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A B S T R A C T   

This research aims to comprehensively analyse the performance, combustion, and emissions of cashew nut shell 
oil (CNSO) biodiesel blends with cerium dioxide (CeO2) nanoparticles and acetylene injection in agricultural 
diesel engines. The test fuels are diesel, CNSO biodiesel, B50 (50% CNSO biodiesel + 50% diesel), and CeO2 
blends (diesel + CeO2 25 ppm, CNSO biodiesel + CeO2 25 ppm, B50 + CeO2 25 ppm). Acetylene was injected 
into the intake manifold at 3 lpm and 6 lpm. The experimental result revealed that the engine brake thermal 
efficiency (BTE) showed a 1.38% decrease when CNSO biodiesel was used instead of diesel fuel. However, the 
addition of CeO2 nanoparticles and acetylene to diesel fuel had a significant improvement in BTE. Furthermore, 
the injection of acetylene improved combustion, resulting in a 10.42% increase in peak pressure (Pmax) and a 
3.18% increase in BTE. Nitrogen oxide (NOx) emission was lower for diesel with 6 lpm acetylene injection than 
other test fuels. Additionally, adding CeO2 nanoparticles to CNSO biodiesel reduced hydrocarbon (HC) and 
carbon monoxide (CO) emissions by 5.92% and 3.3%, respectively, compared to pure diesel. The investigation 
utilised Response Surface Methodology (RSM) to analyse the effects of various input parameters on engine 
performance and emissions. The optimised result indicated that the combination of CeO2 blended with CNSO fuel 
yielded the most favourable engine performance. Furthermore, the validation experiments confirmed the reli-
ability of the optimised result, as the predicted values closely matched the experimental values. This work 
concluded that using CNSO biodiesel with CeO2 nanoparticles and acetylene injection suits agricultural diesel 
engines.   

Introduction 

Internal combustion engines powered by fossil fuels have revolu-
tionised mobility and transformed our travel habits [1]. However, it is 
crucial to recognise the substantial drawbacks associated with this 
reliance. Fossil fuels are a significant source of air pollution, releasing 
various harmful pollutants that affect human health and the environ-
ment [2]. One of the primary pollutants emitted by internal combustion 
engines running on fossil fuels is carbon monoxide (CO), a toxic gas with 
severe health implications [3]. Additionally, nitrogen oxides (NOx) 
produced by these engines contribute to smog formation and can cause 

respiratory issues, particularly for vulnerable groups like children and 
older people. Adopting alternative fuels is crucial for overcoming 
foreign oil dependency, mitigating environmental impacts, and paving 
the way for a cleaner, more sustainable transportation system that 
benefits both present and future generations [4,5]. 

Biodiesel has achieved popularity in compression ignition (CI) en-
gines as an alternative to diesel. It is ideal for CI engines due to its better 
sustainability, environmental friendliness, and reduced hazardous 
emissions. Reducing emissions is critical for minimising global ecolog-
ical problems [6]. Bioenergy is a crucial energy source, accounting for 
10% of the worldwide energy supply and potentially exceeding 60%. 
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Contemporary bioenergy usage is projected to overtake traditional 
biomass usage by 2060 due to its enormous demand, resulting in a 
production increase of 145 EJ (present level) by then [6,7]. Much 
biomass must be captured before bioenergy can be developed [8]. To 
address this, many bioenergy resources are proposed for large-scale 
cultivation. Plants and biologically produced household, industrial, 
agricultural, and commercial waste can make biofuels. Furthermore, 
vegetable oil waste, food waste, municipal rubbish, manure, and plant 
materials are the starting materials for biofuel production [9,10]. Pocha 
et al. used lignocellulosic biomass waste to produce bioenergy [11]. 

In comparing four different biodiesel blends with conventional fuel, 
Srivastava et al. found that Spirulina B20 has the most significant 
reduction in emissions [12]. A study by Sujeet Kesharvani et al. found 
that the CPB20 blend of microalgae was most promising as a biodiesel 
feedstock [13]. To reduce carbon emissions, James Frost et al. blended 
furanic molecules with diesel fuel [14]. A study by Asgar Asadi et al. 
found that premixing biodiesel decreased soot emissions while 
increasing NOx emissions [15]. Dhinesh et al. studied a new biofuel 
feedstock, Cymbopogon flexuosus. They found that a 20% diesel blend 
with diesel had properties close to those of diesel but slightly higher NOx 
and CO2 emissions [16]. 

The study examined the biological mechanisms that produce biofuels 
from agricultural waste, emphasising improving technical procedures to 
increase fuel production. Cashew nuts are commonly farmed in tropical 
locations, with roughly 5.7 million hectares used for cashew farms 
worldwide [17]. The cashew nut shells can be used to extract oil, named 
CNSO. Due to its renewable nature and local availability, CNSO is an 
excellent resource. CNSO is less expensive than conventional diesel fuel, 
making it an attractive option for transportation and industry [18]. 
Because of its antioxidant properties, CNSO can help improve the per-
formance of other biodiesels [19]. It also helps to stabilise the biodiesel 
over time. Fossil fuels contain high concentrations of carbon; when 
burned, they release CO2 into the atmosphere. In comparison, CNSO has 
a lower carbon content. The shells of cashew nuts consist of a mixture of 
lignin, cellulose, and other organic compounds, which results in lower 
carbon emissions when combusted. Fossil fuels often contain sulfur 
compounds, contributing to sulfur dioxide (SO2) formation when burned 
[20-22]. Several studies have been reported on the performance of 
CNSO biodiesel [23]. Kumar et al. evaluated CNSO biodiesel combustion 
and emission in a CI engine [24]. The study concluded that 40% CNSO 
substitution is conceivable without affecting engine performance. Olu-
gasa et al. studied the emission and performance of a 70:30 (B70) orange 
peel biodiesel blend with CNSO [25,26]. 

A dual-fuel engine does not require any modifications to its con-
struction, which is one of its advantages. Acetylene is a fuel alternative 
for internal combustion engines with high flame speed, flammability, 
and range. The study by Loganathan et al. investigated the effects of 
adding diethyl ether (DEE) to hydrogen-enriched CSNO in a DI diesel 
engine [27]. Enes Fil et al. tested acetylene as a secondary fuel in a diesel 
engine, which led to decreased soot emissions but increased CO, HC, and 
NOx [28]. A multi-fuel engine experiment by Kapil Dev Choudhary et al. 
was found to increase peak cylinder pressure, thermal brake efficiency, 
and exhaust gas temperature with higher compression ratios, suggesting 
acetylene may be a viable alternative fuel for dual-fuel engines [29,30]. 

Research on the potential benefits and drawbacks of nano additive 
blended combustion is ongoing. There are potential benefits, such as 
improved fuel efficiency, reduced emissions, and improved engine per-
formance. However, there may also be drawbacks, such as increased 
production costs and environmental impacts associated with the pro-
duction and disposal of the nanoparticles. Hayder et al. showed that 
adding nano-Al2O3 and nano-TiO2 to diesel fuel increased ignition and 
BTE while reducing pollutant emissions [31]. Vigneswaran et al. found 
that using emulsion fuel with TiO2 nanoparticles improved efficiency 
and reduced specific emissions but increased nitrogen oxide emissions 
[32]. Bioethanol-diesel blends containing aluminium oxide and titanium 
oxide nanoparticles perform better and emit less pollution [33]. 

Using renewable energy sources is paramount in addressing today’s 
global energy and environmental challenges. Among the promising al-
ternatives, biodiesel derived from CNSO has gained considerable 
attention due to its potential as a sustainable and environmentally 
friendly fuel. However, to fully exploit the advantages of CNSO bio-
diesel, it is crucial to investigate its performance characteristics and 
determine its optimal utilisation in IC engines. A comprehensive analysis 
of CNSO biodiesel blend performance in IC engines is the goal of this 
study, which aims to fill the existing research gap. The study evaluates 
engine performance, combustion, and emissions of CNSO biodiesel with 
CeO2 nanoparticles and acetylene. This work utilised acetylene injection 
rates of 3 lpm and 6 lpm, and 25 ppm of CeO2 nanoparticle additive was 
mixed with diesel, B50, and CNSO biodiesel. By examining the impact of 
various blend ratios and considering the blending of CNSO biodiesel 
with conventional diesel, the research aims to determine the optimal 
fuel composition for achieving the best engine performance. 

Materials and methods 

Nanoparticle preparation 

The nano additive was prepared using the Sol-Gel combustion 
method. Hexahydrate and glycine were dissolved in deionised water, 
with glycine as a reducing agent and cerium nitrate as an oxidising 
catalyst [34]. The solution was continuously stirred for two hours at 
60 ◦C before being transferred to an electric furnace and heated to 
100 ◦C. Excess water was evaporated to form a translucent viscous gel. 
As a result of the self-propagating combustion reaction, a yellow 
permeable foam of nanoparticles was produced. As a result of the 
combustion process, non-toxic gases such as N2, CO2, and H2O were 
released in the form of brown vapour. Before being evaluated, the 
nanoparticles were fine-ground and heat-treated at 600 ◦C for three 
hours. The scanning electron microscope (SEM) and transmission elec-
tron microscopy (TEM) images of the CeO2 nano additive are shown in 
Fig. 1 (a) and (b). 

Experimental setup 

Fig. 2 (a) and (b) show a schematic and actual representation of an 
experimental test rig. The experimental single-cylinder, four-stroke CI 
engine produced 3.5 kW. Table T1 shows engine specifications in the 
appendix. The engine block and fuel system were fitted with piezo-
electric sensors for measuring cylinder and fuel system pressure. A so-
lenoid gas injector was installed below the throttle pipe to enable 
acetylene gas to be used in the engine chamber. Manometers measured 
pressure loss across the air surge chamber’s radial entrance to determine 
airflow. An observation of fuel consumption over a fixed period was 
used to measure fuel consumption. Chromel-Aluminium K-type ther-
mocouples measured exhaust gas temperature. Experiments at different 
loading conditions are conducted using hydraulic dynamometers. An 
AVL gas analyser measured CO, HC, NOx, CO2, and O2. Table T2 shows 
the properties of the fuel blends in the appendix. 

Experimental procedure 

After starting the engine with diesel fuel, acetylene fuel was intro-
duced into the cylinder through the electronic gas injector in the intake 
port. The Electronic Control Unit processed the voltage signal from the 
proximity sensor to open and close the injector. With a pressure of 220 
bar, diesel was injected 23◦ before the top dead centre (bTDC). An 
acetylene gas regulator regulated the gas from the high-pressure cylin-
der to a pressure of 2 bar. A ball valve controlled the gas flow, and a gas 
flow meter measured it. Flame traps and flame arrestors were used in the 
flow line to prevent backfire from the engine. A National Instruments 
data acquisition device was used to record and store the experimental 
data for offline analysis. On the flywheel was a sensor that detected 
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crank angle utilising an encoder. 

Error analysis and uncertainty analysis 

Errors and uncertainties can arise from different factors when con-
ducting experiments and calculating performance parameters [35]. 
These sources of error and uncertainty can be attributed to environ-
mental conditions, observations, calibration, equipment, and the order 
in which tests are performed [36]. The accuracy of measuring in-
struments was determined through uncertainty analysis. Instrument 
details and percentage of uncertainties are provided in Appendix 
Table T3. 

The percentage of uncertainty (% δ) occurring in the current ex-
periments was calculated using equation (1). 

%δ = squarerouteof
(
(δPressureTransducer)

2 )
+
(
δCrankAngleEncoder

)2
+(δNOx)

2

+(δHC)
2
+(δCO)

2
+(δCO2 )

2
+(δSmoke)

2
+
(
δK− 2thermocouple

)2
+
(
δstopwatch

)2

+(δmanometer)
2
+(δburette)

2

(1)   

Percentage of uncertainty = ±2.451%  

Results and discussion 

Combustion characteristics 

In-cylinder pressure and heat release rate 
An illustration of the variations in in-cylinder pressure for the in-

jection of acetylene, CSNO biodiesel, and CeO2 nano additive is provided 
in Fig. 3 (a). CNSO showed a 2.17% drop in Pmax values compared to 
conventional diesel. The decrease in Pmax when using CNSO is caused by 
the different physical and chemical properties of CNSO when compared 
to diesel. Since CNSO has a lower heating value and a higher oxygen 
content than diesel, it affects the combustion process and generates less 
pressure [37,38]. Blending with a CeO2 nano additive resulted in a 
significant improvement in Pmax values. The CeO2 nano additive com-
bined with diesel resulted in a 4.5% increase in Pmax compared to neat 

diesel. As a result of adding CeO2 nano additive to diesel fuel, the 
combustion efficiency of the fuel was improved, which in turn led to an 
increase in Pmax. CeO2 nanoparticles are beneficial for atomising and 
mixing fuel with air during combustion due to their high surface area 
and unique surface properties [39,40]. 

Acetylene injection significantly improved Pmax values by 10.42% 
compared to neat diesel operation. Compared to traditional diesel fuel, 
acetylene has a faster flame speed and a superior heating value. This 
allows acetylene to burn more quickly and release more energy, 
resulting in higher pressure and temperature inside the cylinders during 
combustion [41]. The ignition of acetylene requires less energy than 
diesel because its activation energy is lower. In turn, this results in more 
efficient use of fuel and a higher Pmax [42]. 

Fig. 3 (b) shows the variations of HRR. Experimental results revealed 
that for CNSO-fuelled combustion, the HRR was less than for traditional 
diesel-fuelled combustion. It was found that the HRR for CNSO was less 
than for diesel by 19.62%. Because CNSO fuel has a lower cetane 
number than diesel fuel, a more extended delay occurs before ignition, 
resulting in a slower HRR. CNSO also has a lower heating value than 
diesel fuel, releasing less heat energy per unit of fuel burned. CNSO HRR 

is less than diesel’s [41,43]. The addition of the CeO2 nano additive 
enhanced HRR values. Compared with neat diesel, CeO2 nano additive 
blended diesel showed a 4.92 % increase in HRR. CeO2 nanoparticles 
provide additional oxygen to the combustion process of diesel fuel, 
resulting in faster and more complete combustion. As a result, HRR 
values increase [44,45]. Acetylene injection significantly improved 
combustion and resulted in an enhanced HRR. A 3.7% improvement was 
observed when acetylene fuelled combustion compared to traditional 
combustion. Compared to diesel, acetylene is a hydrocarbon fuel with a 
higher flame speed and energy content. Due to its higher flame speed 
and increased reaction rates, acetylene results in complete combustion 
and a higher HRR ]29]. 

Performance analysis 

Brake thermal efficiency and brake specific fuel consumption 
Fig. 4 (a) shows the influence of CNSO and CeO2 on BTE. Biodiesel 

use in CI engines has been shown to reduce BTE slightly. According to 
these experiments, CNSO fuel can reduce engine performance by up to 

Fig. 1. (a) SEM morphological and (b) image TEM morphological image of CeO2 nanoparticles.  

e of uncertainty =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
0.012 + 0.22 + 0.252 + 0.22 + 0.352 + 0.22 + 0.352 + 12 + 0.22 + 0.22 + 1.52 + 1.52

)√
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1.38% compared to diesel fuel. CNSO has less energy content than 
diesel, which means that more fuel may be required to produce the same 
power output. This results in reduced efficiency. Low cetane numbers in 
biodiesel result in delayed ignition, incomplete combustion, and 
reduced efficiency. Furthermore, CNSO biodiesel is more viscous than 
diesel fuel, which reduces fuel atomisation and results in incomplete 
combustion [46,47]. Adding CeO2 nano additive to diesel fuel improved 

engine performance significantly. In experiments, CeO2 additive 
blended diesel performed 1.96% better than neat diesel in BTE. CeO2 
nano additive blended CNSO biodiesel combustion showed a 2.54% 
increase in brake thermal efficiency over neat CNSO biodiesel. By pro-
moting a more uniform mixture of fuel and air and by reducing the fuel’s 
viscosity, CeO2 nanoparticles can improve CNSO fuelled combustion 
efficiency [48]. Acetylene fuelled combustion at 3 lpm significantly 

Fig. 3. (a) In-cylinder pressure (b) HRR of CeO2, CNSO and acetylene injection at maximum load.  

Fig. 2. (a) Experimental layout and (b) Experimental test rig setup.  
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improves performance characteristics compared with traditional com-
bustion for diesel fuel and biodiesel DI by up to 1.29% and 0.65%, 
respectively. Compared to conventional combustion, acetylene-fuelled 
combustion showed improvements in BTE of up to 3.18% for 6 lpm. 
The energy content of acetylene per unit of volume is higher than that of 
diesel and biodiesel. Therefore, more energy can be released per unit of 
fuel injected into the engine, resulting in better performance [29]. 

According to the experimental findings depicted in Fig. 4 (b), the 
BSFC decreased as the engine load increased. Moreover, it was observed 
that an increase in the proportion of CNSO in the fuel blend led to a rise 
in the BSFC value. One of the primary factors contributing to this higher 
consumption is the lower energy content of CNSO compared to con-
ventional fossil fuels. Due to the lower energy content, engines operating 
on CNSO may require a more significant fuel volume to generate the 
same amount of power as conventional fuels. This increased fuel con-
sumption can be observed through the higher BSFC values, which 
indicate the fuel consumed per unit of energy produced [49]. 

Incorporating CeO2 nano additive into diesel fuel has demonstrated a 
significant improvement in fuel efficiency, as evidenced by a 5.02% 
reduction in BSFC compared to neat diesel fuel. This reduction in BSFC 
signifies a more efficient fuel utilisation, enhancing overall performance 
and economic benefits. CeO2 nano additives possess unique properties 
that contribute to their effectiveness in improving fuel efficiency. These 
nanoparticles exhibit a high surface area and catalytic activity, facili-
tating better fuel combustion and reducing energy losses during 
combustion. 

Acetylene-fuelled combustion has demonstrated promising results in 
reducing fuel consumption compared to conventional diesel combus-
tion. Experimental studies have revealed a significant reduction in BSFC 
by up to 9.13% when utilising 6 lpm of acetylene injection. Acetylene 

has a higher energy content per volume unit than diesel fuel. This means 
that a smaller amount of acetylene can generate the same amount of 
energy, reducing fuel consumption [50]. Acetylene has excellent com-
bustion properties, including a high flame propagation rate and low 
ignition delay. These characteristics allow for more efficient and com-
plete combustion, resulting in better fuel utilisation and reduced 
wastage [41]. 

Emission analysis 

Nox and CO emissions 
A comparison of the effects of CNSO, CeO2 nano additive and acet-

ylene on NOx is shown in Fig. 5 (a). The experimental results showed an 
increase in NOx when the proportion of biodiesel was increased. 
Compared to diesel, there was a 9.83% increase in NOx from combustion 
using CNSO fuel. As CNSO contains more oxygen than diesel, it produces 
higher combustion temperatures and more NOx. Furthermore, the spray 
characteristics and fuel mixing with air in the combustion chamber are 
also affected by CNSO chemical properties, including higher viscosity 
and lower volatility. The use of CeO2 nano additive significantly reduced 
NOx emissions during combustion. Compared with neat diesel, CeO2 
blended diesel reduced NOx formation by 10.5%. CeO2 blended CNSO 
reduced NOx formation by 5.92%. As a result of its catalytic properties, 
the CeO2 nano additive used in fuel reduces NOx emissions. By oxidising 
soot particles, CeO2 facilitates the complete combustion of fuel [51]. 

The presence of acetylene in the combustion process also affects the 
temperature, affecting NOx formation [29]. Because acetylene’s com-
bustion temperature is too high, it leads to thermal NOx formation, 
which occurs when nitrogen and oxygen in the air interact at high 
temperatures. Acetylene also undergoes pyrolysis, which is the 

Fig. 4. (a) BTE (b) BSFC of CeO2, CNSO and acetylene injection.  
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breakdown of a compound by heat, resulting in other compounds that 
affect NOx emissions. As acetylene is pyrolysed, soot is produced, a 
carbon source that reacts with NO to form additional NOx. There was an 
increase of 12.74% in NOx in the experimental results. Although, CeO2 
was influential in the combustion process and significantly reduced NOx 
emissions. 

Fig. 5 (b) shows the effect of CSNO, CeO2 nano additive, and acet-
ylene on CO. In the experiment, CO levels increased as the engine load 
increased. Unbalanced air–fuel ratios result in incomplete combustion, 
which produces more CO. CNSO biodiesel reduces CO emissions by up to 
3.3% at maximum engine load owing to biodiesel containing more ox-
ygen atoms, which promotes complete combustion [52]. The higher 
cetane number of CNSO fuel allows engines to ignite faster and cleaner 
than traditional diesel fuel. The result is a more efficient combustion 
process, which results in fewer carbon monoxide emissions. Due to its 
lower sulfur content, CNSO produces fewer harmful emissions, 
including CO. Traditional diesel fuel contains aromatic hydrocarbons 
[53]. Among these compounds are compounds that contribute to the 
formation of harmful emissions, including carbon monoxide. CNSO 
produces less CO in combustion due to its lower aromatic content [54]. 

CeO2 reduces CO emissions from diesel engines. This is because 
cerium oxide is a catalyst capable of oxidising CO into CO2, a less 
harmful greenhouse gas. Creating oxygen vacancies on the surface of 
cerium oxide reduces CO emissions. Vacancies in oxygen can attract 
oxygen molecules, which then react with CO to form CO2. In addition, 
cerium oxide has been shown to improve diesel fuel combustion effi-
ciency, reducing CO emissions. Compared to neat diesel, 25 ppm CeO2 
blended diesel and CNSO showed significant reductions in CO formation 

of up to 4.4% and 6.59%, respectively. CO emissions are reduced 
because acetylene burns at a higher temperature than diesel fuel. A 
complete combustion process of acetylene also results in lower CO 
emissions since its carbon-to-hydrogen ratio is lower than diesel fuel 
[55,56]. 

HC and smoke emissions 
Fig. 6 (a) shows the variations in HC emissions. As a result of its 

higher oxygen content and lower sulfur content, CNSO results in lower 
HC than conventional diesel due to the carbon-to-hydrogen ratio of 
CNSO biodiesel being lower than that of diesel fuel, which is another 
benefit. For CNSO biodiesel-fuelled combustion, HC decreased by up to 
21.44% compared to diesel-fuelled combustion. Further, CeO2 blending 
with fuel also supports the reduction in HC. Compared to neat diesel, 
CeO2 additive mixed diesel and CSNO reduced HC by 25.84% and 
44.45%, respectively. Due to its high oxygen storage capacity, CeO2 can 
store and release oxygen during combustion. Hydrocarbon molecules 
can be broken down during combustion by CeO2 catalytic properties. HC 
emissions increase when acetylene is used as a fuel. Since acetylene is a 
highly unsaturated hydrocarbon, it can readily form other HC com-
pounds, such as ethylene and propylene, during combustion. By reacting 
with other pollutants in the exhaust gas, these compounds can create 
more complex organic molecules, including harmful secondary pollut-
ants such as formaldehyde and acetaldehyde. 

Fig. 6 (b) illustrates the impact of CeO2 nano additive and acetylene 
on the smoke emitted from a CNSO fuelled engine. The graph demon-
strates that an increased proportion of CNSO leads to a reduction in 
smoke emissions. CNSO has a higher oxygen content, which promotes 

Fig. 5. (a) NOx (b) CO emissions of CeO2, CNSO and acetylene injection.  
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complete combustion. It burns more cleanly and efficiently, resulting in 
reduced smoke emissions. As the proportion of CeO2 nano additive in-
creases, the smoke emitted from the engine decreases significantly. This 
reduction can be attributed to the catalytic properties of CeO2, which 
promote complete combustion of the fuel and reduces the formation of 
smoke particles [45]. Furthermore, introducing acetylene into the CNSO 
fuel mixture contributes to a further decrease in smoke emissions. 
Acetylene, a high-energy hydrocarbon, aids combustion by providing 
additional reactive species [20]. This leads to improved fuel burnout and 
a consequent reduction in smoke production. 

Optimisation 

The RSM approach allows performing optimisation studies to iden-
tify the optimal combination of engine parameters that maximise per-
formance and minimise emissions. By employing statistical analysis 
techniques like the design of experiments (DOE) and regression analysis, 
RSM helps to quantify the effects of different parameters, determine 
their interactions, and develop predictive models [33]. 

In this study, the investigations were done to analyse the effects of 
four input parameters on engine performance and emission. The input 
parameters included three numeric factors: CNSO proportion, acetylene 
injection rates, and load, and one categoric factor: CeO2 dosage. The 
experiments were designed a set of experiments using the DOE 
approach. The study employed a complete factorial design, where all 
possible combinations of the levels of each factor were tested. In this 
case, the levels chosen were as follows: CNSO proportion: 0%, 50%, and 
100%. Acetylene injection rates: 0 lpm, 3 lpm, and 6 lpm. Load: 0%, 

50%, and 100%. In addition to the complete factorial design, the study 
employed a central composite design (CCD). The CCD is a standard 
design used in RSM, including a set of factorial, axial and centre points. 
This design allows for exploring the response surface in both the centre 
and at the extremes of the experimental space [50]. 

Analysis and evaluation of the model 

The experiments were conducted using the DOE approach, and en-
gine performance and emission data were collected. Analysis of Vari-
ance (ANOVA) and regression analysis were used to analyse the data and 
evaluate the model. From the experimental data, an RSM model was 
developed for predicting and optimising engine performance and 
emission. In assessing the model, it is essential to determine the signif-
icance of the factors and their interactions and the mathematical rela-
tionship between the input parameters and the response variables. The 
model could optimise the input parameters for desired engine perfor-
mance and emission levels. 

In the appendix, Table T4 presents the model analysis and evaluation 
results for various response variables related to engine performance and 
emission. The standard deviation measures the dispersion or variability 
of the response variable values around the mean. The studies showed 
that the SD values varied between 0.0224 and 5.91. The minor standard 
deviation indicates less variability in the data. C.V. % presents the co-
efficient of variation as a percentage. The C.V. % ranged between 0.2741 
and 5.16. A lower coefficient of variation indicates lower relative vari-
ability. Statistically, R2 measures a model’s goodness of fit. Whenever 
the model is closer to 1, it better fits the data. 

Fig. 6. (a) HC (b) smoke emissions of CeO2, CNSO and acetylene injection.  
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The adjusted R2 is a modified version of R2 that adjusts for the 
number of predictors in the model. A more conservative goodness-of-fit 
estimate is provided by penalising unnecessary predictors. The pre-
dicted R2 measures the accuracy of the model in predicting new data. It 
evaluates the model’s predictive capability by using a portion of the data 
to estimate the model and the remaining data to assess the prediction 
accuracy. The values closure to one for R2, adjusted R2, and predicted R2 

values indicate that the model provides an excellent fit to the data and 
has strong predictive capabilities. Adequacy precision measures the 
signal-to-noise ratio in the model. It determines if the model is suitable 
for making predictions within the design space. Higher values indicate a 
more precise model. The Adeq Precision values suggest the model is 
suitable for making predictions within the experimental design space. 

The study aimed to maximise the BTE while minimising the BSFC 
and exhaust emissions. Sixty solutions were found, representing 
different combinations of factors and their corresponding outcomes. The 
high desirability value of 0.853 suggests that the CeO2 blended, CNSO- 
fuelled combustion solution is the most favourable choice among the 
combinations tested in the study. This solution can optimise engine 
performance by maximising BTE, minimising fuel consumption, and 
reducing harmful exhaust emissions. Figure F7 shows the response 
surface plots for all the responses in the appendix. 

Validation of optimised result 

Experiments were conducted in the test engine under optimal oper-
ating conditions to validate the optimised result. The experiments were 
repeated three times to ensure reliability and accuracy. The results of 
these experiments are presented in Appendix Table T5, which includes 
the average experimental values and the predicted values obtained from 
the model. 

Analyse the validation outcomes; it was observed that the model 
proposed in the study was highly accurate. The predicted values closely 
matched the experimental values, indicating a low error in the predic-
tion. This suggests that the model successfully captured the relationships 
between the factors and outcomes, and its predictions aligned well with 
the actual experimental results. 

Conclusion 

CNSO biodiesel, with and without CeO2 nano additive and acetylene 
injection, was used as the DI fuel in a diesel engine to test its perfor-
mance, emissions, and combustion properties. Experimental results led 
to the following conclusions:  

• BTE was slightly reduced when using CNSO biodiesel. Adding CeO2 
nano additive significantly improved engine performance, as evi-
denced by higher BTE values. Acetylene-fuelled combustion 
demonstrated superior performance characteristics to traditional 
diesel combustion, with increased BTE values.  

• Using CNSO biodiesel led to increased BSFC values compared to 
traditional diesel. Incorporating CeO2 nano additive and acetylene- 
fuelled combustion in diesel fuel reduced BSFC, indicating 
improved fuel efficiency.  

• CNSO biodiesel led to increased NOx emissions compared to diesel 
fuel. Adding CeO2 nano additive in diesel and CNSO fuel significantly 
reduced NOx emissions during combustion.  

• By comparing CNSO biodiesel-fuelled combustion with diesel-fuelled 
combustion, CNSO biodiesel-fuelled combustion results in a 21.44% 
reduction in HC emissions. It has also been found that the CeO2 nano 
additive can reduce HC emissions, with a decrease of 25.84% for 
CeO2 additive blended diesel and a decrease of 44.45% for CNSO 
biodiesel.  

• The investigation utilised RSM to analyse the effects of various input 
parameters on engine performance and emissions. The optimised 
result indicated that the combination of CeO2 blended with CNSO 
fuel yielded the most favourable engine performance. 
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