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Abstract. Biodiesel plays an important role in making diesel engines more environmentally friendly and sustainable. Biodiesel use can significantly 
lower emissions of harmful pollutants, contributing to cleaner air and a reduced impact on climate change. Although there is an increasing body of 
research on non-edible biodiesel feedstocks, few studies have been able to systematically correlate fuel production, blend variation, and engine load 
optimization with a single statistical framework. This study fills this gap by combining ultrasonic-assisted two-step transesterification of tobacco seed 
oil (TSO) with response surface methodology to determine engine performance and emissions. Acid esterification was performed to produce TSO 
methyl ester, which was subjected to transesterification with NaOH under ultrasonic irradiation, to guarantee efficient conversion and low levels of 
free fatty acids. Indeed, TSO biodiesel and diesel fuel blends were tested on the engine under different loads. The findings indicate that the engine 
has a critical operating point of Engine Load (EL) = 96.90% and Lower Heating Value (LHV) = 41.82 MJ/kg, at which the engine has a peak thermal 
performance with BTE = 32.98% and BSFC = 0.27 kg/kWh. This indicates a very effective conversion of energy because of high in-cylinder 
temperature and pressure. Additionally, CO and HC emissions are significantly reduced, meaning that the combustion is almost complete. 
Nevertheless, NOx emissions increase dramatically to 657.74 ppm, proving the thermal penalty of high-temperature operation. This trade-off is 
validated by multi-objective optimization, which offers a strong framework to balance efficiency and emissions in biodiesel-powered engines. 
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1. Introduction 

The accelerated exhaustion of the world's fossil fuel 
reserves, coupled with the growing environmental issues 
associated with greenhouse gas emissions and deterioration of 
air quality, has heightened the quest to seek viable renewable 
energy sources (Alsaadi et al., 2025; T. T. Le et al., 2024). It takes 
about 580 TJ of energy to satisfy the world's demand, about 
80% of which is provided by burning conventional fossil fuels, a 
trend that is still increasing the rate at which non-renewable 
reserves are being depleted (Kober et al., 2020). Biodiesel has 
become one of the most promising alternatives to petroleum-
based diesel, due to its renewability, biodegradability, and 
ability to be used in the existing diesel engines without 
structural adjustments (Desniorita et al., 2026; Huynh et al., 
2025; V. G. Nguyen et al., 2024). Regular diesel engines can 
operate on biodiesel without any alterations, and engine 
performance is not greatly affected when biodiesel is used as an 
alternative fuel (Gang et al., 2025; Hoang, 2021; Sharma & 
Sharma, 2022). Moreover, its naturally elevated oxygen content 
facilitates more complete combustion, minimizes the harmful 
tailpipe emissions, and its insignificant sulfur content assists in 
avoiding the development of sulfur oxide pollutants (John et al., 
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2026; Rahman et al., 2026; Zafar et al., 2026). In recent times, 
many countries have mandated the use of biodiesel-diesel 
blends for road as well as marine transport (Wei et al., 2024). 

The nature of the feedstock of biodiesel is a critical 
determinant of its long-term viability. First-generation biodiesel 
made of edible vegetable oils (soybean, palm, and rapeseed) is 
a major cause of concern in terms of food security, arable land 
utilization, and economic competition with the food supply 
chain (Christopher Selvam et al., 2026; K. B. Le et al., 2026; 
Prajapati et al., 2026). Non-edible feedstocks like Jatropha and 
algae provide great benefits as they reduce food-security issues 
and, at the same time, allow high biodiesel production due to 
effective catalytic reactions (Szulczyk & Badeeb, 2022; Yew et 
al., 2019). One of these non-edible feedstocks with a lot of 
potential is tobacco seed oil (TSO). Tobacco farming produces 
huge amounts of agricultural byproducts in the form of tobacco 
seeds, which are not utilized by humans, and TSO is a rich and 
economically viable raw material in biodiesel production 
(Fornasier et al., 2018; Tian et al., 2021; Usta et al., 2011; 
Veljković et al., 2006). Although this is possible, studies that 
specifically examine the use of tobacco seed oil methyl ester 
(TSOME) as a fuel in diesel engines are relatively few, especially 
in terms of how to optimize engine operating conditions at 
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various blend ratios and loads (Donatus Setyawan Purwo 
Handoko, 2022; Quaranta et al., 2022). The most common 
method of biodiesel production is the transesterification 
process, where triglycerides in vegetable oil are transformed to 
fatty acid methyl esters (FAMEs) in the presence of an alcohol 
and a catalyst (Awogbemi et al., 2020; Shrivastava et al., 2021). 
Kalyani et al. (Kalyani et al., 2023) used RSM to optimize the 
biodiesel production from algae spirogyra, helping to achieve a 
biodiesel yield of 96.18%. Kolakoti et al. (Kolakoti et al., 2022) 
also used RSM and moringa leaves as a catalyst to achieve a 
biodiesel yield of 92.82%. Nonetheless, the natural immiscibility 
of the oil and alcohol phases poses a basic mass transfer 
constraint that negatively impacts reaction efficiency, yield, and 
energy usage in traditional mechanically stirred (Zullaikah et al., 
2021). Onokowai et al. (Onokwai et al., 2025) employed RSM to 
optimize bio-oil yield from Cocos nucifera through the pyrolysis 
process. The maximum bio-oil yield (52.2 wt.%) was achieved 
at a temperature of 510.2°C, with heating rates of 10.5°C/min, 
a residence duration of 5.2 minutes, a particle size of 0.3, and a 
nitrogen flow rate of 17.3 mL/min. As a process intensification 
method, ultrasonic irradiation increases agitation between 
immiscible reactants, uniform heating by localized temperature 
rises, and creation of microjets by the temporary collapse of 
cavitation bubbles, thus greatly decreasing energy usage (Oza et 
al., 2021; Sebayang, Ideris, et al., 2023). Use of ultrasonic energy 
in the production of biodiesel has been supported as an effective 
method that enhances mass transfer between phases of 
reactants, leading to reduced reaction time and possibly 
reduced cost of the process (Di et al., 2009). The ultrasound-
assisted transesterification studies have continually shown 
significant reaction time reductions over the traditional methods 
(Mujtaba et al., 2020). Ultrasonic irradiation has been 
demonstrated to decrease the time of transesterification 
reaction to as short as 5 minutes under normal heating 
conditions, yet with similar yields of biodiesel, and has also been 
reported to enhance the physicochemical characteristics of the 
resulting biodiesel, such as lower density and viscosity 
(Riayatsyah et al., 2021; Sebayang, Kusumo, et al., 2023). Sodium 
hydroxide (NaOH) was chosen as the base catalyst in the 
transesterification step in the current study. Previous studies on 
cottonseed oil have reported methyl ester yields of up to 98 
wt.% under ultrasonic irradiations of NaOH at 1 wt.% relative to 
the mass of oil and a 6.2:1 molar ratio of methanol to oil (Ahmad 
et al., 2024; Prakash Maran & Priya, 2015; Sarve et al., 2015). 

After the production, biodiesel is usually mixed with 
petroleum diesel in different volumetric proportions before 
engine testing. Two of the most significant variables that 
determine the performance and emission properties of a CI 
engine fuelled with biodiesel blends are the engine load and 
blend concentration (Hoang, Nayak, et al., 2025; Nayak et al., 
2022; Sharma et al., 2022). Experiments on diesel engines that 
are fuelled by biodiesel-diesel mixtures have revealed that brake 
thermal efficiency declines with the proportion of biodiesel in 
the fuel because of the reduced calorific value of biodiesel, 
whereas NOx emissions tend to rise and CO emissions tend to 
fall at higher blend ratios and full load (Ahmad et al., 2025; 
Teklehaimanot et al., 2025; Vellaiyan, 2025). In research with 
pumpkin methyl ester blends, 20, 40, and 60 percent biodiesel 
blends were tested at full engine load ranges under RSM to 
maximize brake thermal efficiency and minimize brake-specific 
fuel consumption, NOx, CO, smoke, and hydrocarbon emissions 
(Kuppuswami et al., 2024). These results demonstrate the 
multifaceted, frequently complex trade-offs between 
performance benefits and emission penalties that require an 
organized optimization framework (Hoang, Chen, et al., 2025). 

Response Surface Methodology (RSM) has become a 
popular statistical method used in biodiesel engine studies as a 
powerful statistical tool in the simultaneous optimization of 
various engine response variables (Shami et al., 2023). RSM is 
widely applied in biodiesel research to optimize fuel 
formulations, to assess the impact of various production 
processes on biodiesel properties, and to predict the 
performance and emission properties of diesel engines (Khandal 
et al., 2024; Lv et al., 2024; Rajak et al., 2024; Susaimanickam et 
al., 2023). The RSM-based studies generally use central 
composite or Box-Behnken designs to describe the correlation 
between input factors, including blend ratio, engine load, 
injection pressure, and compression ratio, and responses, 
including brake thermal efficiency (BTE), brake-specific fuel 
consumption (BSFC), and exhaust gas emissions. The 
correlation coefficients (R2) of engine performance and emission 
responses are between 0.9785 and 0.9997 with RSM-derived 
regression models, which indicates the high predictive power of 
the methodology when used to predict biodiesel-fuelled diesel 
engine systems (Muniyappan & Krishnaiah, 2025; Ouchikh et al., 
2025; Ugraram, 2025; Zhang et al., 2025). Although there is an 
increasing literature on non-edible biodiesel feedstocks and 
their uses in engines, there are still some important gaps. 
Although tobacco seed oil is a relatively new feedstock of 
interest, the current research on TSOME has been more 
concerned with optimization of the transesterification 
production process itself and the impact of hybrid nanoparticle 
additives on engine performance, as opposed to a systematic 
study of the overall impact of the blend ratio and engine load on 
the performance and emission parameters of the engine using a 
systematic statistical optimization strategy. In addition, 
previous studies on ultrasound-assisted biodiesel production 
using new seed oils have also pointed out the gap in research 
specifically relating the ultrasonic production process to 
downstream engine performance analysis, with a lack of 
information on the use of ultrasonically produced biodiesel in 
diesel engines under various operating conditions. Importantly, 
none of the studies so far have integrated ultrasonic-assisted 
two-step transesterification of tobacco seed oil with RSM-based 
optimization of engine performance and emission parameters at 
various blend ratios and load levels concurrently. Most of the 
available literature either assesses one concentration of 
biodiesel blend, or operates at a constant engine load, or uses 
optimization methods without considering the interaction 
effects between blend percentage and engine load - a limitation 
that restricts the real-world applicability of their results to 
engine operation.  

To address these identified gaps, the present study aims to: 
(1) produce TSOME via an ultrasonic-assisted two-step 
transesterification process employing acid-catalyzed 
esterification followed by NaOH-catalyzed base 
transesterification; (2) evaluate the performance characteristics 
— including BTE, BSFC and emission profiles including CO, 
NOx, HC, and smoke opacity — of a single-cylinder CI diesel 
engine fuelled with TSOME-diesel blends (B10, B20, B30, and 
B40) across varying engine loads (10 to 100%); and (3) apply 
Response Surface Methodology to develop predictive 
regression models and identify optimal combinations of blend 
ratio and engine load that simultaneously maximize engine 
performance while minimizing harmful exhaust emissions. This 
study is likely to provide practically actionable information on 
the feasibility of TSOME as a sustainable diesel alternative and 
a reproducible statistical framework for other non-edible seed 
oil biodiesels. 
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2. ⁠Materials and methods 

2.1 Test biofuel  

The biodiesel investigated in this study was produced from 
tobacco seed oil, a non-edible and readily available raw 
material. Given that the unrefined tobacco seed oil exhibited 
elevated free fatty acid (FFA) concentrations, a sequential two-
stage process was employed to synthesize tobacco seed oil 
methyl ester (TSOME). The first stage involved acid-catalyzed 
esterification to reduce FFA levels. Methanol and concentrated 
sulfuric acid (H₂SO₄) were introduced into the crude oil at a 
molar ratio of 6:1 (methanol to oil), with H₂SO₄ constituting 1% 
v/v as the catalyst. The lab scale test setup is illustrated in Fig. 
1 (Chamkalani et al., 2020; Sakthivel et al., 2018). To enhance 
interfacial contact between the immiscible phases, the reaction 
mixture was subjected to ultrasonic irradiation at 40 kHz using 
a probe-type ultrasonicator, maintained at 55°C for 60 minutes. 
This approach successfully reduced FFA content from 
approximately 4.8% to below 1.0%, meeting the threshold 
required for subsequent alkaline-catalyzed conversion. The 
esterified oil was recovered by allowing the mixture to settle and 
extracting the upper phase. The second stage consisted of base-
catalyzed transesterification using sodium hydroxide (NaOH) as 
the catalyst. NaOH at 1% w/w relative to oil mass was dissolved 
in methanol and combined with the pre-treated oil, maintaining 
a 6:1 methanol-to-oil molar ratio (Naseef & Tulaimat, 2025; Wan 
Osman et al., 2024). The reaction mixture was subjected to 
ultrasonic irradiation at 40 kHz at 60°C for 40 minutes, with 
cavitation-induced micro-mixing facilitating efficient 
conversion of triglycerides to fatty acid methyl esters. Upon 
completion, the product was transferred to a separating funnel 

and allowed to gravity-separate over 24 hours, yielding a 
biodiesel-rich upper layer and a glycerol-rich lower phase. The 
crude biodiesel was purified through repeated warm deionized 
water washes to eliminate residual catalysts, saponified 
byproducts, and unreacted methanol, continuing until a neutral 
pH was achieved. Residual moisture was subsequently removed 
by oven-drying the sample at 105°C for two hours. The final 
TSOME product was stored in sealed containers before 
blending and characterization. The main properties of test fuel 
blends are listed in Table 1. 

 

2.2 Test Engine and Dynamometer 

The experimental investigations were conducted using a 
computerized single-cylinder, four-stroke, water-cooled, direct 
injection (DI) diesel engine test rig. The engine coupled to the 
test rig was a Kirloskar TV1 model, a widely employed research-
grade engine owing to its robustness and well-documented 
performance characteristics. The engine operated at a constant 
speed of 1500 rpm and delivered a rated power output of 5.2 
kW (7 BHP). The key geometric specifications of the engine 
included a bore diameter of 87.5 mm, a stroke length of 110 mm, 
a swept volume of 661 cc, and a compression ratio of 17.5:1. 
Engine loading was achieved using a water-cooled eddy current 
dynamometer (Model AG10) coupled to the engine via a 
propeller shaft with universal joints. The dynamometer loading 
unit (Model AX-155) operated on a constant-speed supply of 
230V AC, enabling precise and stepwise variation of engine 
load. The main specifications of the test engine setup are listed 
in Table 2. A schematic representation of the test setup is 
depicted in Fig. 2. Experiments were conducted from low 
engine load to full engine load to comprehensively evaluate the 

 

Fig 1. Biodiesel synthesis setup  

Table 1 
Physicochemical Properties of Test Fuels and Applicable ASTM Standards 

Property 
Test 

method 
Diesel 
(B0) 

TSO-based 
biodiesel 

(B100) 
B10 B20 B30 B40 ASTM limit 

Density at 15°C (kg/m³) D4052 835 876 839 843 848 854 860–900 
Kinematic viscosity at 
40°C (mm²/s) 

D445 2.8 4.2 3.0 3.2 3.5 3.7 1.9–6.0 

Flash point (°C) D93 68 162 74 81 95 108 Min. 130 
Lower heating value 
(MJ/kg) 

D240 43.0 38.8 42.6 42.0 41.4 40.8 — 

Cetane number D613 50 71 52 54 57 59 Min. 47 
Cloud point (°C) D2500 −12 −2 −11 −9 −7 −5 — 
Pour point (°C) D97 −18 −6 −17 −15 −12 −9 — 

 

 

 



B.V.Duc et al Int. J. Renew. Energy Dev 2026, 15(4), 873-884 
| 876 

ISSN: 2252-4940/© 2026. The Author(s). Published by CBIORE 

influence of load variation on engine performance and emission 
responses across all tested fuel blends. 
 

2.3 Instrumentation and Data Acquisition 

The test setup was equipped with a comprehensive array of 
instruments for the real-time measurement and recording of 
combustion, performance, and thermal parameters. In-cylinder 
combustion pressure was measured using a piezoelectric 
pressure sensor with a range of 5000 PSI, connected via a low-
noise coaxial cable to minimize signal interference. Crank angle 
measurement was performed using a dedicated crank angle 
sensor with a resolution of 1 degree and a maximum operating 
speed of 5500 RPM, incorporating a top dead centre (TDC) 
pulse for precise phase referencing. These two signals were 
processed together to generate pressure–crank angle (P-θ) and 
pressure–volume (P-V) indicator diagrams via an engine 
indicator interface connected to a computer. 

Airflow to the engine was measured using an MS-fabricated 
air box fitted with an orifice meter and a U-tube manometer 
(Model MX-104, Apex Innovations; range ±100 mm). Fuel flow 
rate was quantified using a calibrated glass fuel metering 
column integrated within a 15-litre capacity fuel tank. Cooling 

water and calorimeter water flow rates were monitored using 
two Eureka rotameters (Models PG5 and PG6; ranges 25–250 
lph and 40–400 lph, respectively). Temperature measurements 
at multiple points, including engine jacket inlet and outlet, 
calorimeter inlet and outlet, and exhaust gas, were acquired 
using PT100 RTD sensors and Type-K thermocouples 
connected to two-wire temperature transmitters (range 0–
100°C, output 4–20 mA). All analog signals were digitized and 
processed through a National Instruments data acquisition 
device (NI USB-6210 and 16-bit resolution), interfaced with the 
Engine Soft software platform, a LabVIEW-based engine 
performance monitoring system developed by Apex 
Innovations.  

2.4 Uncertainty analysis 

In any experimental study that uses several measuring 
instruments and the resulting calculated parameters, there must 
be a systematic evaluation of the measurement uncertainty in 
order to justify the reliability and credibility of the results 
reported. Sources of error in experimental data may be of two 
main origins: instrument errors, due to the accuracy class and 

Table 2  
Specifications of the Kirloskar TV1 Engine Test Setup 

Parameter Specification 

Engine Make and Model Kirloskar TV1 
Engine Type Single cylinder, 4-stroke, DI Diesel 
Cooling System Water cooling 
Rated Power 5.2 kW (7 BHP) at 1500 + 50 rpm  
Bore × Stroke 87.5 mm × 110 mm 
Displacement Volume 661 cc 
Compression Ratio 17.5:1 
Operating Speed 1500 rpm (constant) 
Dynamometer Type Eddy current, water-cooled 
Dynamometer Model SAJ Test Plant, Model AG10 
Piezo Sensor Range 5000 PSI 
Crank Angle Sensor Resolution 1° with TDC pulse 
Data Acquisition Device NI USB-6210, 16-bit, 250 kS/s 
Fuel Tank Capacity 15 litres 

 

 
Fig 2. Test setup  
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resolution of the measuring instruments, and human error, 
which may be caused by reading, recording, or operating the 
equipment. Despite the carefulness and caution that are 
observed during the experiment, certain errors might be 
accidentally caused by the experimental nature of the work. To 
measure and report such errors, the uncertainty analysis was 
conducted in the current study based on the approach 
suggested by Kline and McClintock, which is commonly used in 
engine performance and emission studies (Kline & McClintock, 
1953). 

Root-sum-square method to compute the percentage 
uncertainty in any quantity R derived as a function of several 
independent measured variables (x1, x2, x3, xn) is given as: 

𝑊𝑅

=  √[ (𝜕𝑅/𝜕𝑥₁ ·  𝑤₁)² + (𝜕𝑅/𝜕𝑥₂ ·  𝑤₂)² + . . . + (𝜕𝑅/𝜕𝑥ₙ ·  𝑤ₙ)² ] 

    

(1) 

 

WR is the overall uncertainty in the result R, and w1, w2,...wn 
are the respective uncertainties of each measured variable. The 
instruments employed in the experimental system have a given 
manufacturer-specified accuracy, and the uncertainty of each 
directly measured parameter, such as load, speed, fuel 
consumption, temperatures, and airflow, was calculated using 
the values of the accuracy. 

The main performance parameters calculated in this paper 
are brake power (BP), brake-specific fuel consumption (BSFC), 
and brake thermal efficiency (BTE), each are calculated based 
on various measured quantities and thus combines uncertainty 
due to each measurement that contributes to them. Brake 
power is a product of dynamometer torque and engine speed; 
BSFC is formed of the rate of mass flow of fuel and brake power, 
and BTE also relies on the lower heating value (LHV) of the test 
fuel. The spread of individual instrument uncertainties by these 
interdependent forms gives the cumulative percentage 
uncertainty of each calculated parameter. Table 3 summarizes 
the instruments employed, their measurement ranges, their 
accuracy classes, and the percentage uncertainty associated 
with them. 

 

2.5 Response Surface Methodology  

Response Surface Methodology (RSM) is a statistical and 
mathematical method of modeling, analyzing, and optimizing a 
process in which a response is influenced by multiple input 
variables (Hoang, Bora, et al., 2025). It is particularly applicable 

to cases where there are several factors that interact in a 
complex and nonlinear fashion, such that classical 
experimentation is inefficient or incomplete (D. Nguyen et al., 
2025; T. H. Nguyen et al., 2024). RSM is performed by 
establishing an empirical correlation among the input variables 
and the response output, which can be expressed as a second-
order polynomial equation (Sarabia & Ortiz, 2009). This enables 
researchers to estimate the actual functional relationship in a 
specified area of an experiment. RSM is able to capture 
individual and interaction effects by systematically varying 
input parameters, giving a better insight into system behavior. 
The approach also allows the creation of response surfaces and 
contour plots, which can be used to visualize the effects of 
variable variations on the outcome (Djimtoingar et al., 2022; V. 
N. Nguyen et al., 2023). These visual aids are useful in 
determining the best conditions to maximize or even minimize 
the desired response. RSM is also commonly used in 
engineering, manufacturing, energy systems, and biotechnology 
to optimize processes and increase performance (Dong & 
Sharma, 2023; Paramasivama et al., 2024). It also aids sensitivity 
analysis and is useful in establishing which variables are most 
important in the response (Gunst et al., 1996). Python-based 
scientific computing libraries, including NumPy, Pandas, 
Matplotlib, Seaborn, and Statsmodels, were employed for RSM 
in this study. In general, RSM provides a viable trade-off 
between experimental and modeling performance and is an 
effective tool in the optimization of complex systems with 
resource and time limitations. 

3. ⁠Results and discussion 

3.1 Analysis of variance  

The results of ANOVA can be strictly interpreted by relating 
the statistical magnitudes to the physics of combustion, EL is 
engine load, and LHV is fuel lower heating value, which directly 
regulate the rate of energy release, in-cylinder temperature, and 
oxidation process. In the case of brake thermal efficiency (Table 
4), EL shows an overwhelming dominance with a sum of squares 
of 874.17, a very large F value of 33900.88, and a p-value of 
1.40×10-5 that shows clearly that changes in load are the 
dominant factor in the energy conversion process. Physically, a 
rise in EL increases the volume of fuel injected and in-cylinder 
pressure, which results in higher peak temperatures and better 
combustion efficiency as the expansion stroke is better utilized 
and relative heat losses are minimized. By contrast, LHV has a 

Table 3 
Precision and Measurement Uncertainty of Measuring Devices  

Parameter/instrument Range Precision Uncertainty (%) 

Engine speed (crank angle sensor) 0–5500 rpm ±1 rpm ±0.15 
Load (load cell/dynamometer) 0–20 kgf ±0.1 kgf ±0.20 
Fuel flow (glass burette column) 0–100 mL ±0.1 mL ±0.31 
Airflow (orifice + manometer) 0–100 mm H₂O ±1 mm ±0.25 
Temperature (PT100 RTD sensor) 0–100°C ±0.5°C ±0.18 
Temperature (type-K thermocouple) 0–1200°C ±1°C ±0.20 
In-cylinder pressure (piezo sensor) 0–350 bar ±1 bar ±0.35 
Emission parameters    

CO emission (gas analyser) 0–10% vol ±0.02% ±0.50 
HC emission (gas analyser) 0–20000 ppm ±10 ppm ±0.55 
NOx emission (gas analyser) 0–5000 ppm ±10 ppm ±0.60 
Computed parameters 

   

Brake power — — ±0.21 
Fuel consumption — — ±0.31 
BSFC — — ±0.52 
BTE — — ±1.82 
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significantly lower number of squares of 37.17 and the F-value 
of 1441.37, which is approximately 4% of the variation when 
compared to EL, which indicates its secondary role in predicting 
the intrinsic energy content of the fuel and the temperature and 
burning velocity of the flame. The quadratic effect of EL, whose 
sum of squares is 13.49 and F value is 523.20, is a nonlinear 
effect due to thermodynamic constraints, including more heat 
transfer losses and potential dissociation at higher loads, 
whereas the smaller quadratic effect of LHV is a confirmation of 
weaker curvature in its effect. In the case of brake specific fuel 
consumption (Table 4), EL is once again the leading factor with 
a sum of squares of 0.1055 with an F value of 11370.67, 
indicating that the fuel consumption is very sensitive to load 
since the higher EL, the better thermal efficiency, and the less 
fuel needed to produce a unit power output. LHV has a 0.0211 
contribution with an F value of 2275.93, meaning that more 
energy content in the fuel reduces the fuel mass required, but 
the impact is not more important than the load. In the case of 
nitrogen oxides, EL indicates a huge sum of squares of 
721001.89 and an F value of 5403.57, which indicates that the 
formation of NOx is highly controlled by load because of its 
influence on the peak combustion temperature and oxygen 
availability, in line with the thermal NO formation mechanism. 
LHV adds 30319.69 or approximately 4 % of the EL 
contribution, meaning that increased heating value fuels slightly 
increase flame temperature and consequently NOx, but the 
primary cause is load. The F values of the quadratic and 
interaction terms of NOx are comparatively low, e.g., 3.48 of EL 
squared with a p-value of 0.07, which indicates that these two 
variables are almost linear in the range of the study (Table 5). In 
the case of carbon monoxide, EL once again prevails with a sum 
of squares of 0.03 and an F value of 2934.8, with LHV adding 
0.0019 with an F value of 182.8, indicating that incomplete 
combustion is largely affected by load due to its ability to control 
air-fuel equivalence ratio and oxidation time. The large 
quadratic contribution to EL on CO, F 40.01, and p-value 3.27 x 
107, indicates nonlinear behavior in which the low and very high 
loads may raise CO because of inadequate mixing or oxidation 
time. In the case of hydrocarbons, the sum of squares of EL is 
1553.50, and the F value is 8042.39, versus 93.89 and 486.09 in 

the case of LHV, which implies that the EL has a stronger 
explanatory power than LHV. This implies that the unburned 
hydrocarbons are very sensitive to load because of flame 
quenching, crevice, and partial combustion at non-optimal 
conditions. The interaction value of hydrocarbons of 12.97 and 
p-value of 0.0009 confirm that the interaction of EL and LHV 
has an impact on flame propagation and oxidation 
completeness. All in all, the quantitative data indicate that EL is 
the main controlling factor in all responses, with LHV serving as 
a secondary thermochemical factor, and the very small residual 
values indicate that the statistical model is successful at 
governing combustion physics. 

 

3.2 RSM-based contour plots and surface diagrams 

3.2.1 Brake-thermal efficiency model  

Fig. 3 and Fig. 4 show the interaction of EL and LHV on BTE 
and BSFC in contour and three-dimensional surface plots, which 
allow a clear visualization of the controlling thermodynamic 
trends. Fig. 3a, the contour plot of BTE, indicates that the 
efficiency is strongly positive along the EL axis, with efficiency 
increasing to over 3133% at high EL (near full load) and 
efficiency decreasing to almost 16 to 18% at low EL (near 10). 
This sharp gradient proves that EL is the prevailing factor 
affecting efficiency, as also shown by the closely spaced contour 
lines in the horizontal direction. The rise in BTE is relatively 
moderate along the LHV axis, with the percentage of increase 
in BTE increasing between about 22 and 29 percent between 
39.5 MJ/kg and 41.5-42 MJ/kg with a fixed EL of 
approximately 60%, indicating that higher fuel energy content 
increases combustion temperature and heat release but with a 
lesser effect than load. The nonlinearity is mildly indicated by 
the curvature of contour lines, particularly at higher EL, where 
BTE gains start to level off (K. B. Le et al., 2026). This 
observation is further supported by Fig. 3b, which shows that 
BTE increases rapidly with EL and more slowly with LHV, 
peaking at about 3233% at EL near 100% and LHV near 42 
MJ/kg. There is also a slight bending at high EL on the surface, 
which means that there are diminishing returns as the heat 

Table 4.  
ANOVA for BTE and BSFC  

Response BTE (%) BSFC (kg/kWh) 

Factor  sum_sq F PR(>F) sum_sq F PR(>F) 
x1 874.17 33900.88 1.40E-52 0.1055 11370.67 1.58E-44 
x2 37.17 1441.37 2.00E-29 0.0211 2275.93 9.77E-33 
I(x1*x1) 13.49 523.20 3.15E-22 0.0029 308.87 1.24E-18 
I(x2*x2) 1.46 56.76 9.52E-09 0.0005 55.29 1.26E-08 
x1:x2 0.31 11.86 0.0015 0.0004 45.23 1.00E-07 
Residual 0.88     0.0003     

 
 
 
Table 5 
ANOVA for NOx, CO, and HC emissions   

  NOx (ppm) CO (%) HC (ppm) 

Factor  Sum sq F PR(>F) Sum sq F PR(>F) Sum sq F PR(>F) 

x1 721001.89 5403.57 4.65E-39 0.03 2934.8 1.37E-34 1553.50 8042.39 5.58E-42 
x2 30319.69 227.23 1.28E-16 0.0019 182.8 3.09E-15 93.89 486.09 1.02E-21 
I(x1*x1) 464.06 3.48 0.07 0.0004 40.01 3.27E-07 0.55 2.83 0.1014 
I(x2*x2) 199.75 1.50 0.229 0.00002 1.53 0.22 1.46 7.54 0.0095 
x1:x2 391.57 2.93 0.096 0.0003 26.38 1.14E-05 2.51 12.97 0.0009 
Residual 4536.64     0.00037     6.57     

*Here, x1 denotes engine load while x2 denotes LHV of fuel blend.  
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losses increase, and there may be combustion inefficiencies at 
extreme conditions. 

 

3.2.2 Brake-specific fuel consumption model  

Conversely, Fig. 4a and Fig. 4b show the opposite trend of 
B SFC, which is thermodynamically related to efficiency. Fig. 4a 
indicates that the contour plot indicates that BSFC declines 
considerably as EL increases, falling between 0.48 and 0.50 
kg/kWh at low EL of 10% to about 0.28 and 0.30 kg/kWh at 
high EL of about 100%. This drastic decrease indicates better 
fuel consumption at high loads because of more efficient 
combustion and lower relative energy losses. The effect of LHV 
is once again indirect but observable with the BSFC decreasing 
between approximately 0.34 and 0.30 kg/kWh as the LHV 
increases between approximately 39.5 MJ/kg and 42 MJ/kg at 
an intermediate EL of 60% as the energy content of the fuel 
decreases. The gradient of EL is greater than LHV, as shown by 
the contour spacing, which is in line with the predominant role 
of load. This behavior is further explained in Fig. 4b, in which 
the 3D surface slopes steeper as EL increases and less steep as 
LHV increases. The maximum BSFC values of approximately 
0.47-0.49 kg/kWh are at low EL and low LHV, and the 

minimum values of approximately 0.27-0.29 kg/kWh are at high 
EL and high LHV. The slight curvature of the surface indicates 
nonlinear interactions, especially at low EL, where inefficiencies 
are more significant. In general, both characters are able to 
show that EL is the main thermodynamic behavior of the 
system, and LHV is the secondary improvement, and the best 
performance is observed under high EL and high LHV 
conditions. 

3.2.3 Oxides of nitrogen emission model  

Fig. 5 to Fig. 7 show the change of NOx, CO, and HC 
emissions with EL and LHV using contour and surface plots, 
which clearly show that the formation of emissions is controlled 
by combustion temperature, oxidation completeness, and 
mixture characteristics. Fig. 5a is a contour plot of NOx, which 
demonstrates a steep upward trend with EL, with the values 
increasing between 300-350 ppm at low EL near 10 percent to 
almost 700-750 ppm at high EL near 100 percent. This sharp 
slope on the EL axis proves that load is the most important 
parameter that regulates the formation of NOx because the 
higher the EL is, the higher the temperature in the in-cylinder 
and the availability of oxygen, which facilitates the formation of 
thermal nitrogen oxide. NOx also rises more moderately along 

 

 
(a) 

 
(b) 

Fig 3. BTE model (a) contour plot (b) surface diagram 

 

 
(a) 

 
(b) 

Fig 4. BSFCE model (a) contour plot (b) surface diagram 
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the LHV axis, e.g., between approximately 450 and 600 ppm at 
39.5 MJ/kg to almost 550-600 ppm at 41.5-42 MJ/kg at EL of 
approximately 60, meaning that increased fuel energy content 

raises flame temperature and increases NOx formation. The 
lines of contour are almost parallel, implying a linear 
dependence. This is further supported by Fig. 5b, which 

 

 
(a) 

 
(b) 

Fig 5. NOx emission model (a) contour plot (b) surface diagram 
 

 

 
(a) 

 
(b) 

Fig 6. CO emission model (a) contour plot (b) surface diagram 
 
 

 
(a) 

 
(b) 

Fig 7. HC emission model (a) contour plot (b) surface diagram 
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indicates a smooth upward surface with maximum NOx values 
of more than 700 ppm at high EL and high LHV with little 
curvature, which implies weak nonlinear interaction. 

 

3.2.4. Carbon monoxide emission model 

Conversely, Fig. 6 shows the CO emissions, which have a 
reverse trend because they are generated during incomplete 
combustion. Fig. 6a shows that CO decreases considerably with 
EL, falling between 0.11-0.12% at low EL of 10% to about 0.04-
0.05% at high EL of close to 100%. This shows that increased 
load enhances combustion completeness through increased 
temperature and oxidation rates, and thus, decreased CO 
formation. CO also declines a little along the LHV axis, e.g., 
between approximately 0.08% at 39.5 MJ/kg and almost 0.06% 
at 42 MJ/kg in EL at about 50%, indicating better combustion 
efficiency with higher energy content fuels. The gradient of the 
contour lines is steeper along EL than LHV, which proves the 
prevailing effect of load. Fig. 6b depicts a downward sloping 
surface with the maximum CO values at low EL and low LHV 
and minimum values at high EL and high LHV with slight 
curvature due to weak interaction effects. 

 

3.2.5. Hydrocarbon emission model  

Fig. 7 shows HC emissions, which are also due to 
incomplete combustion, unburned fuel pockets, and quenching 
effects. Fig. 7a shows that HC reduces significantly with EL, with 
a range of about 48-52 ppm at low EL (near 10 percent) and 30-
32 ppm at high EL (near 100 percent). This tendency indicates 
enhanced flame propagation and oxidation at increased loads, 
minimizing HC emission formation (Hoang, 2019). HC also 
exhibits a moderate decline along the LHV axis, e.g., between 
approximately 40 ppm at 39.5 MJ/kg to approximately 34-36 
ppm at 42 MJ/kg in the case of mid-range EL, which means that 
higher LHV favors better combustion conditions. The contour 
lines are slightly curved, indicating nonlinear effects at lower EL, 
where quenching and incomplete combustion are more 
dominant. This behavior is confirmed in Fig. 7b, where the 
surface decreases with increasing EL and LHV, and the highest 
values of HC are at low EL and low LHV. All in all, the emission 
plots show a consistent pattern of EL being the main controlling 
factor, followed by LHV, and that the higher the EL and LHV 
conditions, the lower the CO and HC, but the higher the NOx, 
because of the high combustion temperatures. 

 

3.3 Desirability-based optimization  

Fig. 8 builds on the analysis by quantifying the multi-
objective trade-offs between performance and emissions in 
terms of Pareto optimization and desirability functions. Fig. 8 
shows clearly that the Pareto front is a thermodynamic conflict 
between the brake thermal efficiency and the brake specific fuel 
consumption. With a rise in BTE of about 16 to 18% to about 32 
to 33%, BSFC also declines by almost 0.4950 kg/kWh to 0.2728 
kg/kWh, creating a clear inverse curve. This tendency is a 
manifestation of the basic correlation according to which the 
higher the efficiency of combustion, the less fuel is needed per 
unit of power output. The spacing of points on the curve implies 
a continuous solution space, and the smooth monotonic form 
implies predictable and stable behavior of the system. The 
marked optimal point is close to the lower efficiency region, 
approximately 17% BTE and 0.49 kg/kWh BSFC, meaning that 
when all the objectives, such as emissions, are optimized 

simultaneously, the solution moves out of the purely efficiency-
driven conditions. This is because the high BTE regions, though 
good in terms of fuel economy, are linked to high NOx 
emissions owing to high combustion temperatures, and the 
optimization has to trade off. 

A more detailed interpretation is given in Fig. 9 in terms of 
individual and overall desirability values. BTE and BSFC have 
very high scores of desirability of 0.99 and 0.98, respectively, 
which means that the chosen optimal condition is almost at the 
highest possible performance targets of efficiency and fuel 
consumption within the given limits. The desirability of CO is 
also high (0.96), indicating that under the selected conditions, 
incomplete combustion is practically reduced. HC is slightly less 
desirable with a 0.85 value, indicating moderate but satisfactory 
amounts of unburned hydrocarbons. Conversely, NOx has a 
very low desirability of just 0.19, indicating the challenge of 
controlling thermal NO formation and maintaining high 
combustion efficiency.  

The total desirability of 0.88 is a fair trade-off, with the 
majority of the responses being maximized except NOx, which 
is the constraint. This is in line with the physics of combustion, 
in which minimizing NOx is usually achieved by minimizing 
peak temperatures, at the cost of efficiency and full combustion. 
Collectively, these numbers indicate that although high EL and 
LHV are more inclined to performance indicators, a multi-
objective optimization model is necessary to find a feasible 
operating point that can balance efficiency, fuel consumption, 
and emissions. The engine is working under peak thermal 
conditions at EL = 96.90% and LHV = 41.82 MJ/kg, with a high 

 
Fig. 8. Pareto chart  

 
 

 
Fig 9. Desirability plot 
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BTE = 32.98% and low BSFC = 0.27 kg/kWh, which confirms 
that the engine is efficiently converting fuel energy into useful 
work. The increased load raises in-cylinder temperature and 
pressure, improving combustion completeness, as indicated by 
very low CO (0.03%) and HC (32.40 ppm). Nevertheless, the 
same temperature increase facilitates the formation of thermal 
NO, which leads to high levels of NOx emissions of 657.74 ppm. 
Therefore, the outcome is a typical trade-off in which better 
efficiency and lower incomplete combustion emissions are 
achieved at the cost of increased NOx because of increased 
combustion temperatures. 

 

6. ⁠Conclusion 

The current research paper develops a holistic connection 
between ultrasonic-aided production of biodiesel and 
optimization at the engine level through response surface 
methodology. The ultrasonic irradiation two-step 
transesterification process produced high-quality tobacco seed 
oil methyl ester that can be used in the engine. Both 
experimental and statistical evidence show that the most 
significant parameter that affects performance and emissions is 
engine load. One of the most interesting findings of the study is 
the determination of the peak operating conditions with EL = 
96.90% and LHV = 41.82 MJ/kg, where the engine is most 
efficient with BTE = 32.98% and minimum fuel consumption of 
BSFC = 0.27 kg/kWh. These findings suggest very efficient 
combustion due to high in-cylinder temperature and pressure. 
Completeness of combustion is greatly enhanced at this 
condition, as indicated by very low CO (0.03%) and HC (32.40 
ppm) emissions. The higher cylinder temperature also favors 
the formation of thermal NO, which leads to higher emissions of 
NOx of 657.74 ppm. The research contributes to the existing 
literature by performing a simultaneous analysis of several 
blend ratios and different loads and capturing the effects of 
interaction. Future efforts should be directed towards reducing 
NOx by using methods like exhaust gas recirculation, water 
injection, or post-treatment. Application of this framework to 
other non-edible biodiesels and real-world engine conditions 
will further increase its practical usefulness. 
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