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ABSTRACT: The aim of the study was to investigate the exhaust
gas emissions and fuel consumption of a common rail direct injection
(CRDI) diesel engine using mixed diesel (B10) and biodiesel (B20−
B100) fuels. The study’s primary objective was to determine the
effects of blended diesel-biodiesel fuel on CRDI emissions based on
different exhaust gas recirculation (EGR) rates, including carbon
monoxide (CO), carbon dioxide (CO2), oxygen (O2), nitrogen oxide
(NOx), and hydrocarbon (HC) emissions, smoke opacity, exhaust
gas temperature, and fuel consumption. The CRDI experiments
involved adjusting the different engine speeds (1400−3000 rpm) and
EGR rates (0 and 12.5%), which were analyzed to determine their
impact on these parameters for both blended diesel and biodiesel
fuels. The results showed that under the conditions of no EGR (0%),
the CO and HC emissions and the smoke opacity were lower than those with a 12.5% EGR rate for all fuel types and all cases. With
12.5% EGR rate, the O2 emissions and the EGT of the CRDI diesel engine decreased, which resulted in significantly lower NOx
emissions because of EGR into the combustion chamber. For the maximum engine speed of 3000 rpm and with no EGR, the CO
and HC emissions and the smoke opacity were lower than those with a 12.5% EGR rate for all fuel types. With a 12.5% EGR rate at
3000 rpm, the O2 emissions and the exhaust gas temperature were reduced by 0.07% and 2.27%, respectively, and the NOx emissions
were reduced by 2.54%. However, with EGR, the CO and HC emissions and the smoke opacity increased by 7.70%, 18.61%, and
0.4%, respectively. Furthermore, the fuel consumption of pure biodiesel (B100) at 3000 rpm with a 12.5% EGR rate was reduced by
2.81% compared to that with a 0% EGR rate. Because the temperature in the combustion chamber is high enough for the engine to
run, the EGR reuses a portion of the exhaust gases and can help to minimize the quantity of fuel in the combustion chamber. As a
suggestion based on these observations, biodiesel fuel should not exceed B80 because the viscosity and density of fuel that are too
high may affect the fuel injection system, both the injectors, and the pressure pump, causing the injectors to be unable to work
correctly. These findings can contribute to the development of strategies and technologies for reducing emissions and improving fuel
efficiency in CRDI diesel engines.

1. INTRODUCTION
To mitigate climate change and reduce the dependency on
fossil fuels, the global community is turning rapidly to energy
sources that are more renewable and sustainable. In particular,
biodiesel has received much interest as a sustainable energy
source and an alternative to fossil fuels.1 In terms of the world’s
energy demands, biodiesel provides a cleaner and more
sustainable alternative to fossil fuels while having significantly
lower environmental effects.2 Currently, global fossil fuel prices
are increasing primarily because of the ongoing conflict
between Russia and Ukraine, illustrating the importance of
this issue. By May 2022, the average wholesale price of tallow
methyl ester had reached 1112 USD per metric ton of oil
equivalent, representing a remarkable increase of over 133%
compared to the levels seen in 2018−2019.3 Also, the conflict

between Russia and Ukraine slowed the global economy’s
recovery from the COVID-19 pandemic, and this conflict-
related economic limitation increased commodity prices, with
disruptions to supply connections causing inflation in many
regions worldwide. Despite these challenges, the biodiesel
market is predicted to increase at a 6.1% compound annual
growth rate (CAGR) to 49.34 billion USD by 2027, and this
growth indicates the biodiesel industry’s global demand. The
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global biodiesel market is expected to expand from 36.55
billion USD in 2022 to 38.93 billion USD in 2023, reflecting a
6.5% CAGR.4 Furthermore, the world is making enormous
strides toward carbon neutrality to minimize carbon emissions,
and adopting alternative fuels such as biodiesel is an important
part of this change.5 Indonesia, Malaysia, and Thailand are
prominent biodiesel producers in Southeast Asia, and they
mostly use crude palm oil (CPO) as the primary feedstock for
biodiesel production because of its high oil content. Therefore,
CPO has become a significant agricultural commodity,
especially in Indonesia and Malaysia, which have become key
players in the regional production of CPO to date. The
International Energy Agency reported that approximately
47.87 billion liters of biodiesel were produced globally in
2022.6 In 2022, the Food and Agriculture Organization of the
United Nations reported that these two nations are global
palm oil giants, accounting for more than 20.6% of total world
production.7

Indonesia is currently the leading CPO producer in the
world, manufacturing 45.61 billion liters per year, and the
second- and third-ranked CPO producers are Malaysia (37.96
billion L/year) and Thailand (14.40 billion L/year).8

However, the European Union decided to ban the import of
palm oil on December 2020. To resolve this problem,
Indonesia, Malaysia, Philippines, Vietnam, and Thailand are
implementing regulations mandating increasing biodiesel
content in diesel fuel.9 Furthermore, ASEAN member nations
have accepted biofuel’s potential for carbon neutral energy
systems, developed biofuel standards and regulations, and
taken other measures to ensure the long-term viability of
biofuel production.10 The Malaysian government is committed
to the nationwide expansion of the B30 biodiesel (30% palm
methyl ester with diesel fuel) program, which helps to support
the palm oil industry and contributes to reducing carbon
emissions.11 B30 biodiesel is expected to bring even more
significant environmental benefits, and Malaysia is planning to
introduce B40 biodiesel by 2030.12 At the same time,
Indonesia�which plans to use B40 fuel�is aiming to reach
a 20%−25% share of biofuels in total energy demand by 2030,
and Vietnam intends to use B10 fuel for 25% of the fuel
demand of the transportation sector by 2050. In Thailand, the
Department of Energy Business has promoted the use of
biodiesel in fuels, and based on engine suitability, B10
biodiesel will be used as the standard fuel for new pick-up
vehicles and B20 fuel will be used in heavy vehicles.13 In
addition, using biodiesel instead of petroleum diesel has many
environmental advantages with significantly reduced carbon
emissions throughout the life cycle. Biodiesel also reduces toxic
air emissions, which benefits older road vehicles and various
off-road applications.14 Recent improvements in technology
and combustion methods using biodiesel and diesel blends in
diesel engines have shown significant potential for sustainable
energy development. Many researchers have focused on
studying the combustion characteristics of biodiesel and its
blends to improve engine performance, reduce emissions, and
enhance combustion efficiency in conventional diesel engines.
In the research of Sanli et al.15 the results have shown that the
use of biodiesel as a fuel source can positively impact
combustion by improving several key parameters of emissions
and performance. Biodiesel has a higher cetane number
compared to petroleum diesel, leading to enhanced ignition
quality and shorter ignition delays, resulting in improved
combustion efficiency. The higher oxygen content in biodiesel

also facilitates a more complete combustion process, reducing
particulate matter (PM) emissions.16 Moreover, researchers
have explored various methodologies to modify engine
parameters and optimize combustion in biodiesel engines.
Techniques such as using advanced injection strategies,
optimizing compression ratios, and modifying fuel injection
timing have been employed to achieve better performance and
lower emissions.17 These advancements have resulted in
reduced nitrogen oxide (NOx) emissions, lower hydrocarbon
(HC) and carbon monoxide (CO) emissions, and improved
fuel consumption efficiency. Furthermore, several studies have
investigated the combustion behavior of biodiesel and diesel
blends with varying biodiesel content in conventional
engines.18,19 Their findings indicate that blending biodiesel
with diesel improves fuel properties such as lubricity, viscosity,
and flash point while reducing the sulfur content. These fuel
properties contribute to better combustion efficiency and
reduced engine wear and tear.20 Therefore, recent develop-
ments in biodiesel and biodiesel-blended fuel technology and
combustion approaches have shown significant improvements
in engine performance, emissions reduction, and combustion
efficiency to meet EURO 4 in 2005 and EURO 5 in 2009.21

Therefore, the aim of the research reported herein was to
assess the performance and emission characteristics of diesel
fuel blended with various proportions of biodiesel in a
common rail direct injection (CRDI) diesel engine.
The CRDI diesel engine was developed to increase engine

efficiency and reduce emissions using a fuel injection system
with electronic systems to control the engine. It works by
injecting fuel directly into the combustion chamber, which
helps to reduce emissions and improve fuel economy.22 The
important parts of the CRDI diesel engine are the electronic
control unit (ECU), common rail system, injectors, and high-
pressure pump. The common rail system relies on electronic
controls and a high pressure fuel rail to precisely regulate fuel
delivery from the small hole at the nozzle tip.23 Consequently,
the injection pressure can be adjusted dynamically in the range
of 50−200 MPa, allowing accurate fuel delivery customization
to achieve suitable engine performance.24 Furthermore, various
types of fuel injection are being developed for the CRDI diesel
engine: for Euro 2 pollution control standards, there will be
three fuel injections, i.e., pilot injection, main injection, and
after injection; for Euro 4 and Euro 5 pollution control
standards, there will be five fuel injections, i.e., pilot injection,
pre-injection, main injection, after injection, and post-
injection.25 In addition, the CRDI diesel engine has an exhaust
gas recirculation (EGR) system, the main objective of which is
to reduce NOx emissions by recirculating some of the exhaust
gas back into the combustion chamber.26,27 This is based on
pollution control standards that require decreased engine
exhaust gas emissions; the NOx emissions from diesel engines
must be less than 0.25 g/km for the European emissions
standard for light-duty vehicles of Euro 4 and 0.18 g/km for
Euro 5.28 Consequently, diesel engines must be improved in
terms of exhaust gas emissions by employing EGR and diesel
particle filters in parallel with fuel quality improvement, this
being because NOx is a harmful pollutant that leads to smog
and has a negative impact on air quality and human health.29

As announced by Thailand’s Pollution Control Department,
new pick-up trucks in Thailand must meet vehicle air pollution
control requirements based on Euro 4 standards, with Euro 5
standards expected to be met by 2024, the aim being to reduce
air pollution even further.30,31 The EGR system lowers the
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temperature in the combustion chamber and minimizes NOx
production during combustion by recirculating exhaust gases;
therefore, combining the EGR system with a CRDI system will
reduce emissions.
However, the recycled exhaust gases replace some of the

fresh air used in combustion, which may lower the engine
performance. Regarding the exhaust emissions and engine
performance of CRDI diesel engine with an EGR system,
Damodharan et al.32 used waste plastic oil to test a single
cylinder CRDI diesel engine at 1500 rpm with three injection
timings (21°, 23°, and 25 °CA bTDC) with EGR rates of 10%,
20%, and 30%. They found that the lowest NOx emissions
were decreased by 52.4% under the conditions of 30% EGR
and 21 °CA bTDC, and black smoke dropped to 46% and
9.5% for 10% and 20% EGR, respectively. Bhowmick et al.33

studied the production of Calophyllum Inophyllum biodiesel
(CIB) by blended fuel at 10% for testing with a single cylinder
common rail diesel engine and EGR system. In addition, the
engine’s fuel injection settings were adjusted to 10% for pilot
injection and 90% for main injection. They found that the
B10@P10-M90 fuel mixture had the highest efficiency at
35.8% and lower fuel consumption. It was as low as 0.25 kg/
kWh compared to those of all fuel injection tests. In terms of
exhaust gas emissions, it was found that HC and CO emissions
decreased. However, NOx emissions increased by 18.9%
compared to diesel fuel. Meanwhile, when EGR rates of 10%
and 20% were used, NOx emissions were reduced by 14.4%
and 27.6%, respectively, compared to those without an EGR
rate. Subramanian et al.34 tested a 10% EGR rate on a CRDI
diesel engine running on the Simmondsia chinensis biodiesel
(SCB)−methyl acetate (MA) blend of DBMA20 (50% diesel,
30% SCB + 20% MA) under differing pilot injection timing
(PIT) and pilot injection fuel quantity (PFIQ). When the
conditions of 10% EGR, 45° PIT, and 20% PFIQ were tested,
they found a 1.71% increase in brake thermal efficiency (BTE)
engine efficiency and a 21.87% drop in brake specific fuel
consumption. At the same time, the exhaust gas emissions of
NOx, HC, and CO were 11.34%, 47.69%, and 56.41%,
respectively, when comparing DBMA20 results with 10% EGR
at standard injection settings.
According to the literature review, most researchers have

extensively examined the impact of biodiesel on conventional
agricultural diesel engines. Studies have investigated the effect
of blending a low biodiesel content with diesel on these
engines. Most researchers studied the biodiesel contents in the
range of 10−50 vol % for testing in the CRDI diesel
engine.35,36 However, there is currently a knowledge gap in
the literature when it comes to studying the use of blended
diesel (B10) and biodiesel (B20−B100) fuels on a CRDI diesel
engine. Furthermore, no research has yet examined the exhaust
gas emissions and fuel consumption analysis of these fuels,

considering varying engine speeds (ranging from 1400−3000
rpm) and exhaust gas recirculation (EGR) rates (0% and
12.5%). This research aims to explore this knowledge gap and
provide valuable insights for the testing of high contents of
biodiesel in a CRDI diesel engine under those conditions.
Therefore, the objective of the present study was to fill that
knowledge gap by examining the effects of blended diesel−
biodiesel fuel on CRDI diesel engine emissions using several
accurate ranges of biodiesel fuel blends, i.e., B10, B20, B30,
B40, B50, B60, B70, B80, B90, and B100. Finally, the CO,
CO2, O2, NOx, and HC emissions and the exhaust gas
temperature (EGT), smoke opacity, and fuel consumption
from diesel B10 and biodiesel−diesel blends (B20−B90) and
pure biodiesel (B100) were examined to assess the feasibility of
these fuel blends in a CRDI diesel engine operating at 1400−
3000 rpm without engine load.

2. MATERIALS AND METHODS
2.1. Materials. Diesel B10 (90% diesel with 10% methyl

ester) is Thailand’s standard diesel from a petrol station. The
biodiesel (>96.5 wt % purity of methyl ester) was produced
from waste cooking oil purchased from the Specialized
Research and Development Center for Alternative Energy
from Palm Oil and Oil Crops, Faculty of Engineering, Prince of
Songkla University. The fuel blends in this study were labeled
as Bx, where B represents biodiesel and x represents the
volume percentage of biodiesel in each fuel blend. Therefore,
nine biodiesel−diesel blends of 20, 30, 40, 50, 60, 70, 80, and
90 vol % biodiesel were labeled as B20, B30, B40, B50, B60,
B70, B80, and B90, respectively, while pure biodiesel was
labeled as B100. These fuel blends were produced by mixing
with a stirrer until a homogeneous phase appeared. The
properties of diesel B10 to B100 biodiesel fuel were studied
and compared with those of the baseline diesel of B10, and the
results are given in Table 1. As can be seen, palm oil biodiesel
has a higher density, viscosity, pour point, and lower heating
value (LHV) than diesel, and this biodiesel also contains 11.05
wt % O2. These important physical properties are related to the
combustion and emission characteristics, as described in
Section 3. From diesel B10 to B100 biodiesel fuel, the
viscosity at 40 °C is 3.45−5.76 cSt, the density at 15 °C is
0.831−0.865 kg/L, and the LHV is 40.8−37.3 MJ/kg.
2.2. Diesel Engine Experimental Setup. The CRDI

diesel engine (2KD-FTV) used in the present experiments was
a four-stroke, four-cylinder, turbocharged, and water cooled
diesel engine with a maximum torque of 343 N m at 2800 rpm,
a maximum power of 106 kW at a maximum engine speed of
3400 rpm, a compression ratio of 15.6:1, and a power adder
with the turbocharger. The specifications of the diesel engine
are summarized in Table 2. In the injection system, a solenoid
controlled injector with a microsac of six holes and a 0.127 mm

Table 1. Properties of Diesel B10 and Biodiesel B20−B100

Property Method
Diesel

standarda
Diesel
B10 B20 B30 B40 B50 B60 B70 B80 B90 B100

LHV (MJ/kg) CHNS/O − 40.8 40.5 40.1 39.7 39.3 38.9 38.5 38.1 37.7 37.3
Density at 15 °C (kg/L) ASTM D1298 0.81−0.87 0.831 0.835 0.839 0.842 0.846 0.850 0.853 0.857 0.861 0.865
Viscosity at 40 °C (cSt) ASTM D445 1.8−4.1 3.45 3.71 3.97 4.22 4.48 4.73 4.99 5.25 5.50 5.76
Pour point (°C) ASTM D97 <10 −8 −6 −4 −2 −1 1 3 4 6 8
FAME (vol %) EN 14078 7−10 10 20 30 40 50 60 70 80 90 100
O2 (wt %) CHNS/O 1.04 11.05
aDepartment of Energy Business.37
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diameter was used. It was designed as a special part of the
common-rail injection system, incorporating state-of-the-art
piezoelectric injectors featuring six holes in each injector,
ensuring accurate fuel delivery even at high engine loads and
speeds. This advanced injection system has a remarkable fuel
pressure capability of up to 160 MPa, allowing it to
accommodate various performance and emission criteria.
Consequently, the injection pressure can be adjusted
dynamically in the range of 50−160 MPa, allowing for precise
adjustment of fuel delivery for optimal engine operation. The
default value of 6.5° bTDC injection timing was performed for
the exhaust gas emissions and fuel consumption of a CRDI
diesel engine, as shown in Table 2. Furthermore, the engine’s
original design was changed in several important ways,
including changes to the engine mounts, common-rail injection
system, ECU, and electrical systems. These improvements
resulted in significantly improved engine performance, taking
the engine from Euro 3 to Euro 4 emission standards. To
implement these improvements, a remapping process was
performed on the ECU using specialized software called
WinOLS, which was run on a computer platform. During the
remapping process, optimizing the important engine parame-
ters was considered by increasing the fuel pressure in the
common rail system and varying the operational range of the
injectors. The primary goal of this comprehensive remapping
process was to improve the efficiency and responsiveness of the
engine under testing settings, particularly when applied to
increasing the percentage of biodiesel fuel usage.

Moreover, there were also adjustments to the EGR rate and
voltage regulation in the engine throttle system. The EGR
technique is controlled to reduce the temperature rise inside
the combustion chamber, with the main objective being to
control the generation of NOx emissions while the density of
the EGR mixture is improved at the same time. This causes a
greater quantity of recirculated exhaust gases to be sent back
into the intake manifold. For improved performance, the EGR
cooler receives some of the exhaust gas and mixes it with fresh
air before sending it into the intake manifold. The temperature
of the recirculated exhaust gas is lower than that of the original
exhaust gas from the engine. Opening or closing the EGR valve
has a significant impact on the CO2 concentration at the inlet.
The other concentrations depend on the process of fuel
combustion that occurs within the engine. This method is
useful for measuring the necessary EGR rates during steady-
state engine running because fuel consumption is little
impacted by the EGR rate. The average EGR rate is calculated
by measuring CO2 emissions at the fresh air intake and exhaust
gas outlet using an exhaust gas analyzer. The results are then
used to compute the average EGR rate using eq 1.35,40

According to the calculation, an average EGR rate of 12.5%
was performed for diesel and different biodiesel blends to
analyze emissions with different engine speeds.

= ×EGR (CO ) /(CO ) 100rate 2 intake 2 exhaust (1)

where EGRrate is the exhaust gas recirculation rate (%) and
(CO2)intake and (CO2)exhaust are the concentrations of CO2 in
the fresh air intake (%) and exhaust gas outlet (%),
respectively.
Exhaust gases from the engine for this investigation were

analyzed in great detail with a gas analyzer (model: Testo 350
XL; Titisee-Neustadt; Germany) for accurate measurement of
emissions, including CO, CO2, NOx, HC, and O2. Table 3
provides technical information on the measurement ranges,
device accuracies, and uncertainty percentages for the emission
analysis, including the gas analyzer and smoke opacimeter used
for the emission analysis. Following the gas analysis, measure-
ments of combustion smoke were made using a smoke meter
(model: CAPELEC; CAP3201EX-GO; Montpellier; France).
A digital tachometer (model: DT2236B; Taipei; Taiwan) was
used for measuring the engine speed during the experiments. A
water pump (model: Mitsubishi, WCH-375S; Tokyo, Japan)
circulated water throughout the system, ensuring consistent
and controlled engine cooling throughout the test; this helped
to regulate the inlet water temperature to maintain a steady
and desired level. To monitor and measure the water

Table 2. Technical Specifications of the Test Engine

Characteristics of the engine Specification

Engine 2.5-liter D-4D
Engine code 2KD-FTV
Cylinder arrangement Four in-line
Capacity 2494 cc
Bore × stroke 92.0 × 93.8 mm
Compression ratio 15.6:1
Injection timing 6.5° bTDC
Stoichiometric air−fuel ratio 14.7:1a

Fuel type 48 cetane diesel
Fuel injection system Common rail direct injection
Max. power 106 kW @ 3400 rpm
Max. torque 343 N m @ 2800 rpm
Power adder Turbocharger

aChatlatanagulchai et al.38 and Shinde et al.39

Table 3. Measurement Ranges, Device Accuracies, and Uncertainty Percentages

Measurement Range Device Model Accuracy Uncertainty (%)

CO (ppm) 0−10 000 ppm Gas analyzer Testo 350 XL ±5% ±0.01
CO2 (vol %) 0−25 vol % Gas analyzer Testo 350 XL ±0.8% ±0.19
NOx (ppm) 0−3000 ppm Gas analyzer Testo 350 XL ±5% ±0.1
O2 (vol %) 0−25 vol % Gas analyzer Testo 350 XL ±0.8% ±0.05
HC (ppm) 0−4000 ppm Gas analyzer Testo 350 XL ±10% ±0.22
EGT (°C) 0−1000 °C Temperature sensor Testo 350 XL ±2.6% ±2.01
Smoke (%) 0−99.9% Opacimeter CAP3201EX-GO ±0.1% ±0.12
Speed (rpm) 0−3000 rpm Digital tachometer DT2236B ±0.05% ±0.002
Weight (g) 0−300 g Digital balancing scale EK-3000i ±0.02 g ±0.01
Time (s) − Digital stopwatch − ±0.1 s ±0.1
LHV (kJ/kg) − CHNS/O analyzer − − ±2.1
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temperature at the cooling tower reservoir, a thermometer
(model: Fluke 51 II; Washington, USA) was used. The fuel
consumption was measured using an electronic weighing scale
(model: EK-3000i; Tokyo, Japan) with an accuracy of ±0.1 g.
The fuel consumption (FC) was determined by using eq 2.

=FC W/t (2)

where FC (kg/h) is the fuel consumption, W (kg) is the mass
of fuel and t (h) is time.
All of the measuring equipment provided accurate

monitoring results from each test, thereby providing valuable
insights and reliable results. Before the engine tests, all of the
relevant measuring tools and recording equipment were
readied, and checks were made of the different fuel types
from diesel B10 to B100 biodiesel fuel and the circulation
system, engine electrical system, and exhaust ventilation
system.
2.3. Experimental Procedure. In this study, the engine

was a four-stroke, four-cylinder, turbocharged, and water-
cooled diesel engine with a maximum torque of 343 N m at
2800 rpm, a maximum power of 106 kW at the maximum
engine speed of 3400 rpm, a compression ratio of 15.6:1, and
power added with the turbocharger. The experiments were
conducted on a diesel engine equipped with a common-rail
fuel injection system capable of delivering up to 160 MPa of
fuel pressure. The engine had an external water pump for
cooling the engine and maintaining it at a constant
temperature for steady-state testing, as shown in Figure 1.
The first step was to turn on the circulating water system to
cool the engine at the cooling tower by using a pump (WCH-
375S) and maintain a constant engine output water temper-
ature of 30 °C. The water temperature at the cooling tower
reservoir was measured using a thermocouple thermometer.
The engine was first run with diesel B10, which was the
reference fuel for this study, and the baseline data were
recorded; according to the Thai government, B10�a blend of
10% biodiesel�is a standard fuel that promotes energy
sustainability in Thailand. After that, the engine used biodiesel
(B20 to B100) at different engine speeds (1400, 1600, 1800,
2000, 2200, 2400, 2600, and 3000 rpm). The fuel in the
graduated cylinder was fed into the engine by a high pressure

pump and passed through the fuel filter into the common rail
and to the injectors with a pressure in the common rail of 160
MPa, making the fuel droplet size smaller and allowing the fuel
to burn better. Before the biodiesel was used, the engine was
warmed up by running it at 900 rpm for 30 min. The
temperature of the lubricating oil was controlled at 75−80 °C
by detection with a type-K thermocouple. The exhaust
emissions, smoke, and fuel consumption were measured after
a 15 min stabilization running period for each engine speed.
Also, the continuously varying EGR rate caused by the opening
of the EGR valve was recorded. The EGR rate varied between
0% and 12.5% for performing diesel B10 to B100 biodiesel fuel
tests in a diesel engine. After completing the 15 min run-in
period, the engine speed was slowly increased to 1400, 1600,
1800, 2000, 2200, 2400, 2600, 2800, and 3000 rpm by the
electronic throttle system and tachometer. During diesel
engine operation, the fuel consumption of biodiesel was
measured and calculated using a graduated cylinder and digital
scale. A gas analyzer was used to measure the CO, CO2, NOx,
and HC emissions and the O2 in the exhaust gas. In addition, a
smoke detector was used to determine the smoke opacity of
the engine. The data collection was repeated three times to
calculate the mean of the test results. After the experiment was
completed, the engine speed was reduced to 900 rpm for 30
min before the engine was switched off. In addition, the
engine’s fuel lines were cleaned for every test to ensure that the
fuel from previous tests had been removed. The engine was
then run with diesel B10 again for 30 min to clean the internal
system of the common-rail pump and injection system.
2.4. Uncertainty Analysis. The experiments were

subjected to uncertainty analysis to assess the accuracies and
uncertainties of the results, and the percentage uncertainties of
the exhaust emissions are reported in Table 3. The values of
LHV were also used to calculate the percentage uncertainties
of the fuel blends; these percentage uncertainties were
considered using those for several instruments, such as the
digital balancing scale, digital stopwatch, smoke meter, and gas
analyzer, as reported in Table 3. The overall experimental
uncertainty was computed using eq 3.41,42

Figure 1. Schematic of the experimental setup for testing the CRDI diesel engine.
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= { + + + + + + }

= { + + + + + + }

= ±

uncertainty of (CO) (CO ) (O ) (NO ) (HC) (EGT) (Smoke)

uncertainty of (0.01) (0.19) (0.01) (0.05) (0.22) (2.01) (0.002)

2.03%

2
2

2
2

2
x

2 2 2 2

2 2 2 2 2 2 2

(3)

3. RESULTS AND DISCUSSION
3.1. Carbon Monoxide Emissions. CO emission

originates from incomplete combustion, which takes place
when there is not enough oxygen or when the fuel and air are
not adequately mixed, resulting in poor combustion in the
engine cylinders. This research tested the engine performance
with and without the EGR system at different engine speeds.
When the efficiency of EGR is studied, it is crucial to consider
that the concentration of CO in the combustion system can
increase if some of the exhaust gas is recirculated back into the
intake. The CO emissions are presented in Figure 2a for diesel
B10 to biodiesel B100 while operating at 0% and 12.5% EGR.
To analyze the better emission conditions, the CRDI diesel
engine speed is divided into three ranges: the low-speed range

of 1400−1800 rpm, the medium-speed range of 2000−2400
rpm, and the high-speed range of 2600−3000 rpm. At 0% EGR
rate, B30 had the lowest CO emissions (914.83 ppm) in the
low-speed range (1800 rpm maximum speed), B70 had the
lowest CO emissions (392.67 ppm) in the medium-speed
range (2400 rpm maximum speed), and B80 had the lowest
CO emissions (453.17 ppm) in the high-speed range (3000
rpm maximum speed). Comparing these lowest CO emission
results from different engine speed ranges to those for diesel
B10 fuel shows that there were decreases of 29.27%, 35.36%,
and 51.57% in CO emissions at the maximum speeds of the
low-speed, medium-speed, and high-speed ranges, respectively.
At 12.5% EGR rate, B60 had the lowest CO emissions
(1090.17 ppm) in the low-speed range (1800 rpm maximum
speed), B80 had the lowest CO emissions (389.50 ppm) in the

Figure 2. Effects of emissions on combustion in a diesel engine: (a) CO; (b) CO2; (c) O2.
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medium-speed range (2400 rpm maximum speed), and B80
had the lowest CO emissions (538.83 ppm) in the high-speed
range (3000 rpm maximum speed). Comparing these lowest
CO emission results from different engine speed ranges to
those for diesel B10 fuel shows that there were decreases of
16.79%, 36.94%, and 47.24% in CO emissions at the maximum
speeds of the low-speed, medium-speed, and high-speed
ranges, respectively.
Going from 0% to 12.5% EGR rate, the average CO

emissions increased by 3.56%, 1.64%, and 7.70% for the top
speed in the low-speed, medium-speed, and high-speed range,
respectively. The CO emissions in the medium-speed range
were the lowest because the air−fuel ratio and heat inside the
cylinder are substantially adequate in that range. The CO
emissions were slightly higher in the high-speed range than in
the medium-speed range for both 0% and 12.5% EGR rate; this
is because the air−fuel ratio becomes more concentrated as
engine speed increases, leading to increased CO emissions.43

Also, fuels with a high biodiesel concentration between B10
and B80 resulted in lower CO emissions, this being because
increasing the amount of biodiesel increases the O2 supply,
allowing for more complete fuel burning, and so CO emissions
decrease.44 However, a biodiesel proportion greater than B90
leads to an increase in CO emissions. Higher viscosity and
poorer spray properties compared to those of conventional
diesel fuel are two major drawbacks of using biodiesel in
excessive amounts. These differences can affect the fuel−air
mixing process, leading to insufficient combustion and
increased CO emissions. Ge et al.36 described similar results,
reporting that when the fuel density and viscosity are too high,
the pilot injection is slow, resulting in low cylinder temperature
and pressure and leading to incomplete combustion. As a result
of incomplete combustion, more CO is emitted into the
atmosphere.
3.2. Carbon Dioxide Emissions. CO2 is emitted into the

atmosphere when carbon containing fuels are burned. Figure
2b shows the CO2 emissions of diesel B10 and biodiesel fuel
blend B20 to B100 at 0% and 12.5% EGR rate. At 0% EGR
rate, B90 produced the highest CO2 emissions (4.04%) in the
low-speed range (1800 rpm maximum speed), B90 produced
the highest CO2 emissions (6.73%) in the medium-speed range
(2400 rpm maximum speed), and B90 produced the highest
CO2 emissions (5.49%) in the high-speed range (3000 rpm
maximum speed). Compared to the values for diesel B10 fuel,
there were increases of 0.27% for maximum speed in the low-
speed range, 0.25% for maximum speed in the medium-speed
range, and 0.22% for maximum speed in the high-speed range.
At 12.5% EGR rate, B100 produced the highest CO2 emissions
in all engine speed ranges, i.e., 4.07% in the low-speed range
(1800 rpm maximum speed), 4.53% in the medium-speed
range (2400 rpm maximum speed), and 5.50% in the high-
speed range (3000 rpm maximum speed). Compared to diesel
B10 fuel, there were increases of 0.22%, 0.12%, and 0.08% in
the CO2 emissions at the maximum speed in the low-speed,
medium-speed, and high-speed ranges, respectively.
Going from 0% to 12.5% EGR rate, the average CO2

emissions decreased by 0.05%, 0.15%, and 0.14% at the
maximum speed in the low-speed, medium-speed, and high-
speed ranges, respectively. It was observed that increasing the
percentage of biodiesel in the fuel led to higher CO2 emissions
across the range of engine speeds. How et al.45 reported similar
findings; they tested various biodiesel fuels against diesel fuel
in a CRDI diesel engine and found that biodiesel B10, B20,

B30, and B50 at all speeds produced lower CO2 emissions than
diesel fuel. In addition, the use of EGR during testing led to
less CO2 being released into the atmosphere. EGR is a
technology that is beneficial to the environment because it
lowers the level of the O2 content of the air that is present in
the combustion chamber by exchanging the incoming fresh air
with the exhaust gas. Because of the decreased O2 level, the
combustion process is impacted and the peak combustion
temperature is reduced. As a result, the fuel burns less
completely, reducing the level of CO2 emissions. More
complete combustion and higher CO2 emissions occur in
engines without EGR because O2 availability is higher. Similar
results were described by Gong et al.,46 who reported that
using EGR in engines slows down combustion, which reduces
CO2 emissions because it lowers the combustion temperature
and reduces the heat that causes CO2 emissions.
3.3. Oxygen Gas. O2 gas is essential in the process of

combustion, during which the fuel must react chemically with
O2 to release energy. Figure 2c shows the O2 gas with diesel
B10 and a biodiesel fuel blend from B20 to B100 at 0% and
12.5% EGR rate. At 0% EGR rate, B40 had the highest O2 gas
concentration (16.76%) in the high-speed range (3000 rpm
maximum speed), whereas B30 had the highest O2 gas
concentration (17.85% and 17.42%) in the low-speed range
(1800 rpm maximum speed) and medium-speed range (2400
rpm maximum speed), respectively. Compared to those for
diesel B10 fuel, the values were increased by 0.43%, 0.315%,
and 0.25% at the maximum speed in the low-speed, medium-
speed, and high-speed range, respectively. At 12.5% EGR rate,
B40 had the highest O2 gas concentration (17.72%) in the low-
speed range (1800 rpm maximum speed), B40 had the highest
O2 gas concentration (17.36%) in the medium-speed range
(2400 rpm maximum speed), and B40 had the highest O2 gas
concentration (16.78%) in the high-speed range (3000 rpm
maximum speed). Compared to the values for diesel B10 fuel,
there were increases of 0.34%, 0.19%, and 0.21% in the O2 gas
concentration at the maximum speed in the low-speed,
medium-speed, and high-speed ranges, respectively.
The average O2 emissions were 0.05% lower at low speeds,

0.15% lower at medium speeds, and 0.14% lower at high
speeds when the EGR rate was 0% compared to 12.5%. The
highest O2 emissions were found with the B30 biodiesel fuel
blend at the maximum speed in the high-speed range for both
0% and 12.5% EGR rates. Moreover, increasing the amount of
biodiesel in the fuel increased the O2 gas because biodiesel fuel
has a higher O2 content than diesel fuel. Also, when increasing
the speed of the test, the O2 gas decreased; this is because
higher engine speeds often correspond to increased airflow and
improved combustion efficiency.47 The increased airflow
ensures better availability of the O2 for combustion, leading
to more complete fuel combustion within the cylinders. More
efficient combustion results in less O2 being released with the
exhaust gases and more heat being produced.48 When using
EGR, the resulting O2 emissions are slightly lower because of
the EGR systems, which recirculate some exhaust gases back
into the intake air and help reduce the NOx emissions and the
O2 gas in the combustion chambers. Similar results were
described by Raja et al.,49 who reported that testing with EGR
reduced the O2 gas as the exhaust gases were recirculated into
the engine system; as a result, NOx emissions were also
reduced.
3.4. Nitrogen Oxide Emissions. NOx refers to the

collective emissions of nitrogen oxide compounds, primarily

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10125
ACS Omega 2024, 9, 20906−20918

20912

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nitric oxide and nitrogen dioxide. NOx emissions are generated
during combustion processes, particularly in engine combus-
tion systems. Figure 3a shows the NOx emissions with diesel
B10 and biodiesel fuel blend B20 to B100 when using 0% and
12.5% EGR rates. At the 0% EGR rate, B30 emitted the most
NOx (49 ppm) in the low-speed range (1800 rpm maximum
speed), B40 emitted the most NOx (67 ppm) in the medium-
speed range (2400 rpm maximum speed), and B40 emitted the
most NOx (63.5 ppm) in the high-speed range (3000 rpm
maximum speed). The lowest NOx emission results in the
different engine speed ranges were 28.92%, 14.93%, and
12.87% higher than with diesel B10 fuel at the maximum speed
in the low-speed, medium-speed, and high-speed ranges,
respectively. At 12.5% EGR rate, B40 had the highest NOx
emissions (47.67 ppm) in the low-speed range (1800 rpm
maximum speed), B40 had the highest NOx emissions (62.67
ppm) in the medium-speed range (2400 rpm maximum
speed), and B30 had the highest NOx emissions (59.83 ppm)
in the high-speed range (3000 rpm maximum speed).
Compared to diesel B10 fuel, there were increases of
27.98%, 15.70%, and 7.66% in the NOx emissions at the
maximum speed in the low-speed, medium-speed, and high-
speed ranges, respectively.

Going from 0% to 12.5% EGR rates, the average NOx
emissions decreased by 2.28%, 2.58%, and 2.19% at the
maximum speed in the low-speed, medium-speed, and high-
speed ranges, respectively. The highest NOx emissions were
found in the B30 and B40 biodiesel fuel blends at all
conditions for both 0% and 12.5% EGR rate. This is similar to
the effect of the O2 gas described previously. The increased
levels of NOx emissions at higher engine speeds could be due
to the corresponding increase in airflow, which leads to higher
combustion temperatures, especially in the medium- and high-
speed ranges. At higher temperatures, combustion is more
effective, but the release of NOx is increased, which contributes
to air pollution.50 When more fuel is injected into the
combustion chamber, NOx emissions increase because nitro-
gen and O2 from the air react faster. With the increased mass
of fuel and air, the fuel has a higher biodiesel content, and this
higher O2 content affects the combustion process by reducing
the temperature, thereby inhibiting the formation of NOx and
resulting in reduced NOx emissions.51,52 Moreover, the EGR
system recirculates some of the engine exhaust gases back into
the intake air, which reduces the concentration of O2 in the
combustion chamber. This reduced O2 concentration makes
the air−fuel mixture thinner, and the combustion process slows

Figure 3. Effects of emissions on combustion in a diesel engine: (a) NOx; (b) HC; (c) EGT.
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down, which inhibits the production of NOx. Similar results
were described by Esakki et al.,53 who tested biodiesel blends
in comparison with diesel in a CRDI diesel engine with EGR;
they found that NOx decreased after applying EGR, which
happens because EGR lowers the O2 in the cylinder, and so the
temperature drops in the combustion chamber.
3.5. Hydrocarbon Emissions. HC emissions are a

significant environmental concern because of their role in
releasing unburned or partially burned HC compounds into
the atmosphere. These emissions are a direct consequence of
incomplete combustion of fuels, particularly in diesel engines.
Also, HCs are involved in forming particulate matter and
contribute to air pollution. Figure 3b shows the HC emissions
with diesel B10 and biodiesel fuel blends B20 to B100 under
the conditions of 0% and 12.5% EGR rates. At 0% EGR, B50
had the lowest HC emissions (66.67 ppm) in the low-speed
range (1800 rpm maximum speed), B80 had the lowest HC
emissions (34.67 ppm) in the medium-speed range (2400 rpm
maximum speed), and B70 had the lowest HC emissions
(37.00 ppm) in the high-speed range (3000 rpm maximum
speed). The lowest HC emission results in the different engine
speed ranges were lower than those from diesel B10 fuel by
32.77%, 48.25%, and 63.66% at the maximum speed in the
low-speed, medium-speed, and high-speed ranges, respectively.
At 12.5% EGR rate, B80 had the lowest HC emissions (75.00,
34.83, and 52.83 ppm) in the low-speed range (1800 rpm
maximum speed), medium-speed range (2400 rpm maximum
speed), and high-speed range (3000 rpm maximum speed),
respectively. Compared to diesel B10 fuel, there were decreases
in the lowest HC emissions in the different engine speed
ranges by 25.50%, 47.36%, and 55.11% at the maximum speed
in the low-speed, medium-speed, and high-speed ranges,
respectively.
Going from 0% to 12.5% EGR rate, the average HC

emissions were 9.46%, 3.95%, and 18.61% higher at the
maximum speed in the low-speed, medium-speed, and high-
speed ranges, respectively. The results showed that the highest
HC emissions at a 12.5% EGR rate were found with the B20
biodiesel fuel; the values decreased gradually from B30 to B70
and then rose again from B90 to B100. In the low-speed range,
HC emissions have high discharge values because the fuel−air
mixture may not be suitable for combustion. When a more

concentrated mixture contains more fuel than the available O2,
incomplete combustion and higher HC emissions are found in
the low-speed range compared to the medium-speed and high-
speed ranges.54 A higher engine speed results in better fuel−air
mixing, which results in a more suitable air−fuel mixture for
improved combustion efficiency and hence a higher proportion
of fuel burned and reduced HC emissions.55 In addition,
biodiesel fuels have a higher O2 content than diesel fuel, which
helps to make combustion more complete and hence
efficient.56 This results in lower unburned HCs and reduced
HC emissions. On the other hand, increased viscosity can
affect the atomization of the fuel and the nature of its spray
during the injection process, which results in incomplete
combustion and inefficient fuel consumption. This leads to
increased emissions of unburned HC.57 Moreover, the EGR
system may cause incomplete combustion due to the reduced
O2 content, which results in the release of unburned HC and
the accumulation of these deposits of carbon in the intake
manifold. Similar results were described by Sogbesan et al.,58

who tested biodiesel fuel with a CRDI. They found that the use
of biodiesel fuel reduced HC emissions. However, for high
EGR rates, HC emissions increase with increasing fuel volume
because of longer ignition delays, and an increasing fuel
volume corresponds with combustion distance.
3.6. Exhaust Gas Temperature. For both diesel B10 and

biodiesel B20 to B100, the EGT increased when the engine
speed increased for both 0% and 12.5% EGR rates, as shown in
Figure 3c. When the engine was running at 1400−3000 rpm,
the EGT was 95−187 °C for both 0% and 12.5% EGR rates.
The average EGT for diesel B10 to biodiesel B100 at the
maximum engine speed of 3000 rpm was 181.39 and 177.27
°C for 0% and 12.5% EGR rates, respectively. The
experimental results show that using EGR reduced the EGT
by 2.27% at the maximum engine speed of 3000 rpm, this
being because the EGR system reduces the O2 concentration
in the intake air. Therefore, the lower O2 concentration hinders
combustion, leading to a reduction in the overall temperature
of the mixture and, hence, less heat released during
combustion. Consequently, this leads to a decrease in the
temperature of the exhaust gas.59

3.7. Smoke Opacity. Indicative of air quality and
environmental effects, smoke opacity is the extent to which

Figure 4. Effects of smoke opacity on combustion in a diesel engine.
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smoke from a combustion source blocks visible light.
Decreasing light visibility is typically because of the incomplete
combustion of fuels, which produces fine particulate matter
and hazardous pollutants. Smoke opacity meters and smoke
scales are two of the most common means of measuring smoke
opacity precisely, and Figure 4 shows the smoke opacity with
diesel B10 and biodiesel fuel blend B20 to B100 under the
conditions of 0% and 12.5% EGR rates. At 0% EGR rate, B90
had the lowest smoke opacity (0.4% and 0.6%) in the low-
speed range (1800 rpm maximum speed) and high-speed range
(3000 rpm maximum speed), respectively, whereas B80 had
the lowest smoke opacity (0.3%) in the medium-speed range
(2400 rpm maximum speed). Compared to diesel B10 fuel,
there were decreases of 1.6%, 1.3%, and 3.0% in the smoke
opacity at the maximum speed in the low-speed, medium-
speed, and high-speed ranges, respectively. At 12.5% EGR rate,
B80 had the lowest smoke opacity (0.6%) in the low-speed
range (1800 rpm maximum speed), B100 had the lowest
smoke opacity (0.3%) in the medium-speed range (2400 rpm
maximum speed), and B100 had the lowest smoke opacity
(0.8%) in the high-speed range (3000 rpm maximum speed).
Compared to diesel B10 fuel, there were decreases of 1.8%,
1.3%, and 3.0% in the smoke opacity at the maximum speed in
the low-speed, medium-speed, and high-speed ranges,
respectively.
Going from 0% to 12.5% EGR rate, the average smoke

opacity increased by 0.22%, 0.14%, and 0.25% at the maximum
speed in the low-speed, medium-speed, and high-speed ranges,
respectively. The highest smoke opacity was found for diesel
B10, followed by biodiesel B20 in all of the engine speed
ranges for both 0% and 12.5% EGR rates. At low speeds, black
smoke was released at higher speeds than at medium speeds.
At low engine speeds, the combustion process becomes less
efficient because of factors such as reduced airflow. Insufficient
fuel atomization or an insufficient mixture of fuel and air leads
to incomplete combustion, which results in the release of
unburned HC and soot particles, which contribute to the
formation of smoke.60 Moreover, the emission of black smoke
increased at high speed, because the fuel delivery system was
unable to supply the proper amount of fuel within the limited
time for each combustion cycle at high engine speed. This can
result in overfilling in the combustion process. Excess fuel can

lead to incomplete combustion, causing the formation of
smoke.61 In addition, the smoke opacity at a 12.5% EGR rate
was slightly higher than that at a 0% EGR rate. Similar results
were described by Kumar et al.,62 who tested a CRDI diesel
engine with three biodiesel fuel blends using different EGR
rates. Their results showed that when the engine was run with
a higher EGR rate, the smoke emissions increased compared to
that with a lower EGR rate. However, biodiesel fuel blends can
help reduce smoke emissions. Biodiesel fuel has a higher O2
content than diesel fuel, which helps to make combustion
more complete because of better fuel−air mixing, resulting in
even better reduction of the formation of smoke.63

3.8. Fuel Consumption. The fuel consumptions of diesel
B10 and biodiesel fuel blends B20 to B100 under 0% and
12.5% EGR rates are shown in Figure 5. In all the engine speed
ranges, the higher the biodiesel content in the fuel, the higher
the fuel consumption. This is because fuel with higher
biodiesel content has lower energy content because biodiesel
contains O2, which lowers its energy density.64 Table 1 shows
that the consumptions of these alternative fuels are higher
when using a fuel mixture with a higher proportion of
biodiesel, this being because of the LHV of these fuels in
comparison to that of diesel. Meanwhile, the results show that
using EGR was effective in reducing fuel consumption. Going
from 0% to 12.5% EGR rate, the average fuel consumption
decreased by 1.59%, 1.35%, and 1.41% at the maximum speed
in the low-speed, medium-speed, and high-speed ranges,
respectively. This is because EGR reuses some of the exhaust
gases, thereby reducing the amount of fresh air entering the
combustion chamber and making it simpler to maintain a
constant temperature therein.65

4. CONCLUSIONS
This study examined the CO, CO2, O2, NOx, and HC
emissions and the EGT, smoke opacity, and fuel consumption
of a CRDI diesel engine. The fuels investigated were diesel
B10, various biodiesel−diesel blends ranging from B20 to B90,
and pure biodiesel B100. The CRDI experiments involved
adjusting the engine speed from 1400 to 3000 rpm and
examining the effects of the EGR system by comparing the
results obtained with and without its use. In all cases, under the
conditions of no EGR (0%), the CO and HC emissions and

Figure 5. Effects of fuel consumption on combustion in a diesel engine.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10125
ACS Omega 2024, 9, 20906−20918

20915

https://pubs.acs.org/doi/10.1021/acsomega.3c10125?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10125?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10125?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10125?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the smoke opacity were lower than those with a 12.5% EGR
rate for all fuel types. With 12.5% EGR rate, the O2 emissions
and the EGT of the CRDI diesel engine decreased, which
resulted in significantly lower NOx emissions because of EGR
into the combustion chamber. As a result, the amount of O2
gas from the combustion chamber’s fresh air also decreased.
Meanwhile, when EGR was used, the CO and HC emissions
and the smoke opacity increased, but the fuel consumption of
all of the blended fuels decreased. EGR reuses some of the
exhaust gases because the temperature in the combustion
chamber is high enough for engine operation, and this helps to
reduce fuel consumption. For further research and develop-
ment, the impact of diesel B10 to diesel B100 can also be
investigated in terms of brake power, brake thermal efficiency,
and brake specific fuel consumption by using a dynamometer
to evaluate the performance and emissions of the CRDI diesel
engine under various engine loads. Moreover, different EGR
rates are an interesting point in studying the performance of
CRDI diesel engines when using B10 to B100 fuels.
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practical way to ISO/ GUM measurement uncertainty for analytical
assays including in-house validation data: Quality Control in
Laboratory. InTech 2018, 109−148.
(42) Thawornprasert, J.; Duangsuwan, W.; Somnuk, K. Investigating
the effect of a diesel-refined crude palm oil methyl ester-hydrous
ethanol blend on the performance and emissions of an unmodified
direct injection diesel engine. ACS Omega 2023, 8 (10), 9275−9290.
(43) Sayin, C.; Gumus, M. Impact of compression ratio and
injection parameters on the performance and emissions of a DI diesel
engine fueled with biodiesel-blended diesel fuel. Appl. Therm. Eng.
2011, 31 (16), 3182−3188.
(44) Nageswara Rao, D.; Sreenivasulu Reddy, A. Effects on the
performance and emission characteristics of CRDI diesel engine
fueled with ethanol, acid oil methyl ester biodiesel and diesel blends.
Mater. Today: Proc. 2023, DOI: 10.1016/j.matpr.2023.06.065.
(45) How, H. G.; Masjuki, H. H.; Kalam, M. A.; Teoh, Y. H.; Chuah,
H. G. Effect of Calophyllum Inophyllum biodiesel-diesel blends on
combustion, performance, exhaust particulate matter and gaseous
emissions in a multi-cylinder diesel engine. Fuel 2018, 227, 154−164.
(46) Gong, C.; Si, X.; Liu, F. Combined effects of excess air ratio and
EGR rate on combustion and emissions behaviors of a GDI engine
with CO2 as simulated EGR (CO2) at low load. Fuel 2021, 293,
120442.
(47) Mariani, F.; Grimaldi, C. N.; Battistoni, M. Diesel engine NOx
emissions control: An advanced method for the O2 evaluation in the
intake flow. Appl. Energy 2014, 113, 576−588.
(48) Jafarmadar, S.; Nemati, P. Multidimensional modeling of the
effect of exhaust gas recirculation on exergy terms in a homogenous
charge compression ignition engine fueled by diesel/biodiesel. J.
Clean. Prod. 2017, 161, 720−734.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10125
ACS Omega 2024, 9, 20906−20918

20917

https://doi.org/10.1016/j.fuel.2018.02.194
https://doi.org/10.1016/j.fuel.2018.02.194
https://doi.org/10.1016/j.fuel.2018.02.194
https://doi.org/10.1016/j.jaerosci.2017.06.005
https://doi.org/10.1016/j.jaerosci.2017.06.005
https://doi.org/10.1016/j.jaerosci.2017.06.005
https://doi.org/10.1016/j.energy.2020.118154
https://doi.org/10.1016/j.energy.2020.118154
https://doi.org/10.1016/j.energy.2020.118154
https://doi.org/10.1016/j.energy.2016.12.069
https://doi.org/10.1016/j.energy.2016.12.069
https://doi.org/10.1016/j.energy.2016.12.069
https://doi.org/10.1016/j.matpr.2021.03.248
https://doi.org/10.1016/j.matpr.2021.03.248
https://doi.org/10.1016/j.fuel.2021.122621
https://doi.org/10.1016/j.fuel.2021.122621
https://doi.org/10.1016/j.fuel.2021.122621
https://doi.org/10.1016/j.atmosenv.2016.06.055
https://doi.org/10.1016/j.atmosenv.2016.06.055
https://doi.org/10.1016/j.atmosenv.2016.06.055
https://doi.org/10.1021/ef0700073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef0700073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-08-102728-8.00013-9
https://doi.org/10.1016/B978-0-08-102728-8.00013-9
https://doi.org/10.1016/B978-0-08-102728-8.00013-9
https://doi.org/10.1016/B978-0-08-102728-8.00013-9
https://doi.org/10.1016/j.applthermaleng.2016.05.176
https://doi.org/10.1016/j.applthermaleng.2016.05.176
https://doi.org/10.1016/j.applthermaleng.2016.05.176
https://doi.org/10.1016/j.ijthermalsci.2018.07.001
https://doi.org/10.1016/j.ijthermalsci.2018.07.001
https://doi.org/10.1016/j.apenergy.2014.01.044
https://doi.org/10.1016/j.apenergy.2014.01.044
https://doi.org/10.1016/j.apenergy.2014.01.044
https://doi.org/10.1016/j.energy.2019.116860
https://doi.org/10.1016/j.energy.2019.116860
https://doi.org/10.1016/j.energy.2019.116860
https://doi.org/10.1016/j.etap.2021.103583
https://doi.org/10.1016/j.etap.2021.103583
https://doi.org/10.1016/j.etap.2021.103583
https://doi.org/10.1016/j.etap.2021.103583
https://doi.org/10.1016/j.energy.2018.03.072
https://doi.org/10.1016/j.energy.2018.03.072
https://doi.org/10.1016/j.energy.2018.03.072
https://global.chinadaily.com.cn/a/202302/22/WS63f5b9c9a31057c47ebb0361.html
https://global.chinadaily.com.cn/a/202302/22/WS63f5b9c9a31057c47ebb0361.html
https://doi.org/10.1016/j.trpro.2016.05.454
https://doi.org/10.1016/j.trpro.2016.05.454
https://doi.org/10.1016/j.trpro.2016.05.454
https://doi.org/10.1016/j.enconman.2018.01.045
https://doi.org/10.1016/j.enconman.2018.01.045
https://doi.org/10.1016/j.enconman.2018.01.045
https://doi.org/10.1016/j.energy.2019.06.014
https://doi.org/10.1016/j.energy.2019.06.014
https://doi.org/10.1016/j.energy.2019.06.014
https://doi.org/10.1016/j.seta.2023.103345
https://doi.org/10.1016/j.seta.2023.103345
https://doi.org/10.1016/j.seta.2023.103345
https://doi.org/10.1016/j.applthermaleng.2021.117530
https://doi.org/10.1016/j.applthermaleng.2021.117530
https://doi.org/10.1016/j.applthermaleng.2021.117530
https://doi.org/10.1016/j.applthermaleng.2021.117530
https://doi.org/10.1016/j.fuel.2019.116326
https://doi.org/10.1016/j.fuel.2019.116326
https://doi.org/10.1016/j.fuel.2019.116326
https://doi.org/10.1016/j.fuel.2019.116326
http://elaw.doeb.go.th/document_doeb/TH/771TH_0001.pdf
http://elaw.doeb.go.th/document_doeb/TH/771TH_0001.pdf
https://doi.org/10.1016/j.fuel.2015.07.089
https://doi.org/10.1016/j.fuel.2015.07.089
https://doi.org/10.1016/j.fuel.2015.07.089
https://doi.org/10.5772/intechopen.72048
https://doi.org/10.5772/intechopen.72048
https://doi.org/10.5772/intechopen.72048
https://doi.org/10.5772/intechopen.72048
https://doi.org/10.1021/acsomega.2c07537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c07537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c07537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c07537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.applthermaleng.2011.05.044
https://doi.org/10.1016/j.applthermaleng.2011.05.044
https://doi.org/10.1016/j.applthermaleng.2011.05.044
https://doi.org/10.1016/j.matpr.2023.06.065
https://doi.org/10.1016/j.matpr.2023.06.065
https://doi.org/10.1016/j.matpr.2023.06.065
https://doi.org/10.1016/j.matpr.2023.06.065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2018.04.075
https://doi.org/10.1016/j.fuel.2018.04.075
https://doi.org/10.1016/j.fuel.2018.04.075
https://doi.org/10.1016/j.fuel.2021.120442
https://doi.org/10.1016/j.fuel.2021.120442
https://doi.org/10.1016/j.fuel.2021.120442
https://doi.org/10.1016/j.apenergy.2013.07.067
https://doi.org/10.1016/j.apenergy.2013.07.067
https://doi.org/10.1016/j.apenergy.2013.07.067
https://doi.org/10.1016/j.jclepro.2017.05.182
https://doi.org/10.1016/j.jclepro.2017.05.182
https://doi.org/10.1016/j.jclepro.2017.05.182
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(49) Raja, E.; Premjeyakumar, M. Potent effect of prosopis juliflora
(biodiesel+ isopropanol+ diesel) fueled with diesel engine and egr
alteration. Clean. Eng. Technol. 2021, 4, 100205.
(50) Gomaa, M.; Alimin, A. J.; Kamarudin, K. A. The effect of EGR
rates on NOx and smoke emissions of an IDI diesel engine fuelled
with Jatropha biodiesel blends. Int. J. Energy Environ. Eng. 2011, 2 (3),
477−490.
(51) Maiboom, A.; Tauzia, X. NOx and PM emissions reduction on
an automotive HSDI Diesel engine with water-in-diesel emulsion and
EGR: An experimental study. Fuel 2011, 90 (11), 3179−3192.
(52) Rajesh; Kumar, V.; Mahla, S. K. Influence of EGR on a CI
engine running on 20% blend of jatropha biodiesel. Mater. Today:
Proc. 2021, 43, 273−280.
(53) Esakki, T.; Rangaswamy, S. M.; Jayabal, R. An experimental
study on biodiesel production and impact of EGR in a CRDI diesel
engine propelled with leather industry waste fat biodiesel. Fuel 2022,
321, 123995.
(54) Patil, V.; Thirumalini, S. Effect of cooled EGR on performance
and emission characteristics of diesel engine with diesel and diesel-
karanja blend. Mater. Today: Proc. 2021, 46, 4720−4727.
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