (a) and Ammonia Energy Share (b) vs NH 3 injection timing
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Fig. 3. Specific emission of CO2 (a) and specific emission of CO (b) vs NH3 injection timing
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Fig. 4. Specific emission of hydrocarbons (a) and specific emission of ammonia (b) vs NH 3 injection timing
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Fig. 5. Specific emission of NO, N2O (a) and exhaust gas temperature (b) vs NH3 injection timing

Conclusions
The study showed a significant relationship between the timing of ammonia injection and unit ammonia emissions from
the exhaust gas. Earlier ammonia injection leads to higher emissions of this compound in the exhaust gas. An upward
trend of specific emission is also evident for C6H14, NO, and NO2 emissions, but it is less significant than for NH3. On
the other hand, an increase in the ammonia injection advance allows for higher indicated engine efficiency. It should
be noted that the injection timing of the biodiesel fuel dose was constant. Changing this parameter should help optimize
the specific emission of exhaust compounds and engine performance. Currently the research are focused on the injection
strategy of biodiesel pilot dose and ammonia.
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