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ABSTRACT. Biodiesel production has drawn significant interest due to its potential as a renewable and environmentally favorable alternative 

to conventional diesel fuel. This study focuses on the prediction and optimization of biodiesel synthesis from Chlorella vulgaris microalgae oil 

using response surface methodology (RSM) and genetic algorithm (GA). The transesterification process factors, including molar ratio, catalyst 

concentration, reaction temperature, reaction time, and stirring speed, are explored using a Box-Behnken Design (BBD). The GA proved to be 

the optimal parameter combination for achieving a high biodiesel yield. Under the optimized conditions of molar ratio of 6.77:1, catalyst concen-

tration of 1.38 wt%, reaction temperature of 65 °C, reaction time of 90 min, and stirring speed of 574 rpm, the biodiesel yield reached 98.38% 

(wt%). Experimental validation confirms the accuracy of the predicted results. This study also investigates the efficient use of produced biodiesel 

with diethyl ether as an additive and diesel blend in a dual-fuel diesel engine mode by varying the biogas mass flow rate (6, 8, and 10 L/min). 

Test blends of biodiesel/diesel/diethyl ether as pilot fuel and biogas as the primary fuel demonstrate satisfactory engine performance and reduced 

NOx and smoke emissions compared to baseline diesel. However, carbon monoxide (CO) and hydrocarbon (HC) emissions increase. Among the 

tested blends, B20DEE10Bio (10) exhibited diesel-like engine performance, resulting in a 3.47% increase in brake thermal efficiency (BTE) and 

a 4.17% decrease in brake-specific fuel consumption (BSFC). While NOx and smoke emissions decreased by 30.78 and 54.6%, CO and HC 

emissions increased by 41.27 and 37.3%, respectively, compared to baseline diesel. This research contributes to the optimization of biodiesel 

production and its utilization in sustainable energy systems, offering a promising pathway towards reducing environmental impacts and achieving 

energy security. 
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1. Introduction 

In an era of rapid industrialization and exponential popu- 

lation growth, the global demand for energy continues to esca-

late at an unprecedented rate. However, this surge in energy con-

sumption comes at a hefty price, as it puts tremendous strain on 

our finite fossil fuel resources and contributes to environmental 

degradation. As a result, there is an urgent need to explore sus-

tainable and renewable alternatives that can mitigate the detri-

menttal effects of traditional energy sources (Singh et al., 2020; 

Manimaran et al., 2022). Biodiesel, a renewable and environ-

menttally friendly fuel, has emerged as a promising solution to 

address these challenges. Derived from organic feedstocks such 

as vegetable oils, animal fats, and microalgae, biodiesel offers 

numerous advantages over conventional fossil fuels. Not only 

does it significantly reduce greenhouse gas emissions, but it also 
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offers the potential for energy security, economic growth, and 

sustainable development (Hoang, 2021). Biodiesel can be pro-

duced from a range of oils, including those of both edible (first-

generation) and non-edible (second-generation) origins. How-

ever, the utilization of edible oils as feedstocks raises concerns 

regarding increased production costs and the contentious issue 

of food versus fuel (Balasubramanian et al., 2021). Therefore, 

it becomes imperative, to explore the production of biodiesel 

using non-consumable oils. The inefficiency of biodiesel pro-

duction from first and second-generation feedstocks stems from 

their high production costs and the potential risks they pose to 

food security. Consequently, researchers have redirected their 

focus towards sustainable resources such as microalgae as third-

generation feedstocks for biodiesel synthesis. Microalgae are 

recognized as a promising third-generation oil feedstock due to 

their ability to produce high oil yields in a short time frame and 

their minimal land requirements. Additionally, microalgae can 

be cultivated using wastewater, further enhancing their poten-

tial as a sustainable source of oil (Kumar et al., 2016). Because 

of its higher density as well as kinematic viscosity, the firsthand 

use of raw oil is restricted, so it has to be converted into their 
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respected methyl-ester (biodiesel) for proper utilization in diesel 

engines. The transesterification process is a viable method for 

the conversion of microalgae oil into biodiesel (Kusumo et al., 

2017). This process is influenced by various operating parame-

ters. Due to the varying compositions of oil feedstocks across 

different oil types, it is imperative to optimize process parame-

ters when utilizing a singular oil feedstock in a specific region.  

The researchers used a variety of experimental techniques 

to optimize process variables. These techniques included the 

response surface method (RSM), Taguchi approach, artificial 

neural network (ANN), fuzzy logic, genetic algorithms (GA), 

comparative design solution (CDS), screening design (SD), and 

regression design (RD) (Hajra et al., 2015; Marwaha et al., 2019; 

Zhao et al., 2022). The combination of RSM and GA has been 

recognized as a novel and efficacious technique for both mod-

eling and optimization purposes (Singh et al., 2022). The RSM 

is a widely used optimization technique in research due to its 

ability to achieve optimal results with a smaller number of ex-

periments. This is attributed to its capacity to detect a good fit, 

estimate errors accuratly, and provide excellent graphical anal-

ysis (Rajesh et al., 2019). The RSM technique was utilized in 

multiple studies to enhance the reaction parameters. Betiku et 

al. (2014) examined the utilization of the RSM approach for 

biodiesel production from sesame oil. Under optimized condi-

tions, the transesterification method produced a maximal yield 

of 99.71%. These conditions included a molar ratio of 6.24, a 

catalyst loading of 1.04 wt%, and a reaction time of 51.09 min. 

The focus of the subsequent research studies was to examine 

the synergistic impact of combining RSM and GA in the op-

timization of biodiesel production. Ning et al. (2021) utilized 

RSM and GA to optimize the transesterification procedure for 

biodiesel production through palm oil. The optimal parameters 

for catalyst concentration, molar ratio, and transesterification 

temp were determined to be 8.82 wt%, 16.79:1, and 65.12 °C, 

respectively. By utilizing a GA optimizer, the maximum bio-

diesel yield was found to be 99.15%. Chizoo et al. (2022) used 

RSM coupled GA approach for parametric optimization of 

biodiesel production from waste chicken fat. Under optimal 

conditions of 50.21 min reaction time, 50.20 °C operating tem- 

perature, 6.9:1 methanol/fat molar ratio, and 0.78 wt% catalyst 

proportions, a maximum biodiesel yield of 94.89% was achieved 

using GA. The results demonstrate that the use of GA resulted 

in a 2.36% increase in biodiesel yield compared to RSM when 

both methods were applied under identical operating conditions.  

The characteristics of the diesel engine were evaluated us-

ing optimized blends of biodiesel and diesel. Considering this 

context, Yatish et al. (2018) investigate the impact of biodiesel 

obtained from Bauhinia variegata oil on the diesel engine char- 

acteristics. The B30 blend has been observed to demonstrate 

comparable engine performance and combustion characteristics 

to that of conventional diesel fuel. The experimental results in- 

dicate that utilization of B30 blends in diesel engines leads to a 

significant reduction in CO and HC emissions by 47.06 and 

30.23%, respectively. However, the NOx emission was oberved 

to increase by 20% in comparison to diesel fuel. Similarly, Vishal 

et al. (2020) synthesized biodiesel using rubber seed oil as the 

feedstock and subsequently evaluated its engine performance. 

Utilization of the B10 blend indicates a correlation between 

BSFC and BTE, which is in closer proximity to that of diesel 

fuel. The emission levels of B10 exhibit a lower level in com- 

parison to those of B20 and neat diesel fuel, respectively. Man- 

imaran et al. (2022) analyzed the impact of biodiesel derived 

from waste okra seed oil on diesel engine. They observed that the 

B20 blend exhibited enhanced engine performance, with high- 

er BTE (32.69%), lower BSFC (0.25 kg/kWh), reduced EGT 

(321 ℃), and improved combustion characteristics, whereas the 

B20 blend exhibited lower HC (15.94%), CO (22.2%), and 

smoke opacity (15.62%) emissions compared to B100. However, 

the NOx emissions for B20 were 2.52% lower than those of neat 

diesel fuel. Biodiesel exhibits a high viscosity, flash point, and 

cetane number as compared to diesel. The elevated oxygen content 

in biodiesel reduces CO, unburned HC, and VOC emissions. 

The slight increase in NOx emissions can be attributed because 

of variations in oxygen level along with in-cylinder temperature 

(Marwaha et al., 2019). To address NOx emissions in biodiesel 

powered CI engine, the introduction of a certain amount of gaseous 

fuel (biogas) with air during the intake stroke can be employed. 

Combining biogas and biodiesel can effectively reduce NOx 

and smoke emissions while maintaining diesel-like performance. 

Goga et al. (2021) examined the performance and emission pa- 

rameters of a dual fuel engine. This study utilized blends of rice 

bran oil biodiesel and diesel as pilot fuel, while raw biogas was 

used as the primary fuel. The study revealed an increase in BSFC 

and a lower BTE in dual fuel mode compared to regular diesel. 

However, when compared to conventional diesel, the combined 

use biodiesel and varying mass flow rates of biogas resulted in 

decreased NOx and smoke emissions while exhibiting higher 

levels of HC and CO emissions. 

Based on a comprehensive literature review, it has been 

observed that very limited studies have employed the GA tech- 

nique to optimize regression equations for biodiesel produc- 

tion from third-generation feedstocks. Consequently, the pre- 

sent study aims to address this research gap by focusing on  

biodiesel production from Chlorella vulgaris microalgae oil. 

Moreover, it is important to note that no significant work has 

explored the maximization of biodiesel yield by using the  

RSM-coupled GA approach to optimize production parameters. 

In the trans-esterification procedure, this study evaluates the 

influence of key parameters such as molar ratio, catalyst concen- 

tration, reaction temperature, reaction time, and stirring speed, 

as well as their interactions, on the biodiesel yield. The RSM 

technique, combined with the Box-Behnken Design (BBD) 

method, is utilized to develop a regression equation for biodiesel 

production, which is subsequently optimized using the GA tech- 

nique. The quality of the produced biodiesel is thoroughly eval- 

uated and compared against the ASTM D6751 standard. Another 

notable contribution of this research is the exploration of the 

potential utilization of a ternary fuel blend (microalgae biodiesel, 

diethyl ether additive, and diesel) as pilot fuel, along with the  

use of raw biogas as the primary fuel, in diesel engines operating 

in dual-fuel mode. To the best of our knowledge, no prior re- 

search has focused on this specific aspect. Experimental analy- 

sis involves blending the produced microalgae biodiesel with 

diethyl ether additive and neat diesel at different volume frac- 
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tions and assessing their performance and emission character- 

istics with different flow rates of biogas. Furthermore, the reg- 

ulated results of the diesel engine are documented and compared 

with standard diesel fuel. By addressing these novel aspects, this 

research aims to contribute valuable insights into the optimiza- 

tion of biodiesel production from Chlorella vulgaris microalgae 

oil, the utilization of Chlorella vulgaris microalgae biodiesel, 

diethyl ether additives, and diesel blends, and the incorporation 

of raw biogas as a primary fuel in diesel engines. The findings 

of this research have the potential to pave the way for the future 

development of environmentally friendly and sustainable energy 

solutions. 

2. Materials and Method 

The following section elucidates the process employed for 

the synthesis of biodiesel from Chlorella vulgaris microalgae 

oil. Furthermore, it outlines the methodologies stipulated by the 

ASTM standards, which were utilized to measure the fuel prop-

erties of the test samples. Additionally, it encompasses a com-

prehensive explanation of the implementation of RSM and GA 

for the optimization of process parameters. 

 

2.1. Biodiesel Production and Analysis 

Chlorella, a member of the Chlorophyta family, is a green 

microalga that exhibits the capability to thrive under autotroph- 

ic and heterotrophic conditions. Its growth relies on the pres- 

ence of CO2, water, sunlight, and trace amounts of minerals, 

facilitating its reproduction through photosynthesis (Kumar et 

al., 2016). Several Chlorella species have been studied for their 

potential in biodiesel production. These include C. vulgaris, C. 

protothecoides, C. emersonii, and C. sorokiniana. Chlorella 

vulgaris is a species that exhibits great potential for biodiesel 

production owing to its substantial lipid content (ranging from 

5 to 58%) and impressive lipid productivity (measured at 1,217 

mg/l/day) (Mata et al., 2010). The microalgae oil derived from 

Chlorella vulgaris species was specifically obtained from the 

Soley Institute in Turkey. The properties of Chlorella vulgaris 

microalgae oil were measured using established techniques 

(Table 1), and it was observed that the viscosity of the microal-

gae oil is 14.48 cSt, and the density is 0.92 g/cm³. These values 

indicate that microalgae oil may encounter challenges related 

to fuel flow in engines and may not perform similarly to diesel 

in terms of viscosity and density. Additionally, the high molec-

ular weight of the oil, which is approximately 873, can lead to 

issues such as increased soot discharges as well as carbon de-

posits around the injectors. These problems necessitate regular 

maintenance of the affected components and may ultimately im- 

pact the thermal efficiency of the engine (Feng et al., 2012). 

To mitigate the difficulties associated with soot, it becomes 

necessary to convert the microalgae oil into biodiesel through 

the process of transesterification. Transesterification helps im- 

prove the fuel properties of microalgae oil, making it a viable 

alternative to diesel fuel. The Chlorella vulgaris microalgae oil 

exhibited a low acid value, with an observed value of 0.2 mg 

KOH/g, which falls within the acceptable limit. Therefore, there 

is no need for esterification to decrease the acid value. The free 

fatty acid (FFA) content was assessed prior to the implement- 

tation of base-catalyzed transesterification. The results indicat- 

ed an FFA content of 0.1%, which falls within the acceptable 

range for successful transesterification. In this study, base- 

catalyzed transesterification was employed for the biodiesel 

synthesis using RSM. The transesterification process entrails the 

conversion of one mole of triglycerides (Chlorella vulgaris mi-

croalgae oil) with three moles of alcohols (CH3OH), resulting 

in the formation of three moles of fatty methyl esters (Chlorella 

vulgaris microalgae biodiesel) and one mole of glycerol, as de-

picted in Figure 1. Raw Chlorella vulgaris microalgae oil and 

analytical-grade chemicals were utilized for all experiments 

outlined in the design matrix, as presented in Table 2. The cata- 

lyst concentration was achieved using potassium hydroxide 

(KOH) pellets expressed as a weight percentage, and methanol 

(99.9% purity) was utilized as the alcohol. The experimental 

setup was customized to meet the specifications of the design 

matrix, and all process parameters were meticulously controlled. 

In order to mitigate the potential impact of experimental errors, 

all experiments were conducted concurrently within a controlled 

environment. 

The experimental apparatus comprised of a conical flask e- 

quipped with a magnetic stirrer. The flow diagram of the base-

catalyzed transesterification experiment is illustrated in Figure 

1. After the experimental procedure, transesterified final prod- 

ucts were transferred to separating funnels and allowed to settle 

for 12 hours. Two separate phases were obtained upon equilib- 

rium. The top layer comprised methyl ester (microalgae biodie- 

sel), while the bottom layer consisted of crude glycerol with oth- 

er suspended residual impurities. The microalgae biodiesel was 

purified using distilled water heated to 90 °C. Multiple washing 

cycles were conducted in order to eliminate any residual amounts 

of catalyst, methanol, and glycerol. The residual water was sub- 

jected to evaporation at a temperature of 110 ℃, followed by fil- 

tration using filter paper. The biodiesel production yield was cal- 

culated using Equation (1): 

 

( )
100%

 %


=
WPMB

Biodiesel Yield
WRMO

 (1) 

 

where WPMB is the weight of the produced microalgae bio- 

diesel; WRMO is the weight of the raw microalgae oil. 

The fatty acid configuration of biodiesel was analyzed with 

the help of gas chromatography (GC) which includes a built-in 

flame ionization detector. 0.2 g of microalgae methyl esters were 

injected into the GC compartment, which was equipped with a 

split/split-less injection port with a split ratio of 50:1. Initially, 

the temperature remained at 120 °C for 2 min before increasing 

at a pace of 40 °C/min to its final value of 240 °C and holding 

at this temperature for 7 min. At an 8 mL/min flow rate, nitrogen 

gas was used as a carrier gas. During GC operation, five peaks 

of palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), 

linoleic acid (C18:2), and linolenic acid (C18:3) were found with 

GC area yields of 20.68, 1.78, 38.63, 10.57, and 18.26%, re- 

spectively, as shown in Table 1. 
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Table 1. Properties and Fatty Acid Configuration of Chlorella vulgaris Microalgae Oil 

Property Chlorella vulgaris Oil Fatty Acid Degree of Unsaturation Oil (wt%) 

Density(g/cc) @ 15 ℃ 0.92 Palmetic Acid C16:0 20.68 

Kinematic Viscosity (cSt) @ 40 ℃ 14.48 Stearic Acid C18:0 1.78 

Acid Value (mgKOH/g oil) 0.68 Oleic Acid C18:1 38.63 

Molecular Weight (g/mol) 873.00 Linoleic Acid C18:2 10.57 

Calorific Values (MJ/Kg) 38.24 Linolenic Acid C18:3 18.26 

 

 
 

Figure 1. Trans-esterification process for microalgae biodiesel production.

 

2.2. Biogas Generation 

Biogas is a renewable energy source characterized by its 

exceptional stability, lack of odor, and colorless appearance. The 

production of this substance occurs via the process of anaerobic 

digestion of biodegradable materials. The biogas employed in 

the study was generated by the process of anaerobic digestion, 

which involved a combination of cow manure and kitchen food 

waste. The process of biogas production was carried out utilize-

ing a fixed-dome biogas digester. This type of digester consists 

of a stable and immobile gas container positioned atop the di- 

gester structure. The preparation of the biogas feedstock in- 

volved mixing equal proportions of water and cow manure,  

along with a small quantity of kitchen refuse, in a mixing reser- 

voir. Subsequently, the resulting slurry was directed into the 

digester container through an inlet compartment. Due to the 

presence of water and anaerobic microbes inside the digester,  

the slurry underwent anaerobic digestion. This microbial activeity 

led to the breakdown of complex carbon compounds present in 

cow manure and culinary waste, resulting in the production of 

simpler substances. The anaerobic disintegration of these com- 

posite carbon combinations ultimately yielded biogas, completing 

a cycle that typically spanned approximately two months. The 

level of toxicity associated with biogas is dependent on the na-

ture of the feedstocks used in its production. When a mixture 

of biogas is burned, it produces a distinct blue flame, releasing 

a substantial amount of heat and energy. It is important to note 

that different biogas feedstocks result in varying chemical com-

positions. The presence of H2S (hydrogen sulfide), CO2 (carbon 

dioxide), and water in biogas contributes to its highly corrosive 

nature. The biogas produced during this process was collected 

in the dome-shaped top of the biogas generator and subsequent-

ly transported to the engine via pipelines. In order to sustain 

continuous biogas production, the consumed slurry was period-

ically replenished with fresh slurry. The properties of the biogas 

used as the test fuel were characterized according to the ASTM 

D6751 standard procedure, as outlined in Table 3.  

 

2.3. Response Surface Methodology (RSM) 

In the present statistical investigation, the optimization of 

transesterification process parameters was achieved through the 
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establishment of a RSM model using Design Expert software 

version 8.0.6. The objective was to obtain precise results with 

the minimum number of experimental trials, so a conventional 

BBD was employed. This design is known for its ability to pro- 

vide accurate outcomes while minimizing the required number 

of experimental trials. The BBD was constructed using five nu- 

meric input factors: methanol/oil molar ratio (A), catalyst con- 

centration (B), reaction temperature (C), reaction time (D), and 

stirring speed (E). Each factor was examined at three different 

levels, denoted as high (+1), medium (0), and low (–1), as pre- 

sented in Table 2. This design facilitated the development of an 

experimental matrix for both data collection and subsequent  

optimization purposes. A total of 46 runs were conducted utiliz- 

ing the BBD, which included six center points per block. These 

runs were utilized in the RSM model that was chosen, as de- 

scribed in Table S1 in Supplementary Material. To minimize the 

impact of random errors, the transesterification process was  

repeated thrice for every combination of factors. To enhance 

the dependability and precision of the experimental observa- 

tions, several replicates were conducted Subsequently, three 

steps were followed in the analysis of the obtained data: (i) anal- 

ysis of variance (ANOVA), (ii) regression analysis, and (iii) 

generating plots to visualize the output results for microalgae 

biodiesel synthesis. In the ANOVA step, the statistical signifi- 

cance of the input factors and their interactions on the response 

variable (biodiesel yield) was determined (Luo et al., 2021). A 

regression analysis was then conducted to develop a mathemat- 

ical model that describes the relationship between the input fac- 

tors and the biodiesel yield. This model allowed for the predic- 

tion of biodiesel yield based on the specified process parame- 

ters, facilitating the identification of optimal conditions for max- 

imum yield. To assess the accuracy and reliability of the RSM 

model, the predicted biodiesel yield was compared to the corre- 

sponding experimental results. 

 

2.4. Modeling of Genetic Algorithm (GA) 

The GA is a form of stochastic non-linear optimization that 

falls under the umbrella of artificial intelligence. It has become 

increasingly popular for optimizing complex functions, as it is 

capable of effectively solving discontinuous fitness functions. 

GAs employs a regression equation as a fitness function, enabling 

them to surpass classical optimization approaches in various re- 

search works (Khan et al., 2022). The entire GA was executed 

using MATLAB, and its process flow is depicted in Figure S1. 

The use of GAs has increased dramatically over the past few 

years. Genetic algorithms provide an effective means for opti- 

mizing biodiesel yield. Their ability to handle non-linear fitness 

functions and their integration with other methodologies, such 

as RSM or neural networks, allow for enhanced biodiesel pro- 

duction and process optimization. In order to determine the op- 

timum values of input procedure parameters for achieving the 

highest possible biodiesel yield (%), an optimization objective 

was addressed. The GA optimization process consisted of several 

crucial steps, outlined as follows: 

Step 1: A random chromosomal population was generated, 

representing different combinations of genes.  

Step 2: The genes of each chromosome were decoded, cor-

responding to the molar ratio (x1), catalyst concentration (x2), 

reaction temperature (x3), reaction time (x4), and stirring speed 

(x5).  

Step 3: Using RSM models, the expected biodiesel yield 

(%) was calculated based on the input parameters provided.  

Step 4: The fitness of every single chromosome was evalu- 

ated, along with that, the highest fitness level (fit max) was also 

determined.  

Step 5: If the fit max value was less than or equal to the re-

quired fitness level (fit required), the following genetic operations 

were performed: selection based on projected numerical con- 

trol, crossover, and mutation. This created a new population of 

chromosomes, and the process continued from Step 2. If the  

condition was not met, the optimization process was halted. The 

goal of maximizing the biodiesel yield (%) was formulated as 

a standard mathematical problem, and the values of x1, x2, x3, 

x4, and x5 were sought to maximize this objective function while 

adhering to the specified constraints. The constraints includeed 

ranges for each input parameter, such as 4:1 ≤ x1 ≤ 8:1, 0.5 ≤ x2 

≤ 1.5%, 450 ≤ x3 ≤ 650 ℃, 30 ≤ x4 ≤ 90 min, and 400 ≤ x5 ≤ 

600 rpm. 

 

Table 2. Selected Independent Variables and Levels 

Variables Symbols 
Levels 

–1 0 1 

Methanol/Oil Molar Ratio  A 4:1 6:1 8:1 

Catalyst Concentration (wt%)  B 0.5 1 1.5 

Reaction Temperature (℃)  C 45 55 65 

Reaction Time (min)  D 30 60 90 

Stirring Speed (rpm) E 400 500 600 

 

Table 3. Important Properties of Produced Biogas 

Properties Value Test Method 

Chemical Composition (65 ~ 70% CH4, 35 ~ 40% CO2, 

volume) 

Density at 1 atm. (kg/m3) 1.2 D3585 

Lower Heating Value (MJ/kg) 26.4 D1940 

Auto Ignition Temperature (℃) 604 ~ 644 - 

Octane Number 132 D2696 

Energy Content (KW/m3) 5.2 ~ 5.8 D4870 

Flame Speed (m/s) 24 D7428 

 

2.5. Engine Setup and Experimental Procedure 

The experiment was conducted using a single-cylinder, four-

stroke, variable compression ratio (VCR) diesel engine. The en-

gine specifications can be found in Table S2, and Figure 2 pro- 

vides a graphical representation of the test rig. To maintain con- 

sistency during the trial, the engine was sustained at a steady 

speed of 1,500 rpm. Temperatures were measured at different 

locations using K-type thermocouples, which included intake air, 

exhaust gas, and lubricating oil. The measurement of standard 

pilot fuel was facilitated using a standard buret and timer. The 

engine underwent modifications to enable its operation in dual 

fuel mode, which has been previously applied to various fuels 
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Figure 2. Layout of experimental setup. 

 

to evaluate their respective engine responses. In the experimen- 

tal setup, the flow rate of biogas was regulated using a flow me- 

ter. The diagram presented in Figure 2 depicts the integration of 

a gas mixer positioned ahead of the inlet manifold. This is done 

to guarantee a uniform combination of air and biogas prior to 

its introduction into the engine cylinder. The mixing device fol- 

lows the carburetion principle, employing a venturi with biogas 

intake bores around the throat to achieve the desired mixture. 

At the downstream end of the venturi, turbulent flow promotes 

thorough mixing of biogas with incoming air. The venturi design 

allows biogas to be drawn from the biogas cylinder due to the 

pressure drop at the throat. The design of the air-biogas mixer 

takes into account various factors, such as velocities at the throat 

and inlet, throat diameter, angles of the converging and diverg- 

ing sections, and the diameter and angle of the biogas fuel inlet 

holes. The emissions of gaseous constituents consist of CO, HC, 

and NOx were measured utilizing an AVL DIGAS 444-N gas 

analyzer. Additionally, a diesel smoke meter (AVL 437C) was 

used to determine the smoke opacity. Prior to commencing the 

experiments, a thorough inspection of the test engine is con- 

ducted, encompassing parameters such as temp, water, and lu- 

bricating oil flow, as well as fuel tank levels. In order to establish 

a stable operating condition, the test engine is allowed to run 

for 15 min. Subsequently, a careful examination is performed 

to verify the adequacy of water as well as lubrication oil cir- 

culation, and the calibration of the dynamometer loading er- 

ror is conducted. Once the test engine reaches a state of steady 

operation, the diesel and various blends [D100, B20, B20DEE10, 

B20DEE10Bio (6), B20DEE10Bio (8), B20DEE10Bio (10)], are 

subjected to analysis under diverse load conditions. 

3. Results and Discussion 

3.1. Identification and Analysis of RSM Model 

To determine the ideal conditions for biodiesel production, 

a quadratic function was chosen as the model. The suitability of  

the quadratic model was assessed using the coefficient of deter-

mination (R2) and the Fischer test. The R2 provides a measure 

of how well the model fits the experimental data, while the 

Fischer test evaluates the statistical significance of the model 

(Yatish et al., 2018). The statistical significance of the model was 

assessed by evaluating both the F-value and the P-value. The F-

value represents the ratio of the mean square of the regression 

to the mean square of the residual, while the P-value indicates 

the significance level associated with the F-value. A lower P-

value suggests a higher degree of significance for the model 

(Sharma et al., 2022). To analyze the biodiesel yields, an analysis 

of variance (ANOVA) was performed, and the results are pre- 

sented in Table S4. The significance of the model was deter- 

mined based on its F-value, which was calculated to be 49.456. 

This value indicates that the model is statistically significant, 

with a probability of occurrence due to random variation or 

noise of only 0.01%. In the context of statistical significance, 

model terms with P-values below 0.05 are considered to be sta- 

tistically significant. In order to ensure the reliability of the mod- 

el, a lack-of-fit analysis was conducted. Specifically, terms A, 

B, C, D, E, AC, AB, BC, A2, B2, and D2 were found to be sta- 

tistically significant in this particular analysis. A lack of fit is 

considered statistically insignificant when compared to pure er- 

ror, indicating that the model adequately represents the dataset. 

The lack of fit F-value of 0.5713 further supports this conclusion. 

The overall predictability of the model was evaluated using the 

R2 value. A higher R2 value, closer to 1, indicates better pre- 

dictability, while a value closer to 0 suggests a less accurate fit 

to the experimental data. In this study, the R2 value was found 

to be 0.975, which is considered acceptable. Additionally, the ad- 

justed R2 value was 0.955, and the predicted R2 was 0.914. The 

small discrepancy among these values indicates a good corre- 

spondence between the model and the experimental findings, 

allowing for an accurate prediction of biodiesel yield. The coef- 

ficient of variation (CV%) was 0.924, indicating a high level of 

measurement precision and reliability in the conducted tests. 

The software equations recommended for biodiesel yield pre-  
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Figure 3. (a) Predicted verses actual biodiesel yield; (b) 

residual verses run for biodiesel yield. 

 

diction are presented in Equation (2). Figure 3(a) illustrates a 

comparison between the actual biodiesel yield values and their 

predicted values, demonstrating minimal disparity and accurate 

prediction by the quadratic model. Furthermore, Figure 3(b) dis- 

plays a residual vs. run plot, showing that the residuals are ran- 

domly dispersed and indicating consistent variance across all  

tests. Overall, the analysis confirms the significance and relia- 

bility of the chosen model, supporting its effectiveness in pre- 

dicting biodiesel yield based on the experimental data: 
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3.2. Effect of Process Parameter on Biodiesel Yield 

The present investigation aimed to analyze the impact of 

different process parameters within predetermined ranges. The 

experimental conditions were varied in order to examine the  

impact on the reaction outcome. Specifically, the molar ratio was 

varied within the range of 4:1 to 8:1, the catalyst concentration 

was varied between 0.5 ~ 1.5 wt%, the reaction temperature 

was varied between 45 ~ 65 °C, the reaction duration was ranged 

from 30 to 90 min, and the stirring speed was altered within the 

range of 400 to 600 rpm. We utilized KOH as the catalyst due 

to its low corrosiveness, and methanol was chosen as the alco- 

hol due to its costeffectiveness. To analyze the significance of 

these parameters, statistical analysis was conducted under four 

different conditions. For each analysis, three parameters were 

held constant while the remaining two were varied. The results 

were represented through surface plots, as shown in Figure 4. 

The results of the ANOVA analysis presented in Supplementary 

Table 4 indicate that the molar ratio and reaction time were among 

the most significant attributes, while the reaction temperature, 

catalyst concentration, and stirring speed had a comparatively 

lower impact on the yield. The investigation revealed that the 

molar ratio is a crucial factor that significantly impacts the yield. 

The results indicate [Figures 4(a) ~ 4(c)] that an increase in molar 

ratios led to a corresponding increase in the rate and efficacy of 

ester conversion. The 3D surface plot depicted in Figure 4(a) 

showcases the variation of the molar ratio and catalyst concen- 

tration. The experimental conditions were maintained at a fixed 

temperature of 55 ℃, a reaction time of 60 min, and a stirring 

speed of 500 rpm. We observed a production yield of over 96% 

when the molar ratio was between 6:1 and 7:1, with a close to 

1 wt% catalyst concentration. However, a reduction in yield was 

observed when the molar ratio increased from 7:1 to 8:1, which 

could be attributed to surplus methanol diminishing the catalyst’s 

effectiveness (Visha et al., 2020). The data presented in Figures 

4(d) and 4(e) illustrates the impact of varying catalyst concentra- 

tions. The results indicate that there is a positive correlation be- 

tween the concentration of the catalyst and the recovery of Ester. 

Specifically, an increase in catalyst concentration from 0.5 to 1.0% 

resulted in an increase in Ester recoveries. However, the trend 

reversed beyond 1% and a significant drop in Ester recoveries 

was observed near 1.5%. The observed reduction in performance 

at elevated concentrations of KOH could potentially be attributed 

to the generation of soap compounds (Rajesh et al., 2019). Re- 

garding the reaction temperature, Figures 4(b) and 4(d) showed 

that an increase in temperature initially led to improved biodie- 

sel yield. However, beyond a certain limit, the yield started to 

decrease. This decrease was attributed to the boiling temperature 

of methanol (64.5 °C), causing evaporation and reducing the 

availability of reactants. Therefore, the maximum yield was a- 

chieved just before the saturation temperature. Increased reac- 

tion time was found to enhance biodiesel productivity. Longer 

reaction times allowed for the completion of the transesterifi- 

cation reaction. Figure 4(e) demonstrated that a higher cata- 

lyst concentration required more time to complete the reaction. 

Shorter reaction times combined with higher catalyst concentra- 

tions resulted in a reduced yield. The stirring speed exhibited a 

notable influence on the reaction rate, with higher speeds re- 

sulting in enhanced conversion of free fatty acids (FFAs). This 

observation suggests that increased turbulence facilitated a  

more effective molecular-level interaction between the reactants. 

Moreover, higher agitation levels reduced the hindrance encoun- 

tered during mass transfer, consequently accelerating the reac- 

tion rate and promoting greater FFA conversion (Bhuiya et al., 
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Figure 4. 3D surface graphs for Chlorella vulgaris biodiesel yield with the combined impact of (a) molar ratio and catalyst 

concentration, (b) molar ratio and temperature, (c) molar ratio and time, (d) catalyst concentration and the temperature, (e) catalyst 

concentration and the time, and (f) time and stirring speed. 

 

 
 

Figure 5. Optimized result by RSM. 

 
2020). However, it is important to note that excessively high ag- 

itation speeds, surpassing 600 rpm, might lead to a decline in  

FFA conversion. This reduction can be attributed to the limited 

interaction time between the reactants caused by the extreme 

agitation conditions. The corresponding relationship between 

yield and stirring speed is graphically depicted in Figure 4(f). 

 

3.3. Optimization of Biodiesel Production 

3.3.1. RSM Approach 

The present study employed a desirability approach to en-

hance the process of biodiesel synthesis. Within the Design of 

Experiments (DOE) software, a range of optimization methods 

were available for consideration. In this study, numerical opti-

mization, widely recognized as the most effective approach for 

continuous optimization, was chosen to maximize the produc-

tion of biodiesel. To achieve an optimal response, the study fo-

cused on varying the molar ratios, catalyst concentrations, reac-

tion temperatures, reaction times, and stirring speeds. By sys-

tematically exploring the effects of these process variables on 

biodiesel yield, the study aimed to identify the combination of 

parameters that would yield the highest possible biodiesel pro-

duction. The desirability function, a mathematical tool used to 

evaluate multiple response variables simultaneously, was em-

ployed to generate a single value representing the overall desir-

ability of specific process conditions. Through the application 
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of this function, it was determined that the highest attainable 

biodiesel yield is 97.91%. To achieve this optimal yield, specif-

ic parameter values were identified, including a molar ratio of 

6.72:1, a catalyst concentration of 1.09 wt%, a reaction tem-

perature of 56.51 °C, reaction duration of 74.13 min, and a stir- 

ring speed of 593.20 rpm. These parameter values were assigned 

a desirability score of 1.00 (Figure 5) indicating their signifi- 

cance in maximizing the biodiesel yield. In order to validate the 

optimization outcomes, additional experimentation was conduct- 

ed by specifying independent variables for the RSM method. 

Confirmatory experiments were carried out using the optimal  

parameter combinations to assess the accuracy of the predictions 

made during the optimization process. It is noteworthy that the 

highest observed error rate between the predicted and experi- 

mental values was 1.57%, indicating a relatively small deviation. 

 

 
 

Figure 6. Results of best fitness, mean fitness, current best 

individual, and expected yield. 

 

3.3.2. Genetic Algorithm Approach 

To facilitate the optimization process, a mathematical equa-

tion was constructed within the GA framework to represent the 

objective function. Additionally, RSM was employed to estab-

lish correlations between the input parameters and the response 

metrics. Based on the experimental data obtained from BBD, a 

quadratic RSM model was constructed to describe the response 

surface. This model achieved a 95% confidence level and was 

created using RSM capabilities within the DOE software. The 

GA optimization incorporated the bound values of the input pro- 

cess parameters, defining their maximum and minimum limits. 

The GA’s key parameters, such as mutation rate, population size, 

generations, and crossover rate, were carefully set to ensure ef- 

fective optimization. Fitness functions, as defined in Equation 

(3), played an important role in evaluating the fitness of the 

chromosomes during the GA optimization process. The GA pro- 

gram provided optimal results in terms of both the best and mean 

values, as depicted in Figure 6. Additionally, the best individuals 

were identified centered on the quantity of variables. Overall, 

the utilization of the GA optimization approach, along with RSM 

modeling, facilitated the identification of optimal input process 

parameters for maximizing biodiesel yield (%). The GA’s pa- 

rameter settings and the comparison between experimental and 

GA results provided valuable insights into the effectiveness of 

the optimization process: 
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3.3.3. Confirmation Experiment 

To validate the optimization results, a rigorous validation 

process was conducted by performing confirmation experiments 

using the input parameters obtained from both RSM and GA 

methods. These experiments aimed to verify the accuracy and 

reliability of the optimization products. Through the confirma- 

tory tests using the best parameter combinations identified by 

the optimization methods, it was observed that the predictions 

made by the models were highly accurate and consistent with the 

experimental results. This validation step provided strong evi-

dence supporting the reliability and effectiveness of the opti-

mization approaches employed. By utilizing different optimiza-

tion strategies, the ideal circumstances for biodiesel production 

were determined. Table 4 displays the optimal input process 

attributes estimated by the GA method, which led to a remark-

able biodiesel yield (%) of approximately 98.38%. This yield 

surpassed the results achieved using the a priori approach of 

RSM. Both methods demonstrated their efficacy; however, the 

parameter combination derived from the GA approach proved 

to be the most favorable in accordance with the objectives of 

the study. Hence, it can be confidently regarded as the optimal 

set of circumstances for biodiesel production. 

 

3.5. Physicochemical Properties of Microalgae Biodiesel 

The production of biodiesel as an alternative fuel for diesel 

engines necessitates adherence to fuel standards to ensure its 

quality and suitability for use. To evaluate the excellence of  

biodiesel, various physical and chemical properties were calcu-

lated and compared to the criteria specified by the ASTM stan- 

dards. Table 5 provides a comprehensive overview of the phys-

iochemical characteristics of microalgae oil, biodiesel, and 

conventional diesel. Biodiesel is noteworthy for its viscosity 

that falls within the conventional diesel range, which facilitates 

seamless engine operation and enhances engine durability. Ad- 

ditionally, it should be noted that the flash point of biodiesel 

exhibits a significant increase, thereby contributing to the im-  
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Table 4. Validation Test 

Method Molar Ratio 
Catalyst Con- 

centration (wt%) 

Reaction Tem- 

perature (°C) 

Reaction Time 

(min) 

Stirring Speed 

(rpm) 

Predicted 

Yield (%) 

Experimental 

Yield (%) 

Error 

(%) 

RSM  6.72:1 1.09 56.51 74.13 593.2 97.91 96.37 1.57 

GA  6.77:1 1.38 65 90 574.6 98.38 97.12 1.28 

 

Table 5. Physiochemical Properties of Produced Biodiesel 

Properties Biodiesel Diesel Diethyl Ether Test Methods EN/14214 Limit ASTM/ D6751 Limit 

Density @15 °C (g/cm3) 0.85 0.83 0.71 D4052 0.86 ~ 0.90 - 

Viscosity @ 40 °C (cSt) 3.8 3.0 0.3 D445 3.5 ~ 5.0 1.9 ~ 6.0 

Flash Point (°C) 124 75 –40 D93 Min 120 Min 130 

Pour Point (°C) –11 −18 –38 D97 - –15 ~ –16 

Cetane Number 51 49 125 D613 Min 51 Min 47 

Iodine Value (mgI2/100 g) 90 120 - EN14214 Max 120 - 

Acid Value (mg KOH/g oil) 0.23 0.08 0.06 D664 Max 0.5 Max 0.5 

Oxidation Stability (h) 11.7 17.3 - EN14112 - Min 3 h 

Calorific Value (MJ/kg) 40.7 44.2 33.9 D240 - - 

 

provement of safety measures during its transportation. The  

high oxidation stability of biodiesel is another notable feature, 

indicating that it can be stored for an extended period without 

experiencing a significant decline in fuel quality. Additionally, 

the favorable cold flow properties of biodiesel facilitate better 

operability and ensure smooth engine performance even under 

low-temperature conditions. These attributes collectively con- 

tribute to the overall suitability and effectiveness of biodiesel as 

an alternative fuel for diesel engines. The analysis of the phys- 

iochemical characteristics and compliance with stringent stan- 

dards underscores the viability and reliability of microalgae bio- 

diesel, further supporting its potential as a sustainable and high-

quality fuel option in the context of diesel engine applications. 

 

3.6. Effect of Ternary Fuel Blends and Biogas Flow Rate 

on Engine Characteristics 

This study comprehensively investigated the performance 

and emission characteristics of a diesel engine through the uti-

lization of various fuel blends of diesel, microalgae biodiesel, 

and diethyl ether additives as pilot fuels and biogas as primary 

fuel. All experimental tests on the engine were conducted at a 

constant speed of 1,500 revolutions per minute (rpm), covering 

a range of brake power outputs from 0 to 5.2 kilowatts (kW). 

The injection timing was consistently set at 23 degrees before 

top dead center (TDC), while the compression ratio stood at 17.5. 

 

3.6.1. Brake Thermal Efficiency (BTE) 

Figure 7(a) illustrates the variation in brake thermal effi- 

ciency (BTE) with respect to brake power, comparing differ- 

ent fuel blends against diesel as the reference. The inclusion of 

a 20% microalgae biodiesel blend exhibits a negative impact 

on engine performance. The observed phenomenon can be ex-

plained by the lower heating value and higher kinematic viscos-

ity of the fuel, which have a negative impact on the atomization 

and combustion processes (Barik et al., 2017). The B20 blend 

exhibits a noteworthy decrease in BTE, specifically up to 4 ~ 

5% at the rated brake power of 5.2 kW, due to unfavorable fuel 

properties. The incorporation of diethyl ether as an admixture 

in the biodiesel/diesel blend at a concentration of 10% has been 

found to yield favorable outcomes with respect to enhanced 

combustion characteristics. The observed improvement results 

in a rise of 0.5 ~ 1.2% in BTE throughout the engine's complete 

operating range. It is worth noting that, in general, the use of a 

biodiesel/diesel blend as the pilot fuel alongside biogas as the 

primary fuel results in lower BTE. This can be attributed to the 

decrease in the calorific value of biodiesel and biogas, which 

exert a greater influence on BTE. Nonetheless, the incorpora-

tion of diethyl ether as an additive in pilot fuel blends by 10% 

and an increase in biogas flow rate up to 10 L/min are favorable 

factors that contribute to improved combustion characteristics 

and engine performance. These optimizations lead to a BTE 

improvement ranging from 0.87 to 3.47% at full load. Diethyl 

ether, biodiesel, and diesel blends exhibit a slightly lower cetane 

number, which in turn facilitates enhanced fuel/air mixing. This 

improved mixing capability enables more efficient energy re-

lease, thereby enhancing combustion efficiency as well as BTE 

(Barik and Murugan, 2016). Notably, when the biogas mass flow 

rate is increased from 8 to 10 L/min with B20DEE10 pilot fuel 

blend, a corresponding increase in BTE of 1.89 and 6.24% is 

observed at full load. 

 

3.6.2. Brake Specific Fuel Consumption (BSFC)  

Figure 7(b) presents the BSFC of a diesel engine using  

various test fuels at different levels of brake power. BSFC is  

defined as the amount of energy consumed (in MJ) to produce 

one unit of work (in kWh) at the output shaft of the engine. 

Under zero-load conditions, the fuel consumption rate remains 

invariant irrespective of the fuel blend utilized, as the power 

output is only utilized to overcome the internal friction of the 

engine (Khayum et al., 2021). At idle running of the engine, 

BSEC is higher for B20 due to their lower calorific values. Ad-

ditionally, the higher mass density of B20 fuel compared to  

other fuels results in a higher fuel mass burn per unit cycle for 

the same volume of fuel injection in comparison to diesel fuel 

(Bora et al., 2016). However, at moderate and higher engine 

brake power levels, the combustion efficiency of B20 fuel de- 
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Figure 7. (a) Variation of BTE with BP; (b) variation of 

BSFC with BP. 

 

creases, leading to an increase in BSEC of 14.28 ~ 18.75%, re- 

spectively, when compared to diesel fuel. On the other hand, 

the addition of diethyl ether to the fuel blends offers favorable 

properties such as density, viscosity, and atomization, resulting 

in improved combustion and reduced energy consumption for 

the same power output (Barik and Murugan, 2016). It is note- 

worthy that the diethyl etherblend fuels demonstrate similar  

BSEC values as diesel fuel. Furthermore, the addition of di- 

ethyl ether as an additive in pilot fuel blends by 10% and an  

increase in biogas flow rate up to 10 L/min contribute to enhanced 

combustion characteristics and engine performance. These op- 

timizations lead to a decrease in BSFC ranging from 1.17 to 

4.17% at full load.  

 

3.6.3. Carbon Monoxide (CO)  

Figure 8(a) depicts the impact of changes in fuel blend  

composition on carbon monoxide (CO) emissions. CO is a haz- 

ardous gas formed as a result of incomplete combustion within 

the engine cylinder (Sharon et al., 2012). The graph reveals that 

the B20 fuel blend exhibits reduced CO emissions compared to 

diesel fuel. Notably, the ternary blend B20DEE10 demonstrates 

a significant reduction in CO emissions of 21 to 25% across the 

entire engine operating range. This reduction can be attributeed to 

the higher availability of oxygen for combustion due to the  

addition of diethyl ether to the fuel blends (Goga et al., 2021). 

Furthermore, it was observed that the introduction of gaseous 

fuel, specifically a rising quantity of biogas mass flow rate, re- 

sulted in elevated CO emissions. This can be attributed to the af-

fluent air-fuel mixture associated with the utilization of gaseous 

fuel, which leads to an inadequate provision of oxygen required 

for complete combustion (Thakkar et al., 2021). Additionally, it 

is noteworthy that the ternary blend B20DEE10Bio (10) resulted 

in a substantial increase in CO emissions by 41.27% at the rated 

power of 5.2 kW. 

 

3.6.4. Hydrocarbon (HC)  

Figure 8(b) depicts the relationship between unburned hy- 

drocarbon (UHC) emissions and brake power. The utilization 

of a biodiesel blend (B20) demonstrates a noteworthy reduction 

in unburned hydrocarbon (UHC) emissions, ranging from 3.4 

to 5.5% across all loading conditions. This decrease can be  

attributed to the higher availability of oxygen facilitated by  

biodiesel’s oxygen content. However, an excessive increase in 

biodiesel blend concentration may lead to higher UHC emis- 

sions due to the elevated viscosity, which can hinder spray pen- 

etration and result in larger fuel droplets with reduced surface 

area for effective combustion (Yatish et al., 2018). To overcome 

these challenges, the incorporation of diethyl ether proves ben- 

eficial by improving combustion characteristics and thereby re- 

ducing the release of unburned hydrocarbons. The introduction 

of diethyl ether to biodiesel/diesel blends contributes to a 6.78% 

reduction in UHC emissions compared to pure diesel fuel at full 

load conditions. Under all testing conditions, it is observed that 

UHC emissions are higher in dual-fuel operations compared to 

pure diesel, B20, and B20DEE10 operations. This can be at- 

tributeed to the poorer combustion characteristics associated  

with the dual-fuel mode. Factors such as reduced flame velocity, 

the presence of carbon dioxide, reduced oxygen concentration, 

and the longer ignition delay of biogas contribute to this out- 

come (Goga et al., 2021). While biodiesel and diethyl ether blended 

with diesel have the potential to reduce hydrocarbon emissions 

due to their higher oxygen concentrations, the influence of bio- 

gas on overall hydrocarbon emissions remains significant. No-

tably, the ternary blend B20DEE10Bio (10) exhibits a substantial 

increase in HC emissions by 37.32% at the rated power of 5.2 kW. 

 

3.6.5. Nitrogen Oxide (NOx)  

The nitrogen oxides (NOx) formation is known to be influ- 

enced by factors such as surplus availability of oxygen and tem- 

perature. It has been stated that NOx formation initiates expedi- 

tiously at in-cylinder temperatures above 1,500 K and increases 

further with higher temperatures and the oxygen content in the 

fuel. Hence, NOx formation is dependent on the concentration 

of oxygen, the in-cylinder temperature, and the residence time 

of gases at temperatures exceeding 1,500 K. Figure 8(c) illus- 

trates the relationship between NOx emissions of all fuel blends 
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Figure 8. Variation of (a) load vs. CO, (b) load vs. HC, (c) load vs. NOx, and (d) load vs. smoke opacity. 

 

across diverse engine load conditions. It is evident that the B20 

fuel blend exhibits the highest NOx emissions, ranging from 24 

to 26% higher compared to pure diesel across the entire oper- 

ating range. This increase can be attributed to the slower burn- 

ing rate and higher heat release characteristics of B20, which 

promote NOx formation. Similar observations were made by 

Sharon et al. (2012), who noted an increment in NOx emissions 

as the fraction of palm biodiesel burned towards the end of the 

combustion cycle as a result of the elevated molecular weight 

of the biodiesel fraction in the blend. In contrast, the ternary 

blend B20DEE10 demonstrates a reduction in NOx emissions 

ranging from 2.9 to 4.5% across the entire load range compared 

to pure diesel. The introduction of diethyl ether in the fuel blends 

contributes to this reduction (Arunkumar et al., 2019). Further-

more, the addition of biogas to the combustion chamber leads 

to a decrease in NOx emissions due to the absence of oxygen. It 

was also observed that NOx emissions decrease at a faster rate 

with increasing biogas flow rates, attributed to the presence of 

carbon dioxide (CO2). The presence of CO2 in biogas lowers the 

peak cylinder temperature as it possesses a higher specific heat 

capacity (Chhabra et al., 2016). Moreover, fuels blended with 

diethyl ether exhibit lower gas temperatures at the completion 

of combustion, which aids in the reduction of NOx generation. 

The NOx emission degradation rate for the BD20-DEE10Bio 

(10) blend was found to be 30.78% compared to pure diesel at 

rated power. 

 

3.6.6. Smoke Opacity 

The inadequate supply of oxygen within the combustion  

chamber leads to incomplete fuel combustion, resulting in the 

generation of smoke. However, alternative fuels such as bio- 

gas, biodiesel, and diethyl ether have been recognized for their 

ability to produce lower smoke emissions compared to diesel. 

The relationship between smoke opacity and brake power is 

depicted in Figure 8(d), revealing that biogas and biodiesel/ 

diethyl ether blends contribute to a reduction in smoke opacity, 

particularly in dual-fuel mode. Interestingly, the presence of 

methane, a significant component of biogas, aids in lowering  

smoke emissions when oxygenated fuels such as biodiesel and 

diethyl ether are used, compared to conventional diesel. The 

smoke emissions exhibit a consistent decrease when utilizing  

the B20DEE10 blend, which can be attributed to the high oxy-

gen content in diethyl ether, facilitating more complete com-

bustion. Consequently, alcohol-based fuels like diethyl ether 

hold promise as clean substitute fuels when blended with diesel 

in various proportions (Mahla et al., 2019). Furthermore, Figure  
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Table 6. Comparative Analysis 

Fuel Type Engine Used 
Performance 

Characteristics 
Emission Characteristics References 

Biogas-diesel/DEE/KME Kirloskar TAF 1, single cylinder, air 

cooled 4-stroke diesel engine 

BTEꜛ, BSFCꜜ, 

VEꜜ 

HCꜜ, COꜜ, NOxꜛ, smoke 

emissionꜛ 

Barik and Murugan 

(2016) 

Biogas-rice bran biodiesel Single-cylinder, direct injection, 

naturally aspirated, water-cooled, VCR 

diesel engine 

- HCꜜ, COꜜ, NOxꜛ, CO2ꜛ Bora and Saha 

(2016) 

Biogas-diesel/KME Kirloskar TAF 1, single cylinder, air 

cooled 4-stroke diesel engine 

BSFCꜛ, EGTꜜ, 

BGESꜜ 

NOxꜜ, smoke emissionꜜ Barik et al. (2017) 

Biogas-rice bran biodiesel/diesel Kirloskar Single cylinder air cooled 4 

stroke diesel engine 

BTEꜜ, BSFCꜛ NOxꜜ, smoke emissionꜜ, 

COꜛ, HCꜛ 

Goga et al. (2021) 

Biogas-rice bran biodiesel/n-

butanol/diesel 

Kirloskar single cylinder air cooled 4 

stroke diesel engine 

BTEꜜ COꜛ, HCꜛ, NOxꜜ, smoke 

opacityꜜ 

Goga et al. (2021) 

Biogas-spirulina microalgae 

Biodiesel/n-butanol/diesel 

Single-cylinder, direct injection, water-

cooled, VCR diesel engine 

BTEꜛ, BSFCꜜ NOxꜜ, smoke emissionꜜ, 

HCꜛ, COꜛ 

Ahmad et al. (2023) 

Biogas-Chlorella vulgaris 

microalgae biodiesel/DEE/diesel 

Kirloskar single cylinder, water-cooled, 

VCR diesel engine 

BTEꜛ, BSFCꜜ NOxꜜ, smoke emissionꜜ, 

HCꜛ, COꜛ 

Present Survey 

 

10(d) demonstrates that increasing the flow rate of biogas from 

6 to 10 L/min results in diminished smoke formation, potentially 

due to the absence of aromatic compounds found in biogas.  

When employing biogas as the primary fuel, significant reduc- 

tions in smoke emissions are observed. Specifically, smoke  

emissions decrease by 31.5, 45.56, and 54.6% for the BD20-

DEE10Bio (6), BD20DEE10Bio (8), and BD20DEE10Bio (10) 

blends, respectively.  

 

3.7. Comparative Analysis of Experimental Findings 

The experimental findings obtained in this study were sub-

jected to a comprehensive comparison with the results of re-

lated research studies, as presented in Table 6. The operating pa-

rameters of a biodiesel-biogas-powered diesel engine were metic-

ulously examined in relation to our current findings. Remark-

ably, our findings demonstrate a remarkable resemblance in en-

gine performance while showcasing a substantial decrement in 

emission levels in comparison to the results reported in other 

research studies. 

4. Conclusions and Future Scope 

This study focuses on the production of biodiesel from 

Chlorella vulgaris microalgae oil, with a specific emphasis on 

optimizing process parameters using the response surface meth- 

odology (RSM) technique in conjunction with the genetic algo- 

rithm (GA). The results demonstrate that the parametric combi- 

nation derived from GA outperforms that obtained from RSM, 

resulting in a remarkable maximum biodiesel yield of 98.54% 

(wt%) under the optimized conditions. The analysis of variance 

(ANOVA) identifies the molar ratio and reaction time as the 

most influential parameters, followed by the reaction tempera- 

ture, catalyst concentration, and stirring speed. Furthermore, the 

produced biodiesel complies with the ASTM specifications for 

fuel properties. In terms of engine performance and emissions, 

test blends comprising diesel/biodiesel/diethyl ether as the pilot 

fuel and biogas as the primary fuel exhibit satisfactory perfor- 

mance while reducing NOx and smoke emissions compared to 

the baseline diesel. However, carbon monoxide (CO) and hydro- 

carbon (HC) emissions have increased relative to diesel. Among 

the tested blends, the B20DEE10Bio (10) blend demonstrates 

engine performance and fuel combustion characteristics similar 

to diesel. This blend yields a notable 3.47% increment in brake 

thermal efficiency and a significant 4.17% decrement in brake-

specific fuel consumption. While NOx and smoke emissions re- 

duces by 30.78 and 54.6%, correspondingly, CO and HC emis- 

sions rises by 41.27 and 37.32%. The addition of diethyl ether 

as an additive in the biodiesel/diesel blend leads to a reduction 

in cylinder temperature at the end of combustion. Simultane- 

ously, the use of biogas as the primary fuel limits oxygen avail- 

ability, resulting in a substantial decrease in NOx emissions com- 

pared to baseline diesel. After thorough experimenttation, it can 

be concluded that the B20DEE10 ternary fuel blend, combined 

with a biogas flow rate of 10 L/min, emerges as the optimal blend 

ratio due to its superior performance and emission characteris- 

tics when compared to other tested fuels. 

In summary, the use of biogas and a ternary fuel blend in 

diesel engines has shown potential for improving performance, 

reducing emissions, and decreasing reliance on fossil fuels. Fu- 

ture research endeavors may focus on further optimizing the 

blend ratios and investigating the impacts of different biogas  

compositions, along with exploring advanced emission control 

technologies to mitigate CO and HC emissions. Additionally, 

studying the long-term effects of these fuel blends on engine 

durability and the overall environmental impact would be valu- 

able for comprehensive evaluation and validation in real-world 

applications. 
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