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Abstract 

Background  Biodiesel is a renewable and ecofriendly fuel for internal combustion engines. However, fuel stand-
ards need to be adapted for efficiency and commercial use. This paper deals with a novel process of its production 
using a purification step that counters the high costs of production and experimental analysis using multiresponse 
optimization.

Methods  Soybean oil was chosen as a biodiesel of 5%, 10%, and 15% blend with common diesel fuel and is experi-
mentally tested in a variable compression ratio compression ignition engine. The biodiesel is blended with common 
diesel fuel to run the engine without any modification in its setup, which also solves most of the operational prob-
lems. The functional relationship between the input parameters and the performance characteristics of the engine 
is evaluated by statistical response surface methodology using the Box–Behnken design model, which generates 
a design of experiment resulting in an optimum experimental run that reduces the overall cost of the experimental 
investigation. Uncertainty analysis is done to minimize the gap between the results considering the errors of each 
piece of equipment. Validation of the results is also carried out.

Results  The analysis of variance is used to measure the acceptability of the model and the competency of the model 
to predict output performance. The optimum value of input parameters which are obtained are 4.5 kg for the load, 
the compression ratio of 18, and B05 for the fuel blend, which results in maximum performance of brake power 
of 3 kW, minimum fuel consumption and emissions of CO and NOx, which are 0.39 kg/kWh, 0.01%, and 50 ppm.

Conclusions  Cost analysis reveals that biodiesel produced from the novel process of transesterification is reasonable 
as compared with the conventional process. It is also environmentally more sustainable, which cannot be ignored. 
This technique can be used in future research for cost-effective production fields such as combustion parameters 
and biofuels produced from waste, which need to be explored.
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Background
Energy is the backbone of all the countries to progress 
toward development of all types. Due to rapid urbaniza-
tion and modernization, the energy demand has gone up 
by a large margin [1]. The transportation sector is one of 
the major consumers of energy as well as a major pol-
luter of the environment [2, 3]. The demand of fuel is 
increasing but the sources are getting depleted and they 
are not renewable in nature. Now, development is not 
only considering industrialization and urbanization but 
also environmental sustainability. Biodiesel is one of the 
promising answers as it is a renewable energy source that 
is cleaner burning than diesel, specifically with CO emis-
sions. It also helps in progressing toward the net zero 
emission target as the use of biodiesel reduces carbon 
emissions. Along with the environmental benefits, bio-
diesel produced from waste oil or from inedible oil, using 
wasteland to produce biodiesel focuses on the cost-effec-
tive aspect of it.

Biodiesel has already found its application in various 
parts of the globe and extensive research is being carried 
out on the mode of production and its use as an alternate 
fuel in various percentage blends in a compression–igni-
tion (CI) engine [4, 5].

Biodiesel produced from waste cooking oil using a het-
erogeneous catalyst produced better emission character-
istics as compared with a homogeneous catalyst [6]. Two 
primary ways of preparing biodiesel are pyrolysis and 
transesterification. Due to some limitations in the pyroly-
sis method such as the removal of oxygen during thermal 
cracking and the production process being a little costly 
[7], the transesterification process is usually followed for 
biodiesel production [8]. The transesterification process 
requires several steps for purification of the biodiesel, 
which increases its cost of production by almost to 1.63 US 
dollars per kg of biodiesel [9]. Also, there is a requirement 
for more space and various kinds of resources to produce 
biodiesel. This leads to its supply restriction, creating 
issues with food production [10, 11]. With the produc-
tion of biodiesel, glycerine is also produced as a byproduct. 
Some methods have been used to avoid the production of 
glycerine: one of the researchers produced biodiesels from 
a nonedible oil in a jacketed packed bed bioreactor using 
an immobilized biocatalyst. They have no harmful byprod-
ucts and also have a good biodiesel conversion rate of 
more than 85% [12]. So, it is important to get the biodiesel 
but along with that, the cost of production should also be 
considered. Generally, biodiesel produces less energy as 
compared with fossil fuel if taken in the same quantity [13]. 
Oil, having a higher yield of biodiesel, is more desirable. 
Parameters such as flow rate, energy consumption rate, 
and purity are the factors that are responsible and have 
to be looked upon while selecting a particular type of oil 

for the production of biodiesel, and researchers have used 
optimization techniques to select the biodiesel [14]. The 
biodiesel produced is tested in some multifuel, variable 
compression ratios of internal combustion engines to find 
out the performance in terms of mechanical parameters 
and to study the emission analysis. Twenty percent blends 
of biodiesel can run in the engine without modifying it 
and the biodiesel showed similar trends in performance 
as diesel fuel, making a promising fuel in the near future 
[15]. The biodiesel is also tested for its stability by getting 
the properties of biodiesel and then the blends also. Some 
research work concluded that the B20 blend of biodiesel 
is found to be the optimum among all the blends [16]. 
Fuel oil as biodiesel is tested by taking various loads and 
it was found that the brake-specific energy consumption 
increases as compared with diesel fuel but the emission 
of CO and NOx decreases [17]. The use of straight Sima-
rouba oil as an alternate fuel in the Direct Injection (DI) 
compression ignition engine has been investigated, where 
performance analysis and emission analysis are carried out 
as well as the effect of hydrogen. The tydro-treated Sima-
rouba oil showed enhanced brake power by 23% at full 
load but an increase in NOx and a slight increase in smoke 
emission. The CO and Hydrocarbon (HC) emissions were 
reduced. This oil has 0.06% of free fatty acid and sustain-
ability of half a year [18]. A few researchers took castor 
oil and made biodiesel through transesterification and 
used it in different blends and found that there is no sig-
nificant difference between the performance parameters 
of biodiesel-fueled engines and only diesel-fueled engines 
[19]. Biodiesel from pure and used canola oil is taken and 
used as fuel with a maximum blend percentage of 20% in a 
direct-injection diesel engine. The performance was found 
to be almost similar to that of a diesel engine. The emission 
of CO was less. The NOx emission of the 5% blend was less 
but it increased significantly with a higher blend percent-
age [20]. Pangium edule is a nonedible oil, which has not 
been used so extensively until now. It has good biodiesel 
conversion properties and testing the performance param-
eters of the CI engine can be done using this nonedible oil, 
which has got scope for the future [21]. Argemone bio-
diesel is also one of the biodiesels that is tested in research 
diesel engine to find out the performance and emission by 
varying the injection parameters with various blends until 
B20 [22–24].

Biodiesel is considered a renewable energy source 
as it is obtained from crops, crop residues, and animal 
wastes. It reduces mostly the emissions of CO and HC 
but increases the NOx emissions. Jatropha seeds and fish 
wastes are used to produce biodiesel, as well as Karanja. 
This was tested in the CI engine and it was found that 
the CO emission and hydrocarbon emission were low as 
compared to the diesel fuel whereas NOx emissions were 
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found to be higher in the biodiesel-fueled engine [25, 26]. 
In a comparative study of diesel and biodiesel-fueled die-
sel engines, the NOx emission was high in the biodiesel-
fueled engine as the speed and load increased [27]. NOx 
emission is found to be higher with higher loads whereas 
the soot emission decreases using waste cooking oil as 
biodiesel along with gasoline [28]. NOx emission has 
been the most detrimental when biodiesel is used in 
blends with common diesel fuel. Some researchers have 
found that lowering the injection pressure and retarding 
the ignition has resulted in lower emission of NOx [29]. 
By using different injection techniques, the NOx has also 
been reduced especially using the technology of split 
injection compression ignition (SICI) [30]. The influence 
of fuel injection pressure with ternary fuel on the emis-
sion, combustion, and performance characteristics of a 
four-stroke diesel engine has been studied recently [31]. 
Using pongamia methyl ester with n-butanol blends with 
diesel gives reduced NOx emission [32].

The use of optimization techniques in the engine per-
formance analysis will give us the optimum condition of 
performance of a diesel engine. This will also reduce the 
time taken as well as the overall cost of the experiment 
as it reduces the number of experiments performed, giv-
ing out the optimum number of runs of experiments to 
be performed. There are various kinds of optimization 
techniques available. Researchers investigated the per-
formance and emission of biodiesel engines by using the 
Taguchi method of optimization. This method gave them 
the optimum result conditions as per the factors taken 
[33]. Optimized results are obtained from the experi-
mental setup using the biodiesel-fueled diesel engine 
using the response surface methodology (RSM) [34]. 
Even the use of blends has gone up to adding some addi-
tives such as Solketal in the biodiesel blends making it a 
ternary blend and using the RSM technique to come up 
with a robust model predicting enhanced performance 
and emission [35]. Varying the injection time also plays a 
vital role in affecting the performance of the engine. Injec-
tion time with load can be varied and, with the use of the 
RSM model, you can predict the optimum parameter of 

injection time and load, which will give you the optimum 
output response [36, 37].

From an extensive literature survey, it was found that 
biodiesel is a promising alternative to fossil fuel used in 
the diesel engine, with the only challenge remaining its 
cost of production. The availability of soybean oil and the 
production of soyabean biodiesel with sodium hydroxide 
as a catalyst with proper temperature range and agitation 
speed yields more than 92% of biodiesel is a major moti-
vation, along with the availability of the research engine 
setup, to proceed with this work. The major contribution 
of this study consists of providing (1) a novel single-step 
purification process of transesterification reaction that 
has been used to produce biodiesel from an edible source 
and (2) an investigation of optimum multiple responses 
of the test engine such as brake power (BP), specific 
fuel consumption (SFC), CO, and NOx emission carried 
out using the RSM technique. This technique helps to 
reduce the number of experimental runs and the over-
all cost. Additionally, the results are also validated with 
the related literature. A typical transesterification reac-
tion to produce biodiesel is given in Fig. 1. This approach 
will support industry people and researchers to use the 
novel technique of biodiesel production, which can cut 
down the cost in a reasonable margin and simultaneously 
choose optimum parameters for better usability of bio-
diesel in conventional engines.

Methods
Biodiesel production
The feedstock in this work is soyabean oil, which chemi-
cally remains in triglycerides form. The transesterifi-
cation process is used to convert this triglyceride into 
diglycerides and lastly glycerol form. The chemical equa-
tion is given in Fig.  1 [38]. The materials required for 
these reactions are soyabean oil (feedstock) and freshly 
prepared sodium hydroxide–methanol solution, and 
these are stored over anhydrous sodium sulfate solution 
before use for 10 h. The operating conditions are; 3:1 to 
15:1 methanol to oil molar ratio, the sodium hydroxide 
catalyst varies between 0.1% and 1.5% with respect to oil, 

Fig. 1  Transesterification reaction to produce biodiesel. Source [38]
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with reaction time and temperature range varying from 
5 to 45 min and 30 to 70 °C, respectively. The biodiesel is 
produced in batches. In each batch, 100 g of soybean is 
taken into a sonication vessel where the reaction will be 
taking place. Initially, it is preheated to 50  °C below the 
operating temperature which is 60–650  °C. The sodium 
hydroxide–methanol mixture is added to the vessel at a 
very slow rate so that the desired temperature is not dis-
turbed. The sonication speed varies in a range from 200–
600  rpm. This facilitates more than 90% biodiesel yield. 
After the end of the reaction, the fatty acid methyl ester 
(FAME) produced is gravity separated from the glycerol. 
The deep brown glycerol is instantly heavily separated 
and settles down. The upper portion constitutes the 
fatty acid methyl ester (FAME), which looks light yellow, 
and the analysis results are presented in Table 1 and the 
FAME prepared is shown in Fig. 2d. Then purification of 
the FAME is done.

The conventional way of purification is water wash-
ing and vacuum distillation. This process requires a huge 
amount of water which is treated too, resulting in a high 
cost of production of biodiesel. Also, due to continuous 

washing, there is also a partial loss of biodiesel content. 
Hence, a novel process of purification is adopted to 
reduce the cost of the production process.

The FAME is treated with dilute sulfuric acid, which 
nullifies the alkali content of the product. It is then 
washed with a counter-current water supply that removes 
the unreacted alcohol and residual glycerol. After this 
process, it is dried. It is then treated with silica gel under 
ultrasonication for 15–20  min. Now, the biodiesel is 
ready using a single-step purification process, which is 
the novelty of the work.

To test the biodiesel (FAME) in the compression igni-
tion engine, it is blended to a certain percentage. Accord-
ing to the literature, the ignition characteristics are 
impacted by blends more than 20% without changing the 
other engine parameters. Blends of 5%, 10%, and 15% are 
taken which are denoted as B05, B10, and B15, respec-
tively. The blends B05, B10, and B15 are prepared by tak-
ing 950  ml of common diesel fuel (CDF) and 50  ml of 
soyabean FAME (biodiesel), 900 ml of CDF with 100 ml 
of soyabean FAME, and 850  ml of CDF with 150  ml of 
soyabean FAME.

Experimental setup
For the current experimental study, a single-cylinder, four-
stroke, variable compression ratio (VCR) research engine 
of Kirloskar is used. Major essential components of the 
said engine and measuring instruments used in experi-
ments are illustrated in Fig.  2a. The detailed technical 
specifications and the engine setup specifications are pre-
sented in Table 1.

Uncertainty analysis
Uncertainty analysis is important for experimental 
research as the instruments used to measure various 
entities are prone to errors occurring naturally due to 
the condition of instruments, laboratories, calibration 
of instruments, environmental conditions, and measure-
ment of readings (Table 2).

Thus, to reduce the probabilities of errors in different 
equipment while conducting experiments or to find out 
the uncertainties in the final value of various parameters 
measured by their respective instruments, a mathemati-
cal expression given in Eq. 1 [48], named the propagation 
of errors is used, which is as follows:

Table 1  Technical specifications of the research engine

Parameters Description

Make Kirloskar oil engines

Model TV1

Type Research diesel engine

Displacement (cm3) 661.5

Max. engine power (KW) 3.5

Max. engine torque (Nm) 22.3

Bore x stroke (mm) 87.5 × 110

Compression ratio 12:1–18:1

Injection pressure 24 × 106 N/m2

Max speed (rpm) 1500

Cylinder bore (mm) 87.5

Stroke (min) 110

Connecting rod length (mm) 234

Stroke type 4 Stroke

Number of cylinders 1

Speed type Constant

Cooling type Water

Fuel Diesel

Swept volume (cm3) 661.5
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(a)

Soyabean is taken 
as the feedstock

The molar ra�o of 
methanol and oil is taken 

to be 5:1 to 9:1

Sodium Hydroxide is 
the catalyst taken

Methanol with Sodium 
hydroxide are slowly added 

to the Sonica�on vessel

Transesterifica�on reac�on 
starts and is allowed to 

con�nue �ll 45 mins 

Biodiesel or Fa�y Acid 
Methyl Ester (FAME) is 

produced 

Glycerol is produced as a by 
product and is gravity 

separated using a separa�ng 
funnel 

FAME produced is purified by 
a Novel Process 

The FAME is treated with 
dilute sulphuric acid to nullify 

the Alkali content

It is then washed with 
counter current water supply

Then it is dried and a�er that it 
is treated with silica gel under 
ultrasonica�on for 20 mins to 

reduce the mono and di 
glycerides.

Biodiesel is ready to 
use

Fig. 2  a Line diagram of the variable compression ratio compression ignition engine. b Transesterification reaction with the novel purification step, 
c sonication vessel, d biodiesel (FLAME) prepared
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Fig. 2a shows the line diagram of the variable compres-
sion ratio compression ignition engine. This is connected to 
the eddy current dynamometer for loading. There is a data 
acquisition system interfaced with a computer. There are 
instruments on the interface such as piezoelectric sensors, 
rotameters, calorimeters, and more to measure the inline 
cylinder pressure, fuel pressure, cooling water, water flow, 
airflow, fuel flow, temperature, and load measurement. The 
set up was supplied by the Kirloskar company.

Response surface methodology
In recent research, optimization carried out for CI engine 
performance is common. Out of numerous optimization 
techniques, response surface methodology (RSM) is potent 
and widely used in several engineering applications. RSM 
is a statistical approach mostly used in the formulation of 
a mathematical model establishing the exact correlation 
between input variables and output performance given in 
Eqs. 2 and 3 [47, 48]. This is done as:

where output performance, Y, is functionally dependent 
(polynomial function, f) on variables X1,X2,X3.........Xk 
with evaluated experimental error ∈ , as follows:

(1)

Total percentage uncertainties

=
(BP)2 + (SFC)2 + (CO)2 + (NOx)

2
+ (Temp.Ind)2 + (TorqueInd)2

+(Pressure sensor)2 + (fluidflow.Ind)2

= (0.1)2 + (3.1)2 + (0.1)2 + (0.01)2 + (0.1)2 + (0.2)2 + (0.1)2 + (0.12)2

= ±3.1

(2)Y = f (X1,X2,X3.........)± ∈

(3)

Y = β0 +

k
∑

i=1

βiXi+

k
∑

i=1

βiiX
2
i +

k
∑

i

k
∑

j

βijXiXj+ ∈

wheres β0 , βi , βii , βij are coefficients of the second-order 
model.

Here, in the RSM, the resulting data are fitted to a 
varying order model and the coefficient of β is defined. 
The model equation is best fitted with a least-square 
technique for minimum error. The model fittingness is 
checked by analysis of variance (ANOVA). RSM uses 
both first and second-order designs. But central com-
posite and Box–Behnken design mostly use the sec-
ond-order design.

The Box–Behnken design is chosen in the current 
work as it is reasonable and takes fewer experiment test 
runs than other designs.

In Box–Behnken design, the total number of test runs 
to be performed is given by the equation:
N = 2k(k − 1)+ Cp , where k is the number of factors 

and Cp is the number of central points.
Three-factor levels (−1, 0, +1) with equal intervals are 

suitable for the Box–Behnken design.

Results and discussion
In this study, the performance of a CI engine is experi-
mentally investigated concerning different input param-
eters namely load, compression ratio, and fuel blend. 
Multiple output responses have been tried in this work to 
obtain optimized performance in maximizing the brake 
power and minimizing the specific fuel consumption, 
CO emission, and NOx emission. The fuel properties as 

Table 2  List of instruments and their uncertainty analysis

Instrument Measured Entity Range Units Accuracy % 
Uncertainties

Temperature indicator Temperature 0–1200 °C ±1°C 0.1

Torque indicator Torque 0–100 N-m ±0.1 0.2

Pressure sensor Pressure 0–100 bar ±1 0.1

Fuel flow indicator Mass flow rate 0–99 kg/h ±0.02 0.12

Gas analyzer CO 0–100 % ±0.03 0.1

NOx 0–10000 ppm ±25 0.01

Calculated results

 BP – – kW – 0.1

 SFC – – kg/kWh – 3.1
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analyzed by the gas layer chromatography are presented 
in Table 3

Statistical analysis
Here, the performance analysis of a CI engine fueled with 
biodiesel blends is carried out using the statistical RSM 
model concerning three parameters: load, compression 
ratio, and type of fuel, keeping the injection pressure and 
speed of the engine constant. Detailed information about 
RSM analysis is provided in the flow chart in Fig. 3.

From the extensive literature survey, the following 
parameters have been selected as the key input parameters 
for the current study, as the performance of the CI engine 
is effectively represented by these parameters [39, 40].

Experimental data are used to estimate the optimum 
value of input parameters and the interaction between 
them for optimization analysis by RSM. Table  4 pre-
sents the value of the input variables in actual and coded 
modes. The ranges of these input parameters are:

•	 Load (L): ( 2 ≤ L ≤ 7)
•	 Compression ratio (CR): (14 ≤ CR ≤ 18)

•	 Type of fuel blends: (5 ≤ B ≤ 15)

To explore the true relationship between input param-
eters and output response, the design of the experiment 
(DOE) is produced by the RSM Box–Behnken design as 
presented in Table  5. A total of 15 test runs have been 
conducted and the output responses recorded are pre-
sented in Table 5.

An ANOVA test was performed, which justifies that 
the formulated model will predict the output responses 
with higher accuracy. Different parameters such as the 
R2-value and R2-adjusted are calculated to test the com-
petence of the mathematical model. The model signifi-
cance is tested by the P-value and F-value. With the help 
of analytical software, regression equations and the asso-
ciated coefficient are evaluated. The analysis results are 
recorded in Tables 6 and 7.

In Tables  8 and 9, the R2 value for the brake power 
(BP), specific fuel consumption (SFC), CO emission, 
and NOx emission is high (99.98%, 99.93%, 99.99%, and 
99.65%, respectively), which indicates a good model fit 
suitably used to calculate BP, SFC, CO emission and NOx 
emission. The predicted R2 value for the brake power is 
99.70%, which is logically concurrent with the adjusted 
R2 value of 99.94%. Similarly, the predicted R2 values of 
99.54%, 99.93%, and 94.52% are in logical agreement with 
the adjusted R2 values of SFC, CO emission, and NOx 
emissions of 99.81%, 99.99%, and 99.01%, respectively.

Appropriate precision measures the signal-to-noise 
(S/N) ratio with a desirability of more than 4. Suit-
able precision for BP, SFC, CO, and NOx emissions are 
174.382, 77.871, 273.819, and 37.132, respectively, which 
indicate adequate signal, and the model can be used to 
predict the result of all the four responses mentioned.

In every statistical analysis, whether the entity of a 
model or the model itself is substantial or not is con-
firmed by the P-value or F-value of an ANOVA test. 

Table 3  Fuel properties

FAME Density at 15 °C 
in g/cc

Calorific value in 
kJ/kg

Viscosity 
at 40 °C 
(cst)

B100 0.89 37,400 4.43

B05 0.828 41,520 2.89

B10 0.832 41,390 3.1

B15 0.836 41,120 3.8

Fig. 3  Response surface methodology flow chart

Table 4  Coded and actual values of input variables

Factor Name Units Type Actual values

Minimum Maximum

A Load kg Numeric 2 7

B Comp. ratio Numeric 14 18

C Fuel blends % Numeric 5 15
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The P-value throws light on the probability of getting 
to the extreme of the sample value to become equal or 
more than what is observed in the actual. In general, 
the researcher decides on the significance level or the 
confidence interval for any kind of statistical analysis. 
Hence for the current work, a 5% error has been consid-
ered with a 95% confidence level and 0.05 level of sig-
nificance ( α). The significance of the model is tested by 
comparing the significance level ( α) with the P-value. If 
the P-value of any term of the model is < 0.05 , then it is 
considered significant. The models that are considered 

insignificant have less impact on the output responses 
as compared with the significant models. An F-value 
similar to the p-value can be taken into consideration 
for finding whether the model is significant or insignifi-
cant. In an ANOVA test, the F-value is found from the 
“F-distribution” from the ratio of mean squares as men-
tioned below in Eq. 4:

F-stat =
Mean SquareTreatment(MST)

Mean Square Error(MSE)
(4)

Table 5  Design layout and output responses

Input variables output responses

Std. Run A: Load
kg

B: Comp. ratio C: Fuel blends
%

BP
kW

SFC
kg/kWh

CO emission
%

NOx emission
ppm

8 1 7 16 15 2 0.41 0.0104 280

1 2 2 14 10 0.55 0.82 0.021 92

11 3 4.5 14 15 1.13 0.52 0.0108 127

2 4 7 14 10 1.5 0.39 0.0205 215

9 5 4.5 14 5 1.73 0.52 0.03 129

14 6 4.5 16 10 1.16 0.53 0.0206 148

13 7 4.5 16 10 1.17 0.52 0.0207 150

7 8 2 16 15 0.55 0.86 0.0108 90

4 9 7 18 10 2.1 0.41 0.0202 270

6 10 7 16 5 2.76 0.38 0.03 218

15 11 4.5 16 10 1.16 0.51 0.0206 146

12 12 4.5 18 15 1.15 0.59 0.0103 212

5 13 2 16 5 1.63 0.84 0.03 91

10 14 4.5 18 5 2.32 0.54 0.03 130

3 15 2 18 10 0.5 0.87 0.0204 92

Table 6  ANOVA for response surface quadratic model—brake power

R2 = 99.98%, adjusted R2 = 99.94%, “Cor” is ‘Corrected total sum of squares’

Source Sum of squares df Mean square F-value P-value

Model 6.26 9 0.696 2802.62  < 0.0001 Significant

A: Load 3.29 1 3.29 13,246.76  < 0.0001

B: Compression Ratio 0.1682 1 0.1682 677.32  < 0.0001

C: Fuel blends 1.63 1 1.63 6559.78  < 0.0001

AB 0.1056 1 0.1056 425.34  < 0.0001

AC 0.0256 1 0.0256 103.09 0.0002

BC 0.0812 1 0.0812 327.08  < 0.0001

A2 0.0212 1 0.0212 85.5 0.0002

B2 0.0217 1 0.0217 87.39 0.0002

C2 0.9078 1 0.9078 3655.39  < 0.0001

Residual 0.0012 5 0.0002

Lack of fit 0.0012 3 0.0004 11.75 0.0794 Not significant

Pure error 0.0001 2 0

Cor total 6.27 14



Page 10 of 22Mishra et al. Energy, Sustainability and Society           (2024) 14:28 

where MST is the group variance and MSE is the sample 
variance (error).

It is also required to find out the F-critical value before 
the test from the F-distribution table by using the relation 
as mentioned below inequation 5:

where α is the significance level, k is the sample num-
ber, and N is the data value number. For a model to be 
significant, F-stat must be greater than F-crit (F-stat > 
F-crit). In this work, F-crit = 1 is allocated by the ana-
lytical software (Design Expert 11, Stat-Ease,Inc.Pdf, n.d.) 

(5)F - crit = F(α)(k−1,N−k)

[34]. Therefore, all model terms are tested by taking the 
F-crit value as 1. The F-value for the model represent-
ing BP is 2802.62, which is > 1 and the probability value 
is < 0.0001, i.e., < 0.05, which implies that the model is 
substantial to calculate the BP effectively. Similarly, for 
SFC, CO emission, and NOx emission, the F-values for 
the respective models are 817.02, 10,716.38, and 156.12, 
which are all > 1, and the probability value for all three 
factors are < 0.0001, i.e., < 0.05, which implies that the 
models are substantial for calculating the SFC, CO, and 
NOx emission effectively.

Table 7  ANOVA for response surface quadratic model-specific fuel consumption

R2 = 99.93%, adjusted R2 = 99.81%, “Cor” is ‘Corrected total sum of squares’

Source Sum of squares df Mean square F-value P-value

Model 0.4412 9 0.049 817.02  < 0.0001 Significant

A: Load 0.405 1 0.405 6750  < 0.0001

B: Comp. ratio 0.0032 1 0.0032 53.33 0.0008

C: Fuel blends 0.0012 1 0.0012 20.83 0.006

AB 0.0002 1 0.0002 3.75 0.1106

AC 0 1 0 0.4167 0.5471

BC 0.0006 1 0.0006 10.42 0.0233

A2 0.0307 1 0.0307 512.4  < 0.0001

B2 0.0005 1 0.0005 7.79 0.0384

C2 0.0005 1 0.0005 7.79 0.0384

Residual 0.0003 5 0.0001

Lack of fit 0.0001 3 0 0.3333 0.8075 Not significant

Pure error 0.0002 2 0.0001

Cor total 0.4415 14

Table 8  ANOVA for response surface quadratic model—CO emission

R2 = 99.99%, adjusted R2 = 99.99%, “Cor” is ‘Corrected total sum of squares’

Source Sum of squares df Mean square F-value P-value

Model 0.0008 9 0.0001 10,716.38  < 0.0001 Significant

A: Load 1.51E−07 1 1.51E−07 19.31 0.0071

B: Comp. ratio 2.45E−07 1 2.45E−07 31.28 0.0025

C: Fuel blends 0.0008 1 0.0008 96,339.73  < 0.0001

AB 2.25E−08 1 2.25E−08 2.87 0.1509

AC 4.00E−08 1 4.00E−08 5.11 0.0734

BC 6.25E−08 1 6.25E−08 7.98 0.0369

A2 6.41E−09 1 6.41E−09 0.8183 0.4071

B2 1.64E−08 1 1.64E−08 2.09 0.2074

C2 3.14E−07 1 3.14E−07 40.1 0.0014

Residual 3.92E−08 5 7.83E−09

Lack of fit 3.25E−08 3 1.08E−08 3.25 0.2441 Not significant

Pure error 6.67E−09 2 3.33E−09

Cor total 0.0008 14



Page 11 of 22Mishra et al. Energy, Sustainability and Society           (2024) 14:28 	

ANOVA analysis
To evaluate the significance of the statistical model devel-
oped from the input variables and the output responses 
of the models, an analysis of variance (ANOVA) is car-
ried out as presented in Table 6.

The above plots are obtained as shown in Figs. 4 and 5 by 
analyzing the data using ANOVA in the analytical software. 
They are the predicted versus the actual value plots for the 
performance parameters BP, SFC, CO, and NOx emission. 
These graphs generally estimate the model’s capability to 
predict the real problem. It is detected from these plots 
between predicted and actual values that the performance 
data are almost normally distributed with an acceptable 
range of errors, though smaller deviations are observed.

The generalized relationship between the test design 
parameters and the model output response is given in 
Eqs. 6,7,8, 9,10, and 11 [47, 48].

In coded units:

In uncoded units:

(6)

L, CR, and B = a.A+ b.B+ c.C + d.AB

+ e.AC + f .BC + g .A2

+ h.B2
+ i.C2

(7)
L, CR, and B = a.load+ b.Comp.Ratio+ c.fuelblends+ d.load ∗ Comp.Ratio

+ e.load ∗ fuelblends+ f.Comp.Ratio ∗ fuelblends+ g.load2

+ h.Comp.Ratio2 + i.fuelblends2

Table 10 represents the coefficient of Eqs. 6 and 7 for 
the performance parameters BP, SFC, CO, and NOx 
emission. These equations consist of significant and 
insignificant terms. The insignificant model has been 
omitted from Eq. 5 and 6 regarding their P-values > 0.1 
and the new equations are represented in Eqs. 8, 9, 10, 
and 11.

Performance parameters:

(8)

BP =− 2.57805− 0.436700load

+ 0.682083Comp.Ratio

− 0.287717fuelblends

− 0.032500load ∗ Comp.Ratio

+ 0.006400load ∗ fuelblends

− 0.014250Comp.Ratio

∗ fuelblends+ 0.012133load2

− 0.019167Comp.Ratio2

+ 0.019833fuelblends2

Table 9  ANOVA for response surface quadratic model—NOx emission

R2 = 99.65%, adjusted R2 = 99.01%, “Cor” is ‘Corrected total sum of squares’

Source Sum of squares df Mean square F-value P-value

Model 57,680.08 9 6408.9 156.12  < 0.0001 Significant

A: Load 47,740.5 1 47,740.5 1162.98  < 0.0001

B: Comp. ratio 2485.13 1 2485.13 60.54 0.0006

C: Fuel blends 2485.13 1 2485.13 60.54 0.0006

AB 756.25 1 756.25 18.42 0.0078

AC 992.25 1 992.25 24.17 0.0044

BC 1764 1 1764 42.97 0.0012

A2 1440.23 1 1440.23 35.08 0.002

B2 0.9231 1 0.9231 0.0225 0.8867

C2 14.77 1 14.77 0.3598 0.5748

Residual 205.25 5 41.05

Lack of fit 197.25 3 65.75 16.44 0.0579 Not significant

Pure error 8 2 4

Cor total 57,885.33 14
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Emission parameters:
(9)

SFC =1.90165− 0.199400load

− 0.085750Comp.Ratio

− 0.027400fuelblends

− 0.001500load ∗ Comp.Ratio

+ 0.000200load ∗ fuelblends

+ 0.001250Comp.Ratio ∗ fuelblends

+ 0.014600load2 + 0.002813Comp.Ratio2

+ 0.000450fuelblends2

(10)

CO =0.034858− 0.000155load

+ 0.000503Comp.Ratio

− 0.001473fuelblends

+ 0.000015load ∗ Comp.Ratio

− 8.00000E − 06load ∗ fuelblends

− 0.000013Comp.Ratio ∗ fuelblends

− 6.66667E − 06load2

− 0.000017Comp.Ratio2

− 0.000012fuelblends2

Fig. 4  a Predicted versus actual values for BP, b Predicted vs. actual values for SFC.
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Validation of the response surface model
Figure  6 depicts the differences between measured and 
predicted responses. From Fig. 6 the results of the com-
parison prove that the RSM models will adequately 

(11)

NOx = 463.39000− 54.14000load − 20.56250Comp.Ratio

−37.34500fuelblends + 2.75000load ∗ Comp.Ratio

+1.26000load ∗ fuelblends + 2.10000Comp.Ratio ∗ fuelblends

+3.16000load2 − 0.125000Comp.Ratio2 + 0.080000fuelblends2

predict the values of the output responses (BP, SFC, CO 
emission, and NOx emission) and thus validated.

In Fig.  7a, keeping the blends of fuel constant, the 
effect of compression ratio and load on the brake power 
is achieved. It is observed from the figure that, with an 
increase in the load, the brake power increases. There 
is no significant change in the brake power observed by 
varying the compression ratio. As brake power is directly 
related to the torque produced inside of the cylinder of 
the engine, for more load there will be more torque and 

Fig. 5  a Predicted versus actual values for CO, b Predicted versus actual values for NOx.
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hence that increases the brake power. With the increase 
in the compression ratio, the BP seems to be increasing 
and reaches the maximum value at a higher compres-
sion ratio and load. So, it can be said that the change in 
the compression ratio gives a small change in the brake 
power but for the variation in the load, the change in the 
brake power is positive and significant. Figure 7b shows 
the effect of compression ratio and load on the specific 
fuel consumption, keeping the blends of fuel factors con-
stant. It is observed from the plot that the SFC decreases 
with an increase in the load. With the change in the 

compression ratio, there is not much change in the SFC. 
Specific fuel consumption largely depends on the load 
concerning its mathematical representation.

In Fig. 7c, the blends of the fuel factor are kept con-
stant and the effect of compression ratio and the load 
on the CO emission is achieved. There is no significant 
change observed in the CO emission by varying the 
compression ratio and the load in the engine. The rea-
son might be due to the use of the blends of the fuel the 
oxygen content increases, which reacts with CO formed 
during the combustion and gets converted to CO2 and 
which results in a constant value or no increase in the 
CO emission at varying load and compression ratio. 
Figure  7d shows the effect of compression ratio and 
load on the NOx emission keeping the factor blends 
of fuel constant. The NOx emission increases with an 
increase in the load. There is a very small increase in 
the NOx emission with the increase in the compres-
sion ratio. This might be due to the use of biodiesel as 
fuel in the CI engine, which takes more time in com-
bustion and this will lead to more formation of NOx. It 
is observed in the plot that, at higher load and higher 
compression ratio, the NOx emission is maximum, that 
is because, at a very high temperature, the NOx forma-
tion is more as the combination of nitrogen and oxygen 
at high temperature as responsible for the formation of 
its oxides [41].

Table 10  Estimated regression coefficients

Factor Coefficient estimate

BP SFC CO emission NOx emission

Intercept 1.16 0.52 0.0206 148

A: Load 0.6412 −0.225 −0.0001 77.25

B: Comp. ratio 0.145 0.02 −0.0002 17.62

C: Fuel blends −0.4513 0.0125 0.0125 17.63

AB 0.1625 −0.0075 0.0001 13.75

AC 0.08 0.0025 −0.0001 15.75

BC −0.1425 0.0125 −0.0001 21

A2 0.0758 0.0912 0 19.75

B2 −0.0767 0.0113 −0.0001 − 0.5

C2 0.4958 0.0112 −0.0003 2

Fig. 6  Comparison between measured and predicted values of the output responses a for BP, b for SFC, c for CO emission, and d for NOx emission
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Figure  8a shows the effect of the factors blends of 
fuel and the load on the brake power of the engine. It is 
observed from the figure that the brake power increases 
by increasing the load. For the blends of fuel, at the 
lower blend, the BP has a higher value but that gradually 
decreases with an increase in the blend percentage. This 
may be due to, at the initial stage of lower blends of fuel, 
the biodiesel has considerably more oxygen content as 
compared with diesel fuel and improved lubricity so the 
combustion is better but with an increase in the blend 
percentage, the calorific value decreases, decreasing the 
heating effect and the power reduces. Figure  8b shows 
the effect of the same factor as mentioned above for the 
blends of the fuel and the load on the SFC. With the 
increase in the load, the SFC decreases and it almost has 
no change when the variations are done in the fuel blends. 
It gives a similar behavior as the common diesel fuel [42]. 
Figure  8c shows the effect of the factor fuel blends and 

load on CO emission. The CO emission decreases with 
the increase in the blend percentage of the fuel, while it 
almost has no change when it comes to varying the load 
of the engine. The variation due to the change in the fuel 
blends percentage might be due to an increase in the oxy-
gen content while going from lower percentage blends 
to higher percentage blends, i.e., from B05 (50 ml of bio-
diesel and 950 ml of common diesel fuel) to B15 (150 ml 
of biodiesel with 850 ml of common diesel fuel). But the 
effect of this increase in the emission will not affect the 
environment more as the CO formed reacts with the oxy-
gen to give CO2. So, the amount of CO produced gets 
converted to CO2. And CO2 emission is reduced when 
biodiesel is used as fuel: the CO2 emitted is consumed 
by the plants themselves from whom the biodiesel is pre-
pared. Figure 8d gives us the effect of the factors of fuel 
blends and load on NOx emission. The NOx emission 
increases gradually with an increase in the fuel blend and 

Fig. 7  Three-dimensional surface plots between a compression ratio and load for BP, b compression ratio and load for SFC, c compression ratio 
and load for CO, d compression ratio and load for NOx emission
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increases significantly with the increase in the load of the 
engine. The reason for this trend may be that, for a bio-
diesel blend, the percentage of oxygen present is more 
as compared with conventional diesel fuel and, at high 
temperatures, the formation of oxides of nitrogen will 
increase as the nitrogen becomes active at higher temper-
atures and reacts with oxygen to give nitrogen oxides.

Figure 9a, b, c, and d show the effect of the factors of 
fuel blends and compression ratio on the brake power, 
specific fuel consumption, CO emission, and NOx emis-
sion. The compression ratio has no significant effect on 
all four responses whereas the blends of fuel have a sig-
nificant effect on the brake power and emission of CO 
and NOx. The reason for this is already been given in the 
explanation about Figs. 7 and 8

Load and blends of fuel play a crucial role in affecting 
the responses whereas compression ratio does not have 

such a significant effect on the responses. The results are 
compared and validated from extensive literature studies 
[12, 36, 43].

Multiresponses optimization using the “desirability 
function”
CI engine performance has got more than one quality 
response. Most of the time, these responses are natu-
rally contradicting each other and hence need to be 
optimized. To obtain overall or multiple responses, 
optimized CI engine performance fueled with biodiesel, 
and the optimal input parameters are necessary to be 
traced out by the optimization technique. Out of the 
various methods applied for the solution of optimi-
zation of multiresponses, the desirability function is 
applied in this work to obtain optimum performance 
and emission responses in the CI engine. For a detailed 

Fig. 8  Three-dimensional surface plots between fuel blends and load for BP, b fuel blends and load for SFC, c fuel blends and load for CO, and d 
fuel blends and load for NOx emission
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optimization of multiple response analysis References 
[11, 44] may be referred to.

In the desirability approach, the values of all current 
output responses are given a number between 0 and 1, 
which is known as their desirability (di). Then, the geo-
metric mean is used to combine individual desirability 
(di) to determine composite desirability (D) for a given 
objective. The highest D-value predicts the optimum 
condition of output performance, and in this work, the 
optimal input parameters are calculated for maximum BP 
as well as minimum SFC, CO emission, and NOx emis-
sion using composite desirability (D). Figure 10 shows the 
outcome of the optimization analysis.

From Fig.  10 it is found that the maximum value for 
the brake power and minimum value for the specific 
fuel consumption, CO, and NOx emission is predicted to 
be 2.359  kW, 0.525  kg/kWh, 0.029%, and 132.553  ppm, 
which results in the optimum performance and emission 

of the CI engine fueled with biodiesel blends with com-
posite desirability, D of 0.904873. The high desirability 
value indicates that the performance and emission of the 
CI engine are well optimized. This predicted optimum 
response is the result of the optimum input parameters, 
i.e., a load of 4.63281 kg, near to 4.5 kg, compression ratio 
of 18, and fuel blend of B05.

Confirmation test
In the present study, a confirmation test was conducted 
and is presented in Table  11 for the test engine using 
three different test fuels for a load of 4.6 kg and a com-
pression ratio of 18. These are the predicted optimal val-
ues of load and compression ratio determined from RSM 
using the desirability function approach. From Table 11, 
it is confirmed that SOYA B5 performs better as com-
pared with other test fuels as predicted using the RSM 
technique.

Fig. 9  Three-dimensional surface plots between a fuel blends and compression ratio for BP, b fuel blends and compression ratio for SFC, c fuel 
blends and compression ratio for CO, and d fuel blends and compression ratio for NOx emission
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Economic analysis
An economic analysis was carried out in the variable 
compression ratio compression ignition engine using die-
sel fuel and soybean blend biodiesel. The economic anal-
ysis was done considering 1 L of biodiesel. The analysis 
result is plotted in Fig. 11 where % relative cost is com-
pared with the compression ratio and load of the engine. 

The cost of the diesel fuel is taken as zero and it is on the 
reference line. The results show that there is a percentage 
increase in the cost with the increase in the load. Also, 
at higher loads and with increasing blends from B05 to 
B15, the cost % increases. However, with the increase in 
compression ratio, a decrease in the cost % is observed as 
specific fuel consumption decreases.

Through the extensive literature survey, it was found 
that the conventional process used to bear 60–80% of 
the overall cost of the production process. The total cost 
of production depends on factors such as (a) the cost of 
feedstock and raw materials, (b) the electricity cost for 
the mixing of alcohol and catalyst, (c) the electricity cost 
for the transesterification process, and (d) the electricity 
cost of counter-current water washing. All these factors 
add up to the total cost of the biodiesel production.

The water usage is reduced by 2 L for 1 L production 
of biodiesel [32, 45, 46]. Hence, the costs of 5%, 10%, 
and 15% blend of biodiesel amounted to Indian National 
Rupees (INR) 110.65, INR 125.11, and INR 139.55 
respectively. Whereas in the novel method of biodiesel 

Fig.10  Multiresponse optimization using the “desirability function”

Table 11  Conformation test

Input parameters Output response

Fuel type Load in kg CR BP in kW SFC kg/kWh CO emission in % NOx 
emission 
in ppm

Experimented 
value (test 
engine)

SOYA B5 4.6 18 2.32 0.54 0.032 139

SOYA B10 4.6 18 1.17 0.57 0.0208 177

SOYA B15 4.6 18 1.15 0.59 0.0103 212

Optimum value 
(RSM model)

SOYA B5 4.6 18 2.36 0.525 0.03 132.55
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production the cost of 5%, 10%, and 15% blend of bio-
diesel is INR 102.72, INR 109.24, and INR 115.76. The 
cost variation for the novel method for 5%, 10%, and 15% 
blends of biodiesel is found to be 70%.

The cost of biodiesel is also high at different blends, 
higher loads and a higher compression ratio. But the envi-
ronment is a major concern globally and everyone is trying 
to bring down the emissions coming from engines. Bio-
diesel use can reduce carbon emissions. In the long run, 
the fossil fuel reserves are not replenishing and soon there 
will come a time when the demand for fossil fuels will be 
high but the supply will be less. At that time, the cost of 
diesel fuel will go up by a huge margin and, as research-
ers are trying to make biodiesel cost effective, by this time 
biodiesel will be more cost-effective than diesel fuel. Using 
biodiesel fuel in blends also makes the fossil fuel reserves 
last longer. Glycerol, the byproduct of biodiesel production 
can be applied in some way, which can make the biodiesel 
cost-effective, too. More work should be done on the cost-
effectiveness aspect of biodiesel production.

Environmental sustainability
Biodiesel supports environmental sustainability in the 
following ways:

•	 The use of biodiesel reduces the emission of carbon 
monoxide (CO). The biodiesel has more content of 
oxygen which reacts with the CO produced and con-
verts that to CO2.

•	 Biodiesel is a low-carbon emission fuel and it reduces 
greenhouse gas emissions. Biodiesel used as fuel in 
internal combustion engines releases carbon dioxide 
(CO2) but that is consumed by the plants, which are 
the feedstock for biodiesel production. So, the net 
emission of carbon to the environment is nullified. 
The hydrocarbon emissions are reduced too.

•	 Biodiesel production cost is the only factor to be 
countered to make it fully feasible for application. 
Still, the cost can be countered with proper use of the 
byproduct produced.

•	 Glycerol is the byproduct and if the same can be pro-
cessed or can be worked upon to make it useful for 
some application, then it can be sold, which counters 
the cost of production.

•	 Seventy percent of the cost of biodiesel comes from 
the feedstock. Using waste oil or used oil to produce 
biodiesel will minimize this cost to a larger extent.

•	 Still, the majority of transportation is dependent 
on fossil fuels. The fossil fuel reserves are getting 
depleted slowly. A day will come when the demand 
will still be high for fossil fuel but the supply will 
be scant. This gap between the demand and supply 

will affect the cost of the fossil fuel. The cost will be 
almost the same as that biodiesel or might shoot up 
more than that biodiesel.

Conclusions
The biodiesel taken is produced in a novel technique in 
its purification phase, which addresses the major chal-
lenge of cutting the cost of biodiesel production. The soy-
bean biodiesel in 5%, 10%, and 15% blends were taken and 
used as fuel in the VCR CI test engine. The three input 
parameters: load, compression ratio, and fuel blends 
were taken in three levels. The influence of these input 
factors on the performance characteristics, i.e., brake 
power, specific fuel consumption, CO, and NOx emission 
was evaluated by the suitable RSM Box–Behnken design 
model. According to the design of the experiment (DOE) 
provided by the Box–Behnken design, 15 test runs have 
been conducted on the CI engine experimental setup. 
The accuracy of the model was checked by the ANOVA 
technique. The optimum condition of the input variables 
was evaluated by the multi-response optimization with 
the “desirability function” to get maximum brake power 
and minimum SFC, CO, and NOx emission. From the 
results, it may be concluded that:

a.	 One of the major challenges faced by industrialists in 
producing biodiesel is its production cost. This paper 
has tried to consider this point and has come up with 
a novel process of purification that reduces the over-
all production cost of biodiesel as compared with the 
conventional biodiesel production technique.

b.	 The change in the compression ratio gives a small 
change in the brake power but for the variation in the 
load, the change in the brake power is positive and 
significant. With the increase in the load, the SFC 
decreases and it almost has no change when the fuel 
blends are varied. There is a very small increase in the 
NOx emission with the increase in the compression 
ratio.

c.	 The compression ratio has no significant effect on 
all four responses, whereas the blends of fuel have 
a significant effect on the emission of CO and NOx. 
Only there is a decrease in the CO emissions with the 
increase of fuel blends percentage.

d.	 The P-value > 0.05 in the ANOVA model suggests the 
intensity of the contribution of each input parameter 
to the output response. From the ANOVA analysis, 
it is observed that for brake power, the load and fuel 
blends have more contribution. Similarly, for the SFC 
the highest contribution is from the load, the CO 
emission fuel blend has the highest contribution, and 
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for the NOx emission, load has the highest contribu-
tion.

e.	 The multiresponse optimization for the maximum 
value for brake power and minimum value for the 
SFC, CO, and NOx emissions are 3 kW, 0.398978 kg/
kWh, 0.01%, and 50 ppm, which has been done with 
the desirability function and which gave a very high 
desirability value, D of 0.904873.

f.	 The optimum input parameters that provide the opti-
mum performance of the CI engine are 4.63281  kg 
of load, i.e., nearly 5 kg of load, and the compression 
ratio of 18 and B05 for the fuel blend.

g.	 As the experimental work is conducted on a con-
stant-speed diesel engine, the results are suitable for 
stationary engines such as diesel generators as com-
pared with an automotive engine that has variable 
speed.

h.	 From the economic analysis, it is found that biodiesel 
costs more than diesel fuel with higher loads. But 
biodiesel helps in the reduction of carbon emissions, 
which is the most important concern across the 
globe and it has a lot of other useful aspects that can 
be explored with future research work such as the 
usage of glycerol, which is a byproduct that can gen-
erate some revenue and which cuts down the overall 
production cost.

i.	 There has been little few work done on the fac-
tors affecting combustion. Also, other optimization 
techniques can be explored to make a more suitable 
model.
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