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Abstract
Given the pressing demand and ongoing necessity for fossil fuels, there is an imperative to actively seek alternative resources 
to replace petroleum-based fuels. The presents study considers a problem of experimentally investigating the effect of varying 
levels of important input parameters of a diesel engine fuelled with a novel blend of biodiesel-diesel and cerium oxide nano-
additive on the sustainable performance characteristics of a diesel engine. Four input parameters, i.e., blend percentage (B in 
%), nanoparticle concentration (NPC in ppm), engine load (LD in %) and ignition pressure (IP in bar) each at four levels are 
considered. Experiments are conducted as per the Taguchi’s  L16 standard orthogonal array and for each experiment, perfor-
mance parameters (such as Brake thermal efficiency (BTE) and brake specific fuel consumption (BSFC)), emission measures 
(Carbon monoxide (CO), oxides of nitrogen (NOx), unburnt hydrocarbons (UBHC) and Vibration level (VL)) of the diesel 
engine are collected. A hybrid multi-criteria decision-making (MCDM) approach, i.e., integrated MEREC-MARCOS method 
along with signal-to-noise (S/N) ratio and analysis of mean (ANOM) is employed to determine optimal setting of the input 
parameters that yield optimal multiple performance characteristics. The results reveal that B at 40%, NPC at 80 ppm, LD 
at 50% and IP at 200 bar is the optimal setting of the input parameters that produce optimum values of the output responses 
considered simultaneously. Further, results of the analysis of variance (ANOVA) show that Nanoparticle concentration 
percentage contribution is the maximum (79.63%) followed by engine load (8.40%), ignition pressure (6.28%), and blend 
percentage (2.11%). The optimization results are: BTE is 32.87%, BSEC is 0.285, CO is 0.018%, NOx is 559.6 ppm, UBHC 
is 28.1 ppm and VL= 19.57m2/sec which were validated with a confirmation test. Henceforth, such hybrid fuels provide 
sustainable energy solutions and environmental conservation simultaneously addressing the current and future demands.

Keywords Biodiesel · Biosynthesized nanoparticles · Thermal efficiency · Hybrid optimization · Diesel engine · Acoustic 
analysis · Renewable energy

Introduction

Over the last two decades, a sharp increase in conventional 
energy consumption, notably from crude oil and coal, has 
led to a rapid depletion of these resources worldwide [1]. 
This surge is fueled by global industrialization, population 
growth, and a slow shift toward renewable energy alterna-
tives [2]. The impact of dwindling conventional energy 
sources is particularly pronounced in underdeveloped and 
developing countries with larger populations [3]. Addition-
ally, the persistent rise in inflation and oil prices has intensi-
fied the ongoing fuel crisis. In the current scenario, many 
researchers predict a significant surge in crude oil prices, 
attributed to both escalating inflation and the depletion of 

 * Osama Khan 
 osamakhan6165@gmail.com

 * Ashok Kumar Yadav 
 ashokme015@gmail.com

 * Ümit Ağbulut 
 umit.agbulut@yildiz.edu.tr

1 Department of Mechanical Engineering, Jamia Millia 
Islamia (A Central University), New Delhi 110025, India

2 Department of Mechanical Engineering, Raj Kumar Goel 
Institute of Technology, Ghaziabad 201003, India

3 Department of Mechanical Engineering, Mechanical 
Engineering Faculty, Yildiz Technical University, 34349, 
Besiktas, Istanbul, Türkiye

http://orcid.org/0000-0002-6635-6494
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-024-12918-x&domain=pdf


3658 S. Khanam et al.

existing oil fields [4]. The current trajectory of fuel prices 
is expected to continue its upward trend until researchers 
devise a viable, sustainable, and cost-effective alternative 
to existing fossil fuels [5]. Declining crude oil reserves, 
escalating energy dependence, and environmental degrada-
tion due to conventional fuel consumption have prompted 
researchers to explore cleaner, renewable energy resources 
[6].

A sense of urgency can be felt among the masses to opt 
for a sustainable and cleaner fuel since the pandemic has 
emphasized the desire of a healthy ambience with reduced 
air pollution [7]. Exhaust pollutant particles released from 
automobiles lead to respiratory diseases. Moreover, these 
particles amalgamate with other infection carrying micro-
organisms which can be extremely detrimental to human 
health, thereby increasing the chances of community spread 
for viruses such as MERS, SARS and COVID-19. A strong 
correlation between daily deaths reported due to COVID-19 
and growing vehicle pollution levels caused by predomi-
nantly small particles ranging between 2.5 and 3 ppm lead-
ing to more (2nd and 3rd) lockdowns in several countries 
has been reported in the literature [8]. Other researchers also 
reported similar correlation between bad air quality index 
(AQI) and rising coronavirus cases in states with high popu-
lation index [9, 10].

Biofuels can be obtained by multiple energy requiring 
processes such as pyrolysis and transesterification reac-
tion [11, 12]. High initial cost, inferior production quality, 
improper physiochemical properties, and complex produc-
tion procedures are the major barriers for universal adoption 
of the biofuels globally [13, 14]. The major barrier to the 
global acceptance of secondary oils is the requirement of 
substantial land for farming which might not be advisable 
in nations with large scale population [15, 16]. Conversely, 
third generation of biofuels such as waste cooking oils [17], 
leachate oils [18], Eichhornia crassipes oil [19] employ 
waste products to generate engine proficient fuels which 
proved to be a cost-effective and a sustainable solution[20, 
21]. In various studies biodiesel generated from waste 
cooking oil (WCO) was explored whose physiochemical 
attributes such as calorific value, density and viscosity were 
appreciably beneficial to diesel engine performance [22–25]. 
Landfill solid waste is also explored to derive biofuels in 
earlier researches [26] Hence, WCO biodiesel can emerge 
as an economical and viable substitute for sustainable engine 
operation while contemplating the future predicted deple-
tion of conventional resources. Researchers have explored 
the potential of combining nano-additives with biodiesel, 
and they have reported an enhancement in physiochemical 
characteristics of the biodiesel caused by it [27–34].

Often physical and chemical methods are considered 
dangerous for environment since production of NPs using 
these methods also results in emission of poisonous and 

detrimental substances. Furthermore, these processes require 
special custom-built equipment, simultaneously consum-
ing substantial amount of power, making the entire process 
expensive and non-feasible. In particular, the physical pro-
cedure for the production of NPs requires additional facili-
ties including surplus aerosol chemical, ultraviolet radia-
tion, and thermal decomposition reactor. As far as chemical 
conversion techniques are concerned, they too require costly 
substances as catalyst such as sodium borohydride and reac-
tant stabilizers to stabilize the toxic capacity of the reaction. 
Conversely, biosynthesized NPs employ plant-based prod-
ucts and reduction takes in a cost friendly and non-toxic 
mode. These potent plants comprise of polyphenols and pro-
teins which might substitute expensive chemical reactants as 
transforming agents into metal ions [35–37].

Reaction by-products of biosynthesized NPs can later 
be utilized for additional purposes in chemical industries. 
Therefore, this eliminates any harmful by-products released 
from the reaction which might be difficult to bio-degrade. 
This not only reduces the power usage but also increases 
the yield of the final product with lower content of toxic 
chemicals. For certain plant-based composites, the yield and 
quality of such biosynthesized NPs are superior to those 
produced by physical and chemical methods. Thus, it can 
be inferred that biosynthesized NPs are better in terms of 
lower emissions rate, enhanced sustainability and better 
cost-effectiveness.

In the past, researchers have used various MCDM meth-
ods in their studies related to the IC engines by methods such 
as AHP, FAHP, ENTROPY, CRITIC and equal mass were 
used for computation of the criteria mass and ranking meth-
ods viz TOPSIS, VIKOR, WPM, WSM and PROMETHEE, 
were applied for ranking and selection of the various bio-
diesel feedstocks [38–43].

Erdoğan et al. (2020) [44] investigated performance, 
exhaust emissions, and combustion characteristics in a ther-
mal barrier coated (TBC) diesel engine using a multi-criteria 
decision-making (MCDM) method, specifically operational 
competitiveness rating (OCRA). The optimal outcome was 
observed with B20 operating at 1800 rpm. Lamas et al. 
(2020) [45] investigated the performance and emissions of 
a marine diesel engine using a numerical model, employing 
a multiple criteria decision-making (MCDM) approach to 
identify the optimal injection pattern. To determine criteria 
masses crucial for MCDM outcomes, the study compared a 
subjective weighting method with four objective methods: 
entropy, CRITIC (Criteria Importance Through Intercriteria 
Correlation), variance, and standard deviation. The incorpo-
ration of various nanoparticles induces significant changes 
in diesel engine performance and emission characteristics, 
influencing the internal working dynamics of the engine 
[46, 47]. To comprehend the diverse effects of nanoparticle 
mixing on diesel engine, a comprehensive literature survey 
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on various nanoparticles is essential. Soudagar et al. (2021) 
[48] assessed a modified CRDI diesel engine using Ricinus 
communis biodiesel with strontium-zinc oxide nanoparticle 
additives. Results showed an increase in BTE and in cylinder 
pressure, accompanied by reductions of in BSFC, smoke, 
Ignition delay, CO, HC, and  CO2. Khan et al. (2020) [49] 
investigated the application of a blend comprising Nigella 
sativa biodiesel, diesel, n-butanol, and graphene oxide nano-
particles in a modified CRDI diesel engine. Their findings 
revealed increased BTE, decreased BSFC, suggesting that 
a mix with 90 ppm of graphene oxide nanoparticles and 
10% n-butanol in Nigella sativa biodiesel is comparable to 
conventional diesel fuel. Mujtaba et al. (2020) [50] explored 
a CI engine using a palm–sesame oil blend with oxygen-
ated alcohols and nanoparticles (Carbon Nano Tubes and 
Titanium oxide). The findings indicated that the B30 and 
titanium oxide blend exhibited a reduction in BSFC while 
B30 + DMC showed an increase in BTE. Khan et al. (2023) 
conducted an experiment using biodiesel-hydrogen and 
cerium oxide nanoparticles blend and performed MRO of 
the diesel engine performance parameters, but they used 
response surface methodology (RSM) rather than MCDM 
method for optimization [51].

The novelty of current work can be established by stating 
the fact that to the best of authors knowledge no research 
has used biosynthesized cerium oxide derived from Cerato-
nia siliqua in enhancing performance and emission param-
eters of diesel engine. The uniqueness of the study can also 
be derived by confirming that optimisation of outputs is 
achieved by varying nanoparticle concentration and injec-
tion pressure which are seldomly chosen together, due to 
frequent clogging and degradation of inlet valves especially 
for biofuels with higher viscosity.

While some previous literature discusses the performance 
of biodiesel and nano-additives in internal combustion 
engines, there is a notable scarcity of research on optimizing 
sustainable performance characteristics for diesel engines 
fueled with biodiesel-diesel blends and biosynthesized nano-
additives. This study addresses this gap by experimentally 
investigating the impact of such blends on diesel engine per-
formance and determining optimal input parameters through 
the integrated MEREC-MARCOS method. The scarcity of 
prior work employing this method to enhance engine perfor-
mance and reduce emissions and vibrations makes this study 
significant and unique.

Materials and methods

Fuel for diesel engine was prepared by blending biodiesel-
diesel and cerium oxide nano-additive. The prepared blends 
were fuelled in the CI engine, and its sustainable perfor-
mance characteristics were experimentally investigated. The 

selection of input parameters and their respective levels is 
determined by a comprehensive review of prior literature on 
diesel engines. The study considered feasible experimental 
ranges that had an apparent impact on outcomes, excluding 
ranges where no notable changes were observed. Taguchi’s 
design of experiment was used to conduct experiments and 
for each experiment multiple sustainable performance char-
acteristics of the engine were measured and recorded. A 
hybrid MCDM method, i.e., integrated MEREC-MARCOS 
was employed to determine a single index for the considered 
multiple performance characteristics. Further, Taguchi’s 
approach including S/N ratio, ANOM, and ANOVA was 
used to determine optimal setting of the input parameters 
that resulted in the optimum multiple performance charac-
teristics. The results of the study were validated using con-
firmation test. The detailed aspect of the methodology is 
described in the subsequent sections. The complete proce-
dure adopted in the present study is shown in the flowchart 
depicted in Fig. 1.

Preparation of the fuel

Primarily, a fuel was prepared by converting the waste cook-
ing oil (WCO) collected from various local sources such as 
restaurants and food industries. The available raw oil was 
then transformed into biodiesel by adding substances such as 
Methyl alcohol (98.7%), potassium hydroxide (95.8%) and 
color indicator. In the next step, cerium oxide was obtained 
from Carob and mixed with biodiesel. Among several previ-
ously explored nano-additives, biosynthesized cerium oxide 
possesses favorable characteristics in bio-energy generation. 
Its popularity has grown several folds in medical sciences 
presumably due to its antioxidant and antibacterial capabili-
ties. It is naturally derived from Carob (Ceratonia siliqua) 
vastly found in Indian subcontinent. Waste leaves of Cerato-
nia siliqua were obtained from north part of India (Kashmir). 
The waste leaves were dried in a reactor and grinded to fine 
particles. Approximately 10 g was weighed and mixed with 
100 mL of deionized water. The mixture was placed under 
an ultrasonic reactor for 20 min. Ultimate mixture was fil-
tered and stored in a cooled area at 2 ℃. A separate salt of 
Cerium (IV) ammonium nitrate was added in the above pre-
pared mixture in the ratio of 10:100. The solution was again 
placed under the influence of ultrasonic horn for 10 min at 
a temperature of 60 ℃. After the mixing, a white paste was 
formed which was additionally calcined at 200 ℃ for 1 h, 
resulting in cerium oxide nano-powder.

The produced biodiesel was ultrasonically intermixed 
with produced biosynthesized Cerium oxide nano-additive 
(size 30 nm). The mixing process involved weighing the 
nano-additive and mixing it with distilled water to produce 
nano-fluid which was subsequently, added to the produced 
biodiesel. To maintain the stability, surfactant 80 was added 
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in the biodiesel-cerium oxide mixture which was again inter-
mixed by operating the mixture on a magnetic stirrer for 
prefixed speed of 2500 rpm. Finally, the mixture was placed 
under an ultrasonic reactor at 110–130 kHz for 25 min. Final 
composition of the produced fuel contained of 91.8% bio-
diesel, 5.1% nano-fluid and 3.1% surfactant on volume basis. 
Furthermore, blending process was performed in which the 
obtained hybrid nano-additive biodiesel was blended with 
pure diesel in different proportions. The fuel obtained was 
then tested in diesel engine under varying operating con-
ditions to estimate the performance, emission and vibra-
tion characteristics. The biodiesel-diesel and cerium oxide 
mixture was tested for various physiochemical properties 
which were quite alike to petro-diesel fuel as demonstrated 
in Table 1, thus encouraging its application in CI engine. 

Various properties of the final fuel combination of biodiesel-
diesel and cerium oxide were compared with the interna-
tional ASTM standards as displayed in Table 1.

Selection of the input parameters and their levels

Selection of input parameters plays a vital role in experimen-
tal investigation of their effect on the output responses. In 
the contemporary research four input parameters, i.e., Blend 
percentage (B), nanoparticle concentration (NPC), engine 
load (LD) and ignition pressure (IP) were selected based 
on the past literature whose experimental results have con-
firmed their feasibility. It may be noted that B refers to bio-
diesel blend percentage where biodiesel-diesel are mixed to 
form a single fuel in different concentration. NPC specifies 

Fig. 1  Flowchart showing 
the procedure adopted in the 
present study
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nanoparticle concentration where nano-additives are pow-
dered into fine particle and mixed with fluids to form nano-
fluids. LD represents load applied on the diesel engine where 
the force acts against the power produced by the engine. IP 
defines ignition pressure which is the force that makes the 
top of the piston bulge by applying a gas pressure on the 
piston. In order to select discrete levels of the input param-
eters, their feasible range that strongly influenced the output 
responses was considered. The considered feasible range of 
B, NPC, LD and IP was 10–40%, 20–80 ppm, 25–100% 
and 190–220 bars, respectively, and four levels of each 
input parameter from these ranges were selected. The input 
parameters and their levels are shown in Table 2. B was not 
considered beyond 40% since it results in high viscosity and 
low density, thereby requiring a slight variation in origi-
nal engine design making the whole process infeasible and 
expensive. NPC beyond 80 ppm was not considered since 
some modifications are required in valve timing diagram 
of the engine, to avoid excessive deposition and increased 
aggregation of nano-additives concentration, resulting in 
segregation among sample fuel blends [48]. LD below 25% 
presents small negligible variations in engine performance 
and exhaust analysis, hence not considered. IP above 220 bar 
was not considered as it increases the engine temperature to 
an abnormal state resulting in engine seize or malfunction.

The concurrent exploration of Nano Particle Concentra-
tion (NPC) and Ignition Pressure in diesel engine experi-
mentation involving biodiesel and nanoparticles is seldom 
preferred due to inherent challenges related to clogging and 
degradation. The integration of biodiesel and nanoparticles 
in the experimental setup introduces complexities that can 
impede the overall performance of the diesel engine. Clog-
ging issues are a common challenge, particularly in the fuel 
injection system, where nanoparticles may aggregate and 

obstruct the flow, leading to reduced efficiency and poten-
tial damage. Furthermore, the degradation of nanoparticles 
over time poses a significant hurdle, impacting their effec-
tiveness and altering the ignition pressure characteristics. In 
optimizing the fuel injection system, several key considera-
tions are crucial. The injectors are redesigned to enhance 
the dispersion of nanoparticles within biodiesel, necessitat-
ing alterations in the injector nozzle geometry to generate 
a finer spray pattern and ensure the uniform distribution of 
the biodiesel-nanoparticle mixture during injection. This 
also ensures material compatibility serving as a resistant to 
potential corrosive effects from biodiesel and nanoparticles, 
thereby prolonging the lifespan of injectors and preventing 
premature wear. The implementation of variable injection 
parameters is vital, enabling adjustments based on the spe-
cific characteristics of the biodiesel-nanoparticle blend. 
Controlling and monitoring nanoparticle size within the fuel 
injection system is imperative to ensure that nanoparticles 
remain within an optimal size range for combustion, mini-
mizing the risk of clogging.

Taguchi method

Genichi Taguchi developed this statistical method to enhance 
quality of the manufactured goods. This method postulates 
that all manufacturing processes get affected by outside fac-
tors called noise and it is difficult to identify all the possi-
ble sources of noise. However, a few most influential noise 
factors having significant impact on the product variability 
can be identified and their effect can be reduced with the 
help of proper experimental design. This method has been 
extensively used in engineering design [52], and various 
researchers have applied it successfully to solve single and 
multi-response optimization problems [53–56]. There are 

Table 1  Comparison of the 
physiochemical attributes of the 
experimental fuels [51]

Properties Waste cooking 
oil /WCO

Biodiesel-diesel and 
cerium oxide

Diesel ASTM limit

FFA/% – 1.3 0.0015 Max. 2
Density at 15 °C/kg  m−3 884 899 843 860–900
Calorific value /MJ  kg−1 49.8 41.93 44.85 Min. 33
Flash point/°C 71.36 105 51 Min. 130
Cetane number/°C 59 55 51.3 Min. 45
Kinematic viscosity /centi-Stoke 3.50 2.8 4.56 2.52–7.5

Table 2  Input parameters and 
their levels

Input parameter Symbol Unit Level 1 Level 2 Level 3 Level 4

Blend percentage B % 10 20 30 40
Nanoparticle concentration NPC ppm 20 40 60 80
Engine load LD % 25 50 75 100
Ignition pressure IP bar 190 200 210 220
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three components, i.e., system design, parameter design, and 
tolerance design of this method. Among these, the parameter 
design is the most commonly used procedure [57] which 
aims at determining the parameters’ setting that results in 
the best quality characteristic/performance measure with 
minimum variation. To determine the optimal setting of 
the considered parameters, this method uses a strategically 
designed experiment with different combinations of the 
levels of the design/process parameters. Taguchi specified 
larger-the-better; smaller-the-better; and nominal-the-better, 
as the quality characteristic of choice. Further, S/N ratio is 
used as the loss function instead of standard deviation in this 
method because as the mean decreases, the standard devia-
tion also deceases and vice versa. The S/N ratio for larger-
the-better and smaller-the-better performance characteristics 
is computed using Eq. (1) and Eq. (2), respectively.

where yijk represents experimentally collected value of the 
ith performance characteristic in the jth experiment at the 
kth test and n signifies the number of tests.

In the present study, four levels four input parameters 
have been considered and therefore, Taguchi’s  L16 orthogo-
nal array (OA) in coded form, as shown in Table 3, was used 
to conduct experiments to collect experimental results for 
the multiple performance characteristics.

(1)S∕N = −10log10

[
1

n

n∑
k=1

1

y2
ijk

]

(2)S∕N = −10log10

[
1

n

n∑
k=1

y2
ijk

]

Experimental setup used for investigation

After preparing multiple blends of biodiesel-diesel and 
cerium oxide nano-additive, the prepared mixture was 
fueled in diesel engine where its performance, emission 
and vibration parameters were experimentally measured 
according to the  L16 OA shown in Table 3. The experi-
mental setup is displayed in Fig. 2 which comprised of a 
single rail direct injection diesel stationary engine. Speed 
changes were accomplished by varying load applied on the 
engine directly coupled with an eddy current dynamom-
eter for torque variations. The resistive type of load panel 
comprised of a voltmeter and current meter. Torque vari-
ations for the engine ranged between 0 and 18 kgf. An 
interactive display was included within the system which 
demonstrated various other measurements such as fuel 
tank volume, air flow rate, and fuel consumption. The 
engine exhausts primarily included unburned hydrocar-
bon (UBHC), carbon monoxide (CO), and nitrogen oxide 
(NOx) emissions which were displayed on the screen of 
gas analyzers. While vibration level was recorded with the 
help of triaxial accelerometer Piezo-electronics. Table 4 
shows the various technical details of the engine setup. 
The calculation of outcomes is shown in Appendix A.1

Method based on removal effects of criteria (MEREC)

The importance of the various performance characteristics 
determined in terms of mass plays an important role in the 
decision-making process. Over the years, several objective 
methods such as Entropy, Standard Deviation (SD), Mean 
mass have been developed for computation of the mass of 
criteria/performance characteristics. MEREC method for 
determination of criteria masses was proposed by Kes-
havarz-Ghorabaee et al., [59] which suggests that higher 
mass to a performance characteristic should be assigned 
if its removal results in higher change in the aggregate 
performance of the experiments. This is new a method as 
compared to others objective mass calculation methods 
and is relatively less explored, due to which it has been 
used in this study to determine the masses of the output 
responses. The steps of this method are discussed as fol-
lows [59]:

Step 1: Formulate decision matrix (A) of size m × n as 
given by Eq. (3).

(3)A =

⎡⎢⎢⎣

a11 ⋯ a1q
⋮ ⋮ ⋮

ap1 ⋯ apq

⎤⎥⎥⎦
m×n

Table 3  L16 OA Exp. no. B NPC LD IP

1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 1 4 4 4
5 2 1 2 3
6 2 2 1 4
7 2 3 4 1
8 2 4 3 2
9 3 1 3 4
10 3 2 4 3
11 3 3 1 2
12 3 4 2 1
13 4 1 4 2
14 4 2 3 1
15 4 3 2 4
16 4 4 1 3



3663A Taguchi‑based hybrid multi‑criteria decision‑making approach for optimization of…

where the value of the performance characteristic q in exper-
iment p is represented by apq. The variables p and q vary 
from 1 to m and 1to n, respectively.

Step 2: Elements of the decision matrix are normalized 
to transform them into a comparable range using Eq. (4).

where the normalized value of the element apq of A is rep-
resented by bpq.

(4)bpq =

⎧⎪⎨⎪⎩

min
p
(apq)

apq
q ∈ beneficial

apq

max
p

(apq)
q ∈ non − beneficial

⎫⎪⎬⎪⎭

Step 3: An overall performance of the alternatives (Rp) 
which is logarithm measure of the normalized value is 
computed using Eq. (5).

Step 4: The performance of the experiments on removal 
of a specific performance characteristic (Spq) is computed 
by eliminating a particular performance characteristic as 
given by Eq. (6).

where k varies from 1 to n.
Step 5: Determine the overall absolute deviations (Tp) 

of the experiments by subtracting Spq from Rp as given by 
Eq. (7).

Step 6: Compute mass of the performance characteris-
tics (wq) by normalizing the values of the Tp as given by 
Eq. (8).

(5)Rp = ln

(
1 +

(
1

m

∑
q

|||ln
(
bpq

)|||
))

(6)Spq = ln

(
1 +

(
1

m

∑
q,q≠k

|||ln
(
bpq

)|||
))

(7)Tq =
∑
p

|||Rp − Spq
|||

KOH+CH3OH

Settling

Trasesterfication

Raw Oil

Glycerin

Diesel Engine
Distilled
Water

Bio diesel
Washed Biodiesel

Ultrasonic
Reactor

Gas Analyzer

Fig. 2  Graphic representation of the experimental setup

Table 4  Technical specifications of CI engine

S.No Element Specification

1 Engine brand PETTER-AV1
2 Engine category CRDI, 4-stroke, DI, water-cooled
3 Bore 80 mm
4 Stroke 110 mm
5 Rated power 15 BHP at 1500 rpm
6 Compression ratio 19:1
7 Dynamometer Eddy current
8 Load sensor Load cell, type strain gauge
9 Compression pressure 48.15 kg  cm−2
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Measurement alternatives and ranking according 
to compromise solution (MARCOS) method

MARCOS is a MCDM method used to rank different 
experiments on the basis of utility degree. This method 
holds an advantage of maintaining stability of results in 
the presence of large number of alternatives and crite-
ria [60]. Since its development it has been employed by 
various researchers to solve decision-making problem such 
as supplier selection in healthcare industry [61], human 
resource evaluation in transport industry [62], project 
management software selection [63] and risk analysis for 
road traffic [64]. The steps of this method are as follows:

Step 1: Formulate decision matrix (A) by arranging the 
values of the performance characteristics for each experi-
ment in rows and columns as given by Eq. (3).

Step 2: The formulated decision matrix is extended by 
inserting anti-ideal (AS) and ideal solution (IS) at the top 
and bottom, respectively, resulting in the development of 
extended decision matrix (C) as given by Eq. (9).

where [ag1, ag2, ……, agq], [ah1, ah2,……, ahq] represents the 
AS and IS, respectively, the elements of which are deter-
mined using Eqns. (10) and (11), respectively.

Step 3: The elements of C are normalized to transform 
them into similar range using Eq. (12).

(8)wq =
Tq∑
q Tq

(9)C =

⎡
⎢⎢⎢⎢⎢⎣

ag1 ⋯ agq
a11 ⋯ a1q
⋮ ⋯ ⋮

ap1 ⋯ apq
ah1 ⋯ ahq

⎤
⎥⎥⎥⎥⎥⎦(m+2)×n

(10)agq =

⎧⎪⎨⎪⎩

min
1≤p≤m

(apq) q ∈ beneficial

max
1≤p≤m

(apq) q ∈ non-beneficial

⎫
⎪⎬⎪⎭

(11)ahq =

⎧⎪⎨⎪⎩

max
1≤p≤m

(apq) q ∈ beneficial

min
1≤p≤m

(apq) q ∈ non-beneficial

⎫⎪⎬⎪⎭

(12)cpq =

{ apq

ahq
q ∈ beneficial

ahq

apq
q ∈ non-beneficial

}

Step 4: The weighted normalized values (dpq) are com-
puted by multiplying the normalized values with the masses 
to include the importance of the output responses as given 
by Eq. (13).

where wq is the mass of the performance characteristic q 
determined using MEREC method in this study.

Step 5: The utility degree of the experiments in relation to 
AS and IS represented by  E+ and  E−, respectively, is deter-
mined using Eq. (14) and (15), respectively.

Step 6: The utility function f(E) representing a compro-
mise of the experiments in relation to AS and IS is computed 
using Eq. (16).

where f (E+
p
) =

E+
p

E+
p
+E−

p

 and f (E−
p
) =

E−
p

E+
p
+E−

p

.

Step 7: The utility function is a final value representing a 
combined performance score of the experiments for multiple 
performance characteristics. A higher value of f(Ep) suggests 
that the experimental values are best within the considered 
set of experiments and the experiment should be ranked first. 
Further, rank of other experiments decreases with decreasing 
value of utility function.

The selection of MEREC-MARCOS method for multi-
criteria decision-making in optimizing the performance 
parameters of a diesel engine stem from its efficacy in han-
dling complex decision scenarios inherent in this domain. 
The MEREC-MARCOS method integrates multiple criteria, 
such as fuel efficiency and emissions, providing a compre-
hensive framework to evaluate and prioritize competing 
alternatives. Its ability to accommodate diverse and often 
conflicting objectives aligns well with the intricate nature 
of optimizing diesel engine performance. This method 
employs mathematical modeling and analysis to systemati-
cally assess the trade-offs among different criteria, facili-
tating informed decision-making that balances the need for 
enhanced efficiency, reduced environmental impact, and 
economic feasibility.

The selection of the MEREC-MARCOS method for 
diesel engine analysis is justified by its unique strengths in 

(13)dpq = cpq × wq

(14)E+
p
=

∑n

q =1
dpq∑n

q =1
dhq

(15)E−
p
=

∑n

q =1
dpq∑n

q =1
dgq

(16)f (Ep) =
E+
p
+ E−

p

1 +
1−f (E+

p
)

f (E+
p
)
+

1−f (E−
p
)

f (E−
p
)
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addressing the intricacies of multi-criteria decision-mak-
ing specific to this domain. Unlike other methods such as 
VIKOR, Entropy, and Genetic Algorithms (GA), MEREC-
MARCOS excels in handling the complex interplay of cri-
teria crucial for diesel engine optimization. Its emphasis on 
incorporating environmental, economic, and performance 
factors aligns well with the diverse and often conflicting 
objectives inherent in diesel engine design. MEREC-MAR-
COS's mathematical modeling and analytical rigor make it 
particularly suitable for evaluating trade-offs between fuel 
efficiency, emissions reduction, and cost-effectiveness. Its 
ability to provide a comprehensive understanding of the 
decision space, considering uncertainties and preferences, 
sets it apart. In essence, the MEREC-MARCOS method 
stands out as a robust and tailored approach for diesel engine 
analysis, offering a nuanced perspective that accounts for the 
multifaceted challenges in achieving optimal performance.

BTE BSEC CO NOx UBHC VL

Tq 0.3865 0.3729 0.3236 0.3000 1.3389 0.3753
W 0.1248 0.1204 0.1045 0.0969 0.4323 0.1212

Results and discussion

Results

Experiments were performed according to  L16 OA shown 
in Table 3 and for each experiment the multiple perfor-
mance characteristics were measured as per the procedure 
described in Sect. "Method based on removal effects of 
criteria (MEREC)". The experimental results are shown in 
Table 8 as shown Appendix B.

Level B NPC LD IP

Level 1 − 3.5405 − 4.0513 − 3.6406 − 3.5420
Level 2 − 3.6137 − 3.6387 − 3.3400 − 3.4232
Level 3 − 3.5421 − 3.3756 − 3.5774 − 3.4867
Level 4 − 3.4498 − 3.0804 − 3.5881 − 3.6941
Difference (Max.–Min) 0.0732 0.6758 0.3005 0.1188
Rank 4 1 2 3

The multiple performance characteristics were trans-
formed into a single performance score using MEREC 
and MARCOS methods. MEREC method was used to 

determine the mass of each performance characteristic sig-
nifying its importance. The masses so obtained were used 
in the MARCOS method to compute a single performance 
score for the six performance characteristics.

The values of the performance characteristics acted as 
decision matrix for both MEREC and MARCOS methods 
and for clarity as shown in Table 9 in Appendix.

Source of 
variation

Degrees 
of free-
dom

Sum of 
square 
(SS)

Mean square 
(MS)

% Contribution

B 3 0.0541 0.0180 2.11
NPC 3 2.0375 0.6792 79.63
LD 3 0.2151 0.0717 8.40
IP 3 0.1608 0.0536 6.28
Residual 

error
3 0.0914 0.0305 3.58

Total 15 2.5588

Since the units of the performance characteristics were 
different, they were normalized using Eq. (4) to transform 
them into a comparable range. It should be noted that BTE 
is a beneficial performance characteristic as its maximum 
value is desired and the other five performance charac-
teristics are of non-beneficial type since their minimum 
values are required. Further, overall performance score 
and performance score on removal of a specific perfor-
mance characteristic were computed using Eq. (5) and 
Eq. (6), respectively. Based on the removal effects of the 
performance characteristics, overall absolute deviation 
(Tq) of the experiments was determined using Eq.  (7). 
Subsequently, masses of the performance characteristics 
were computed using Eq. (8). The overall absolute devia-
tion (Tq) and masses of the performance characteristics so 
obtained are shown in Table 5.

It can be seen from Table 5 that mass of UBHC is the 
highest, i.e., 0.4323, and for NOx, it is the lowest, i.e., 
0.0969. It suggests that among the considered performance 
characteristics, UBHC is the most important while NOx is 
the least important one, respectively. Further, the impor-
tance of all the performance characteristics in descending 
order is UBHC > BTE > Vibration > BSEC > CO > NOx.

Further, MARCOS method was employed to compute 
utility function representing a single performance score for 
the six performance characteristics. The decision matrix was 
extended by inserting the AS and IS at top and bottom using 
Eq. (9), Eq. (10) and Eq. (11), respectively. The extended 

Table 5  Overall absolute 
deviation (Tq) and masses of the 
performance characteristics

BTE BSEC CO NOx UBHC VL

Tq 0.3865 0.3729 0.3236 0.3000 1.3389 0.3753
W 0.1248 0.1204 0.1045 0.0969 0.4323 0.1212
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decision matrix so obtained was normalized using Eq. (12). 
Subsequently, the masses obtained using MEREC method 
were multiplied with the normalized values to determine 
weighted normalized values using Eq. (13). Based on the 
weighted normalized value, utility degree in relation to AS 
and IS was computed using Eq. (14) and Eq. (15), respec-
tively. Finally, the utility function of the experiments was 
determined using Eq. (16). Since a higher value of the utility 
function represents the best experiment, a higher-the-better 
characteristics for f(E)were considered and its signal-to-
noise (S/N) ratio was computed using Eq. (2). The f(E) value 
and the corresponding S/N ratio so obtained are shown in 
Table 10 in Appendix.

Table 10 reveals that f(E) value of experiment number 16 
is the maximum(0.7146), and therefore, it can be concluded 
that input parameter setting of this experiment, i.e., Bat 40%, 
NPC at 80 ppm, LD at 25% and IP at 210 bar is the best one 
for all six performance characteristics taken simultaneously.

It may be noted that a full factorial design that involves 
four input parameters, each at four levels, has a total of 256 
experiments each having a unique combination of the input 
parameters. However, in the present study, only 16 experi-
ments have been performed as per the Taguchi’s  L16 OA 
and therefore, it might be possible that the optimal setting 
of input parameters may not be present in 16 experiments. 

Therefore, to obtain optimum setting of the input parame-
ters, Analysis of Mean (ANOM) was performed as suggested 
by Taguchi. In ANOM, mean value of the S/N ratio at each 
level of the input parameter was computed. For example, the 
mean value at level 1, level 2, level 3 and level 4 of the input 
parameter B was obtained by taking arithmetic mean of the 
S/N ratio of Exp. No. 1to 4, Exp. No. 5 to 8, Exp. No. 9 to 
12 an Exp. No. 13 to 16, respectively. Similarly, the mean 
values of the S/N ratio at other levels of the input parameters 
were computed. The ANOM table for S/N ratio is shown in 
Table 6, and the S/N graph is shown in Fig. 3.

Regardless of the performance characteristic whether it 
is beneficial or non-beneficial, the maximum value of the 
mean S/N ratio is considered to obtain the optimal setting 
of the input parameters. It can be observed from Table 6 
that maximum value of mean S/N ratio is obtained at level 
4 of B, level 4 of NPC, level 2 of LD and level 2 of IP. 
Also, the same can be observed from Fig. 3. Hence, it can 
be concluded that within the investigated range B at 40%, 
NPC at 80 ppm, LD at 50% and IP at 200 bars is optimal 
setting of the input parameters that simultaneously optimizes 
all six performance characteristics considered in the present 
study. Further, Table 6 also reveals that rank of NPC is 1 
which signifies that all six performance characteristics are 
highly sensitive to a change in NPC. The input parameters 
in descending order of sensitivity are NPC > LD > IP > B.

Further, to examine the significance of the input parame-
ters for the performance characteristics, analysis of variance 
(ANOVA) was performed. ANOVA is a standard statistical 
tool which is used to identify the systematic and random fac-
tors of a dataset based on the variability, and the procedure 
for ANOVA can be found in any standard text of statistics. 
Results of ANOVA are presented in Table 7.

Table 7 shows that NPC is the most significant input 
parameter for affecting all performance characteristics as 
its percentage contribution is the maximum (79.63%), and 
it is followed by LD (8.40%), IP (6.28%), and B (2.11%).

Table 6  ANOM table for S/N ratio

Level B NPC LD IP

Level 1 − 3.5405 − 4.0513 − 3.6406 − 3.5420
Level 2 − 3.6137 − 3.6387 − 3.3400 − 3.4232
Level 3 − 3.5421 − 3.3756 − 3.5774 − 3.4867
Level 4 − 3.4498 − 3.0804 − 3.5881 − 3.6941
Difference 

(Max.–Min)
0.0732 0.6758 0.3005 0.1188

Rank 4 1 2 3

Fig. 3  The S/N graph for utility 
function
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Validation test

The final step was to conduct the confirmation test to vali-
date the results of the study. In the confirmation test, an 
experiment is conducted at the optimal setting of the input 
parameters and the performance characteristics of this 
experiment are measured and recorded. Subsequently, the 
f(E) value, and its corresponding value of S/N ratio is com-
puted. Further, predicted value of the S/N ratio at the opti-
mal setting of the input parameters is computed using the 
Taguchi’s approach. Finally, the experimental value of the 
S/N ratio is compared with that of the predicted value of 
the S/N ratio and if the two values are found to be in close 
agreement, then, the result is validated. In the present study, 
since it was not possible to determine the value of f(E) and 
its corresponding S/N ratio for a single experiment run at 
the optimal setting of the input parameters and therefore, 
to obtain the experimental value of the S/N ratio, a linear 
regression model between the performance characteristics 
and the corresponding S/N ratio was developed which is 
given in Eq. (17). The value of the coefficient of determi-
nation (R2) for this linear regression model was found to 
be very (99.25%) which signifies a very strong relationship 
between the S/N ratio and the performance characteristics.

An experiment at the optimal combination of the input 
parameters, i.e., B 40%, NPC 80 ppm, LD 50% and IP 
200 bar was performed for which the following perfor-
mance characteristics were measured: BTE = 32.87%, 
BSEC = 0.285, CO = 0.018%, NOx = 559.6  ppm, 
UBHC = 28.1 ppm and VL = 19.57  m2  sec−1. Substituting 
these values in Eq. (17) resulted in an experimental value of 
S/N ratio as − 2.782 dB.

The predicted value of the S/N ratio, i.e., (S∕N)opt at the 
optimal setting of the input parameters was determined using 
Eq. (18).

(17)
S∕N = 4.7611 − 0.0434 × BTE − 1.5014 × BSEC

− 41.865 × CO − 0.0013 × NOx − 0.1128

× UBHC − 0.0534 × VL

where (S∕N)mean is the mean value of the S/N ratio for all 
the experiments, (S∕N)i is the mean value of the S/N ratio at 
the optimal level of the input parameter; i and n is the total 
number of input parameters.

The predicted value of the S/N ratio computed using 
Eq. (18) was found to be − 2.684 dB. Since the experimen-
tal and predicted values are in close agreement (percent-
age error = 3.65%), the results obtained in the study are 
validated.

Discussion

The level of importance, determined on the basis of the mass, 
considered performance characteristics of the diesel engine 
fuelled with blend of biodiesel-diesel and cerium oxide 
in decreasing order is found as UBHC > BTE > Vibra-
tion > BSEC > CO > NOx. Further, the present study sug-
gests that the optimum multiple performance characteristics 
of the diesel engine are achieved at 40% blend percentage 
(level 4), 80 ppm nanoparticle concentration (level 4), 50% 
load application (level 2), and 200 bar injection pressure 
(level 2).

Prior engine studies have extensively advocated for 
higher blend percentage between 35 -40% for fuels amal-
gamated with nanoparticles as lower calorific value and 
higher viscosity are nullified by superior atomization char-
acteristics due to presence of nanoparticles in fuel, leading 
to superior BTE and lower BSEC [62, 63]. Superior atomi-
zation in turn is achieved by superior heat conduction rate 
of cerium oxide, which results in quicker evaporation of 
the test blends. Furthermore, higher concentration of bio-
diesel facilitates surplus oxygen available for combustion 
reaction, which in turn is further increased by higher oxi-
dation capacity of the cerium oxide nanoparticle result-
ing in a wholesome burning process. Subsequently, this 
leads to lower exhaust emissions like NOx, CO and UBHC 
as depicted in Fig. 4. While analyzing vibrating compo-
nents of the engine, pistons reciprocating motion were 

(18)(S∕N)opt = (S∕N)mean +

n∑
i=1

[
(S∕N)i − (S∕N)mean

]

Table 7  ANOVA table for S/N 
ratio

Source of variation Degrees of 
freedom

Sum of square 
(SS)

Mean square (MS) % Contribution

B 3 0.0541 0.0180 2.11
NPC 3 2.0375 0.6792 79.63
LD 3 0.2151 0.0717 8.40
IP 3 0.1608 0.0536 6.28
Residual error 3 0.0914 0.0305 3.58
Total 15 2.5588
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considered to be the prime most factor followed by a bunch 
of other parameters too. Other parameters comprised of 
combustion pressure, valve timing, engine lubrication 
requirement, incoming and outgoing fluids which also 
influenced engine vibrations [67]. Hybrid nano-additive 
combinations of fuel blends facilitate superior combus-
tion characteristics simultaneously lowering the vibration 
levels, thereby improving the service life and operational 
reliability of the engine. Conversely, lower concentration 
of biodiesel leads to an advanced ignition of fuels is higher 
quantity of diesel is present in fuel, causing a nonlinear 
increase in root mean square (RMS) of vibration response 
which is in close vicinity to the combustion getting devel-
oped at TDC [68].

The contemporary research established an optimum 
value of 80 ppm nanoparticle concentration which is the 
highest possible level achieved for feasible engine charac-
teristics as shown in Fig. 5. This is also validated by previ-
ous literatures since higher NPC facilitates higher surface 
area eventually enhancing fuel distribution within the 

combustion chamber and increasing the BTE value [69, 
70]. Successful atomization is achieved with higher NPC 
which enables the blended oil molecules to get separated 
into micro molecules, resulting in homogenous dispersal 
and enhanced infiltration further decreasing BSEC value. 
Higher NPC value facilitates fuel blends with compre-
hensive thermal conductance and higher oxygen content 
leading to an improved mixing reaction for a wholesome 
combustion process with lower emission values such as 
UBHC and CO as evident from the Eq. (18) and Eq. (19).

Furthermore, the uniform intermixing of nanoparticles 
with biodiesel results in extended burning period during 
combustion continuing in diffusion phase, leading to addi-
tional energy generation and lowered NOx values as shown 
in Eq. (20).

(19)

(2x + y)CeO2 + CxHy →

[
(2x + y)

2

]
Ce2O3 +

x

2
CO2 +

y

2
H2O

(20)4CeO2 + Csoot → 2Ce2O3 + CO2

Fig. 4  Impact of blend percent-
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Fig. 5  Impact of nanoparticle 
concentration on outcomes 0.024
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Significant reductions in vibration levels are achieved at 
higher NPC range which is quite evident since larger surface 
area facilitates an ideal combustion process. Also, during 
abnormal combustion, sudden high-pressure shock waves 
are released which are extremely detrimental to the engine 
operation [71].

45–50% is the optimum engine load range obtained for ideal 
engine outcomes established during experimentation as shown 
in Fig. 6. Another trend revealed increased BTE value for a 
lower level of load applied on engine. This is quite evident as 
higher load application on diesel engine results an imbalance 
in air fuel ratio. This is due to higher fuel requirement by the 
engine to perform the requisite action, thereby resulting in 
abnormal combustion in engine cylinder [72]. Pre-mixed and 
dispersion combustion stages are the prime parameters which 
influence BSEC value while varying load application on engine. 
Therefore, lower levels of load are preferred since it consumes 
lesser amount of fuel resulting in lower value of BSEC, while 
at higher loads, the engine has to draw in more fuel for the 
same power input. A lower delay time, during the pre-mixed 
stage throughout the diffusion stage, results in a homogene-
ous fuel mixture. Optimum load application leads to increased 
atomization, which results in an improved A/F ratio. Conse-
quently, a homogenous fuel–air mixture is achieved, resulting 
in a shortened latency just before the combustion commences 
further leading to lower UBHC and CO content [73]. Generally 
higher cylinder temperature yields higher NOx content in diesel 
engine. The study also detected lower NOx content analyzed in 
gas analyser at lower loads which is predominantly due to lower 
volumes of fuel being pumped inside the chamber. This further 
translates into lower pressure and temperature being developed 
in the combustion chamber, considered to be the prime reason 
for NOx generation [74]. On the contrary, for increased load 
application on the engine, more volume of fuel is pumped to 

(21)Ce2O3 + NO → 2Ce2O2 +
1

2
N2

achieve desired power, thus simultaneously increasing the pres-
sure and temperature constraints of the gases forming within 
the cylinder which in turn raised NOx content. At higher engine 
load, the vibration tends to increase since it increases the iner-
tia forces, simultaneously increasing the crank rpm also [75]. 
Thus, lower levels of load are preferred for lower vibration and 
superior comfort to the rider and car accessories.

During the experimentation, performance characteristics 
were explored for various combinations and levels of injec-
tion pressure (IP) and the optimum value which achieved 
ideal engine outcomes was found to be 200 bars as shown 
in Fig. 7. At this value, a reduction in ignition delay was 
achieved by speeding up the vaporization of the diesel blend, 
thereby enabling oil autoignition a bit sooner than previous 
conditions resulting in superior BTE value. On the other 
hand, higher IP value results in faster and abnormal fuel 
burning process, thereby lowering power yield of diesel 
engine [76]. Bigger oil particles are broken down into finer 
particles when the injection pressure of the fuel pump is 
increased, thereby enhancing overall blend atomization. 
This injection pressure in turn depends on IP value which 
if optimally controlled can yield better BSEC value. Lower 
levels of IP value contribute significantly in diminishing the 
UBHC and CO concentration in exhaust gases. During the 
initial phase of fuel, the lower IP contributes to the efficient 
transport and distribution of heat among air and fuel within 
combustion chamber, leading to a wholesome combustion 
with minimum UBHC and CO exhaust levels [29]. They also 
contribute significantly to the reduction in NOx throughout 
the ignition phase. Prior studies have reported that biofuels 
deliver higher NOx percentage than conventional diesel oil, 
and this is indeed a big hurdle in their globalization [77]. 
Superior atomization for biodiesel-diesel blends is reported, 
when operated at higher IP, consequently raising the tem-
perature of cylinder. Piston cylinder temperature and oxygen 
content present within the fuel are the prime factors in esti-
mating the outlet NOx content. Considerably high IP values 

Fig. 6  Impact of load percent-
age on outcomes
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increase mean gas temperature, thereby producing higher 
NOx. Therefore, lower NOx emission levels are achieved 
at lower IP value. The pressure increments during combus-
tion impact the air–fuel mixture thereby varying the engine 
vibration signal in an abrupt manner [78]. IP variation is 
supposedly responsible for increasing rate of oscillation and 
in cylinder pressure. A high IP value produces complex and 
high vibration responses due to uneven distribution of tem-
perature and pressure of the gas in the chamber during the 
combustion process. Hence, lower IP values are preferred 
for lower vibration levels which is also validated by previ-
ous researches[79]. Consequently, the outcomes generated 
from the MCDM integrated technique is in agreement with 
the possible technical consequences given by several inves-
tigators [47–49].

The adoption of biodiesel-diesel blends with cerium 
oxide nano-additives is susceptible to external factors, 
such as policy changes and market trends, which play a 
pivotal role in shaping the broader context of this study. 
Policy changes, particularly those related to environmental 
regulations and incentives for sustainable energy sources, 
can significantly influence the acceptance and integration 
of biodiesel blends with nanoparticles in the market. Sup-
portive policies may foster a conducive environment for the 
adoption of such innovative fuel technologies by providing 
financial incentives or regulatory frameworks that encourage 
their use. Conversely, policy shifts that are less favorable to 
biofuels or nanoparticles may pose challenges and hinder 
widespread acceptance. Moreover, market trends, includ-
ing shifts in consumer preferences, industry demands, or 
advancements in competing technologies, can also impact 
the feasibility and commercial viability of biodiesel-nano-
additive blends. Understanding and analyzing these exter-
nal factors are crucial for anticipating potential challenges 
and opportunities, providing a comprehensive context for 
the study and its implications in the dynamic landscape of 
energy and transportation.

Conclusions

The new generation in substantial numbers is pondering 
and contemplating on the impact of conventional energies 
and thereby crave to make a transition in sustainable energy 
forms. This transition is probably due to masses opting for 
a cleaner, cheaper and easily available source of energy. 
This recent surge in popularity for renewable sources is 
exploited by researchers to furnish cost-effective and effi-
cient solutions of power generation. Present study explored 
the potential of waste cooking oil by converting it into bio-
diesel and later blending the produced biodiesel with novel 
biosynthesized cerium oxide nano-additive to enhance diesel 
engine performance and emission measures. Further, it also 
investigated the sustainable performance characteristics of 
the diesel engine fueled with the prepared blend. Four input 
parameters, i.e., B, NPC, LD and IP each at four levels were 
considered. Diesel engine’s performance characteristics 
such as BTE, BSEC, CO, NOx, UBHC and vibration level 
were experimentally investigated using Taguchi’s  L16 OA. 
Multi-performance characteristics optimization was carried 
out using hybrid MCDM approach, i.e., integrated MEREC-
MARCOS method, S/N ratio, and ANOM. Statistical signifi-
cance of the input parameters for the output responses was 
established through ANOVA. Finally, multi-performance 
characteristics optimization result of the study was validated 
using confirmation test. Results of the present study lead to 
the following conclusions:

• Biosynthesized cerium oxide nano-additive can be suc-
cessfully used as an alternative fuel for achieving sustain-
able performance characteristics of the diesel engine.

• Nanoparticle concentration is the most important one fol-
lowed by engine load, ignition pressure and blend per-
centage.

Fig. 7  Impact of ignition pres-
sure on outcomes
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• Blend percentage at 40%, nanoparticle concentration at 
80 ppm, engine load at 50% and ignition pressure at 200 
bars is the optimal setting.

• Nanoparticle concentration percentage contribution is the 
maximum (79.63%) followed by engine load (8.40%), 
ignition pressure (6.28%), and blend percentage (2.11%).

• In the validation test, predicted S/N ratio value is 
− 2.684 dB with a percentage error of 3.65%, indicating 
a close agreement between experimental and predicted 
values.

In future, to enhance the comprehensiveness of research 
on biodiesel and nano-additives, a broader dataset can be 
obtained by experimenting with various metallic and non-
metallic nano-additives blended in biodiesel. Additionally, 
exploring biodiesel production from alternative sources 
like eucalyptus, Karanja, seaweed, mustard, soybean would 
introduce novel blend combinations for diesel engine use. 
To achieve a more thorough analysis, researchers may con-
sider incorporating a larger number of input parameters with 
multiple levels. Furthermore, the scope of performance char-
acteristics can be expanded to include additional acoustic 
parameters such as noise and pressure rise. The application 
of a full factorial design of experiments could contribute to 
a systematic and comprehensive experimental investigation. 
Lastly, a comparative analysis of the performance character-
istics across different types of diesel engines (high, medium, 
and low power) may provide valuable insights into the varied 
applications of biodiesel blends.

Appendix A

Outcome calculation

In this research, performance characteristics of diesel 
engine were measured by employing measuring appara-
tuses, chemical formulas and empirical relations depend-
ing upon the type of performance. In the present study, six 
sustainable performance characteristics were considered 
and their measurement method is described as follows:

Brake thermal efficiency (BTE) It can be defined as the 
ratio of the brake power (BP) obtained at the crankshaft to 
fuel energy (E) available to engine for combustion process, 
and it was computed using Eq. (1).

where η is the brake thermal efficiency (in %); BP is the 
Brake power (in kW), and E is the fuel energy (in kW).

Brake specific energy consumption (BSEC) It is a sug-
gestive parameter which represents the efficiency attained 

(22)� =
BP

E

by the engine from specific volume of fuel to produce a 
single unit power. In mathematical terms, BSEC is the 
product of applied fuels calorific value (CV) and brake 
specific fuel consumption (BSFC) and is used to prepare a 
comparison among various fuels. The specific energy con-
sumption is a more accurate estimate in comparison with 
specific fuel consumption. It was computed using Eq. (2)

where CV is the calorific value (in kJ  kg−1) and BSFC is the 
brake specific fuel consumption (in kg  kWh−1).

Vibration level (VL) The engine vibration level was 
recorded using Triaxial accelerometer Piezo-electronics. 
A sensor was attached to the engine which measured accel-
eration developed in any of the 3-orthogonal axes.

Equation (3) was used for computing total vibration 
acceleration atotal of the engine

where averticalis the acceleration in vertical axis (in m  sec−2); 
alateral is the acceleration in lateral axis (in m  sec−2), and 
alongitudinal is the acceleration in longitudinal axis (in 
m  sec−2).

CO, NOx, UBHC Lack of the requisite amount of oxy-
gen which accelerates the combustion process is primarily 
identified as main reason for the development of unburned 
hydrocarbons (UBHC), carbon oxide (CO) and oxides 
of nitrogen (NOx).The AVL DIGAS 444N exhaust gas 
analyzer was employed to measure the volumes of CO 
emissions in terms of percentage (%) and UBHC and NOx 
emissions as ppm. The emission levels of CO, UBHC and 
NOx were converted into ppm and further converted into 
g  kW−1  h−1 as per the standard exhaust testing method. 
An example displaying the required conversion system 
has been shown for carbon monoxide emissions. Emission 
volumes of CO are generated in terms of ppm which is a 
standard measuring unit for diesel engine whose formula 
is given in Eq. (4)

where BP is the brake power; ṁexh is the mass flow rate 
of exhaust gases; MWCO is the molecular weight of carbon 
monoxide, and MWexh is the molecular weight of the com-
bined exhaust gases.

Appendix B

See Table 8–10,  .

(23)BSEC = CV × BSFC

(24)atotal =
√

a2
vertical

+ a2
lateral

+ a2
longitudinal

(25)

CO
(
g kWh−1

)
=

CO(ppm) × 1e−6 × ṁexh

(
gh−1

)
×MWCO(gmol−1)

BP(kW) ×MWexh

(
gmol−1

)
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