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Abstract: In this analytical investigation, preheated palm oil was used in the direct injection diesel
engine with various optimization methods. The main purpose of the optimization was to get better
results than the conventional engine. Raw palm oil was heated using the heat exchange process to
reduce the density and viscosity. The relationship between the output process and factors response
was evaluated in the design of experiment methods. The Taguchi method is an important method
for optimization of the output response performance and emission characteristics of a diesel engine.
Two important factors—output and input—were calculated. The input factors considered were
preheated palm biodiesel blend, torque, injection pressure, compression ratio, and injection timing.
The output factors calculated were smoke opacity, carbon monoxide emission, and brake-specific fuel
consumption by using the signal-to-noise (S/N) ratio and analysis of variance. Carbon monoxide was
most impacted by torque conditions through injection timing and injecting pressure, and opacity of
smoke emission. Among them, injection timing had a higher impact. Different biodiesel blends were
prepared: B10 (90% diesel + 10% oil), B20 (80% diesel + 20% oil), B30 (70% diesel + 30% oil) and B40
(60% diesel + 40% oil). Silver nanoparticles (50 ppm) were constantly mixed with the various biodiesel
blends. The smoke opacity emission for the biodiesel blend B30 + 50 ppm silver nanoparticle showed
the lowest S/N ratio and achieved better optimum results compared with the other blends. The blend
B30 + 50 ppm silver nanoparticle showed the lowest S/N ratio value of 9.7 compared with the other
blends. The smoke opacity, carbon monoxide emission, and brake-specific fuel consumption of all
the response optimal factors were found to be 46.77 ppm, 0.32%, and 0.288 kg/kW·h, respectively.

Keywords: diesel engine; internal combustion engine; performance; diesel; energy; Taguchi method;
compression ratio; ignition timing; injection pressure

1. Introduction

Natural problems, such as higher amounts of pollutants from environment and the
impending depletion of nonrenewable energy sources, are the significant problems being
faced for more than two decades. The petroleum engine produces less torque compared to

Sustainability 2022, 14, 15487. https://doi.org/10.3390/su142315487 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su142315487
https://doi.org/10.3390/su142315487
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-3014-0154
https://orcid.org/0000-0002-7536-8200
https://orcid.org/0000-0001-8858-7077
https://orcid.org/0000-0002-3141-2900
https://orcid.org/0000-0003-0150-4705
https://orcid.org/0000-0002-0490-4766
https://doi.org/10.3390/su142315487
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142315487?type=check_update&version=3


Sustainability 2022, 14, 15487 2 of 21

the diesel engine. The diesel engine is more powerful than the spark-ignition engine and is
thus used for high torque and automotive sector. However, it emits more harmful pollution,
which may lead to acid rain, cause global warming, and impact human life [1]. To reduce
the air pollution and environmental impact, biodiesels were introduced due to their low
smoke opacity, hydrocarbon, and carbon monoxide emission characteristics. Nonetheless,
there were drawbacks such as high oxides of nitrogen and cold flow properties for using
biodiesel in the engine [2].

In many studies, the optimization method was introduced in the conventional engine
to optimize various emission attributes and increase the performance of the engine. The
Taguchi approach is an efficient method and has been adopted by many researchers. The
True Mileage Unknown (TMU) developed by Electronic Control Unit (ECU) systems was
used for various injection parameters. Hydrogen fuel was used in the inlet manifold
system [3]. The optimization method used in Taguchi analysis was based on various
parameters of the diesel engine, such as brake-specific fuel consumption (BSFC), brake
thermal efficiency (BTE), and volumetric efficiency. The BSFC was reduced by 68.98%
when hydrogen was mixed with diesel fuel. If the hydrogen content was increased, it was
observed that there was a 33.14% increase in the volumetric efficiency.

The multi-objective optimization method is the best method to find low BSFC, high
BTE, and high volumetric efficiency [4]. In the investigation, various techniques were used
to reduce the nitric oxides (NOx), hydrocarbon (HC), carbon monoxide (CO), and smoke
opacity emissions. It was found that these parameters were well optimized when the
Taguchi method was implemented. The Taguchi L18 array concept was used to calculate
the signal-to-noise (S/N) ratio and ANOVA was used to determine the various parameters
modified in the engine. The NOx, smoke opacity, CO, and HC were affected by nozzle
protrusion, IT, swirl level, pitch to clearance, nozzle holes, and injection pressure. The
Taguchi L18 approach is the best method to optimize the tailpipe emission in the direct-
injection (DI) conventional engine [5]. In this investigation, Karanja oil methyl ester
was used in a variable compression ratio in the base engine. To solve the problems, the
Taguchi method and a combination of gray relational analysis were applied with multiple
responses. Using the S/N ratio was the best option to achieve optimum results [6]. The
various blends, namely B0, B10, B20, B30, B40, and B50, were prepared and used in the
conventional engine. Among all the blends, the B50 blend showed the best emission and
performance characteristics without affecting any parameters in the engine [7]. In this
study, diethyl ether and palm oil were used in DI of the base engine with various ratios of
palm oil and diethyl. Various parameters such as IT and IP were modified to investigate
the emission performance attributes of the base engine. The Taguchi L18 array was used in
the investigation to give a better solution. The low concentration of the diethyl ether ratio
showed the highest S/N ratio for BSFC, BTE, and exhaust gas recirculation. The blend B20
also showed the highest S/N ratio due to reducing CO and smoke opacity emission [8]. In
the investigation, three types of coating materials—titanium, aluminum, and copper—were
used in the DI diesel engine with varying speeds of 1400, 2000, 2600, and 3600 rpm. The
optimum results were found with the material such as aluminum added with 13% of
titanium at 2600 rpm, and engine power was better at 3600 rpm. The Taguchi methods
were used to study the L16 array approach, with changes in various parameters such as
TBC material, torque, and speed of the engine. The highest S/N ratio was seen with the
TBC material of aluminum added with 13% titanium at 2600 rpm and for the engine power
at 3600 rpm [9]. In the experiments, polanga biodiesel was used for the DI conventional
engine without any major fuel modification. The Taguchi method was implemented and
the various parameters, such as injection timing, load, and IP, were changed. At 200 bar
pressure, optimum results were obtained for injection timing of 17.14 ◦C bTDC and 2.56 kW
load, and the NOx emission was found to be reduced. At 200 bar pressure, injection timing
of 12.83 ◦C bTDC and 4.84 kW load gave optimum results with increased BTE [10]. The
Taguchi method was adopted in the investigation and polanga biodiesel was used in the
diesel engine. The biodiesel was blended with diesel and the B30 blend was prepared.
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The blend B30 with injection pressure of 220 bar gave the optimum results. The input and
output variables of the optimum value for BTE, NOx, and hydrocarbon emission were
found to be 32.59%, 20.33 ppm, and 94.2%, respectively [11]. The engine was fueled with
karanja biodiesel, and the performance and emission characteristics were determined using
Taguchi methods. Four types of input parameters were investigated. When the torque was
increased, the two parameters (BTE and NOx) reached the optimum value. The other two
input parameters also reached optimal values. The experiments were carried out by using
the Taguchi method using L16. The results showed optimum output response for 100%
load condition, B20 blend (80% diesel + 20% oil), and compression ratio of 17.5% [12]. The
aims of these experiments were to decrease the BSFC, NOx, HC, and CO, and to increase
the BTE in the DI diesel engine. The optimum S/N ratio was used for determining the
NOx emission [A3/B2/C3]. The HC emission [A3/B1/C2] was calculated using a lesser
S/N ratio; the release of CO was determined using the smaller, the better S/N concept
(i.e., A3/B1/C1) [13]. The effects of biogas flow rate, engine power, and intake temperatures
on engine efficiency were also examined in this work. The engine in consideration was a
compression ignition (CI) engine that runs in a dual-fuel mode while using biogas as the
primary energy source and diesel as the pilot fuel. To reduce the number of tests below 9, a
Taguchi method was used, and the S/N ratio was used to examine the best performance
metrics [14].

In a previous study, when the Taguchi method was adopted, the L18 orthogonal arrays
approach gave the optimum results and also controlled the BSFC, CO, and smoke opacity
of the IC engine. Experimentally, preheated palm oil was used and added to diesel in
various percentage ratio of B10, B20, B30, and B40. Various operating conditions were used
for given input parameters such as preheated palm oil, ignition timing, torque, and ignition
pressure, and the output results were obtained in terms of smoke opacity, BSFC, and carbon
monoxide emission. To adopt the optimal blend, compression ratio, injection pressure,
torque, and injection timing were used for the input variable in the base engine and three
parameters, namely BSFC, the opacity of smoke, and carbon monoxide, were used for
output variable from the conventional engine. The main objective of our research was to
control the various emission parameters and improve the performance characteristics of
the engine. Palm oil biodiesel mixed with the nanoparticle was used to obtain more oxygen,
which helps to burn fuel completely during the combustion process.

The performance and emission parameters of various preheated oil blends with pure
diesel are shown in Table 1. The upward and downward arrow marks used in the table
show increase and decrease, respectively. Table 2 shows the downward and upward
emission and performance parameters of biodiesel mixed with water nanoparticles.

Table 1. Different preheated oils combined with pure diesel having different performance and
emissions characteristics.

No. Fuel BTE BSFC CO NOx HC Smoke Opacity Ref.

1. Preheated crude fennel seed oil — ↑ ↓ ↓ ↑ ↓ [15]

2. PO20 + BHT ↑ ↑ ↓ ↑ ↓ ↓ [16]

3. Preheated thumb oil ↑ ↓ ↑ ↓ ↓ [17]

4. Preheated palm oil ↑ ↑ ↓ ↓ — — [18]

5. Preheated raw rapeseed oil — ↓ ↓ ↓ — — [19]

6. Preheated jatropha oil ↓ ↑ ↑ ↓ ↑ — [20]

7. COME ↑ — ↓ ↑ — — [21]

8. Preheated jatropha oil ↓ ↑ ↑ ↓ ↑ ↑ [22]

9. Preheated waste frying oil ↑ ↑ ↓ ↑ — ↓ [23]
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2.4. FTIR

The outcomes of Fourier transform infrared (FTIR) examination are shown in Figure 5.
In the figure various stretches of bonds appear at changed peaks; N–H bonds of value
3432.94, single aldehyde of 2777.28, C–H, O–H bonds of 2676.19; C≡C bonds of 2071.75,
C=C bonds of 1637.58, and C=O bonds of 1121.56. The peaks close to 3464, 2935, and
2867 cm−1 are attributed to extending OH bond and C–H extending of aldehydic individu-
ally. The bands at 1632 cm−1 are related to amide emergence because of carbonyl length.
The peakat 1055 cm−1 relates to extending the reverberation of the amine C–N. The peak at
about 1753 cm−1 is correlated to extending the bond of C=C. The peak close to 841 cm−1 is
attributed to C=CH2 and the peaks close to 682 and 658.94 cm−1 are due to out-of-plane
bending. The bond CH reverberation is CH=CH of subbed ethylene frameworks. The
FTIR spectra of silver nanoparticles displayed unmistakable peaksat 2927.78, 1631.45, and
1383.65 cm−1. The sharp peak at 1641 cm−1 indicates solid ingestion in the bond because of
to the extending vibration of C=O (NH) gathering [44–48]. The 1393 OF band produced for
C–N and C–C extending; the nearness of the top at 2927 cm−1 was doled out to extending
reverberation separately C–H and C–H.
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3. Experimental Design

The most significant step in optimization in the Taguchi technique isidentification
of the entry factors while influencing the experiment’s performance responses to a more
prominent stage [57]. Various operating conditions were used to obtainthe most important
input parameters such as preheated palm oil, ignition timing, torque, and ignition pressure.
The output parameters obtained are smoke opacity, carbon monoxide, and BSFC. Multiple
levels of entry factors are chosen to establish the desired versatile combination of factors to
get the necessary exit responses [58,59]. All entry factors and their level look are shown
in Table 5. In this investigation, according to the Taguchi method, an L16 array with five
columns and sixteen rows is considered in Table 6. Each symmetrical array deals with four
levels of entry limits. Figure 9 indicates the strategy for evaluating and Table 7 shows that
experimental setup. Different engine input parameters are used in the investigation. The
engine torque load represents the (V), palm oil various blend (W), compression ratio (X),
injection pressure (Y) and injection Timing (Z).

Table 5. Various engine parameters and their levels.

Levels

Process Parameters A B C D

Engine torque (Nm (V) 5 10 15 20
Palm oil of various blends (W) B10 B20 B30 B40

CR (X) 16.5 16.7 16.9 17.2
IP(bar) (Y) 165 185 205 225

IT (degrees) (Z) 22 24 26 28
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achieved the optimum value of 27
◦
bTDC (Z) compared with the other injection timings.

These values were optimized in various engine parameters obtained (V1W3X4Y1Z4) [63].
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Neff = number effective of replication

N = total numbers of conducted experiments

DOFT = degrees of freedom for mean optimum

F (α, 1, fe) = F-ratio required for the 100% (1 − a) confidence interval

Table 11. Confirmation experiment.

Returns Outcomes Factors for Optimal Combination
Predicted Confirmation Experiment

(dB) Decibels (dB)

Brake-specific fuel consumption V3W1X1Y4Z4 0.221 −12.84 0.288 −11.12

Carbon monoxide V3W2X2Y4Z4 0.28% −11.71 0.32% −10.71

Smoke opacity V4W3X1Y3Z2 46.77 33.49 67.9 36.34

8. Conclusions

In this investigation, the Taguchi method was used to optimize the emission and
performance characteristics of the DI diesel engine. The S/N ratio and ANOVA were
used to obtain the optimum results. Mainly three parameters were considered for this
experiment to optimize the output responses, namely, smoke opacity, carbon monoxide,
and BSFC. The compression ratio had the most impact on the BSFC. Carbon monoxide
was most affected by torque conditions through injection timing, injecting pressure, and
opacity of smoke emission, and among them injection timing had a higher impact. The
smoke opacity, carbon monoxide, and BSFC values of all the response-optimal factors were
found to be 46.77 ppm, 0.32%, and 0.288 kg/kW·h, respectively.
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