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Section S1. Uncertainty Assessment

The utilization of analytical techniques is a common practice in the estimation of the imprecisions arising from random and
fixed errors in experimental procedures. The emergence of errors can be attributed to a multitude of factors, encompassing the
selection and calibration of instruments, human observation of data, working conditions, and analytical methodology. In order to
ensure precise measurements, the engine trials were conducted in triplicate for every test blend, and the mean values were used for
comparative analysis. An uncertainty analysis was performed to assess the uncertainties associated with combustion, performance,
and emission parameters. Supplementary Table 3 presents the results of this analysis, indicating the uncertainties for each parameter.
The overall uncertainty of the entire experiment was determined to be +2.89% using the square root method. This uncertainty value
provides a measure of the variation and potential error in the engine variables throughout the experiment. By considering and
quantifying these uncertainties, the study enhances the reliability and validity of the experimental results, ensuring that the
findings are robust and accurate:

Overall uncertainties = ((uncertainty of dynamometer )’

+(uncertainity of tachometer)2

+(uncertainity of burette and stop watch)2

+(uncertainity of thermocouple)2

+(uncertainity of load cell)2
+(uncertainity of pressure sensor)2
+(uncertainity of CO)2
+(uncertainity of HC)2

+(uncertainity of NO, )2
L. 2 1/2
+(uncertainity of smoke) )

=(0.2 +1.2° +1.5° +0.2° + 0.5 +12° +0.5° +1.2° +0.5° +12)”2
+2.89
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Table S1. L4 RSM-BBD Based Experimental Matrix for Biodiesel Production

Run  Molar Ratio Catalyst ‘ Reaction R~eacti0n‘ Stirring Speed E).ﬁperimental Pr.edicted Error
Concentration (wt%) Temperature (°C) Time (min)  (rpm) Yield (%) Yield (%)
1 4 1.5 55 60 500 84.40 85.32 -0.92
2 4 1.0 55 60 400 84.20 84.75 —0.55
3 8 1.0 55 60 400 93.21 94 -0.79
4 6 1.0 55 60 500 94.27 95.58 -1.31
5 8 1.0 55 60 600 94.01 94.71 -0.70
6 8 1.0 55 30 500 89.16 89.67 -0.51
7 6 0.5 55 60 600 92.02 92.48 —0.46
8 4 1.0 65 60 500 89.11 88.69 0.42
9 6 0.5 55 30 500 89.20 90.27 -1.07
10 6 1.5 55 90 500 95.11 95.74 —-0.63
11 6 1.0 65 30 500 93.16 93.83 -0.67
12 6 1.0 55 30 600 92.15 92.97 —-0.82
13 4 1.0 45 60 500 82.87 83.83 -0.96
14 6 1.0 55 90 400 93.68 94.43 -0.75
15 6 1.5 55 30 500 90.18 91.36 -1.18
16 6 1.0 45 60 600 94.87 95.32 -0.45
17 6 1.0 65 90 500 97.75 97.95 -0.2
18 4 1.0 55 90 500 84.31 84 0.31
19 6 1.5 55 60 400 92.73 93.23 -0.50
20 6 1.0 55 60 500 96.40 95.58 0.82
21 8 0.5 55 60 500 92.70 91.71 0.99
22 6 0.5 65 60 500 92.21 93.48 -1.27
23 6 1.0 55 30 400 91.17 91.95 -0.78
24 4 1.0 55 60 600 87.81 86.87 0.94
25 6 1.0 45 90 500 94.80 94.21 0.59
26 6 1.5 45 60 500 93.60 93.15 0.45
27 6 1.0 55 60 500 96.30 95.58 0.72
28 6 1.0 65 60 400 96.87 96.4 0.47
29 6 1.0 65 60 600 97.14 97.67 —-0.53
30 6 0.5 55 60 400 92.75 92.15 0.60
31 4 0.5 55 60 500 81.81 82.52 -0.71
32 4 1.0 55 30 500 85.30 84.83 0.47
33 6 1.0 45 30 500 93.20 92.48 0.72
34 6 0.5 55 90 500 91.50 92.07 -0.57
35 8 1.0 65 60 500 95.80 94.97 0.83
36 6 1.0 55 60 500 96.40 95.58 0.82
37 8 1.0 55 90 500 95.78 96.35 -0.57
38 8 1.5 55 60 500 94.10 93.32 0.78
39 8 1.0 45 60 500 93.70 94.74 —-1.04
40 6 1.0 55 90 600 96.30 96.73 -0.43
41 6 1.5 55 60 600 95.61 95.83 -0.22
42 6 1.0 55 60 500 94.78 95.58 -0.80
43 6 1.0 45 60 400 93.27 93.66 -0.39
4 6 1.5 65 60 500 96.25 97.31 -1.06
45 6 0.5 45 60 500 93.20 92.55 0.65
46 6 1.0 55 60 500 94.90 95.58 —0.68
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Table S2. Test Engine Details

Engine Manufacturer

Kirloskar Pvt. Ltd.

Engine Type

Bore (mm)

Stroke (mm)

Rated Power (kW)
Cylinder

Compression Ratio
Injection Timing

Nozzle Opening Pressure
Loading

Software

4-stroke, VCR engine

87.5

110

5.2 @ 1500 rpm

1

17.5:1(standard) & 15:1 ~ 18:1(VCR)
23°bTDC

210 bar

Eddy current dynamometer

Engine soft
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Table S3. Uncertainty of Instruments

Instrument used Range Uncertainty (%)
Dynamometer 0~ 50 kW +0.2%
Tachometer 0~ 2,000 rpm +1.2%
Burette-Stop Watch 0~200g +1.5%
Load Cell 0~ 100 kg +0.2%
Thermocouple 0~1,200°C +0.5%
Pressure Sensor 0~ 100 bar +1.2%
AVL GAS Analyzer:

CcO 0~ 15% vol. +0.5%
HC 0~ 20,000 ppm +1.2%
NO«x 0~ 5,000 ppm vol. +0.5%
AVL Smoke Meter 0~ 100% +1.0%
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Table S4. ANOVA for Quadratic Model

Source Sum of Squares df Mean Square F-Value P-value Prob > F'
Model 724.53 20 36.226 49.456 <0.0001 significant
A-MR 295.41 1 295.410 403.298 <0.0001

B-CC 19.558 1 19.558 26.701 <0.0001
C-Temperature 25.882 1 25.882 35.335 <0.0001

D-Time 34.134 1 34.134 46.601 <0.0001
E-Stirring speed 8.555 1 8.555 11.680 0.0022

AB 0.354 1 0.354 0.4833 0.4933

AC 5.382 1 5.382 7.348 0.012

AD 14.100 1 14.100 19.249 0.0002

AE 1.334 1 1.334 1.821 0.1893

BC 2.624 1 2.624 5.582 0.017

BD 1.243 1 1.243 1.697 0.2045

BE 1.288 1 1.288 1.758 0.1968

CD 1.428 1 1.428 1.949 0.1749

CE 0.04 1 0.04 0.0546 0.8171

DE 0.193 1 0.1936 0.264 0.6117

A? 260.571 1 260.571 355.73 <0.0001

B? 31.477 1 31.477 42.973 <0.0001

C? 1.696 1 1.696 2.315 0.1406

D? 17.207 1 17.207 23.491 <0.0001

E2 0.582 1 0.5824 0.795 0.3811

Residual 18.31 25 0.7324

Lack of Fit 14.57 20 0.728 0.97407 0.5713 not significant
Pure Error 3.74 5 0.748

Cor Total 742.84 45

Std. Dev. 0.855 R? 0.975

Mean 92.593 Adj-R? 0.955

CV. % 0.9243 Pred-R? 0.914

PRESS 63.6741 Adeq Precision 26.683
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Figure S1. Implementation of the RSM-coupled genetic algorithm.
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