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Summary

Ammonia is a promising alternative fuel that can replace current fossil fuels.

Hydrogen carrier, zero carbon base emissions, liquid unlike hydrogen, and can

be produced using renewable resources, making ammonia a future green fuel

for the internal combustion engine. This study aims to show the procedure of

utilizing ammonia as a primary fuel with biodiesel in a dual-fuel mode. Hence,

a single-cylinder diesel engine was retrofitted to inject ammonia into the

intake manifold, and then a pilot dose of biodiesel is sprayed into the cylinder

to initiate combustion of the premixed ammonia-air mixture. The effects of

various ammonia mass flow rates with a constant biodiesel dose on engine per-

formance and emissions were investigated. Furthermore, a one-dimensional

model has been developed to analyze the combustion of ammonia and biodie-

sel. The results reveal that 69.4% of the biodiesel input energy can be replaced

by ammonia but increasing the ammonia mass flow rate slightly decreases the

brake thermal efficiency. Moreover, increasing the ammonia load contribution

significantly reduced the emissions of CO2, CO, and HC but increased the

emission of NO. It was found that ammonia delayed the start of combustion by

2.6CAD compared with pure biodiesel due to the low in-cylinder temperature

and the high resistance of ammonia to autoignition. However, the combustion

duration of biodiesel/ammonia decreased 19CAD compared with only biodie-

sel operation at full load, since most of the heat was released during the pre-

mixed combustion phase.

Highlights

• Ammonia biodiesel dual-fuel CI engine has been investigated

experimentally.

• Maximum 69.4% of the input energy is provided by ammonia in reasonable

operation.

• Higher ammonia contribution in the engine load delays the SOC and

decreases the combustion duration.

Received: 7 March 2022 Revised: 23 May 2022 Accepted: 29 May 2022

DOI: 10.1002/er.8235

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. International Journal of Energy Research published by John Wiley & Sons Ltd.

Int J Energy Res. 2022;46:15347–15361. wileyonlinelibrary.com/journal/er 15347

https://orcid.org/0000-0003-3338-5288
https://orcid.org/0000-0001-8089-3475
https://orcid.org/0000-0002-9178-9566
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/er
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fer.8235&domain=pdf&date_stamp=2022-06-24


• Significant reduction in CO2, CO, and HC emissions in the ammonia-/bio-

diesel-fueled engine.
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1 | INTRODUCTION

Fossil fuels, greenhouse gases, and their effects on cli-
mate change are required to be replaced by renewable
energy sources to slow down the emission of carbon diox-
ide. To combat these worldwide challenges, the legiti-
mately binding international agreement on climate
change, the 2015 Paris Agreement provided a global
framework for reducing greenhouse gases in the next
decades. Hence, the European Union countries have an
aim to decrease the emissions of greenhouse gases by 55%
by 2030.1 Therefore, alternative carbon-free fuels, such as
ammonia and hydrogen, are a good way to replace fossil
fuels and stop the emission of carbon dioxide. However,
the big problem with hydrogen is storing in the high pres-
sure at a reasonable cost because of the extremely low
density of gaseous hydrogen. Among all green fuels such
as ethanol,2 methanol,3 and methyl ester,4 ammonia
(NH3) is currently attracting a lot of interest as a poten-
tial alternative to fossil fuels.5-7 It is a good hydrogen car-
rier (17.8% by mass), is liquid and easy to store under low
pressure, and is also one of the most produced chemicals
in the world. Additionally, ammonia already has a great
established infrastructure for distribution, production,
and handling, as it is used as fertilizer in the agriculture
industry. However, the practical usage of liquid ammonia
as fuel for internal combustion engine (ICE) requires
many technical and operational difficulties to be sur-
mounted. Ammonia has different characteristics from
common fossil fuels. High resistance to auto ignition, low
flame speed, and corrosivity are challenges of ammonia
that make it even harder to apply in ICE.8-10 The begin-
ning of using ammonia as fuel goes back to 1943 in
Belgium due to a shortage of diesel fuel during World
War Two.11 Subsequently, in the 1960s, the possibility of
applying ammonia to ICE was examined, providing pri-
mary guidance concerning ammonia as a fuel in ICE.12-15

In recent years, researchers have been working to over-
come the challenges of using ammonia as fuel for both CI
and spark ignition (SI) engines. However, a new review
paper16 shows that most research is currently concentrated
in SI engines because ammonia is more favorable for use in
SI engines. Schönborn17 by zero-dimensional chemical
kinetic calculation estimated the minimum required Com-
pression Ratio (CR) of 27 to ignite pure ammonia in the CI

engine. Grannell et al.18 investigated mixtures of gasoline
and gaseous ammonia in the SI engine in varied ammonia/
gasoline ratios, as well as various CR. Their findings
revealed that a significant portion of gasoline can be
substituted with ammonia. Nevertheless, they suggested a
CR of 10:1 for the ammonia gasoline dual-fuel SI engine.
Salek et al.19 numerically studied the impact of adding 10%
of ammonia on engine performance and emissions in a
wide range of engine speeds for the SI engine using AVL
BOOST software. The results show that 10% of ammonia
injection reduces the in-cylinder temperature by 50 K,
resulting in a significant reduction in NOx emissions by 50%
throughout the different engine speeds. Furthermore, the
needed minimum octane number of gasoline for avoiding
knock was decreased by the injection of 10% ammonia, indi-
cating that the injection of ammonia could clearly have an
effect on engine failure. Nevertheless, it imposed some neg-
ative effects on reducing BSFC and increasing HC and CO
emissions. Yapicioglu and Dincer20 conducted experimental
research on injecting ammonia in SI engine. The primary
objective of this study is to utilize ammonia to reduce car-
bon emissions. Based on their findings, introducing ammo-
nia reduced the gasoline engine's CO2 emission. In addition,
it resulted in a significantly reduction of engine energy and
exergy efficiency. The recent paper carried out by Mou-
naïm-Rousselle et al.21 provides new information on opera-
tion limits in ammonia-fueled gasoline direct injection
(GDI) SI engine, especially to find the lowest possible load
limit when the engine is fed with pure ammonia. However,
they extended the operating limitations by adding less than
10% of hydrogen to ammonia. Although the ammonia-
fueled engine does not produce carbon-based emissions, it
can emit high NOx emissions. However, their results show
that adding 10% of H2 to ammonia significantly decreases
NOx emissions up to 40%. Lhuillier et al.22 experimentally
investigated engine performance, emissions, and combus-
tion characteristics of an SI engine fueled with premixed
ammonia, hydrogen, and air mixtures. They tested mixtures
of gaseous ammonia with different portions of hydrogen as
well as various equivalence ratios. Their results illustrate
that the higher hydrogen fraction in the stoichiometry mix-
ture decreases the indicated efficiency, but the efficiency
increases when the equivalence ratio decreases. Moreover,
when the equivalence ratio is raised above stoichiometry,
the unburned ammonia rises significantly. Sechul et al.23
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experimentally studied ammonia blended with natural gas
in the SI engine. According to their findings, CO2 emissions
were reduced by almost 28% when natural gas was replaced
with ammonia for more than 50% of the volume portion.
However, considering combustion efficiency and emissions,
the air/fuel ratio reached a high limit around lambda 1.5.
As mentioned above, using only ammonia in CI engines
requires high CR; hence, ammonia can be utilized as a sec-
ondary fuel with a small dose of diesel or biodiesel to ignite
combustion in a dual-fuel mode without considerable modi-
fication in the engine.24 Reiter and Kong25 investigated the
impacts of injecting gaseous ammonia into the intake mani-
fold on the emissions and combustion characteristics of the
CI engine. They tested different ratios of ammonia/diesel to
obtain constant power in the operating range of 40% to 60%
of the input energy provided by ammonia to achieve the
optimal fuel efficiency. Their experimental results show that
when the ammonia energy contributes to more than 60% of
the total energy, the NO emissions rise significantly, but soot
emissions decreased for a higher ammonia ratio. Their other
similar work26 proved that engine operation was successful
for 95% of energy supplied by ammonia; however, the
unburned NH3 was significantly higher due to unsuccessful
combustion. Nevertheless, reasonable efficiency can be
achieved if 80% of the total energy is supplied by ammonia.

A novel combustion strategy for using ammonia in CI
engine has been suggested by Lee and Song27 to reduce NO
emissions. Parametric research has been performed to vali-
date and evaluate the characteristics of the ammonia-fueled
engine by applying the suggested combustion strategy.
They discussed engine operation characteristics according
to the ammonia dose, start of injection (SOI) timing, and
NO emissions. Their findings indicate that for constant
amount of ammonia and diesel fuel, NO production is a
strong function of SOI instead of the load of the engine.
Hence, NO emission was reduced from 8500 ppm to
3040 ppm by changing the SOI timing. Recently, Yousefi
et al.28 investigated the impacts of the ammonia energy
fraction with diesel injection timing on engine performance
and emissions. Their results reveal that the NOx emissions
decreased by 58.8% when the ammonia energy percentage
was increased from 0 to 40%. However, it increased the
N2O emission, which has a higher greenhouse effect.

In recent years, there has been renewed enthusiasm for
utilizing ammonia as a primary fuel for ICE. Nevertheless, it
is evident from the above literature review that there is a sig-
nificant research gap in ammonia-/biodiesel-fueled CI
engine. Comprehensive research has to be done to effectively
utilize ammonia while reducing emissions in the diesel
engine. Therefore, in this paper, a strategy of using ammonia
with biodiesel as a secondary fuel is proposed to operate with
the lowest possible biodiesel and high amount of ammonia
in different loads with reasonable operation. For the first

time, ammonia with biodiesel dual-fuel CI engine has been
studied. Hence, the effects of various ammonia mass flows
with two constant pilot doses of biodiesel on combustion,
emissions, and engine performance are investigated and
compared with pure biodiesel operation. Additionally, a 1D
model is built and developed to analyze ammonia with bio-
diesel combustion characteristics.

2 | TEST RIG AND
EXPERIMENTAL SETUP

2.1 | Test rig

The tests were performed on a single-cylinder 4-stroke
Lifan diesel engine C186F with forced air cooling system.
The engine's main specifications are listed in Table 1.
The engine has been retrofitted to operate with port
injection of ammonia and then will be installed in the
tractor for use in the agricultural sector. Gaseous ammo-
nia at 2 bar was injected into the port near the inlet valve,
through the pipe inserted into the intake manifold, and
the mass flow of ammonia was measured using a Coriolis
flow meter. A surge tank has been installed in the intake
manifold to measure the constant air mass flow rate, and
also to avoid the backflow of ammonia from the intake
manifold to the environment. The temperature of the
port, exhaust gas, and ambient as well as the air and
ammonia mass flow rate were monitored by LabVIEW
software and National Instruments hardware. The engine
has been coupled by the vibration damping shaft to the

TABLE 1 Engine main specifications

Engine information Valves Units

Engine type 4 stroke, CI

Number of cylinders 1

Bore � Stroke 86 � 70 mm � mm

Compression ratio 16.5:1

Maximum power (3500 rpm) 6.4 kW

Piston shape ω bowl

IVO 14 BTDC

IVC 45 ABDC

EVO 50 BBDC

EVC 16 ATDC

SOI 15.5 BTDC

Injection pressure 200 bar

Intake temperature 10 �C

Intake pressure 93.19 kPa

Engine speed 1500 rpm

NADIMI ET AL. 15349
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electric motor to adjust the engine load and speed for the
test. The in-cylinder pressure was measured with a reso-
lution of 1024 measuring points per one shaft revolution
and for 100 consecutive cycles using a piezoelectric pres-
sure transducer. An encoder with 0.35 CA resolution was
installed on the engine shaft to sample the electrical sig-
nal from the pressure transducer to identify the piston
position at TDC. A sample of the exhaust gas was ana-
lyzed using Fourier transform infrared spectroscopy
(FTIR), gas analyzer, and particulate matter (PM). The
FTIR is a Gasmet DX4000 gas analyzer, which is operated
by Calcmet software. The Calcmet can simultaneously
analyze 50 gas components in wet and corrosive gas
streams, and it has various spectrum libraries in different
ranges to determine the concentration of each species.
However, the ammonia concentration was beyond the
measurement ranges, so it is not available. The FTIR has
an accuracy of less than 2%. Furthermore, the PM mea-
surement device has a precision of less than ±3% and
measures particle sizes from 0.04 to 10 μm with particle
mass concentrations up to 250 mg/m3 under normal con-
ditions and dry exhaust gas. Each parameter was mea-
sured every second for 5 min in the steady-state running
engine for each operating point.

2.2 | Experiment procedure

Figure 1 illustrates the schematic of the test. In this figure,
P and T show the measuring points for pressure and tem-
perature. In all tests, the rotational speed has been fixed at
1500 rpm. The engine has been operated with biodiesel at
different loads to determine the baseline. The approach

for ammonia port injection is defined in this way that the
engine is operated with biodiesel in low load and with
constant biodiesel mass flow rate, and then ammonia is
injected to increase torque and power. Hence, Table 2 pre-
sents the procedure of the two sets of ammonia and bio-
diesel tests. In the first test, biodiesel load contribution
(BLC) was 10%, ie, the engine has been operated with bio-
diesel and the measured load and biodiesel mass flow rate
were 10% and _mbio¼ 0:107g=s, respectively. Then, the
ammonia mass flow is increased to obtain higher loads at
the same operating point as the biodiesel baseline. The
second test is similar to the test one, but with this differ-
ence that the engine was run with biodiesel at a low load
of 3.5% with constant _mbio ¼ 0:082g=s. By increasing the
ammonia mass flow, ammonia load contribution (ALC),
and ammonia energy contribution (AEC), which is
defined in Equation (1), have been increased since the
biodiesel mass flow rate and the BLC were constant in
the two sets of tests. The maximum input AEC is 59.1%
and 69.4% at full load for test one with _mbio ¼ 0:107g=s,
and test two with _mbio ¼ 0:082g=s, respectively. However,
reducing the biodiesel mass flow lower than
_mbio ¼ 0:082g=s to replace it with more ammonia to
obtain higher input AEC causes a significant amount of
ammonia slip. The exhaust gas sample is interred to
FTIR, gas analyzer, and PM measurement before SCR.

2.3 | One-dimensional model and data
analysis

One-dimensional (1D) model of ammonia/biodiesel dual-
fuel engine was built and developed using the AVL

FIGURE 1 Schematic of the

experiment for the ammonia biodiesel

dual-fuel engine. P and T represent the

measurement points of pressure and

temperature, respectively
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BOOST software. In addition, the AVL Burn utility was
used for post-processing of the measured data, analyzing
the pressure profile, and calculating the net heat release
rate (HRR). The HRR has been determined from the mea-
sured pressure trace through the inverse procedure. Addi-
tionally, the combustion timing indicators have been
calculated by mass fraction burned (MFB). Hence, the
MFB diagram, combustion duration (CD), start of com-
bustion (SOC), and the location of MFB 10%, 50%, 90%
(CA10, CA50, and CA90) have been calculated using AVL
software. In this study, the SOC refers to the location of
the rising point on the MFB curve in the Vibe function.29

Biodiesel fuel (Bioester B100) was provided by Orlen
Poludnie company in Poland. The LHV of biodiesel was
measured at 37.400 MJ/kg; however, the ammonia LHV
is 18.6 MJ/kg.30 The elementary analysis and properties

of biodiesel are listed in Table 3. In this work, the AEC is
defined as the ratio of the ammonia input energy to the
total input energy in the dual-fuel model in Equation (1).

AEC¼ _mNH3 �LHVNH3

_mbioLHVbioþ _mNH3LHVNH3

ð1Þ

The friction power of the electric motor at 1500 rpm
has been measured, and it is about 0.52 kW. The torque
and power are calculated after subtracting the friction
power. Therefore, the brake thermal efficiency (BTE) of
the engine is defined as follows:

BTE¼ Pb

_mbio�LHVbioþ _mNH3 �LHVNH3

ð2Þ

The concentrations of each species were measured
during 5 min of steady-state operation in molecules per
million in ppm unit and then recalculated according to
Equation (3) in 5% of O2 since the concentration of each
species varies for different loads.31 Additionally, the
brake-specific emission in g/kW.h units is calculated.

Xið Þ5%O2
¼ Xið Þm

20:9%�5%
20:9%� O2ð Þm

� �
ð3Þ

Where Xið Þm and O2ð Þm are the measured concentra-
tion of each species and the measured concentration of
O2, respectively.

The equivalent brake-specific fuel consumption is
defined in Equation (4) in dual-fuel engine.32

TABLE 2 Ammonia/biodiesel tests

conditions
NO. BLC ALC Load _mbio _mNH3 wNH3

_mair AEC

Unit % % % g/s g/s kg/kg g/s %

Set 1 1 10.0 10.0 20 0.107 0.045 0.29 6.47 17.1

2 10.0 25.3 35 0.107 0.100 0.48 6.25 32.2

3 10.0 37.1 47 0.107 0.141 0.56 6.16 40.0

4 10.0 48.8 59 0.107 0.186 0.63 5.97 46.6

5 10.0 60.6 71 0.107 0.227 0.67 5.83 51.0

6 10.0 78.2 88 0.107 0.293 0.73 5.63 57.2

7 10.0 90.0 100 0.107 0.327 0.75 5.44 59.1

Set 2 8 3.5 16.5 20 0.082 0.107 0.56 6.36 40.0

9 3.5 31.8 35 0.082 0.157 0.65 6.13 49.2

10 3.5 43.6 47 0.082 0.213 0.72 6.02 55.6

11 3.5 55.3 59 0.082 0.260 0.76 5.94 60.7

12 3.5 67.1 71 0.082 0.293 0.78 5.69 65.0

13 3.5 84.7 88 0.082 0.361 0.81 5.47 67.1

14 3.5 96.5 100 0.082 0.398 0.82 5.27 69.4

TABLE 3 Biodiesel properties

Property Value Unit

Name Bioester –

C 75.33 kg/kg

H 13.97 kg/kg

O 10.7 kg/kg

Molecular weight 200 kg/kmol

LHV 37.4 MJ/kg

Cetane number 51.0 –

Density 860 kg/m3

Cold point �3 �C

Flash point 101 �C

Stoichiometric air/fuel ratio 12.96 –

NADIMI ET AL. 15351

 1099114x, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/er.8235 by N

tnu N
orw

egian U
niversity O

f Science &
 T

echnology, W
iley O

nline L
ibrary on [06/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



BSFC¼
_mbioþ _mNH3

LHVNH3
LHVbio

Pb
ð4Þ

Measurement uncertainty has been evaluated
through statistical analysis. The SD of the emissions and
data obtained from the test rig were calculated using the
Equation (5)33,34:

SD¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

Xi�X
� �2
n�1ð Þ

vuuut ð5Þ

where Xi, and X are the measured and mean values,
respectively, and n is the number of measurements.

Therefore, uncertainty (U) is defined by33,34:

U ¼ SDffiffiffi
n

p ð6Þ

Furthermore, the coefficient of variation (COV) of
100 continuous cycles for IMEP, Pmax, and αmax was
obtained. Therefore, COVPmax and COVαmax were less than
1% for all tests. However, COVIMEP was less than 2% and
4% for biodiesel and ammonia/biodiesel operations,
respectively.

3 | RESULTS

3.1 | Effects of ammonia on engine
performance

As mentioned above, the ammonia injection strategy was
carried out in such a way that the engine is operated first
with only biodiesel at _mbio ¼ 0:107g=s in 10% load and
secondly at _mbio ¼ 0:082g=s in 3.5% load. Hereafter, the
ammonia mass flow is increased to obtain the same loads
as biodiesel. The maximum power (PbMax ) of the engine at
100% of the load is 3.190 kW, of which 2.356 and
2.576 kW of PbMax are provided by ammonia for the tests
set 1 and set 2, respectively. The mass flow of ammonia
was increased to obtain the same power as only biodiesel
tests; however, the brake efficiency of the dual-fuel mode
is slightly lower compared with the baseline, as shown in
Figure 2. The BTE increases with increasing load and
reaches 32.27% at load 88% after that decreased to 31.89%
at full load for the biodiesel test. This decline in BTE at
full load is due to the high amount of unburned hydro-
carbons such as HC, CO, and soot together with high
exhaust gas temperature (Figure 3). However, ammonia
by decreasing the emission of unburned hydrocarbons

obtains a BTE of 30.69% at full load in set 1 test. More-
over, the increase in BTE at higher loads is due to a
decrease in the ratio between friction losses and the
engine indicated work, resulting in a decrease in the fric-
tion power contribution to brake power. Figure 2 also
shows that by reducing the biodiesel mass flow rate from
_mbio ¼ 0:107g=s to _mbio ¼ 0:082g=s to obtain a higher
ALC, decreases the BTE due to unsuccessful combustion
of ammonia with biodiesel, causing a high amount of
unburned NH3.

FIGURE 2 Brake thermal efficiency of the ammonia-/

biodiesel-fueled engine compared along with biodiesel

FIGURE 3 Effects of ammonia on exhaust gas temperature

compared with biodiesel

15352 NADIMI ET AL.
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As can be observed in Figure 3, the exhaust gas tem-
perature of the biodiesel test is higher compared with the
dual ammonia/biodiesel tests. For example, EGT is
reduced by 100 from 485 K for biodiesel to 385 K for
ammonia/biodiesel tests at full load due to the lower in-
cylinder temperature during the combustion stroke since
the in-cylinder temperature of ammonia-/biodiesel-fueled
engine is lower than the biodiesel.35 Moreover, the CD of
ammonia/biodiesel combustion is lower than that of bio-
diesel at higher loads, which will be discussed in the next
section. Therefore, less heat is released during the expan-
sion stroke, resulting in a temperature drop in the work-
ing medium and ultimately a lower exhaust temperature
in ammonia/biodiesel operation compared with pure bio-
diesel, as can be observed in Figure 3. The SCR is acti-
vated around 300�C,36 therefore it is only active in higher
loads.

Figure 4 illustrates the equivalent BSFC for ammo-
nia/biodiesel tests along with only biodiesel under
various loads. The BSFC of ammonia/ biodiesel is
higher relative to biodiesel operation due to the lower
LHV of the ammonia/biodiesel mixture, since LHVNH3

is considerably lower compared with LHVbio

(Equation 4). However, the BSFC difference between
ammonia-/biodiesel-fueled engine with only biodiesel at
20% of the load is approximately 10.0% due to the ineffec-
tive burning of the lean ammonia/air mixture at low
loads.37 Nevertheless, this difference will decrease with
increasing load. Hence, the BSFC of set 1, set 2, and bio-
diesel tests are 300.2, 313.5, and 326.8 g/kW.h,
respectively.

3.2 | Effects of ammonia on in-cylinder
parameters

Figure 5 shows in-cylinder pressure profiles vs load for
each operating point. The pressure traces for the biodiesel
test on different loads along with the pressure profiles of
the full load of set 1 and set 2 are presented in Figure 5A.
The location of rapid rise in pressure is constant with
increasing load in the pure biodiesel operation, and the
pressure curves are also overlapped in the starting of the
high pressure. This is due to the fixed start of biodiesel
injection at �15.5CAD. It was observed that ammonia/
biodiesel combustion generally has higher in-cylinder
pressure than biodiesel. For example, the peak of the
pressure for biodiesel is 76.64 bar and increased to
82.89 bar (8.1% increase) and 87.79 bar (14.5% increase)
for set 1 and set 2 at full load, respectively. This is mainly
due to ignition delay and the higher premixed ratio com-
pared with biodiesel, as can be seen in the HRR profile in
Figure 7A. HRR diagram of the diesel engine normally
has four steps, which are ignition delay, premixed com-
bustion, diffusion combustion, and late combustion,
sequentially, according to Heywood.38 However, the
evaporation phase of the pilot biodiesel in the premixed
air-ammonia is very short compared with the only biodie-
sel operation in which a high amount of ammonia causes
one peak in the HRR diagram, and most of the heat is
released in premixed combustion. Hence, the location of
the peak of the pressure leads to the advance by increas-
ing the ALC, as can be seen in Figure 5B,C. Furthermore,
the pressure rise rate profiles are presented in Figure 6
for 20% and 100% loads. The peak of PRR is 5.4 bar/deg
at full loads for the biodiesel test. However, it increases to
6.9 bar/deg for the same operating point at maximum
AEC. The maximum PRR of ammonia/biodiesel is higher
than pure biodiesel operation due to ignition delay and
changing combustion mode from diffusion in pure bio-
diesel to the premixed combustion in dual-fuel mode,
resulting in higher engine noise. However, the peak of
PRR of ammonia biodiesel engine is lower than that of
pure biodiesel at 20% of load. The flame propagation of
ammonia/biodiesel in low loads is slower than the pure
biodiesel due to the lean mixture, since the laminar flame
speed of ammonia is slower in the lean mixture but faster
in the stoichiometric condition.39

MFB and HRR at 20% and 100% of the loads for
ammonia/biodiesel along with biodiesel test are shown
in Figure 7. HRR curves revealed that when more ammo-
nia is injected into the intake manifold, the HRR peak
increases. There are mainly two reasons: first, the higher
amount of ammonia increases the peak of the in-cylinder
pressure. Second, propagation of the premixed ammonia-
air flame increases the HRR peak in the premixed

FIGURE 4 Brake-specific fuel consumption of the ammonia/

biodiesel with the biodiesel tests corresponds to the engine load
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combustion phase in the HRR curve. Therefore, a higher
ammonia ratio changed the combustion mode from diffu-
sion mode to premixed combustion. Although pure bio-
diesel ignition starts in advance, the combustion of
ammonia/biodiesel is finished earlier than only biodiesel
for high loads, as can be observed in Figures 7B and 8C.

The indicators of ammonia with pilot biodiesel com-
bustion are shown in Figure 8. SOC increases slightly
from �5.83CAD to �5.24CAD by increasing the load for
the pure biodiesel test. However, the minimum energy
required to ignite the ammonia-air mixture is higher.40

Therefore, biodiesel is first injected and then evaporated,
providing energy to initiate the combustion of premixed
ammonia-air. Therefore, ammonia with biodiesel in

dual-mode combustion has a longer delay in SOC, as can
be observed in Figure 8A,B. SOC is delayed from
�5.24CAD in pure biodiesel operation at full load to
�1.43CAD and �2.55CAD for biodiesel/ammonia com-
bustion in _mbio ¼ 0:107g=s and _mbio ¼ 0:082g=s tests,
respectively, in the same operating point. Figure 8D
shows the CA50-CA10 that is related to flame propaga-
tion. Thus, the flame propagation of ammonia/biodiesel
in low loads is slower than that in the pure diesel case
due to the lean mixture as well as the low flame speed of
ammonia in lean condition. However, the ammonia
flame propagates faster than pure biodiesel in higher
loads because combustion mode is changed from the dif-
fusion combustion in pure biodiesel to the premixed

FIGURE 5 In-cylinder pressure profiles for each set of data
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combustion in dual-fuel mode. Moreover, the laminar
flame speed of ammonia increases from the lean mixture
to the stoichiometric condition.39

CD is defined as the difference between CA90 and
CA10. The CD of ammonia/biodiesel combustion has
slightly increased for higher load, unlike biodiesel. How-
ever, the CD of biodiesel combustion increases as the
load increases due to the high biodiesel mass flow rate
and diffusion combustion. Therefore, premixed ammonia
air burns earlier than pure biodiesel at high load as a
result of the higher premixed ratio. Furthermore, the
CA90 curve is presented in Figure 8E for set 1 and set

2 together with the biodiesel test. It can be observed that
increasing the mass flow rate of pure biodiesel enhanced
CA90, for example, 90% of pure biodiesel has been
burned at 40.6CAD. It can be concluded that ammonia/
biodiesel burns slower than only biodiesel at lower loads,
but the CD of pure biodiesel is higher at high loads.

3.3 | Effects of ammonia on emissions

In this section, the influence of various ammonia mass
flows with constant biodiesel flow ( _mbio ¼ 0:107g=s and
_mbio ¼ 0:082g=s) will be discussed. The concentration of
each species has been calculated in 5% o2 to show the
exhaust gas composition with the same level of dilution by
air, and it should be noted that for each test the excess air
was different. As more biodiesel is replaced by ammonia, it
significantly reduces CO2, as shown in Figure 9. This can be
expected since NH3 has a carbon-free nature. The concentra-
tion of CO2 in the biodiesel test is approximately 10.6% for
different loads, however, it dramatically reduced to 2.48% for
set 2 at full load, as can be observed in Figure 9B. Although
CO2 decreased significantly, it also produced N2O around
60ppm which has a global warming potential (GWP) of
298 times that of CO2 over a 100-year timescale. Thus,
60ppm of N2O is equivalent to 1.7% of CO2 in terms of
GWP. Therefore, the CO2 emission decreased from 10.6 to
4.26%, considering the equivalent GWP.

As discussed before, ammonia decreases the in-
cylinder temperature. Hence, unsuccessful combustion at
20% of load due to low in-cylinder temperature causes a
high amount of unreacted species such as NO, CO, and

FIGURE 7 Mass fraction burned and heat release rate profiles for loads of 20% and 100% for each test (set 1, set 2, and biodiesel)

FIGURE 6 Pressure rise rate curves for loads of 20% and 100%

in set 1, set 2, and biodiesel
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PM (Figure 10B, 11B and 13). Observations of the NO
emission in Figure 10 reveal that as more biodiesel is
replaced by ammonia increases NO emission compared

with the only biodiesel test due to the presence of the
N atom in NH3. Furthermore, NO concentration curves
for ammonia/biodiesel operation illustrate an interesting

FIGURE 8 Ammonia/biodiesel and biodiesel combustion analysis indicators

FIGURE 9 Comparison of CO2 emissions between NH3 with 0.107 g/s of bio and NH3 with 0.082 g/s of bio with only biodiesel operation
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behavior, first decreasing until 50% of load, then increas-
ing. This decrease of NO in 20% to 50% of the load is
because of in-cylinder temperature, which results in
destructing NO through reactions of 7 to 10. These reac-
tions are started at temperature around 1100 K to
1400 K,41,42 where in-cylinder temperature is in the range
of 20% to 50% of load for ammonia/biodiesel test.

NH3þOH!H2OþNH2 ð7Þ

NH3þO!OHþNH2 ð8Þ

NOþNH2 !HþOH ð9Þ

NOþNH2 !H2OþN2 ð10Þ

Figure 11 shows the CO emission for two sets of
ammonia/biodiesel tests together with normal biodiesel

FIGURE 10 NO emissions of NH3 with 0.107 g/s of bio and NH3 with 0.082 g/s of bio compared with only biodiesel

FIGURE 11 CO emissions of NH3 with 0.107 g/s and with 0.082 g/s of biodiesel along with using only biodiesel
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operation. Although the concentration of CO increases
exponentially with increasing load due to the lack of O2

at higher loads, it has decreased for the operation of
ammonia/biodiesel. This decrease in CO is due to the low
amount of carbon and premixed ammonia-air combus-
tion. Therefore, the CO emission decreased significantly
from 8210 ppm for biodiesel to 1042 ppm for set 2 at full
load; in other words, the ammonia-/biodiesel-fueled
engine produces 35.18 g/kW.h less CO compared with
the normal biodiesel engine, as shown in Figure 11B.

Figure 12A,B show HC emissions for ammonia/biodiesel
engine including pure biodiesel at different loads. HC con-
centration slightly increases from 88 ppm to 199 ppm by
enhancing the load. However, biodiesel generally produces a
lower amount of HC emission in contrast to diesel fuel due
to the content of O, resulting in complete combustion.43-45

Nevertheless, as more ammonia is introduced into the intake
manifold, the emission of HC decreases. For example, the
equivalent concentration of HC is reduced from 119 ppm for
pure biodiesel to 73 and 57 for ammonia with
_mbio ¼ 0:107g=s and ammonia with _mbio ¼ 0:082g=s test,
respectively, in full load operation (Figure 12B). This
decline could be due to a couple of reasons. First, due to
homogeneous premixed ammonia-air combustion with a
low amount of carbon. Second, since the biodiesel dose
only contributes 10% and 3.5% of the load in the set 1 and
set 2 tests, it is attesting that spraying a small dose of bio-
diesel will not impinge on the cylinder wall, the small
size of the droplets and complete combustion in the thin
clearance between the cylinder and piston. All of this
results in a decrease in the HC emission.46,47

Furthermore, PM emission for ammonia-/biodiesel-
fueled engine is presented in Figure 13. Typically, as the
load increases, the formation of PM increases as a result
of the high quantity of biodiesel fuel at high loads. There-
fore, the higher the in-cylinder temperature, the longer
the diffusion combustion phase, the constant SOI, and
the decrease in the oxidation of the soot at high loads
promote numerous PM formations. However, the
ammonia-/biodiesel-fueled engine has higher PM emis-
sion compared with the reference biodiesel in low loads.

FIGURE 13 PM emission of test sets 1 and 2 compared with

pure biodiesel

FIGURE 12 HC emissions of NH3 with 0.107 g/s and 0.082 g/s of biodiesel compared with only biodiesel
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PM increases slightly as the AEC increases. This has also
been addressed by other researchers.37,48 As discussed in
the previous section, enhancing ALC decreases CD and
the in-cylinder temperature, which support the formation
of PM. However, PM was lower in dual-fuel mode at full
load compared with pure biodiesel operation. This is
mainly due to the perfect mixing of biodiesel with pre-
mixed ammonia-air since ammonia was injected to
obtain higher loads instead of biodiesel.

4 | CONCLUSION

This study demonstrates utilizing ammonia as a potential
carbon-free fuel with biodiesel in the CI engine in dual-
fuel mode. An experimental study along with a 1D model
has been conducted to investigate the impacts of different
ammonia and biodiesel load contributions on ammonia/
biodiesel combustion, engine performance, and emis-
sions. Therefore, the engine runs first with two different
pilot doses of biodiesel at low loads, then ammonia is
injected into the intake port to obtain higher loads. The
main conclusions drawn from this study are summarized
as follows:

• Ammonia-/biodiesel-fueled engine has a lower BTE
compared with pure biodiesel at the same operating
point. Additionally, as more biodiesel was replaced by
ammonia, BTE decreased as a result of unsuccessful
combustion of ammonia/biodiesel. Therefore, the BTE
decreased from 31.8 for pure biodiesel to 29.4 for the
highest ammonia input energy ratio at full load.

• Increasing ammonia input energy contribution (AEC)
decreases the exhaust gas temperature. Therefore, the
exhaust gas temperature was reduced by 100 K when
the AEC was 69.4%.

• Increasing ALC increases the peak of in-cylinder pres-
sure, for example, in-cylinder pressure of ammonia/
biodiesel combustion increased by 11.15 bar compared
with biodiesel at full load because the SOC and peak of
HRR diagram occur close to the TDC (0CAD). More-
over, ammonia also increases the peak of the pressure
rise rate diagram.

• The SOC is delayed with increasing AEC; additionally,
the propagation of the ammonia/biodiesel flame is
slower than the only biodiesel mode in low load due to
the low flame speed of ammonia in the lean mixture.
The SOC was delayed by 2.6 CAD and CD was reduced
by 19.7 CAD at maximum load compared with the
same operating point with pure biodiesel.

• Ammonia increases the peak of the HRR and
decreases the diffusion combustion phase in the HRR
diagram. Therefore, as more ammonia is introduced

into the intake manifold, the combustion mode
changes from diffusion to premixed combustion.

• As more biodiesel was replaced by ammonia, CO2, CO,
and HC emissions decreased significantly. The mini-
mum CO2, CO, and HC emissions were achieved when
the AEC was the highest (AEC = 69.4%). Therefore,
CO2 decreases by 510 g/kW.h and CO reduces by
30.1 g/kW.h at the maximum AEC. However, NO
emission increased with increasing ammonia flow
since NH3 consists of one nitrogen atom.

NOMENCLATURE

ABDC after bottom dead center
AEC ammonia energy contribution
ALC ammonia load contributin
ATDC after top dead center
BBDC before bottom dead center
BDC bottom dead center
BLC biodiesel load contribution
BSFC brake-specific fuel consumption
BTDC before top dead center
BTE brake thermal efficiency
CA10 CAD value for 10% MFB
CA50 CAD value for 50% MFB
CA90 CAD value for 90% MFB
CAD cranck angle degree
CD combustion duration
CI compression ignition
CR compression ratio
EVC inlet valve closing
EVO exhaust valve opening
GDI gasoline direct injection
GWP global warming potential
HRR heat release rate
ICE internal combustion engine
IVC inlet valve closing
IVO inlet valve opening
LHV lower heating value
MFB mass fraction burned
Pb brake power
rpm rotation per minute
SCR selective catalytic reduction
SI spark ignition
SOC start of combustion
SOI start of injection
TDC top dead center
wNH3 NH3 ratio in fuel
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