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ABSTRACT

This study delves into biodiesel synthesis from non-edible oils and algae oil sources using Response Surface
Methodology (RSM) and an Artificial Neural Network (ANN) model to optimize biodiesel yield. Blend of
C. vulgaris and Karanja oils is utilized, aiming to reduce free fatty acid content to 1% through single-step
transesterification. Optimization reveals peak biodiesel yield conditions: 1% catalyst quantity, 91.47 min reaction
time, 56.86°C reaction temperature, and 8.46:1 methanol to oil molar ratio. The ANN model outperforms
RSM in yield prediction accuracy. Environmental impact assessment yields an E-factor of 0.0251 at maximum
yield, indicating responsible production with minimal waste. Economic analysis reveals significant cost savings:
30%–50% reduction in raw material costs by using non-edible oils, 10%–15% increase in production efficiency, 20%
reduction in catalyst costs, and 15%–20% savings in energy consumption. The optimized process reduces waste
disposal costs by 10%–15%, enhancing overall economic viability. Overall, the widespread adoption of biodiesel
offers economic, environmental, and social benefits to a diverse range of stakeholders, including farmers, producers,
consumers, governments, environmental organizations, and the transportation industry. Collaboration among
these stakeholders is essential for realizing the full potential of biodiesel as a sustainable energy solution.
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Nomenclature

AV Acid value
ANOVA Analysis of variance
BBD Box-Behnke design
DOE Design of experiment
FAME Fatty acid methyl esters
GA Genetic algorithm
PSO Particle swarm optimization
w/w Weight/weight
E-factor Environmental factor
N2 Nitrogen

https://www.techscience.com/journal/energy
https://www.techscience.com/
http://dx.doi.org/10.32604/ee.2024.052523
https://www.techscience.com/doi/10.32604/ee.2024.052523
mailto:gauravdwivedi@manit.ac.in


2364 EE, 2024, vol.121, no.9

cSt Centistokes
V/cm Voltage per centimeter
CaO Calcium Oxide
rpm Revolution per minute
V Voltage
LPH Liter per hour
cSt/s Centistokes/second
Kg/m3 Kilogram per cubic meter
MJ/kg Megajoule per kilogram
EN European Norm
Adj SS Adjusted Sum of Squares
ANN Artificial neural network
ASTM American Society for Testing and Materials standards
CCD Central composite design
FFA Free fatty acid
PM Particulate matter
RSM Response surface methodology
Mol/mol and m/m Mole/mole
SOx Sulfur Oxide
CSIR Council of Science and Industrial Research
G/cc Gram per cubic centimeter
W Watt
NaOH Sodium Hydroxide
h Hour
wt.% Weight percentage
KOH Potassium Hydroxide
ASTM American Society for Testing and Materials
Mm2/s Millimeter square per second
v/v Volume per volume
DF Degree of Freedom
Adj MS Adjusted Mean Square

1 Introduction

Energy demand increases GHG emissions, causing climate change and air pollution, which kills
6.5 million annually [1–4]. Shifting to renewables is crucial. Biodiesel, a non-toxic, biodegradable, and
renewable fuel, reduces pollutants and emissions, offering a sustainable solution for transportation
and agriculture sectors heavily reliant on fossil fuels [5–9].

The production of biodiesel involves alcoholysis of oil with base or acid catalysts [10]. Despite
similar heating values, using straight oil as diesel fuel is inadvisable due to higher viscosity, lower
volatility, and engine carbon deposition. Biodiesel is classified into 1st to 4th generations based on oil
availability and feedstock sourcing [11]. Although many feedstocks have been explored, the high cost
and limited availability of edible oils hinder large-scale production, particularly in South Asia, where
using edible oils for fuel affects food security. Second-generation feedstocks, which are non-edible,
require less farming area, are easier to cultivate, and are cheaper, offering a solution to the limitations
of edible oils [12]. Thus, exploring alternative inedible sources and algae oil for biodiesel production
is essential [11,13–15].
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Karanja, a native Indian and Southeast Asian tree, and Chlorella vulgaris microalgae stand out
as promising biodiesel candidates. Karanja, known for its N2 fixation and abundant oilseeds, has
evolved from rural lighting and paint production to a biodiesel staple [16]. Meanwhile, Chlorella
vulgaris boasts low FFA content and thrives in various conditions, including marginal lands and
coastal areas. Researchers at CSIR-National Institute of Oceanography (Goa) have developed a
cleaner, cost-effective method for cultivating this microalgae, using fishmeal facility effluents [17].
However, the minimum biodiesel selling price (MBSP) for microalgae biodiesel is approximately $2.17,
needing halving to compete with global petroleum prices at $1.09 per liter. Microalgae concentration
proves critical, with a range of 20%–40% (wt.%) lowering MBSP from $3.03 to $1.74 per liter.
Integrating microalgae biomass with sugar factory waste offers insights for future research and
enhances production’s economic feasibility [18].

While production of biodiesel from single oil feedstocks has advantages, it is not without limita-
tions, including impoverished oxidation resistance and cold flow characteristics. Furthermore, high
FFA feedstocks can result in saponification during transesterification. To deal with these challenges,
investigators have recommended numerous approaches, incorporating the usage of two or more raw
materials for bio propellant, to enhance biodiesel quality, reduce raw material costs, and mitigate
availability issues, ultimately lowering production costs. This study primarily focuses on the blending of
two naturally compatible oils, Karanja (Pongamia pinnata) and Chlorella vulgaris oil, both exhibiting
similar fatty acid composition, FFA content, acid value, and other physicochemical characteristics
in their natural state. The commercialization of biodiesel as a fuel has faced certain limitations,
such as higher costs and quality standards compared to diesel fuel. Notable research endeavors have
addressed these challenges, exemplified by Singh Pali et al. who successfully derived excellent biodiesel
from Kusum oil using base-catalyzed transesterification. The optimal conditions for Kusum biodiesel
synthesis included a methanol to oil molar ratio of 7.5:1, a reaction temperature of 63.3°C, and a
reaction time of 93 min, resulting in biodiesel with a kinetic viscosity of 5.15 cSt, a density of 0.88
g/cc, and a yield of 95% [19]. Karimi et al. achieved production of biofuel from the inedible seed
oil of copiously accessible wild Azadirachta at room temperature. The study reported a maximum
biodiesel yield of 80% using the catalyst, with process parameters including methyl alcohol to oil molar
ratios (spanning from 5:1 to 20:1), a response time of 13 h, and voltage (spanning from 5 to 15 V/cm)
as determined by Response Surface Methodology based on Central Composite Design (CCD) [20].
Table 1 in this study outlines the optimization of various feedstocks using various simulation tools,
including RSM, Genetic Algorithms (GA), and ANN, among others. It also presents the range of
process parameters and optimized values derived from the research of various investigators. In Table 2,
we explore the blending of diverse comestible and inedible oils to produce biodiesel from hybrid oil
sources. The impending sections of this research endeavour will delve further into the intricacies of
optimizing biodiesel production, specifically concentrating on the fusion blend of Chlorella Vulgaris
and Karanja oils. This investigation employs sophisticated techniques, such as RSM and ANN
modelling, to anticipate and enhance biodiesel output, thereby contributing to the promotion of
sustainable energy production and environmental responsibility. The pursuit of efficient biodiesel
production from various feedstocks has led to notable contributions in recent research endeavours.
Attari et al. focused on Waste Cooking Oil (WCO) and employed Response Surface Methodology
(RSM) to optimize the key process parameters. The parameters included reaction time (ranging from
20 to 40 min), ultrasonic power (varying from 150 to 300 W), methanol to oil ratio (ranging from
6:1 to 12:1 m/m), and catalyst loading (varying from 6% to 12% w/w). Their study culminated in
the achievement of an impressive biodiesel yield of 99%, realized under the following optimized
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conditions: a reaction time of 39.84 min, ultrasonic power of 299.66 W, a methanol to oil molar ratio
of 8.33 m/m, and a catalyst loading of 6% w/w [21].

Ajala et al. innovated biodiesel production using solid catalysts, with waste lard as the feedstock.
They optimized biodiesel yield employing Genetic Algorithm (GA), Particle Swarm Optimization
(PSO) Response Surface Methodology (RSM) and Firefly Algorithm (FA). Optimization parameters
included catalyst type (Cat900, Cat700, Cat500), response time (1–4 h), operating temperature
(50°C–60°C), and methyl alcohol to oil ratio. The study achieved a remarkable 97% biodiesel yield
under optimal conditions: Cat500 catalyst at 5% (w/w), 1-h reaction time, 59.97°C operating temper-
ature, and 12:1 methyl alcohol to oil ratio [22]. In another significant study, Singh et al. employed
Genetic Algorithm (GA) and Response Surface Methodology (RSM) to maximize biodiesel yield.
They utilized supercritical methanol transesterification under ideal conditions: 287°C temperature,
123 bar pressure, and 23-min reaction time. These innovative approaches signify the evolving land-
scape of biodiesel research, offering considerable potential for enhancing production efficiency and
sustainability [23].

Table 1: Literature review of optimization technique for single oil feedstock

Feedstock/oil Methodology Parameter range Range Optimized value Yield Author/Reference

Waste cooking oil Response surface
methodology,
employing central
composite design

Methanol to oil 4:1 9:1 96% Helmi et al. [24]
Catalyst wt. 2% to 5% 3 wt.%
Time 3 to 5 h 4 h
Voltage 15 to 35 V 21 V

At room
temperature

Waste cooking oil Methanol to oil
ratio

3:1 to 15:1 Catalyst load of
0.75 wt.%, stirring
speed of 300 rpm,
flow rate of 3 LPH

82% Sivarethinamohan
et al. [25]

Flow rate 3 to 15 LPH
Catalyst loading 0.25 to 1.25 wt.%
Stirring speed 100 to 500 rpm
Reaction
temperature

30°C to 50°C 12:1

Phoenix sylvestris seed Taguchi method Reaction
temperature

_ 55°C 93% Vaidya et al. [26]

Catalyst quantity 1.5 wt.% of NaOH
450 rpm

Agitation speed
Methanol to oil
ratio

4.5:1 (mol/mol)

Pomegranate seed oil Response surface
methodology,
followed by
central composite
design

Methanol to oil
ratio

3.3:1 to 17:1
mol/mol

6:1 mol/mol 95% Helmi et al. [27]

Catalyst weight 0.15–5.6 wt.% 1.25 wt.%
Reaction time 33 to 142 min 74 min

65°C temperature
Waste cooking oil Response surface

design
Reaction time 1 to 3 h 108 min 99% Bai et al. [28]
Reaction
temperature

40°C to 60°C 40

Catalyst
concentration

2 to 6 wt.% 2 wt.%

Methanol to oil
ratio

3:1 to 12:1
mol/mol

6:1 mol/mol

Waste sunflower oil Particle swarm
optimization

Reaction time 40 to 80 min 78 min 97% Samuel et al. [29]
Catalyst
concentration

0.5 to 1.5 mol/mol 1% wt.%

Methanol to oil
ratio

4 to 8 mol/mol 6/1 mol/mol

(Continued)
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Table 1 (continued)

Feedstock/oil Methodology Parameter range Range Optimized value Yield Author/Reference

Waste cooking oil Response surface
methodology,
followed by
Box-Behnken
design

Reaction time 60 to 150 min 149.94 min 93% Amenaghawon
et al. [30]Reaction

temperature
40°C to 80°C 60°C

Catalyst
concentration

1 to 5 wt.% 5 wt.%

Methanol to oil
ratio

6:1 to 15:1
mol/mol

13.03:1

Jojoba oil Supercritical
methanol
followed by RSM

Methanol to oil
ratio

10% to 30% 30:1 96% Singh et al. [23]

Reaction
temperature

250°C to 290°C 287°C

Reaction pressure 90 to 130 bars 123 bars
Reaction time 10 to 30 min 23 min

Table 2: Biodiesel production from hybrid oil feedstock

Hybrid oil (Volume %) Operating conditions Additional comments Biodiesel
yield

References

Karanja (50%) 2-propanol to oil molar ratio 6:1,
time 24 h

Acid quality of Castor and Karanja
oil was 13.12 mg KOH/g and 14.71
mg KOH/g, respectively.

78% Kumar
et al. [31]

Castor (50%)

Enzyme (lipase) loading 10%
(w/w),

Hybrid oil has acid value of
15.27 mg KOH/g.

Temperature 50°C ± 1°C Pre-treatment step followed by
enzymatic transesterification carried
out to lower the acid value and free
fatty acids of hybrid oil.

Waste cooking oil (70%) 1 wt.% of catalyst (KOH) Three-stage process was carried out
to reduce the presence of impurities
and free fatty acid including 1)
degumming 2) esterification 3)
transesterification.

_ Milano
et al. [32]Calophyllum inophyllum oil

(30%)
Stir speed 1000 rpm
Time 90 min

Sunflower oil (50%) Methanol to oil ratio 6:1, 98% Saydut
et al. [33]Hazelnut kernel oil (50%) Concentration of Catalyst −1%

KOH,
Operating temperature 60°C ±
0.5°C
Response time 120 min

Hybrid oil (Karanja 75% and
Algae 25%)

methanol-to-oil volumetric ratio
ranging from 20% to 60% v/v,

1.09% catalyst quantity, 91.47 min
reaction time, 56.86°C reaction
temperature, and 8.46:1 methanol to
oil molar ratio.

98% Current
study

Reaction time (variating between
60 and 180 min),
Reaction temperature (spanning
from 30°C up until 90°C) and
concentration of NaOH
Catalyst being in the range of 0%
up until 2% w/w

Biodiesel production efficiency hinges on various factors like methanol to oil ratio, operating
temperature, time, stir speed, and catalyst content. Response Surface Methodology (RSM) offers a
comprehensive analysis, considering individual and interaction effects to cut operational costs and
maximize yield [34,35]. RSM employs quantitative approaches like Doehlert matrix, Box-Behnken
Design (BBD), and Central Composite Design (CCD), each with distinct advantages. Artificial Neural
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Networks (ANN) also optimize processes, modeling, and prediction, mimicking brain processes [36–
38]. Agu et al. integrated ANN and RSM for biodiesel optimization from Anacardium occidentale and
AOKO. Comparatively, fossil fuel prices are volatile due to geopolitical events, while biodiesel prices
tend to be more stable due to localized feedstock production. Currently, B20 costs $3.83/gallon, petrol
$3.06/gallon, diesel $3.94/gallon, B100 biodiesel $4.69/gallon, and natural gas (CNG) $2.95/gallon,
indicating biofuels’ potential as future energy alternatives [39].

Biodiesel production enhances energy security by reducing reliance on imported fossil fuels
and diversifying energy sources. Fossil fuel dependence exposes economies to supply disruptions,
geopolitical risks, and price volatility. Advancements in both biodiesel and fossil fuel industries
target efficiency, cost reduction, and environmental impact mitigation, including greenhouse gas
emissions and pollution. Innovation in biodiesel production processes and conversion technologies
boosts economic competitiveness compared to fossil fuels. Despite upfront investments and feedstock
challenges, biodiesel offers price stability, environmental benefits, and potential incentives. Addressing
knowledge gaps, this investigation blends high FFA Karanja oil with low FFA Algae oil for biodiesel
production, optimizing parameters via Response Surface Methodology and predicting yield with
Artificial Neural Networks. These findings can enhance commercial biodiesel production and guide
optimal oil blending.

2 Materials and Methodology
2.1 Raw Materials

The selection of Karanja and Algae oil for biodiesel production in this experiment is underpinned
by their unique characteristics and suitability for the optimization of process parameters. Karanja
oil, chosen for its non-edibility, easy availability, lower density, higher cetane number, and superior
calorific value, offers a promising source for synthesis of biodiesel. The saturated fatty acid profile of
Algae and Karanja oil is enlisted in Table 3. However, it is essential to note that the FFA concentration
in Karanja oil is initially measured at 2%, which exceeds the permissible limit when employing a base
catalyst. An FFA concentration above 1% can trigger saponification process, leading to the formation
of soap during biodiesel production. Consequently, the FFA content in Karanja oil must be reduced
to less than 1% to ensure a smooth transesterification process. In contrast, Algae oil presents a more
favourable FFA concentration of only 0.54%. This lower FFA concentration positions it as an excellent
candidate for blending with Karanja oil to achieve the desired ultimate FFA amount of under 1%.
In this experiment, the oils are unified in a proportional volume of 75:25, offering the advantage of
maintaining a suitable FFA level for efficient biodiesel production. This innovative blend leverages
the strengths of each oil source while mitigating the challenges associated with high FFA content in
Karanja oil, ultimately contributing to the optimization of the biodiesel production process. Fig. 1
shows the schematic diagram of biodiesel production methodology.

Table 3: Fatty acid profile of Karanja and Algae oils

Fatty acid Chemical structure Chemical formula Weight (%)
Karanja oil Algae oil

Palmitic C16:0 C16H32O2 11.65 27.73
Arachidic C20:0 C20H32O2 1.7
Linolenic C18:3 C18H30O2 2.6 22.96

(Continued)
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Table 3 (continued)

Fatty acid Chemical structure Chemical formula Weight (%)
Karanja oil Algae oil

Linoleic C18:2 C18H32O2 16.64 9.90
Oleic C18:1 C18H34O2 53.27 22.72
Stearic C18:0 C18H36O2 7.5 6.59
Palmitoleic C16:1 C16H30O2 1.46
Oleic C18:1 C18H34O2 53.27 22.72
Ricinoleic C18:1 C18H34O3

Lignoceric C24:0 C24H48O2 1.09
Behenic C22:0 C22H44O2 4.45

Water

Separation
(Gravity)

Hybrid Oil

Glycerine

Glycerin refining

Crude biodiesel Biodiesel dryingWashing

Calcium Oxide
(CaO)

Crude glycerin Methanol Recovery

Transesterification

Karanja Oil Algae Oil

Methanol
(CH3OH)

Biodiesel

Figure 1: Schematic diagram of biodiesel production methodology

2.2 Properties of Oil
2.2.1 API (American Petroleum Institute) Gravity

In this study, essential oil characteristics, including specific gravity, API gravity, and viscosity, were
determined through established procedures and standardized methods. To calculate the specific gravity
of the oil, the weight of the oil was divided by the weight of an equivalent volume of water, employing
a specific gravity bottle. The viscosity of the oil was assessed using a viscometer, while the API gravity
was calculated using Eq. (1) [40]. These measurements and calculations provide vital insights into the
properties of the oils, which are critical for understanding their suitability and performance in the
biodiesel production process.

API gravity = 141.5(1 − 0.9293ρ)

ρ
(1)

Here ρ is the specific gravity of the oil.
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2.2.2 Acid Value (AV)

The acid value is an indicator of the FFA content of the oil. The use of a homogeneous alkali
catalyst with oil with an acid value greater than 2 results in an unintended saponification reaction.
One gram of individual sample was dissolved into 25 mL of ethanol to measure the acid value. The
solution was heated to 70°C for 10 min then cooled at the room temperature. Using a phenolphthalein
indicator, it was then titrated with 0.1N KOH solution. The transition to pink was the tipping moment.
The AV was obtained using Eq. (2).

Acid value (mg
KOH

g
) = 56.1 × N × V

W
(2)

where AV = acid value, N = KOH normality (0.1N), V = titrate value (mL), W = weight of biodiesel
(gram).

FFA content = Acid value
2

(3)

2.2.3 Density

The determination of density of the oil was done by using the general density equation and
measured in compliance with the ASTM D 4052-96 standard. This standardized method ensures
the accurate and consistent measurement of oil density, providing valuable data for the biodiesel
production process.

2.2.4 Viscosity

The following IS 15607 specifications are followed and computed using the formula:

Viscosity = C × t (4)

where C = viscometer calibration constant (0.0336 cSt/s), and t = flow of time.

2.2.5 Oil Blend Ratio

The ratio of the oil blend was determined by summing the API gravity of each oil to calculate
the total API gravity. Subsequently, the API gravity of each individual oil was divided by the total
API gravity, providing the respective proportions in the blend. Prior to the characterization of the
oil blend’s properties, it was heated to 40°C using a magnetic stirrer. The properties of propellant
so produced by blend of Karanja, Algal oil, and their combination are presented in Table 4. For a
detailed understanding of the measurement methodology for these attributes, reference can be made
to previous works by Karimi et al. [20] and Li et al. [41].

Table 4: Chemicophysical characteristics of Algae and Karanja oils

Criteria Unit Evaluation
method (ASTM)

Karanja oil C. vulgaris oil Hybrid oil

Kinematic viscosity mm2/s D445 4.2 10.29 9.36
Density at 25°C kg/m3 D4253 923 952 934.91
Cloud point °C D2500 3.25 4.9 4.60

(Continued)
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Table 4 (continued)

Criteria Unit Evaluation
method (ASTM)

Karanja oil C. vulgaris oil Hybrid oil

Cetane number _ D613 39 36.99 39
Flash point °C 6450 219.7 84 145
Calorific value MJ/kg D6751 37 33.99 37
Free fatty acid % _ 2.1 0.54 1
Acid value mg KOH/gram D974 4.29 1.0 2.06

2.3 Transesterification Process
The oil blend for this experiment consisted of a 75% Karanja oil and 25% Algae oil ratio by

taking 750 mL of Karanja and 250 mL of algae oil making total quantity of hybrid oil to be 1000
mL. The process was repeated thrice and thus we had 3 liters of concoction of hybrid oil. From
this mixture we took 100 mL in a separate beaker of 250 mL and added 20 mL of methanol to it
along with 1 gram of CaO catalyst and then positioned the beaker on the magnetic stirrer to ensure
optimal homogeneity. The transesterification process unfolds on a electric hotplate endowed with a
precisely modulated magnetic stirrer and a temperature sensor for meticulous control. This blended oil
combination served as the feedstock for the transesterification process, aimed at producing biodiesel.
The hybrid oil undergoes a meticulous preheating process at a temperature of 40°C to expunge any
surplus water content. Under these process parameters the entire process involving 27 individual tests
conducted within a magnetic stirrer at a constant stirring speed, facilitated by a hot plate stirrer was
implemented:

a) Predetermined methanol-to-oil volumetric ratio ranging from 20% to 60% v/v,
b) Reaction time (variating between 60 and 180 min),
c) Reaction temperature (within the range of 30°C up until 90°C) and
d) Concentration of Catalyst (NaOH) (spanning from 0% to 2% w/w).

A Fractionating funnel was utilized to separate the fatty acid methyl ester (FAME) and glycerol
layers, ultimately yielding pure biodiesel. FAME was found in the upper lamina of the assorted
product, while 1,2,3-propanetriol accumulated in the bottom layer. Subsequently, the bio propellant
phase went through a water rinsing process to eliminate adulterants up until the wastewater attained
a neutral pH level. The ultimate product was scalded to 80°C to facilitate the evaporation of any
unconsumed methyl alcohol. The yield of biodiesel can be determined by employing Eq. (5).

Biodiesel yield = (Wt. of biodiesel produced)/(Wt. of hybrid oil used for the reaction) × 100 (5)

To ensure the quality and compliance of the produced biodiesel with industry standards, a
physicochemical characterization was carried out in compliance with ASTM D6751 specifications
[40]. The analysis necessitates the entailing of transesterification process for the blend of Karanja
oil and Algal oil by utilizing the meticulously engineered Response Surface Methodology (RSM)
with subsequent implementation of the Box-Behnken Design (BBD) at a consistent reaction speed.
The acquired data was subjected to comprehensive statistical analysis and optimization procedures,
facilitated through the use of the Minitab software, to ascertain the most favourable conditions for
this biodiesel synthesis.
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2.4 Response Surface Methodology (RSM)
Experimental design, often abbreviated as DOE (Design of Experiments), is an amalgamation of

analytical techniques employed to create a model or systematically study a problem. The primary
objective is to investigate standardized parameters concerning the enhancement of the intended
reaction in relation to the process variables. Response Surface Methodology (RSM), a robust tool
for commencing new processes, enhancing existing ones, designing new products, and overall process
optimization, is one of the most extensively employed DOE techniques for constructing mathematical
models [42]. RSM offers substantial advantages over conventional methods as it necessitates fewer
experimental runs, facilitating a more rapid and cost-effective assessment of process parameters.
Additionally, it allows for the exploration of interdependencies between various factors and the
development of models to predict predefined responses [32].

Within RSM, the BBD is a prevalent and highly effective design method for creating experimental
data suitable for quadratic modelling. BBD systematically explores the effectiveness of numerous
elements spanning throughout a comprehensive range of distinct design points, while also consistently
assessing curvature to accumulate a significant database for examining incongruity [33]. Response
Surface Methodology is a DOE technique that constructs a framework in accordance to the correlation
betwixt a response and multiple supervised independent elements, enabling multifaceted estimation
and refinement. Eqs. (6) and (7) provide the fundamental frameworks grounded on primary and
quadratic polynomial expressions that are often utilized in RSM, respectively. These models are
invaluable for understanding and optimizing complex processes, offering a powerful tool for scientific
inquiry and process improvement.

y = β0 +
∑k

i
βiXi + β (6)

y = β0 +
∑k

i
βiXi +

∑k

i=1

∑k

j≥i
βijxixj + β (7)

where β0 is the constant, βi is the linear and βij is interaction coefficients, and i and j are the linear
and quadratic coefficients respectively. β is random test error, k is the number of components, y is the
predicted response, Xi and Xj are independent variables [43].

2.5 Artificial Neural Network (ANN)
Artificial Neural Network (ANN) is a widely recognized machine learning technique that has

garnered significant attention in various engineering disciplines. It operates by transforming an input
dataset into an output dataset. A prevalent type of neural network is the Multilayer Perceptron
(MLP) network, which utilizes a feed-forward back-propagation (BP) approach. ANN offers a flexible
simulation method that learns from the process by adjusting the network’s weight. In contrast to
Response Surface Methodology (RSM), which is limited to variables within its control, ANN can
accommodate a broader range of variables.

In this research, the ANN approach is employed to optimize the process variables. ANN is
essentially a computer model inspired by the information processing mechanism of the human brain.
Each layer of the neural network consists of a multitude of tiny entities called neurons, primarily
dedicated to processing specific components. For this study, the artificial neural network analyzed
27 data points derived from independent factors, including temperature, time, catalyst concentration,
and methanol-to-oil ratio. An MLP configuration, encompassing three layers comprising the input
layer, hidden layer, and output layer, was utilized to facilitate the optimization process. This approach
provides a powerful tool for exploring the interplay of variables and predicting optimal process
conditions.
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3 Result and Discussion
3.1 Perturbation Plot

The perturbation plot in Fig. 2 illustrates the sensitivity of biodiesel yield to factors like methanol-
to-oil ratio (A), temperature (B), time (C), and catalyst concentration (D). Notably, temperature (B)
shows the most significant impact, particularly between 30°C and 60°C. Parameters C, D, and A also
influence yield, albeit to a lesser extent. Understanding these sensitivities is crucial for optimizing
biodiesel production [42].

Figure 2: Perturbation graph of biodiesel yield

Fig. 2 emphasizes the significant influence of factor B (reaction temperature) on biodiesel yield,
supported by its pronounced slope and higher regression coefficients. The temperature range tested
(30°C to 90°C) aligns with optimal yield conditions found in literature, with peak yields (>80%)
observed around 55°C to 60°C. However, exceeding 60°C leads to reduced yield due to methanol
evaporation.

In Fig. 2, biodiesel yield increases with catalyst concentration up to 1% (w/w), but then sharply
declines [41]. Higher concentrations create a cavitation barrier, hindering transesterification, and
increase soap formation. This leads to emulsification of glycerol and biodiesel, causing separation
difficulties and yield decrease. These insights aid biodiesel production optimization [20,42].

The relationship between biodiesel yield (Y) and reaction time (C) is depicted in Fig. 2. It’s
evident that biodiesel yield increases with the reaction time up to 100 min, after which it experiences
a slight deterioration. This drop-in yield beyond 100 min could be attributed to the combination of
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high-temperature conditions and the potential saponification of triglycerides, which might occur over
an extended reaction time [40].

Factor A, represented by the methanol-to-oil ratio, displayed a less pronounced slope compared
to the other factors, indicating that this particular factor is less sensitive to all the responses. The
experiment’s range for the methanol-to-oil ratio was selected to vary from a minimum of 6:1 to a
maximum of 12:1 (mol/mol). An increase in biodiesel yield was observed as the methanol-to-oil ratio
increased. However, beyond a certain threshold, increasing the methanol-to-oil ratio resulted in a
significant decrease in density. This reduction in density suggests a decrease in the early collapse of
cavitation bubbles and cavitation intensity, ultimately leading to reduced biodiesel yield [40].

Moreover, the decline in biodiesel yield with an increasing methanol-to-oil ratio can also be
attributed to the solubility of methanol with glycerol, biodiesel, and other reactants. This increased
solubility makes the separation of the products more challenging and contributes to emulsification
[40]. Additionally, a larger amount of excess methanol at the end of the reaction can increase the cost
associated with methanol separation [20]. These findings highlight the complex interplay of factors
influencing biodiesel yield and underscore the importance of optimizing these variables for efficient
production.

3.2 ANOVA Test
ANOVA, i.e., Analysis of variance was incorporated to evaluate the applicability and compu-

tational significance of the mathematical model. As depicted in Table 5, ANOVA helps identify the
independent influences of each trait and their associations with biodiesel yield [44]. The importance
of each independent variable is determined through the collected data, and the Fisher’s F-test (F-
value) and probability value (p-value) play a crucial role in this assessment. A higher F-value and a
lower p-value indicate the substantial effectiveness of an autonomous factors [45,46]. These constants
are instrumental in gauging the meaningfulness of individual regression coefficients and the likelihood
of anomaly.

Table 5: Analysis of variance (ANOVA) for quadratic model

Source DF Adj SS Adj MS F-value p-value

Model 14 2495.99 178.29 16.82 0.000
Linear 4 477.42 119.35 11.26 0.000
Methanol/Oil 1 94.14 94.14 8.88 0.011
Reaction temperature 1 237.99 237.99 22.45 0.000
Reaction time 1 34.75 34.75 3.28 0.095
Catalyst concentration 1 110.55 110.55 10.43 0.007
Square 4 1992.46 498.12 46.98 0.000
Methanol/Oil ∗ Methanol/Oil 1 257.14 257.14 24.25 0.000
Reaction temperature ∗ Reaction temperature 1 1772.51 1772.51 167.18 0.000
Reaction time ∗ Reaction time 1 373.45 373.45 35.22 0.000
Catalyst concentration ∗ Catalyst concentration 1 211.71 211.71 19.97 0.001
2-Way interaction 6 26.11 4.35 0.41 0.858
Methanol/Oil ∗ Reaction temperature 1 0.20 0.20 0.02 0.892
Methanol/Oil ∗ Reaction time 1 1.82 1.82 0.17 0.686

(Continued)
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Table 5 (continued)

Source DF Adj SS Adj MS F-value p-value

Methanol/Oil ∗ Catalyst concentration 1 0.13 0.13 0.01 0.915
Reaction temperature ∗ Reaction time 1 0.24 0.24 0.02 0.884
Reaction temperature ∗ Catalyst concentration 1 0.06 0.06 0.01 0.941
Reaction time ∗ Catalyst concentration 1 23.67 23.67 2.23 0.161
Error 12 127.23 10.60
Total 26 2623.22

The regression model’s F-value of 11.87 and a p-value less than 0.0001 affirm the model’s reliability
within the experimental design.

Fig. 3 depicts the actual (experimental) data vs. the predicted data of biodiesel yield. As can be
seen, the actual data were constantly distributed around a straight line (y = x), with a decent correlation
(R2 = 95%) between such values.

Figure 3: Actual vs. predicted biodiesel yield

3.3 Artificial Neuron Network (ANN)
In ANN modeling, the configuration of network size, hidden layers, and neurons is vital for

forecasting experimental results. Additionally, ANN can be employed in second-order polynomial
regression, based on the RSM model. This study investigates an ANN model with one output, ten
hidden, and four input neuron layers (1-10-4), representing variables like reaction time, temperature,
methanol-to-oil ratio, and catalyst concentration, with biodiesel yield as the output.
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The experimental yield dataset is split into training (70%), testing (15%), and validation (15%)
sets to prevent overfitting and enhance model reliability. Regression coefficients for training, vali-
dation, and test networks are 0.99, 0.94, and 0.95, respectively, indicating high modeling accuracy.
Linear regression of target plots vs. validation outputs yields a strong correlation (Output = 0.95 ∗
Target + 3.9). Notably, the data distribution around a 45° angle signifies promising agreement between
ANN predictions and experimental results.

Fig. 4 illustrates the ANN regression findings for general, validation, test, and training data,
showing reasonable correlation coefficients across all datasets. Overall, the study concludes that the
ANN model effectively optimizes significant parameters for biodiesel production.

Figure 4: Regression plots for (a) training, (b) validation, (c) test, and (d) overall prediction

Table 6 presents the iterations and allied reaction data points of produced biodiesel from RSM
and ANN, respectively. The empirical statistics was fit with a quadratic polynomial model, and
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the resultant quadratic function was employed to illustrate the bio fuel productivity rooted in the
categorical variables, as highlighted in Eq. (8).

Biodiesel yield (%) = −203.9 + 16.32 × A + 2.679 × B + 2.304 × C + 88.6 × D + 0.0025

× A × B − 0.0075 × A × C − 0.12 × A × D − 0.00027 × B × C − 0.008 × B

× D − 0.162 × C × D − 0.923A2 − 0.02423B2 − 0.01112C2 − 33.40D2 (8)

where A, B, C, and D represent the coded forms of molar ratio, reaction temperature, time and
catalyst concentration. The occurrence of a positive symbol in front of the terms implies a collaborative
ramification, whereas the negative symbol suggests an inconsistence implication [21].

Table 6: Actual biodiesel and predicted biodiesel yield using RSM and ANN

Sr.
No.

Methanol/Oil
ratio
(mol/mol)

Reaction
temperature

Reaction
time

Catalyst
concentration

Actual
yield

Predicted
yield

ANN
predicted
yield (%)

1 9 30 90 1.5 73.98 75.349 74
2 9 60 60 0.5 73.60 73.595 77
3 9 90 60 1.0 58.01 61.999 60
4 12 30 90 1.0 68.00 69.4 65
5 12 60 120 1.0 79.94 78.808 80
6 9 60 120 0.5 73.60 81.857 80
7 6 60 90 0.5 81.70 82.064 81
8 6 60 90 1.5 86.39 88.084 80
9 6 90 90 1.0 64.40 67.75 66
10 12 60 90 0.5 75.84 76.79 76
11 9 90 90 1.5 64.74 67.825 68
12 9 90 90 0.5 61.22 62.405 72
13 9 60 60 1.5 91.55 84.115 85
14 12 90 90 1.0 59.50 62.566 67
15 9 30 120 1.0 74.10 72.685 75
16 9 60 120 1.5 77.82 82.657 80
17 12 60 90 1.5 79.82 82.09 74
18 9 30 60 1.0 66.30 68.797 67
19 9 60 90 1.5 91.55 93.394 76
20 9 60 90 1.0 97.12 98.914 98
21 9 90 120 1.0 64.84 64.915 65
22 9 30 90 0.5 69.97 69.449 70
23 6 60 120 1.0 86.53 85.792 80
24 9 60 90 0.5 86.58 87.734 85
25 12 60 60 1.0 71.53 76.756 70
26 6 60 60 1.0 77.42 81.04 79
27 6 30 90 1.0 73.80 75.484 85
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3.4 Outcome of Process Parameters on Conversion Rate of Biodiesel
The study investigated the significant effects of various working factors on biodiesel yield, employ-

ing a homogenous transesterification technique to derive biodiesel from a novel oil amalgamation of
C. vulgaris and Karanja. The examination of alterations in reactions with each criterion variation,
while clutching onto other components consistent at zero level values, shed light on the primary effects
of the reaction parameters. Notably, all linear and quadratic terms were determined to be significant
(p < 0.05) by ANOVA analysis, prompting an exploration of the main effects of all parameters to
understand their influence on biodiesel yield.

3.4.1 Interval of Reaction and Methyl Alcohol to Oil Ratio

Surface and contour plots illustrated the impact of response time and methyl alcohol to oil molar
ratio on amalgamated biodiesel yield. Optimal conditions involving a balanced reaction time and
methanol to oil ratio were found to maximize biodiesel productivity, with excessive ratios leading
to lessened productivity due to enhanced methyl alcohol solvency, complicating separation. These
findings align with previous studies by Helmi et al. [47] and Elkelawy et al. [48], highlighting the
importance of optimizing these parameters to achieve optimal biodiesel yield [20].

3.4.2 Reaction Temperature/Methanol to Oil Ratio

The study revealed a complex interplay between reaction temperature and methanol to oil molar
ratio, with lower ratios and higher temperatures resulting in decreased yield due to reduced methanol
vaporization loss [30,48]. Optimal conditions were found to gradually increase biodiesel yield up to a
threshold, beyond which further increases led to diminishing returns [49]. These findings corroborate
studies by Bai et al. [28] and Yusuff et al. [50], emphasizing the critical role of temperature and
methanol to oil ratio in biodiesel production optimization.

3.4.3 Catalyst Concentration/Methanol to Oil Ratio

Analysis of catalyst concentration and methanol to oil ratio interactions revealed that lower
concentrations and excessive ratios reduced catalyst and alcohol availability, leading to lower biodiesel
yield [51]. Conversely, higher concentrations and optimal ratios enhanced yield, facilitating the
transesterification process. These results are consistent with observations by Ghasemzadeh et al. [52]
and Dutta et al. [53], highlighting the importance of optimizing these parameters to maximize biodiesel
yield.

3.4.4 Catalyst Concentration/ Reaction Time

In the study of concentration of catalyst and response time, a 60-min reaction time coupled with
a catalyst concentration of 1–1.2 wt.% yields optimal biodiesel output. Limited time and methoxy
ions availability during the reaction contribute to reduced yield when both parameters are decreased.
Conversely, lower catalyst concentration and longer reaction time lead to diminished yield. Industrial
applications emphasize the critical role of catalyst concentration, affecting triglyceride conversion to
FAME by enhancing active site availability. While increasing catalyst concentration improves yield,
exceeding 1 wt.% leads to a significant drop. The interplay of reactants and catalyst greatly influences
reaction yield. Athar et al. [54] and Maleki et al. [55] support these findings in their studies on Jatropha
oil and canola oil optimization, respectively, while Ghasemzadeh et al. underscore the importance of
reaction time in biodiesel yield [52].
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3.4.5 Reaction Time/Reaction Temperature

Surface and contour plots demonstrated that optimal reaction time and temperature combinations
promoted efficient methanol and oil diffusion, maximizing biodiesel yield [35]. However, temperatures
exceeding optimal thresholds led to reduced yield due to increased methanol vapor pressure [23,48].
These findings echo previous studies by Cholapandian et al. [51] and Athar et al. [54], underscoring
the significance of temperature and reaction time optimization in biodiesel production.

3.4.6 Reaction Temperature/Catalyst Concentration

Interactions between reaction temperature and catalyst concentration revealed peaks in yield,
with optimal conditions maximizing biodiesel production. However, excessive concentrations beyond
optimal thresholds led to negative consequences, primarily due to oil saponification. These findings are
in line with insights put forth by Ajala et al. [22] and Rajendran et al. [56], emphasizing the importance
of balancing concentration of catalyst and temperature for optimal biodiesel productivity.

3.5 Social, Environmental, and Economic Benefits of Adopting Biodiesel
3.5.1 Social Benefit

Farmers and Agricultural Producers: Farmers benefit from biodiesel production by diversifying
their revenue streams through the sale of oilseed crops used as feedstock. Increased demand for oilseed
crops can lead to higher prices and improved market opportunities for farmers. Biodiesel production
provides an additional market for surplus or low-quality crops, reducing waste and increasing overall
agricultural productivity.

Biodiesel Producers: Biodiesel producers benefit from the growing demand for renewable fuels
driven by environmental regulations, energy security concerns, and consumer preferences. Government
incentives and subsidies for biodiesel production can improve the profitability and competitiveness of
biodiesel manufacturing facilities. Technological advancements and process optimization contribute
to cost reduction and increased efficiency in biodiesel production.

Consumers: Consumers benefit from biodiesel through reduced air pollution and improved air
quality, leading to potential health benefits and lower healthcare costs. Biodiesel use in transportation
can contribute to the mitigation of climate change by reducing greenhouse gas emissions compared to
fossil fuels. The availability of biodiesel as an alternative fuel option provides consumers with choice
and supports energy independence and security.

Government and Regulatory Agencies: Governments benefit from promoting biodiesel produc-
tion and use through reduced dependence on imported fossil fuels, improved energy security, and
environmental stewardship. Biodiesel blending mandates and tax incentives support the achievement
of renewable energy targets, greenhouse gas reduction goals, and air quality standards. Investment
in biodiesel infrastructure and research and development fosters economic growth, job creation, and
technological innovation.

Environmental Organizations and Advocacy Groups: Environmental organizations advocate for
biodiesel as a cleaner alternative to fossil fuels, promoting its use to mitigate climate change, reduce air
pollution, and protect natural ecosystems. Increased adoption of biodiesel aligns with sustainability
goals and supports the transition to a low-carbon economy, enhancing biodiversity and ecosystem
resilience.

Transportation and Logistics Industry: The transportation and logistics sector benefits from
biodiesel use as a renewable and domestically produced fuel that can help meet emissions reduction
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targets and regulatory requirements. Biodiesel-compatible vehicles and infrastructure support the
integration of renewable fuels into existing transportation systems, reducing reliance on fossil fuels
and improving air quality in urban areas.

3.5.2 Environmental Benefit

The environmental (E)-factor is often employed to evaluate environmental sustainability of a
chemical process. If the amount of E is large, it shows that the process produces a lot of waste, which
is harmful to the environment. The subsequent Sheldon Eq. (9) was employed to estimate the value of
E-factor [57].

E-factor = Glycerol (kg) + Unconverted oil (kg) + Excess oil (kg)

Biodiesel (kg)
(9)

The E-factor is calculated assuming that glycerol is a waste and biodiesel is the product.
Furthermore, Eq. (9) eliminates the amount of water in total waste since addition of water greatly
increases the value of E-factor which is not useful for comparing findings. The optimal value of E-
factor should be zero because higher value implies, the process creates additional leftover and adverse
environmental consequences. During the calculation of E-factor, biodiesel is treated as a product,
methanol and catalyst are treated as reagents, and hybrid blend of Karanja and C. vulgaris oil is treated
as raw material [58]. The quantity of E-factor for the biodiesel manufacturing process from hybrid oil
of Karanja and C. vulgaris oil homogeneous catalyst is estimated to be 0.975 utilising Eq. (5). The
methanol extracted from the biodiesel phase in the biodiesel preparation process may be reutilized
in the transesterification process, and the by-product glycerol can be recycled in the production of
commercial glycerol, hence Eq. (9) is revised as follows:

E-factor = Unconverted oil (kg)

Biodiesel (kg)
(10)

The amount of the E-factor was determined to be 0.0251 using Eq. (10). A low E-factor means
that the biodiesel process produces less waste, is environmentally friendly, and may be used as a
biodegradable fuel instead of fossil fuels originating from oil.

3.5.3 Economic Viability of Bio Propellant

Production Cost: Biodiesel research must focus on reducing production costs to unlock its
potential. High costs impede widespread adoption and economic viability, making the research futile
without affordable alternatives. Competitive production costs are essential for biodiesel to rival
traditional fuels and support sustainable energy transitions.

Feedstock Availability and Price Stability: The availability and price stability of feedstocks are
crucial factors in the economic feasibility of biodiesel production. Unlike fossil fuels, which are subject
to global market fluctuations, biodiesel feedstocks can sometimes be locally sourced and may offer
more stable pricing over time. However, competition for feedstocks between biodiesel production and
other industries (such as food production) can impact availability and prices.

Government Incentives and Regulations: Many governments offer incentives and subsidies for
biodiesel production. Regulatory requirements, such as blending mandates and tax incentives for
biodiesel use, can create market demand and support the economic viability of biodiesel production.

Environmental Benefits: The potential for carbon credits and other environmental incentives can
enhance the economic attractiveness of biodiesel production.
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3.6 Optimal Conditions of the Biodiesel Yield and Validation of Modal
The ideal values of each of the variables influencing the reaction were found using the regression

equation generated from RSM followed by BBD model to optimize the effectiveness production
of biodiesel during the transesterification reaction. The ideal reaction conditions were found by
modifying the independent variables in the experimental range and maximizing the efficiency of
biodiesel yield with the greatest degree of relevance (+5), simultaneously reducing the standard
deviation in the optimization portion of the program with a moderate level of significance (+3).

The most favorable indicators confirmed from the RSM for the transesterification of blends of
C. vulgaris oil and Karanja oil to engender bio propellant are displayed in Fig. 5. The maximum 98%
yield of biodiesel was achieved with desirability 94% at the ideal operational temperature of 56.86°C,
amount of catalyst being at 1% (w/w), with timespan of reaction being at 91.47 min, and Methyl alcohol
to oil molar ratio of 8.46:1 as indicated in the Fig. 6.

3.6.1 Characteristics of Biofuel

The physical, chemical and propellant-related attributes of the produced bio propellant were
rigorously evaluated leveraging established bio propellant factors. These assessments are crucial for
determining the feasibility of utilizing this biofuel in internal combustion (I.C.) engines. The evaluation
was conducted in accordance with the standard techniques recommended by the AOAC in 1997.
Notably, the results obtained from these analyses were found to be in accordance with the established
biodiesel standards, including EN 14214 and ASTM D6751, confirming the quality and suitability of
the produced biofuel for use as an automotive fuel.

Figure 5: (Continued)
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Figure 5: Depicts effect of various process parameters on biodiesel yield figure (a) reaction time
and methanol to oil ratio, (b) reaction temperature/methanol to oil ratio, (c) catalyst concentra-
tion/methanol to oil ratio, (d) catalyst concentration/reaction time, (e) reaction time/reaction temper-
ature and (f) reaction temperature/catalyst concentration

Figure 6: Optimized process parameter and biodiesel yield

The obtained biodiesel was evaluated and scrutinized after scouring and decontaminating to
ascertain its attributes. The revelations implied that the viscosity of bio propellant, is primary
characteristics properties of biodiesel, was enclosed within the spectrum validated by EN 14214 and
ASTM D6751, with a value of 4.21 cst (mm2/s) at 40°C. Table 7 covers attributes of biod fuel acquired
from composite oil. One downside of camelina oil biodiesel was the high amount of unsaturated fatty
acids C18:2 and C18:3, which increased the iodine value.

Table 7: Chemicophysical attributes of C. vulgaris and Karanja biodiesel

Criteria Unit Composite biodiesel Evaluation method (ASTM)

Calorific value MJ/kg 41.52 D6751
Kinematic viscosity mm2/s 3.82 D445

(Continued)
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Table 7 (continued)

Criteria Unit Composite biodiesel Evaluation method (ASTM)

Cetane number – 54.34 D613
Water and sediments %(w/w) 0.007 D6751
Acid value mg KOH/gram 0.19 D974
Density at 25°C kg/m3 852.25 D4253
Free fatty acid % 0.09 –
Oxidation stability Hour 3.9 D6751

4 Conclusion

In this study, biodiesel was derived from a novel blend of Karanja oil and C. vulgaris using
a homogenous transesterification technique. The research aimed to establish a framework for the
transesterification of a blend consisting of low FFA (0.54%) microalgal oil and high FFA (2%) Karanja
oil, resulting in a hybrid oil with 1% free fatty acid content, suitable for a single-step transesterification
process.

Key conclusions drawn from this research include:

1. Optimization and Yield: Using Response Surface Methodology (RSM), we achieved a max-
imum biodiesel yield of 98% under optimal conditions (56.86°C reaction temperature,
91.47 min of reaction time, 8.46:1 methanol to oil ratio, and 1.09 weight% catalyst concen-
tration). This high yield highlights the efficiency of the process.

2. Environmental Impact: The Environmental factor (E-factor) was calculated to be 0.0251,
indicating minimal waste generation. This low E-factor underscores the environmental benefits
of the process, demonstrating its potential as a sustainable alternative to fossil fuel-based diesel.

3. Fuel Quality: The biodiesel produced meets ASTM standards, with notable improvements in
fuel properties such as lower density (852.25 kg/m3) and viscosity (3.82 mm2/s) compared to
Karanja biodiesel (viscosity-5.59 mm2/s and density-860 kg/m3), and higher calorific value
(41.52 MJ/kg) and cetane number (54.34) compared to C. vulgaris biodiesel (Gross Calorific
value (42.3 KJ/kg), Cetane value (55.56)). These properties make it highly suitable for diesel
engines.

4. Cost Efficiency: The use of a blended oil system significantly reduces the required reaction
temperature and catalyst concentration, thereby lowering the overall production costs. This
presents a cost-effective method for biodiesel production.

5. Industrial and Environmental Relevance: The findings suggest that incorporating algal oil can
effectively reduce the FFA content of high FFA oils like Karanja oil, enhancing the input
parameters for biodiesel production. This approach offers a viable pathway for utilizing diverse
oil sources.

6. Future Research and Applications: Beyond the current methods, future studies could explore
alternative oil blends and advanced optimization techniques, such as artificial intelligence
algorithms or evolutionary algorithms. Additionally, the by-products of biodiesel production,
such as glycerol, can be valorized for use in the cosmetic industry or converted into other high-
value chemicals, adding economic value to the production process.
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This research provides a significant step forward in biodiesel production, offering an economically
viable, environmentally friendly, and high-quality alternative fuel. The insights gained from this study
have the potential to expand the horizons of biodiesel production technology and its industrial
applications.
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