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ABSTRACT: Oxygenated fuels can reduce harmful emissions without affecting engine performance, meeting the big
challenge in the transportation industry, which keeps the environment safe and reduces global warming. This study
investigates the impact of biodiesel injection strategies and fuel injection pressures (FIP) on diesel engine exhaust
emission characteristics. The engine is fuelled with 20% Jatropha biodiesel (JB) and 80% diesel, named JB20D. The
ratios of fuel injection pressures started with injecting the fuel (diesel and JB20D) from 200 bar to 500 bar. The
experimental outcomes indicate that the engine performance of brake-specific fuel consumption increased by 21.36%
from the burning of JB20D compared with diesel, while brake thermal efficiency improved by 6.54% for low and high
FIP compared to the diesel. The high fuel injection pressures slightly decrease the nitrogen oxide (NOx) emissions
for both diesel and biodiesel. The emissions of NOx decreased from the combustion of JB20D by 18.7% under high
fuel injection pressures compared to diesel. The concentration of soot particulate decreased by 20.4% form JB20D
combustion than those combusted from diesel fuel.
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1 Introduction

In recent years, many researchers have increased awareness about the negative effects of pollution on the
environment and the depletion of petroleum sources, which requires that new sustainable and low-emission
fuels be developed, in line with global net-zero targets and the United Nations Sustainable Development
Goals (SDG 7: Bio-diesel as promised with the worldwide goal of affordable and clean energy, SDG 12:
Responsible Consumption and Production, and SDG 13: Climate action). Through trans-esterification,
biodiesel can be extracted from renewable sources, including vegetable oils and animal fats [1,2]. It is
reported that biodiesel has numerous benefits to the environment. It offers all the valuable properties:
renewable, oxygenated, biodegradable and environmentally friendly, thus becoming a potential solution
to decrease emissions of greenhouse gases and air pollutants. It has been a well-documented fact that
biodiesel leads to enhanced reduction of exhaust emission of hazardous pollutants, including polycyclic
aromatic hydrocarbons (PAH), hydrocarbons (HC), particulate matter (PM) and carbon monoxide (CO),
and a slight increase in NOy emission. In the same context, the results confirm measures towards increasing
energy density and minimizing the greenhouse impact of the transport and energy industries. Moreover,
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the influences of biodiesel combustion on the performance and emission levels have been observed to be a
critical factor leading to conversion towards sustainable energy systems [3].

The adverse impacts of soot emissions from diesel engines on human health and the environment have
received attention. Due to environmental concerns, compression-ignition engines must use biodiesel and
exhaust catalysts [4,5]. The use of biodiesel is a good solution in diesel engines to decline the CO, HC, NOx,
and emissions of soot, which produces a lower level of emissions in the exhaust compared with the fossil
fuel. Jatropha biodiesel is a good substitute for diesel fuel in the transport sector based on the previous
literature review. Biodiesel blends can affect soot emissions and engine performance, as mentioned in work
by Boehman et al. [6]. They found that the B20 (20% biodiesel and 80% diesel) combustion decreased
the soot concentration in the exhaust. The molecular structure of chemical oxygen-bonded in biodiesel
promotes the soot formation reduction and enhances the combustion process. The blend of biodiesel into
diesel fuel has been extensively examined in engines operated with diesel fuel [7,8]. It is reported that the
NOx concentration slightly increased from the oxygenated fuels that contained high oxygen-bond, which
resulted in better fuel combustion [9].

Most of documents refers that the brake specific fuel consumption (BSFC) increased due to lower
heating value. Devan et al. [10] studied the influence of the addition of 15% biodiesel with 75% diesel fuel on
smoke emissions and engine performance. They obtained that the brake thermal efficiency (BTE) improved
and showed a good reduction in smoke emissions from the biodiesel blend combustion under high engine
load conditions. Also, the soot emissions decreased from biodiesel blends under different engine conditions
due to the oxygen content in the biodiesel properties, which improves the soot oxidation rate. The blends
of rapeseed methyl ester (10%, 20%, and 30%) by weight with diesel fuel were tested under various fuel
injection pressures (FIPs) in diesel engines. The combustion of these blends raised the BTE by 1.5% and 2.3%,
respectively, and BSFC increased by 6.4%, 11.3% and 14.6%, respectively.

Injection strategies such as FIP contribute to enhancing both the process of combustion and exhaust
emissions [11]. Besides, it is stated that the particulate soot significantly decreased with high FIP in diesel
engines operated with biodiesel blends. The presence of high FIP leads to a faster rate of combustion because
of the high in-cylinder temperatures. Zhang et al. [12] stated that the high FIP improves the mixing ratio of
air-fuel, which results in better combustion and lower formation of exhaust emissions. The value of viscosity
in biodiesel can be enhanced by presenting high FIP, which improves the atomization process and fuel
spray [13]. To improve the combustion efficiency, the spray characteristics (distributions of droplet, spray
structure, and angle) should be enhanced to decrease the exhaust emissions. Smaller fuel droplets can be
produced under high FIP, while larger fuel droplets can be produced during low FIP. The injection pressures
between 200 and 300 MPa lead to a significant reduction in the rate of soot formation [14,15].

The literature demonstrates that research work on the injection pressure effect during the combustion
of diesel-biodiesel blends in a diesel engine on the concentration of particulate matter in the soot has been
conducted by limited studies [16-18]. Most studies mentioned that the engine used a single injection strategy.
At the same time, there is little understanding of the optimal multi-stage injection strategy based on biodiesel
blends, especially with Jatropha blends [19,20], and [21]. Different engine operating conditions can also be
used to compare various forms of advanced injection, such as split injection and pilot injection, and balance
the efficiency and emissions of biodiesel blends [22,23]. However, the nature and distribution of diesel-
jatropha mixture particles and their relationship to injection timing or injection pressure have not been
covered by studies in the literature. Given that Jatropha biodiesel is chemically different from conventional
diesel, it may be essential to understand how the particles differ from traditional combustion of diesel for
emission control [24,25]. Moreover, most studies do not consider the variation of the model across operating
conditions such as ambient temperature and relative humidity. Further understanding of how diesel-Jatropha
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biofuel blends perform under different conditions would provide real-world information on how to improve
performance and reduce emissions [26]. Recently, there have been a few studies published on the behavior
of Jatropha biofuel blends on engine performance and life. Research could also compare potential biofuel
deposits, corrosion, injector clogging, and critical life cycle emissions from an environmental perspective.
However, no study has been conducted on the compatibility of Jatropha biofuel blends with advanced
techniques such as diesel particulate filters (DPF) or selective catalytic reduction (SCR), which is another
research gap in the literature. It would also be useful to expand our knowledge of how these technologies
affect emissions and performance when using biofuel blends.

Therefore, this work is focused on investigate the effect of Jatropha-biodiesel blends (JB20D) and
injection strategy on exhaust pollutants and soot particles’ properties in a diesel engine. The effect of JB20D
on the engine performance of BTE and BSFC is also highlighted. Furthermore, this study also investigates
the influence of biodiesel injection strategies and fuel injection pressure (FIP) on the diesel engine exhaust
pollutants properties that have been examined. Evaluating the benefits of using engines with higher fuel
injection pressures was one of the main motivations for this study. Proving this property and its success in
reducing pollutants, especially PM emission, with tested biodiesel will enable it to be recommended to engine
manufacturers. The test engine was fuelled with 20% Jatropha biodiesel and 80% diesel blend, named JB20D.
The ratios of FIP started to inject the fuel (diesel and JB20D) from 200 bar to 500 bar.

2 Materials and Engine Setup
2.1 Fuels

The fuel used in the present work is a blend of diesel and biodiesel which when burned produces a variety
of pollutants in the exhaust pipe. Biodiesel produced from Jatropha using stratification process. The product
as an alternative fuel was blended with diesel fuel to prepare the final blend. The blend of biodiesel can be
used in the engine by mixing 20% of Jatropha biodiesel with 80% of diesel, known as JB20D. The blends of
JB20D are produced from Jatropha oil as renewable sources and environmentally friendly. Table 1 describes
the tested fuels specifications during the experiments. These properties were tested in the Fuel Technology
Laboratory at the Dora Refinery, Baghdad, which is a very reliable specialized laboratory in Iraq in the oil
and gas industry. The temperature of the diesel-biodiesel blend was controlled using a water-cooling system.

Table 1: Specifications of diesel and biodiesel fuels

Property Diesel Biodiesel
Chemical formula C14H26'18 C18‘96H35.2902
Density (kg/m’ at 20°C) 827.3 882.6
Lower heating value (M]/kg) 435 374
Viscosity (cP. at 20°C) 2.43 6.62
Lower calorific value (M]/kg) 4211 40.7
Heat of evaporation (kJ/kg) 277 335
Cetane number 53.8 64.6
Total aromatics (wt.%) 24.2 0
Sulfur (mg/kg) 10 0
Carbon content (%) 85.74 78.21
Hydrogen content (%) 12.74 11.67

Oxygen content (%) 0 10.64
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2.2 Setup of Equipment and Engine

The research was conducted by a direct injection (DI) diesel engine to evaluate the different pollutants
emitted by different fuels and operation conditions. Table 2 illustrates the used engine specifications. This
engine has an advanced injection system that controls the fuel injection pressure, duration, quantity and
the fuel injection timing. The setup of the engine tools used in experiments is depicted in Fig. | (schematic
diagram). Different positions of the engine are linked with thermocouples K-type to measure and record
all temperatures. The equipment of scanning mobility particle sizer (SMPS) and exhaust gas analyzer (type
of Multigas mode 4880) was used to measure the soot nanoparticles and engine emissions. The system of
volumetric flow measurement was utilized to measure fuel consumption.

Table 2: Diesel engine specifications

Engine details Specifications
Cylinders 4 cylinders
Injection system Common-rail injection system
Strokes 4 strokes
Bore (mm) 110
Stroke (mm) 125
Rod length (mm) 160
Compression ratio 17.8:1
Displacement (cc) 36L
Range of engine speed (rpm) 2000
Range of fuel pressure (bar) 200-1500
Fuel

Exhaust pipe

Air ;’;\ G

Control
monitor Dynamometer

GA (0] ¢] oo

= SMPS

I ' I Gas analyser
11

YLl il

Figure 1: Engine setup and tools



Energy Eng. 2025;122(3) 933

2.3 Measuring Instruments and Uncertainty Analysis

A coupled hydraulic dynamometer was employed to apply load to the engine and increase torque. The
inlet air flow rate was measured using an orifice plate mounted on a 200 L air tank, which helped minimize
pressure fluctuations in the intake manifold. The fuel flow rate was determined by recording the time required
to consume 200 mL of fuel. Diesel or biodiesel was supplied to the fuel system from the fuel tank. Soot
nanoparticles and engine emissions were measured using a scanning mobility particle sizer (SMPS) and
an exhaust gas analyzer (Multigas Model 4880). Multigas 4880 was used to measure standard emissions,
including NOyx, HC, CO, and carbon dioxide (CO,).

For the purpose of making a critical comparison between the statistical accuracy of the study and the
experimental results, uncertainty analysis was used. The use of this analysis identifies potential anomalies
observed during the calibration of measuring devices. This analysis makes it possible to predict the errors
of available measurements and whether they are within acceptable engineering limits. The uncertainty
prediction procedure used by Al-Kayiem et al. [27], Eq. (1), was adopted for the experiments using the data
of instruments specification, shown in Table 3.

2

W= [(Z0) () s (2] W
k= 0x; ! 0x, 2 ox,

Table 3: Uncertainties in the experiment

Instrument  Parameters Specifications  Accuracy  Uncertainty (%)

Speed sensor  Engine rpm DR100 m +8 DR100 m +0.17%
Burette meter Fuel quantity 0-1200 cc +0.28 cc +1.2%
Stopwatch Time (s) - +0.17 s +0.24%
Manometer  Air flow rate  0-500 mmHg +2.8 mm +0.63%
Gas analyzer NOxy, 0-5600 ppm +12 ppm +0.62%
Particle sizer Soot 0-1000 +10 pg/m’ +0.53

The maximum uncertainty achieved in the study was 3.05, which is reasonable and accepted as indicated
by Ref. [27].

2.4 Tests Procedures

The aim of this experimental study is to determine the advantages effect of using high fuel injection
pressure on engine performance and emissions, especially soot emissions. Several articles have shown that
CO and smoke emissions are consistently reduced with increasing fuel injection pressure [28-30]. The
injection strategy used in this study was based on operating the engine at the optimum injection timing for
each fuel. The engine was started with diesel fuel and allowed to settle at a constant speed with medium load
(IMEP = 3 kN/m?). The fuel injection pressure was increased to the desired pressure: four pressures were
used: 200, 300, 400, and 500 bar. The engine speed was fixed during the test’s measurements at 2000 rpm.
As the engine speed increases, the intake air flow rate is increased to maintain a constant intake pressure.
After the engine is allowed to run at a constant speed, the fuel consumption, torque, NOy, and PM from the
combustion of each fuel were measured.
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The performance parameters were calculated utilizing the following equations [31]:

- The brake power:
2nx N * T

bp= ——FkW 2

P 60 * 1000 @

- The brake mean effective pressure:

2 %60
Vein * N

bmep = bp x kN/m? 3)

—  The fuel mass flow rate:

_vf><10‘6>< P k_g

= 4
M7 71000 time s )
-~ The air mass flow rate:
12/f, * 0.85 kg
Maact. = — (- X Pair — (5)
3600 s
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- The brake-specific fuel consumption:
rig kg
b = — x3600——— 7
Se= gy 3%k @
- The total fuel heat:
Q: = tiny x LCVKW (8)
-  The brake thermal efficiency:
b
o, = £ x 100% 9)
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3 Results and Discussion

3.1 Brake-Specific Fuel Consumption

The effects of fuel injection pressure (FIP) and Jatropha biodiesel on values of BSFC are shown in Fig. 2.
Notably, the highest BSFC was obtained from JB20D combustion and 500 bar of fuel injection pressure. The
results indicated that the low amount of FIP decreased the fuel consumption from JB20D and diesel. The
BSFC increased during JB20D combustion when compared with the diesel. This trend of results was found
in other previous studies of [8,16], which they justified that the lower calorific value of biodiesel enhances
the slight increase in fuel consumption. Prior works also stated that the oxygenated fuel produces higher fuel
consumption than the base fuel [17,18]. Low heating values of JB20D contribute to more biodiesel needed for
consumption inside the combustion chamber to reach the same diesel power. Biodiesel burning produces
21.36% of BSFC in comparison with diesel for various FIPs.
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Figure 2: Effect of different fuel injection pressures on the brake-specific fuel consumption (BSFC) for Jatropha
biodiesel and diesel

3.2 Brake Thermal Efficiency

The values of BTE from biodiesel and diesel are depicted in Fig. 3 under various FIPs. The BTE enhanced
with increasing FIP for JB20D and diesel. This could be referred to fuel better atomization, which is caused
by growing FIP, thus enhancing the process of combustion and leading to higher BTE. The thermal efficiency
was improved from the combustion of diesel-biodiesel blend combustion compared to neat diesel [32]. The
blend of JB20D combustion gives the highest BTE with respect to the regular diesel, as described in Fig. 3.
The blends of JB20D increase the BTE by 6.54% for different FIPs, as depicted in the results of Fig. 3. The
good properties of the JB20D blend (oxygen-bond) lead to improved combustion efficiency and enhanced
the engine total thermal efficiency .

33 ~
31 4 &Diesel

2|  mJB20D

27 A
25 A
23 1

Brake thermal effiiciency (%)

200 300 400 500
FIP (bar)

Figure 3: Different FIP impact on the BTE for Jatropha biodiesel and diesel

3.3 Emissions of NOx

The values of NOx emissions from JB20D combustion and diesel are presented in the trends of Fig. 4
under different FIPs. The JB20D combustion emitted slightly lower NOx pollutants compared to the reference
fuel (diesel). Moreover, the results trend indicated that increasing the FIP increases the NOx while it is
decreasing from the burning of JB20D compared with diesel. This could be due to the enhanced mixing
inside the combustion chamber between biodiesel and air, thereby lower NOx emissions produced [3,20].
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Notably there was a reduction in NOx with increasing the FIP to 500 bars for both fuels than to the low FIP.
Many studies mentioned that good improvement can occur with high fuel injection pressure [21-23]. For
various FIP, the trends show that the NOx decreased by 6.5% at low FIP (200 bar) and about 2.17% at high
FIP (500 bar) when JB20D used compared to diesel. Increasing FIP enhances the fuel atomization for both
diesel and JB20D that led to this result.
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Figure 4: Different FIP impact on NOx emissions for Jatropha biodiesel and diesel

3.4 Soot Nanoparticles Emissions

The variation of soot concentrations from the effects of FIP and JB20D is shown in Fig. 5. The soot
emission in exhaust decreased when FIP reached to 500 bar due to high rate of soot oxidation with increasing
injection pressure. Also, the improved fuel atomization, good air, and fuel mixing result in a decline in the
total soot concentrations during the combustion [24]. Previous work documented that increasing FIP to
600 bar contributes decrease in soot formation [32]. The JB20D combustion emitted lower soot emission by
32.8% compared to the diesel for low FIP and 14.28% at high FIP, as shown in Fig. 5.

16 1
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2 12 0JB20D
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c
[0]
e 6 -
o
[$]
B 41
A

2 .

0 A . : :
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Figure 5: Effect of different FIP on the soot concentrations for Jatropha biodiesel and diesel
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3.5 Smoke Number

Fig. 6 illustrates the impact of various injection timings and types on Smoke Number (SN) under
variable injection pressure conditions. Smoke emissions emitted from the exhaust can arise from two main
mechanisms: either from a diffusion flame or from fuel-air mixtures that are too rich or too lean to ignite
spontaneously. Under high cylinder pressures and temperatures, the soot is primarily generated in fuel-air
rich zones [33]. Regarding the effect of fuel type and injection pressure, SN decreases as injection pressure
increases since higher initial injection pressure leads to greater heat generation inside the combustion
chamber. The current findings are compatible with findings by Ren et al. [34]. For neat diesel fuel, the average
SN achieved were 24.14% higher than JB20D fuel. Fig. 6 also demonstrates that the mean SN decreased with
JB20D combustion relative to diesel combustion as injection pressure rose. The reduction in results from
more complete combustion is due to the JB20D oxygen content, which enhances the already-formed soot
particles oxidation [35,36].

0.6 1

@ Diesel
0.5 1 — @JB20D
T
04 ] [

0.3 1 |

T
R

i

5
bt

+
=

0.2 4

2
e
£

o me ot o
P

oy

Smoke No. (FSN)

0.1 1

+
el

oy
an

¥
P

o
L
K

200 300
FIP (bar)

Figure 6: Effect of different FIP on the smoke number for Jatropha biodiesel and diesel

3.6 Comparison with the Literature

It is difficult to compare the current study with studies in the literature due to the many differences
between them. For example, several studies, as shown in Table 4, used single-cylinder engines ( [2,10,11,22]),
while others used four-cylinder engines ( [1,3,7,8]). Previous study [20] used an air-cooled engine. However,
the table gives general trends that can be relied upon and built upon. Among these trends is that the use of
biodiesel of all types causes a decrease in the concentrations of PM emitted in different rates depending on
the type of biofuel used and engine operating conditions. The results of the current study were consistent
with this trend. As for the concentrations of NOy, they increased in [3,7,8,20] by varying rates depending
on the type of fuel and the test method. Studies [10,11,22,34] included a decrease in these concentrations
and attributed the reason to the low viscosity of biofuel and its blends with diesel and to the operating and
injection methods. The results of the current study were consistent with the results of the second group for
the same reasons above and in addition to the use of high fuel injection pressure. As for BTE and BSFC, it
is possible to divide the results listed in the table into two groups: First group, with an increase in BSFC,
BTE increases, as is the case for references [2,34], which is consistent with the results of the current study.
The second group, with an increase in BSFC, BTE decreases, as in references [8,10]. This discrepancy is due
to the difference in examination and testing methods, the type of fuel and its specifications, and the design
of the injection system, whether in terms of fuel injection pressure, spray distribution, engine compression
ratio, and other important factors. However, in all studies in the table, BSFC increased using biofuel, except
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for reference [1], where it decreased. The researchers in this study used a common-rail high speed direct
injection (HSDI) diesel engine, which enabled them to control the fuel injection pressure and timing and
dealt with it in a complex but wise manner that led to such a result.

Table 4: Comparison between the results of other studies from the literature and the current study results

Ref. No. Used fuel Engine type BSFC BTE NOx PM
(1] Rapeseed Methyl =~ Common-rail high -3.7% - +7% -27%
Ester (RME) and speed direct
Ultra-Low Sulfur injection (HSDI)
Diesel Fuel diesel engine
(ULSD)
[2] Eichhornia TWD290F single +7% +4.2% +7.83% -
crassipes + Diesel cylinder direct
injection (DI)
diesel engine
[3] RME Ford motors - - +7% -23%
4-cylinders DI
diesel engine
[7] Jatropha and Palm In-line four +7.1%-— - +17%—+18% -
biodiesel blends cylinders DI +8.3%
(8] Sunflower 4-cylinders DI +5.19% -3.9% +5.8% -25.63%
oil-kerosine FIAT diesel engine
biodiesel blends
[10] Neat poon oil and Kirloskar TAF1 +8% -9% -11.2% -1.36%
blends with diesel Single cylinder,
4-stroke and DI
[11] Waste cooking oil ~ TV1-KIRLOSKAR - +1.44% -6.3% -34.9%
+ Diesel blends single cylinder,
four-stroke direct
injection diesel
engine
[20] Soy-based, methyl DI Yanmar L40 AE - - +25% -5.24%
ester + ULSD D diesel engine
with air-cooling
[22] Crude rice bran oil Kirloskar TAF 1 +6.18% -15.09% -31.3%
methyl ester Single cylinder,
4-stroke and DI
[34] Diesel- Single cylinder, +9.45% +1.22% -5.79% —471%
dimethoxymethane  4-stroke and DI
blends
Current  Jatropha biodiesel Common-rail +4.16% +6.54%  -2.17% -14.28
study + diesel blend injection system
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4 Conclusions

The effect of Jatropha biodiesel and FIPs on the performance and emissions characteristics in diesel
engines was studied. The main conclusions from the current results are summarized below:

« Engine performance improved with higher FIP and JB20D based on base diesel results. BTE improved
by 6.54% for the JB20D case, while BSFC increased somewhat. This result is due to the oxygen-bond
into the JB20D, which leads to high thermal efficiency for the tested FIP.

« The main point obtained was the NOx emissions slightly decreased from JB20D and low FIP by 18.64%,
while high FIP increased the NOx.

o It was obtained that the soot emission decreased from the JB20D compared to the base diesel. At high
FIP, the reduction in soot emission compared to the low FIP for JB20D and diesel was about 32.8%.

It is highly important and is recommended, in the future, to study the impact of injection timing, the
percentage of fuel injected, the injection angle, and the effect of all of this on the concentrations of soot
emitted from the engine.
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Abbreviations

BSFC Brake-specific fuel consumption
BTE Brake thermal efficiency

CO Carbon monoxide

DI Direct injection

FIP Fuel injection pressure

SMPS Scanning mobility particle-sizer
HC Hydrocarbon

JB20D 20% Jatropha biodiesel and 80% diesel
NOx Nitrogen oxides

PM Particulate matter

SDG Sustainable Development Goal
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