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Abstract:  
This research examines the performance and emission characteristics of a 
direct injection diesel engine fueled by dual biodiesel blends sourced from 
Pongamia pinnata oil (PPO) and Hevea brasiliensis oil (HBO). Biodiesel 
blends were formulated in proportions of 10%, 20%, 40%, 60%, 80%, and 
100% (B10–B100) and evaluated against regular diesel (D100) in a single-
cylinder, 4-stroke, water-cooled engine operating at 1500 rpm under 
varying loads. B10 exhibited the highest brake thermal efficiency (BTE) at 
14.44%, in contrast to 13.34% for diesel and 12% for B100. The mechanical 
efficiency attained a maximum of 74.26% for B80/B100, comparable to the 
diesel efficiency of 74.8%. Brake-specific fuel consumption (BSFC) increased 
with higher biodiesel percentages and remained relatively constant at 
elevated engine loads. Emission studies demonstrated a significant 
decrease in (nitrogen oxides) NOx emissions at full load when utilizing 
biodiesel blends, with recorded values of 1245 ppm for diesel, 307 ppm for 
B10, and 601 ppm for B60. Unburned hydrocarbon (UHC) emissions peaked 
at 103 ppm for B100, whereas diesel exhibited 28 ppm.  Higher blends of 
biodiesel, specifically B40 and B60, resulted in reductions of carbon 
monoxide (CO) emissions by 0.07% and 0.10%, respectively. Notably, CO₂ 
emissions were lower in B10–B60 blends by 2.1–3.7% relative to diesel. B10 
also demonstrated the lowest smoke opacity due to improved diffusive 
combustion. These findings indicate that dual biodiesel blends, particularly 
B10 and B20, are promising diesel alternatives offering enhanced 
combustion performance and reduced emissions without requiring engine 
modifications. 
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1. INTRODUCTION  

 
The automobile industry is contributing a 

significant portion of air pollution, as the emitted 
pollutants significantly affect the ecology of the 
living system. Indian national policies indicate that 
global energy demand is expected to reach 37% by 

2040; however, the world population rate is high, 
and the economy should be less intensive [1]. 
Biofuels have the potential to address the energy 
crisis and reduce pollution by lessening reliance on 
fossil fuels and lowering global carbon and 
greenhouse gas emissions, thus providing a viable 
and sustainable alternative energy source [2]. 
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Biodiesel represents a more environmentally 
sustainable option compared to diesel fuel.  It is a 
liquid fuel obtained from renewable sources, 
encompassing both new and recycled animal and 
vegetable fats, and it exhibits cleaner combustion 
compared to petroleum-based diesel fuel [3]. 
Biodiesel is made by mixing alcohol with either 
vegetable, animal, or recycled cooking oil. It is safe 
and biodegradable. In addition to helping to meet 
the world’s increasing energy needs, biofuels can 
also help lower greenhouse gas emissions. Because 
they come from natural sources, biofuels burn 
cleanly and decompose more quickly than fossil 
fuels [4,5]. Biofuels can be obtained from biomass, 
methane gas, agricultural residues, and vegetable 
or animal oils. It is an alternate energy source due 
to reduced carbon dioxide (CO2) emissions from IC 
engines [6].  

 
1.1 Literature Review  
 

Mohan et al. [7] in research added oleic acid to 
Pongamia ester (PE) along with a 20% synthetic 
additive and studied the effects on oleic acid and 
compression ratio (CR) in relation to brake thermal 
efficiency (BTE) and NOx emissions. The results 
showed that as CR increases, cylinder peak 
pressures also rise; however, the peak pressure 
decreases at a higher rate with increased oleic acid 
addition to PE. While increasing CR improves BTE, 
PE alone yields the highest BTE; however, the 
addition of a 20% synthetic additive significantly 
reduces BTE due to increased viscosity. Renuraman 
et al. [8] evaluated three types of rice bran oil: RB, 
RB-Al2O3, and RB-CeO2. The results showed that, 
under partial load conditions, RB-Al2O3 achieved 
28% better brake thermal efficiency (BTE) than RB-
CeO2 and 13% better BTE than the pure mix. 
Ramadhas et al. [9] found that the UBHC emissions 
of RB and RB-CeO2 were similar, but RB-Al2O3 
showed a 46% increase in emissions compared to 
RB-CeO2. CO2 and CO emissions remained within 
limits and were not significantly affected. Engine 
performance and emissions improved with the use 
of nano-additives, though nanoparticle dispersion is 
a key factor. Diluting rubber seed oil (RSO) with 
diesel in various ratios significantly reduced its 
viscosity, and no engine modifications were 
required when using RSO as fuel. Blends with up to 
80% rubber seed oil demonstrated acceptable 
brake thermal efficiency (BTE) and specific fuel 
usage. Because the fuel in rubber seed oil mixes 
burns incompletely, more carbon deposits are in 
the engine’s combustion chamber. Bharadwaj et al. 

[10] produced biodiesel from refined soybean oil 
using calcined eggshells as a heterogeneous catalyst 
in the biofuel production process. The results 
showed that an increase in brake mean effective 
pressure (BMEP) was linked to a decrease in brake-
specific fuel consumption (BSFC) for all mixtures 
tested. The tailored formulation exhibited reduced 
levels of carbon monoxide (CO), hydrocarbons (HC), 
and NOx, while showing higher concentrations of 
carbon dioxide (CO2), indicating its potential as a 
promising alternative to traditional diesel. Ratna 
Reddy et al. [11] found that increased injection 
pressure and advanced injection timing improve the 
performance of biofuels. Higher injection pressure 
reduced smoke and NOx emissions in both low heat 
rejection (LHR) and conventional engines (CE). The 
optimal injection timing for the CE engine was 31° 
bTDC, while the LHR engine showed the best 
performance with an injection pressure of 190 bars 
at 29° bTDC. 

Prabhahar and Rajan [12] found that the use of 
100% biodiesel resulted in a 10% improvement in 
brake thermal efficiency (BTE) and a decrease in 
brake-specific fuel consumption (BSFC) during full 
load testing on a direct injection engine with a TiO2-
coated piston crown, using blends of pongamia oil 
methyl ester (PME) and diesel (B20 and B100). The 
coated engine showed reduced diesel fuel 
consumption and lower emissions of carbon 
monoxide and hydrocarbons, but produced 15% 
higher levels of NOx compared to uncoated engines. 
Additionally, the coated engine exhibited higher 
peak pressure and heat release rates than the 
uncoated engine. Coated engines exhibit decreased 
diesel fuel consumption and lower emissions of 
carbon monoxide and hydrocarbons; nonetheless, 
they produce 15% more NOx in comparison to 
uncoated engines. The coated engine 
demonstrated elevated peak pressure and heat 
release rate relative to the uncoated engine. The 
B30GNP60DMC10 sample demonstrated lower 
concentrations of HC and CO, recorded at 22.87% 
and 25.67%, respectively, as well as reduced levels 
of NOx and smoke opacity at 9.57% and 12.4%, 
respectively [13]. The application of equal 
proportions of rubber seed and palm oil as biodiesel 
led to a decrease in torque and BMEP in an 
unmodified indirect injection diesel engine when 
compared to diesel fuel. Exhaust temperature, CO2, 
and NOx exhibited average increases of 1.4%, 1.2%, 
and 1.1%, respectively, while CO demonstrated a 
decrease of 2%. The BSFC increased by 1.4% under 
full load conditions [14].  
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Murugapoopathi et al. [15] found that using 
rubber seed oil (RSO) as a biofuel for engine 
supercharging resulted in a 4.11% decrease in 
cooling water loss, a 2.99% improvement in brake 
thermal efficiency (BTE), and a 7.54% reduction in 
brake specific energy consumption (BSEC). 
Supercharging also caused a 3.75% increase in peak 
pressure and a 4.4% reduction in the heat release 
rate. Additionally, supercharging reduced carbon 
monoxide (CO) and hydrocarbon (HC) emissions by 
10.26% and 21.41%, respectively, compared to 
diesel. Sultana et al. [16] identified rubber seed cake 
(RSC), a by-product of oil extraction, as an effective 
feedstock for bio-oil production through pyrolysis, 
showing high calorific value and significant volatile 
matter content. The pyrolysis process at 500°C for 
75 minutes produces bio-oil with a calorific value of 
29.86 MJ/kg, containing valuable compounds like 
phenolics and hydrocarbons, while the resulting 
biochar can be utilized for wastewater treatment. 

Adam et al. [17] examined the effect of 
antioxidants on engine performance using rubber 
seed biodiesel blends in a multi-cylinder diesel 
engine. The results showed that antioxidants 
improved brake power by 4.21%, reduced brake-
specific fuel consumption by 6.82%, and decreased 
NO emissions by 9.78%, while increasing CO, 
hydrocarbon emissions, and smoke opacity. Bhanu 
Teja et al. [18] conducted experiments using three 
emulsion fuels, WME20, W20Bu5D75, and 
W20Bu10D70, which combine N-butanol and 
watermelon methyl ester, and compared them to 
regular diesel. The results showed that adding n-
butanol to WME20 shortened ignition delay and 
increased combustion duration under full load, 
while improving brake thermal efficiency (BTE), 
making it comparable to regular diesel. 

From the above literature review, it is evident 
that biofuel plays a crucial role in direct injection 
compression ignition engines as a viable alternative 
to offset the depletion of fossil fuel reserves. Engine 
performance may be enhanced by implementing 
design modifications, using additives, mixing 
various biofuels, and applying coatings to engine 
components. A limited investigation has been 
performed regarding the application of dual biofuel 
blends in compression ignition engines alongside 
diesel fuel.  There is a notable deficiency of 
knowledge about the amalgamation of PPO with 
HBO in a standard DI-CI engine.  This research 
specifically investigates the performance, 
combustion, and emission characteristics of 
different mixes of PPO and HBO. The acid value and 

calorific value of the biodiesel blends were assessed 
using standardized protocols. 

 
2. MATERIALS AND METHODS 
 
2.1 Transesterification of PPO and HBO 
 

Biodiesel is produced by the transesterification 
of vegetable or animal fats via a chemical process. 
The original oil comprises a blend of fatty acids; 
alkyl esters, including methyl esters, are generated 
when catalysts and alcohol (often methanol) react 
with vegetable or animal fats [19-21]. A specified 
quantity of catalyst NAOH (1 wt.%) and methanol 
was dissolved in the necessary amount in a reflux 
condenser-connected three-necked round-bottom 
flask. Once the mixture reached 60 °C, the catalyst 
was completely dissolved in the mixture under 
atmospheric pressure for 120 minutes with 
consistent stirring to produce crude PPO/HBO. The 
samples were decanted to enable glycerine to settle 
at the bottom [22]. They were then filtered using 
Whatman filter paper and transferred to a 
separating funnel to remove glycerine. The samples 
were washed with water (500-2000 ml) to eliminate 
unreactive base, glycerine, and trace amounts of 
soap [23,24]. Fig. 1 presents the experimental 
methodology adopted in this work.  

 

 
 

Fig. 1. Methodology adopted in this study 
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2.2 Identification of Blend Properties 
 

The PPO and HBO are included in equal amounts 
to create the dual blend, which is then mixed with 
diesel to produce biodiesel, as seen in Table 1. The 
physicochemical properties of PPO/HBO dual 
biodiesel are evaluated utilizing Indian standards (IS) 
techniques.  The properties of biodiesel, including 
viscosity, density, calorific value, fire point, flash 
point, and exhaust emissions, are assessed using a 
hydrometer and Pensky-Martens apparatus. Table 
1 presents the characteristics of biodiesel blends 
compared to conventional diesel fuel.  Biodiesel has 
enhanced characteristics relative to traditional 
diesel.  
 
 
 

2.3 Experimental Setup 
 
The experimental setup used a 4.4 kW Kirloskar 

TAF1 engine, characterized as a single-cylinder, 
direct injection model with an 80 mm bore and a 
110 mm stroke. This water-cooled engine, designed 
for commercial applications, operates at a 
compression ratio of 16.5:1. All examinations were 
conducted at the Saveetha Institute of Medical and 
Technical Sciences in Tamil Nadu, India. 
Comprehensive engine characteristics are provided 
in Table 2. Fig. 2a illustrates the test bed 
configuration, which includes critical components 
such as the engine, fuel system, Dynamometer, 
exhaust gas analyzer, and control unit, all outfitted 
with sensors to assess performance parameters.  
Fig. 2b illustrates the configuration of the 
experimental engine apparatus.

 
Table 1. Blend ratios of PPO and HBO biodiesel and measured fuel properties 

 

Fuel 
Diesel 

(%) 
PPO 
(%) 

HBO 
(%) 

Density 
Viscosity value 

(mm2/s) 
Calorific value 

(MJ/kg) 
Flashpoint value 

(°C) 

D100 100 0 0 0.846 2.6 42.8 51 

B10 90 5 5 0.841 4.13 39.78 56 

B20 80 10 10 0.848 4.22 38.2 60 

B40 60 20 20 0.857 4.28 37.28 71 

B60 40 30 30 0.91 4.69 36.96 96 

B80 20 40 40 0.919 4.82 35.46 124 

B100 0 50 50 0.925 5.12 34.44 156 

Table 2. Test engine specifications 
 

Make and Model Kirloskar TAF1 

Type Single cylinder 4-stroke diesel engine 

Orientation Vertical 

Bore 80 mm 

Stroke 110 mm 

Clearance Volume 36.87 cc 

Displacement Volume 553 cc 

Compression Ratio 16.5:1 

Rated Power Output 4.4 kW 

Operating Speed 1500 rpm 

Cooling System Air cooling 

Load Testing Apparatus Eddy current Dynamometer 

Combustion Chamber Design Open hemispherical type 

The studies were conducted at various loads 
ranging from 0.5 to 2.5 kW, with the speed 
maintained at 1500 rpm and the fuel injection 
pressure held constant at 200 psi. The direct 
injection engine was initially heated, subsequently 
stabilized, and data was collected thereafter. The 
evaluation of a direct injection engine’s 
performance involves analyzing attributes including 
Brake power (BP), Brake-specific fuel consumption 

(BSFC), Mechanical efficiency (ME), Indicated 
thermal efficiency (ITE) and air-fuel ratio. This 
assessment considers the use of various biodiesel 
blends. In contrast to regular diesel fuel, this test 
analyzes emissions in terms of UHC, CO, NOx, 
smoke opacity, and exhaust gas temperature. A 
computerized data collection system was installed 
on the engine test bench. National Instruments’ 
LabVIEW 2019 enabled the logging and real-time 
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monitoring of engine performance and pollution 
data. Using a data acquisition module from National 
Instruments, the program communicated with 
various sensors and transducers, including load cells, 
emission probes, and thermocouples. Emissions 
(CO, HC, NOx), specific fuel consumption, 
temperature of exhaust gas, and BTE were all 
precisely measured with this setup. 

The system facilitated automated plotting, 
averaging of repeated trials, and accurate 
synchronization with engine load and speed 
conditions. 

 

 
a) 

 

 
b) 

Fig. 2 a) Sketch of the experimental setup, b) Layout of 

the experimental setup 
 

NOx emissions were quantified utilizing an AVL 
DiGas 444 gas analyzer, a recognized instrument for 
accurate multi-gas measurement. Smoke opacity 
was measured using a Bosch Smoke Meter, a 
recognized technique for assessing particulate 
matter in diesel exhaust. 
 
2.4 Performance Calculations  
 

Performance parameters such as BSFC, BTE, and 
ME were evaluated using standard thermodynamic 
equations, as outlined below [25,26]: 

𝐵𝑆𝐹𝐶 (
𝑘𝑔

𝑘𝑊ℎ
) = 

𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
𝑘𝑔

ℎ𝑟
)

𝐵𝑟𝑎𝑘𝑒 𝑃𝑜𝑤𝑒𝑟 (𝑘𝑊)
                  (1) 

BTE (%)=
[𝐵𝑟𝑎𝑘𝑒 𝑃𝑜𝑤𝑒𝑟 (𝑘𝑊) × 3600] 

[Fuel Flow Rate (kg/hr) × Calorific Value (kJ/kg)] × 100 
 (2) 

𝑀𝐸 (%) = 
Brake Power

Indicated Power × 100 
                 (3) 

 
3. RESULTS AND DISCUSSION 
 
3.1. Performance Characteristics 

 
The performance indicators, such as BP, BTE, ME, 

SFC, and ITE, indicate the response of biodiesel 
blends to various conditions. The fuel spray pattern, 
air-fuel ratio, fuel injection pressure, and fuel 
properties significantly influence engine 
performance [27,28].    

Fig. 3 displays the engine performance 
characteristics when fuelled with pure diesel, 
biodiesel blends, and a pure dual biofuel mix, 
concerning BTE achieved at different BP. One way 
to measure the efficiency of internal combustion 
engines is by looking at their BTE – higher BTE 
results in reduced fuel consumption, greenhouse 
gas emissions, and increased compression ratios 
[29]. BTE was consistently lowest for B100 across all 
engine load settings as compared to the other fuel 
mixes. In this case, the BTE values for D100 were 
13.34%, B10 was 14.44%, B20 was 13.38%, B40 was 
13.47%, B60 was B80, and B100 was 13%, 14%, 13%, 
and 12%.  B10 had the greatest BTE of the biodiesel 
blends, while B100 had the lowest. Most biodiesel 
mixes had BTE values comparable to those of pure 
diesel, as compression ratios remain constant 
across all fuels. Due to its lower volatility and higher 
viscosity, B100 has a lower BTE. Pure biodiesel has 
a decreased thermal efficiency due to its lower 
calorific value, poor spray properties, and lessened 
heating potential [30]. 

ME is the ratio of indicated to brake power, 
reflecting losses due to engine mechanics. Higher 
fuel calorific value typically leads to improved ME 
[31]. In Fig. 4, the ME is shown at different BP. 
Indicated power and friction are changed to 
determine the DI engine’s efficiency. Efficiency 
determines the value of the machine’s effectiveness. 
B80 and B100 have the same maximum ME of 
approximately 74.26% at maximum BP, whereas 
74.8% for diesel at the same power and ME. An 
improvement in engine efficiency is observed with 
the higher proportion of PPO/HBO mix due to the 
enhanced lubricating qualities of the blended dual 
biodiesel samples containing methyl esters [32]. 
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Additionally, biofuels have better combustion since 
they are denser and stickier than clean diesel [33]. 

 

 
Fig. 3. BTE vs. BP for diesel and PPO/HBO blends at 1500 

rpm 

 

Fig. 4. ME vs. BP for diesel and PPO/HBO blends 
 

The correlation between SFC and BP for diesel is 
evident, with a similar trend observed for PPO and 
HBO biodiesel blends, as depicted in Fig. 5.  PPO and 
HBO biofuel blends exhibit higher specific fuel 
consumption values compared to diesel due to their 
lower calorific value and greater density.  Initial 
loads exhibit a higher SFC compared to subsequent 
loads, which maintain a constant level [34]. A low 
calorific value requires a greater quantity of fuel to 
produce an equivalent power output, as less energy 
is released during combustion. The increased 
density of biofuel blends can result in higher fuel 
mass flow rates, thereby contributing to elevated 
specific fuel consumption values [35,36]. The 
observed trend of increased SFC at lower loads 
suggests that there may be difficulties in attaining 
optimal combustion efficiency when starting the 
engine or operating under low-load conditions with 
these biofuel blends [37]. It is worth noting that the 
BSFC remains consistent at different loads. At the 
same time, the engine runs under heavier loads, 
suggesting that the effect of a lower calorific value 
and a larger density becomes less pronounced [38]. 

This highlights the importance of conducting further 
research on the combustion characteristics and 
optimization strategies for biofuel blends to 
enhance engine performance. 
 

 
Fig. 5. BSFC vs. BP for diesel and PPO/HBO blends 

 
Fig. 6 displays the change in ITE with BP for pure 

diesel, dual biofuel, and various biodiesel mixes. 
The test findings demonstrate that the B10 
biodiesel blend has higher efficiency compared to 
other mixtures.  The enhancement is attributed to a 
rise in energy content and improved combustion 
dynamics compared to pure diesel [39]. Several 
variables may be associated with the enhanced 
efficiency shown in B10.  Biodiesel mixes often 
include oxygen, facilitating more complete 
combustion.  Combining biodiesel with normal 
diesel may modify the fuel’s cetane number, 
improving ignition and combustion characteristics 
[40].  A contributing element to an increased energy 
release during combustion is the elevated energy 
content of B10. This is likely caused by the chemical 
characteristics of biodiesel [41,42]. 
 

 
Fig. 6. ITE vs. BP for diesel and PPO/HBO blends 

 

3.2. Emission Characteristics 
 
Biodiesel shows good emission characteristics 

on environmental effects [43]. The considerable 
impact of BP on CO emissions is demonstrated in 
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Fig. 7. The CO value of the B10 and B20 blends’ 
exhaust gas analysis is near that of the D100. The 
blends B40 and B60 have decreased CO emissions 
by 0.07%, 0.10%, 0.06%, and 0.11% by volume 
under full load conditions. CO levels vary 
practically linearly with braking power. Fig. 8 
shows the change in UHC for various BPs when 
fuelled with biodiesel blends and neat fuels. It is 
observed that B100 indicates high emission 
characteristics. Standard diesel emits less UHC 
than blends B10, B20, and B40. The observed 
maximum UHC emission is 103 ppm for PPO/HBO 
biofuel, whereas it is 28 ppm for neat diesel. 

Fig. 9 displays the relationship between blood 
pressure (BP) and the amount of CO2 generated by 
various fuels. The graph shows that CO2 emissions 
change linearly with BP [44]. Blends B10, B20, B40, 
and B60 each reduce CO2 emissions by 2.10%, 
2.80%, 3.00%, and 3.70% compared to diesel. 

Fig. 10 shows the variation in BP with NOx, 
which has a higher NOx emission, whereas it is low 
for biodiesel. At 1245 ppm, the diesel emits NOx at 
full load, whereas biodiesel blends B10, B20, B40, 
and B60 show emissions of 307, 424, 502, and 601 
ppm, respectively. The effects of nitrogen oxides 
changed linearly with their BP [45,46]. Fig. 11 
depicts the correlation between BP and exhaust 
gas temperature (EGT) across different fuel types, 
such as diesel, biodiesel blends, and dual biofuels. 
The EGT is generally higher for biodiesel-diesel 
mixtures. Standard diesel and blends such as B10, 
B20, B40, B60, and B80 exhibit relatively minimal 
changes in EGT across different load conditions. 
According to the study, the exhaust gas 
temperature rises with load at the optimal air-to-
fuel ratio, indicating that the cylinder is heated to 
a high degree [47,48]. 

 

 
Fig. 7. CO emissions vs. BP for diesel and PPO/HBO blends 
 

 
Fig. 8. UHC emissions vs. BP for diesel and PPO/HBO 

blend 
 

 
Fig. 9. CO₂ emissions vs. BP for diesel and PPO/HBO 

blends 
 

 
Fig. 10. NOX emissions vs. BP for diesel and PPO/HBO 

blends 
 

 
Fig. 11. EGT vs. BP for diesel and PPO/HBO blends 
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Fig. 12 illustrates the proportion of smoke 
variation in biodiesel blends. The reduction in 
smoke emissions from oxygenated mixes, 
particularly evident in the B10 blend, is due to 
diffusive combustion. By making more oxygen 
available for the reaction, oxygenated fuels improve 
combustion. This enhances fuel combustion, 
reducing smoke-causing soot particle generation 
[49,50]. The decreased smoke density in B10 across 
different fuel loading settings indicates the 
effectiveness of this blend in minimizing incomplete 
combustion and the production of particulate 
matter [51]. 
 

 
Fig. 12. Smoke opacity vs. BP for PPO/HBO blends and 

diesel 
 

Fig. 13 illustrates the impact of the air-to-fuel 
ratio on the braking powers of diesel and mixed 
engines. Diesel fuel exhibits a higher air-to-fuel ratio, 
indicating a greater quantity of air in the 
combustion environment relative to the fuel 
present [52]. Biodiesel blends have lower air-to-fuel 
ratios, suggesting a richer combustion mixture. The 
blended fuels’ combustion characteristics and 
oxygen content likely account for the discrepancy. 
As engine load increases, the air-to-fuel ratio 
decreases, indicating that the combustion chamber 
receives more fuel than air [53]. 

 

 
Fig. 13. Air-fuel ratio vs. BP for diesel and PPO/HBO 

blends 

3.3 Influence of Injection Pressure on Engine 
Performance 

 
Fig. 14 illustrates the changes in brake thermal 

efficiency (BTE) in relation to engine brake power 
(BP) for diesel and B10 fuels at injection pressures 
of 240 bar and 270 bar.   Fig. 14 illustrates the 
brake specific fuel consumption (BSFC) of the 
engine at an injection pressure of 240 bar, in 
conjunction with various fuel mix ratios. Fig. 15 
illustrates the brake specific fuel consumption 
(BSFC) at an injection pressure of 270 bar, 
employing different fuel blends. The results 
indicate that the cetane number of diesel and its 
various mixing ratios decline as the boiling point 
increases [54]. The lowest BSFC was achieved at a 
BP of 2.5 kW and grew as the BP increased. 
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Fig.14. BTE vs. BP at 240 bar injection pressure (diesel 

and B10) 

Brake Power vs BTE (270 bar)
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Fig. 15. BTE vs. BP at 270 bar injection pressure (diesel 

and B10) 

 
Fig. 16 illustrates the variance in BSFC deviation 

for different mixes of PPO and HBO (10%, 20%, 40%, 
60%, 80%, and 100%). At injection pressures of 240 
bar and 270 bar, subcutaneous fat thickness and 
blood pressure are correlated. BTE direct injection 
engine utilizing various mixed fuel ratios. Fig. 17 
illustrates the BTE of the direct injection engine 
operating with various ratio mix fuels at an injection 
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pressure of 270 bar. Blends B40 and B60 have 
decreased CO emissions by approximately 0.07%, 
0.08%, 0.06%, and 0.11%, respectively. The exhaust 
CO demonstrates a nearly collinear relationship 
with the value of BP [55]. 
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Fig. 16. BSFC vs. BP at 240 bar for PPO/HBO blends 
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Fig. 17. BSFC vs. BP at 270 bar for PPO/HBO blends 
 

The dataset obtained in this study, which 
includes detailed performance and emission 
measurements across various biodiesel blend ratios 
and engine loads, is well-suited for statistical 
analysis. Techniques such as Taguchi design of 
experiments, response surface methodology, 
machine learning, and artificial intelligence can be 
employed to gain deeper insights, identify critical 
influencing factors, and optimize engine 
parameters [56]. These approaches enable efficient 
processing of results while reducing experimental 
cost, time, and resource usage. 
 
4. CONCLUSIONS 

This research analyzed the performance, 
combustion, and emission characteristics of a direct 
injection diesel engine utilizing dual biodiesel 
blends sourced from PPO and HBO.  Experimental 
results indicated that lower blend ratios, specifically 
B10 and B20, attained brake thermal efficiency 
comparable to or surpassing that of conventional 
diesel.  Conversely, higher blends like B100 

exhibited a noticeable decrease in brake thermal 
efficiency, primarily attributed to elevated viscosity 
and diminished calorific value. 

Among the evaluated blends, B10 demonstrated 
the highest overall performance, attaining a BTE of 
14.44%, slightly surpassing the 13.34% observed for 
pure diesel.  Emission analysis indicated that all 
biodiesel blends generated reduced levels of CO, HC, 
and nitrogen oxides (NOx) in comparison to 
standard diesel. B10 demonstrated a reduction of 
up to 75% in NOx emissions at full engine load, 
underscoring the efficacy of dual biodiesel fuels in 
reducing harmful exhaust emissions. Furthermore, 
smoke opacity exhibited a significant reduction in 
biodiesel blends, attributable to the intrinsic oxygen 
content within the fuel that improved the 
combustion process. 

The research demonstrates that PPO-HBO dual 
biodiesel blends represent feasible renewable 
substitutes for diesel fuel in unmodified diesel 
engines, providing environmental and performance 
benefits. 

Future work should focus on using coated engine 
components to improve thermal efficiency, 
applying multi-objective optimization for blend 
ratios and engine parameters, and exploring 
alternative non-edible oil feedstocks to enhance 
sustainability and performance. 

 
CONFLICTS OF INTEREST  

The authors declare no conflict of interest.  
 
REFERENCES  

 
[1] R. Folkson, S. Sapsford, Alternative Fuels and 

Advanced Vehicle Technologies for Improved 
Environmental Performance: Towards Zero 
Carbon Transportation. Woodhead Publishing, 
2022.  

[2] I.S. Thakur, A. Pandey, H.H. Ngo, C.R. Soccol, C. 
Larroche, Biomass, Biofuels, Biochemicals: 
Climate Change Mitigation: Sequestration of 
Green House Gases. Elsevier, 2021.  

[3] S. Sahay, Handbook of Biofuels. Academic 
Press, 2021.   

[4] S. Vellaiyan, Recent advancements in water 
emulsion fuel to explore efficient and cleaner 
production from various biodiesels: A 
retrospective review. Renewable and 
Sustainable Energy Reviews, 187, 2023: 
113704. 
https://doi.org/10.1016/j.rser.2023.113704  

https://doi.org/10.1016/j.rser.2023.113704


S. Thirumalvalavan et al. / Advanced Engineering Letters Vol.4, No.3, 105-117 (2025) 

 114 

[5] B. Gurunathan, R. Sahadevan, Z.A. Zakaria, 
Biofuels and Bioenergy: Opportunities and 
Challenges. Elsevier, 2021.  

[6] D.K. Tuli, S. Kasture, A. Kuila, Advanced Biofuel 
Technologies: Present Status, Challenges and 
Future Prospects. Elsevier, 2021.  

[7] S. Mohan, P. Dinesha, S. Bekal, NOx reduction 
of biodiesel engine using pongamia ester with 
oleic acid and optimization of operating 
conditions using particle swarm optimization. 
International Journal of Hydrogen Energy, 
46(52), 2021: 26665–26676.  
https://doi.org/10.1016/j.ijhydene.2021.05.12
4  

[8] J. Renuraman, K. Yoganand, P.V. Arunraj, M. 
Subramanian, E. Ramaraj, Rice Bran Oil-Fueled 
IC Engine Performance and Emission 
Characteristics Improved by Nanoadditives. 
Journal of Nanomaterials, 2023(1), 2023: 
7341542. 
https://doi.org/10.1155/2023/7341542  

[9] A.S. Ramadhas, S. Jayaraj, C. Muraleedharan, 
Characterization and effect of using rubber 
seed oil as fuel in the compression ignition 
engines. Renewable Energy, 30(5), 2005: 795–
803.  
https://doi.org/10.1016/j.renene.2004.07.002 

[10] S. Bharadwaj A.V.S.L, N. Subramaniapillai, 
M.S.B. Khadhar Mohamed, A. Narayanan, 
Effect of rubber seed oil biodiesel on engine 
performance and emission analysis. Fuel, 296 
2021: 120708.  
https://doi.org/10.1016/j.fuel.2021.120708  

[11] Ch.K. Reddy, M.V.S.M. Krishna, P.V.K. Murthy, 
T. Ratna Reddy, Performance Evaluation of a 
Low-Grade Low-Heat-Rejection Diesel Engine 
with Crude Pongamia oil. International 
Scholarly Research Notices, 2012(1), 2012:  
489605. 
https://doi.org/10.5402/2012/489605  

[12] M. Prabhahar, K. Rajan, Performance and 
combustion characteristics of a diesel engine 
with titanium oxide coated piston using 
Pongamia methyl ester. Journal of Mechanical 
Science and Technology, 27, 2013: 1519–1526. 
https://doi.org/10.1007/s12206-013-0332-3  

[13] G. Pullagura, S. Vadapalli, V. Varaha Siva Prasad, 
J.R. Bikkavolu, K.R.R. Chebattina, D. Barik, M.S. 
Dennison, Influence of Dimethyl Carbonate and 
Dispersant Added Graphene Nanoplatelets in 
Diesel-Biodiesel Blends: Combustion, 
Performance, and Emission Characteristics of 
Diesel Engine.  International Journal of Energy 
Research, 2023(1), 2023: 9989986. 

https://doi.org/10.1155/2023/9989986  
[14] I. Khalil, A.R.A. Aziz, S. Yusup, M. Heikal, M. El-

Adawy, Response surface methodology for the 
optimization of the production of rubber 
seed/palm oil biodiesel, IDI diesel engine 
performance, and emissions. Biomass 
ConversIon Biorefinery, 7, 2017: 37–49. 
https://doi.org/10.1007/s13399-016-0221-y  

[15] S. Murugapoopathi, T. Ramachandran, C. 
Rajaganapathy, Theoretical performance on 
energy and exergy analysis of methyl esters of 
rubber seed oil fuelled on supercharged VCR 
engine. Environment, Development and 
Sustainability, 2022. 
https://doi.org/10.1007/s10668-022-02642-7  

[16] R. Sultana, U. Banik, P.K. Nandy, M.N. Huda, M. 
Ismail, Bio-oil production from rubber seed 
cake via pyrolysis: Process parameter 
optimization and physicochemical 
characterization. Energy Conversion and 
Management: X, 20, 2023: 100429.  
https://doi.org/10.1016/j.ecmx.2023.100429  

[17] I.K. Adam, M.R. Heikal, A.R.A. Aziz, A.R. 
Othman, S. Yusup, Combustion performance of 
rubber seed methyl ester using aromatic and 
phenolic antioxidants in a multi-cylinder diesel 
engine. Clean Technologies and Environmental 
Policy, 20, 2018: 2239–2253.  
https://doi.org/10.1007/s10098-018-1601-8  

[18] N. Bhanu Teja, P. Ganeshan, V. Mohanavel, A. 
Karthick, K. Raja, K. Krishnasamy, M. 
Muhibbullah, Performance and Emission 
Analysis of Watermelon Seed Oil Methyl Ester 
and n-Butanol Blends Fueled Diesel Engine. 
Mathematical Problems in Engineering, 
2022(1), 2022: 2456338. 
https://doi.org/10.1155/2022/2456338  

[19] G. Knothe, J. Krahl, J. Van Gerpen, The Biodiesel 
Handbook. Elsevier, 2015.  

[20] A. Becker, Transesterification: Process, 
Mechanisms, and Applications. Nova Science 
Publishers, 2018.  

[21] R. Luque, C.S.K. Lin, K. Wilson, C. Du, Handbook 
of Biofuels Production: Processes and 
Technologies. Woodhead Publishing, 2022.  

[22] S. Vellaiyan, Optimization of pyrolysis process 
parameters for a higher yield of plastic oil with 
enhanced physicochemical properties derived 
from medical plastic wastes. Sustainable 
Chemistry and Pharmacy, 36, 2023: 101310.  
https://doi.org/10.1016/j.scp.2023.101310  

[23] S.K. Karmee, A. Chadha, Preparation of 
biodiesel from crude oil of Pongamia pinnata. 

https://doi.org/10.1016/j.ijhydene.2021.05.124
https://doi.org/10.1016/j.ijhydene.2021.05.124
https://doi.org/10.1155/2023/7341542
https://doi.org/10.1016/j.renene.2004.07.002
https://doi.org/10.1016/j.fuel.2021.120708
https://doi.org/10.5402/2012/489605
https://doi.org/10.1007/s12206-013-0332-3
https://doi.org/10.1155/2023/9989986
https://doi.org/10.1007/s13399-016-0221-y
https://doi.org/10.1007/s10668-022-02642-7
https://doi.org/10.1016/j.ecmx.2023.100429
https://doi.org/10.1007/s10098-018-1601-8
https://doi.org/10.1155/2022/2456338
https://doi.org/10.1016/j.scp.2023.101310


S. Thirumalvalavan et al. / Advanced Engineering Letters Vol.4, No.3, 105-117 (2025) 

 115 

Bioresource Technology, 96(13), 2005: 1425–
1429.  
https://doi.org/10.1016/j.biortech.2004.12.01
1 

[24] Widayat, A.D.K. Wibowo, Hadiyanto, Study on 
Production Process of Biodiesel from Rubber 
Seed (Hevea Brasiliensis) by in Situ 
(Trans)Esterification Method with Acid 
Catalyst. Energy Procedia, 32, 2013: 64–73. 
https://doi.org/10.1016/j.egypro.2013.05.009 

[25] S. Sayyed, R.K. Das, K. Kulkarni, Experimental 
investigation for evaluating the performance 
and emission characteristics of DICI engine 
fueled with dual biodiesel-diesel blends of 
Jatropha, Karanja, Mahua, and Neem. Energy, 
238(Part B), 2022: 121787.  
https://doi.org/10.1016/j.energy.2021.121787  

[26] R.S Kumbar, P.S Patil, O. Hebbal, Experimental 
Investigation of Performance and Combustion 
Characteristics on A Single Cylinder LHR Engine 
Using Diesel and Castor Biodiesel. International 
Journal of Research in Engineering and 
Technology, 02(07), 2013: 207–211.  
https://doi.org/10.15623/ijret.2013.0207028  

[27] A. Jain, B. Jyoti Bora, P. Sharma, R. Kumar, B. 
Jyoti Medhi, D. Balakrishnan, N. Senthilkumar, 
Statistical analysis of Mesua Ferrea seed oil 
biodiesel fueled diesel engine at variable 
injection timings using response surface 
methodology. Sustainable Energy Technologies 
and Assessments, 60, 2023: 103476.  
https://doi.org/10.1016/j.seta.2023.103476  

[28] Y. Zhang, Y. Zhong, J. Wang, D. Tan, Z. Zhang, D. 
Yang, Effects of Different Biodiesel-Diesel Blend 
Fuel on Combustion and Emission 
Characteristics of a Diesel Engine. Processes, 
9(11), 2021: 1984. 
https://doi.org/10.3390/pr9111984  

[29] H. An, W.M. Yang, A. Maghbouli, J. Li, S.K. Chou, 
K.J. Chua, Performance, combustion and 
emission characteristics of biodiesel derived 
from waste cooking oils. Applied Energy, 112, 
2013: 493–499.  
https://doi.org/10.1016/j.apenergy.2012.12.0
44  

[30] A. V. Kolhe, P.D. Malwe, Y. Chopkar, H. Panchal, 
Ü. Ağbulut, N.M. Mubarak, S. Chowdhury, 
K.T.T. Amesho, Performance analysis of 
biofuel–ethanol blends in diesel engine and its 
validation with computational fluid dynamics. 
Environmental Science and Pollution Research, 
30, 2023: 125117–125137.  
https://doi.org/10.1007/s11356-023-27086-y  

[31] N.H. Hamza, M.F. Al-Dawody, K.A. Al-Farhany, 
U. Rajak, T.N. Verma, Impact of using different 
biofuels on the characteristics of turbocharged 
diesel engine: an application towards 
mechanical engineering. Environment, 
Development and Sustainability, 2023. 
https://doi.org/10.1007/s10668-023-03923-5  

[32] N.S. Dugala, G.S. Goindi, A. Sharma, 
Experimental investigations on the 
performance and emissions characteristics of 
dual biodiesel blends on a varying compression 
ratio diesel engine. SN Applied Sciences, 3, 
2021: 622. https://doi.org/10.1007/s42452-
021-04618-0  

[33] S. Gowrishankar, A. Krishnasamy, 
Emulsification – A promising approach to 
improve performance and reduce exhaust 
emissions of a biodiesel fuelled light-duty diesel 
engine. Energy, 263(Part C), 2023, 125782. 
https://doi.org/10.1016/j.energy.2022.125782  

[34] U. Rajak, T.N. Verma, K.V. Allamraju, R. Kumar, 
Q.H. Le, A. Pugazhendhi, Effects of different 
biofuels and their mixtures with diesel fuel on 
diesel engine performance and exhausts. 
Science of The Total Environment, 903, 2023: 
166501. 
https://doi.org/10.1016/j.scitotenv.2023.1665
01  

[35] B. Deepanraj, N. Senthilkumar, D. Mala, A. 
Sathiamourthy, Cashew nut shell liquid as 
alternate fuel for CI engine—optimization 
approach for performance improvement. 
Biomass Conversion and Biorefinery, 12, 2022: 
1715–1728. https://doi.org/10.1007/s13399-
021-01312-4  

[36] F. Millo, B.K. Debnath, T. Vlachos, C. Ciaravino, 
L. Postrioti, G. Buitoni, Effects of different 
biofuels blends on performance and emissions 
of an automotive diesel engine. Fuel, 159, 2015: 
614–627.  
https://doi.org/10.1016/j.fuel.2015.06.096  

[37] B. Deepanraj, A. Ashok, S.K. Gugulothu, R. 
Venkat Reddy, N. Senthilkumar, Z. Said, M. 
Bhowmik, Enhancement of RCCI engine 
characteristics of Jatropha oil biodiesel as high 
reactivity fuel and 1-pentanol as low reactivity 
fuel with variable injection timing. Fuel, 348, 
2023: 128390.  
https://doi.org/10.1016/j.fuel.2023.128390  

[38] S. Rajendran, P. Ganesan, G. Anandkumar, A 
comparative assessment on performance, 
combustion and emission characteristics of 
diesel engine fuelled by juliflora biodiesel-

https://doi.org/10.1016/j.biortech.2004.12.011
https://doi.org/10.1016/j.biortech.2004.12.011
https://doi.org/10.1016/j.egypro.2013.05.009
https://doi.org/10.1016/j.energy.2021.121787
https://doi.org/10.15623/ijret.2013.0207028
https://doi.org/10.1016/j.seta.2023.103476
https://doi.org/10.3390/pr9111984
https://doi.org/10.1016/j.apenergy.2012.12.044
https://doi.org/10.1016/j.apenergy.2012.12.044
https://doi.org/10.1007/s11356-023-27086-y
https://doi.org/10.1007/s10668-023-03923-5
https://doi.org/10.1007/s42452-021-04618-0
https://doi.org/10.1007/s42452-021-04618-0
https://doi.org/10.1016/j.energy.2022.125782
https://doi.org/10.1016/j.scitotenv.2023.166501
https://doi.org/10.1016/j.scitotenv.2023.166501
https://doi.org/10.1007/s13399-021-01312-4
https://doi.org/10.1007/s13399-021-01312-4
https://doi.org/10.1016/j.fuel.2015.06.096
https://doi.org/10.1016/j.fuel.2023.128390


S. Thirumalvalavan et al. / Advanced Engineering Letters Vol.4, No.3, 105-117 (2025) 

 116 

diesel blends. Australian Journal of Mechanical 
Engineering, 21, 2023: 257–269.  
https://doi.org/10.1080/14484846.2020.1842
294 

[39] A.S. Rajpoot, T. Choudhary, H. Chelladurai, S. 
Mishra, V. Shende, Performance analysis of a CI 
engine powered by different generations of 
biodiesel; Palm oil. Jatropha, and microalgae, 
Materials Today: Proceedings, 2023.  
https://doi.org/10.1016/j.matpr.2023.02.037  

[40] V.K. Nema, A. Singh, P.K. Chaurasiya, T.K. Gogoi, 
T.N. Verma, D. Tiwari, Combustion, 
performance, and emission behavior of a CI 
engine fueled with different biodiesels: A 
modelling, forecasting and experimental study. 
Fuel, 339, 2023: 126976.  
https://doi.org/10.1016/j.fuel.2022.126976  

[41] M. Mourad, K.R.M. Mahmoud, E.-S.H. 
NourEldeen, Improving diesel engine 
performance and emissions characteristics 
fuelled with biodiesel. Fuel, 302, 2021: 121097. 
https://doi.org/10.1016/j.fuel.2021.121097 

[42] S. Milojević, O. Stopka, N. Kontrec, O. Orynycz, 
M. Hlatká, M. Radojković, B. Stojanović, 
Analytical Characterization of Thermal 
Efficiency and Emissions from a Diesel Engine 
Using Diesel and Biodiesel and Its Significance 
for Logistics Management. Processes, 13(7), 
2025: 2124. 
https://doi.org/10.3390/pr13072124  

[43] S. Rajendran, E.P. Venkatesan, R. Dhairiyasamy, 
S. Jaganathan, G. Muniyappan, N. Hasan, 
Enhancing Performance and Emission 
Characteristics of Biodiesel-Operated 
Compression Ignition Engines through Low 
Heat Rejection Mode and Antioxidant 
Additives: A Review. ACS Omega, 8(38), 2023: 
34281–34298. 
https://doi.org/10.1021/acsomega.3c03252  

[44] C.B. Pinapati, L. Nalluri, P.K. Alagiri, 
Preparation, Study of Performance and 
Emission Characteristics of Diesel Engine 
Fuelled with Waste Cooking Oil Biodiesel. 
International Journal of Science and Research 
(IJSR), 5(7), 2016: 626–631. 
https://doi.org/10.21275/v5i7.ART2016289  

[45] C. Jit Sarma, P. Sharma, B.J. Bora, D.K. Bora, N. 
Senthilkumar, D. Balakrishnan, A.I. Ayesh, 
Improving the combustion and emission 
performance of a diesel engine powered with 
mahua biodiesel and TiO2 nanoparticles 
additive. Alexandria Engineering Journal, 72, 
2023: 387–398.  
https://doi.org/10.1016/j.aej.2023.03.070  

[46] S. Imran, M. Gul, M.A. Kalam, N.W.M. Zulkifli, 
M.A. Mujtaba, M.N.A.M. Yusoff, M.S.N. Awang, 
Effect of various nanoparticle biodiesel blends 
on thermal efficiency and exhaust pollutants. 
International Journal of Energy and 
Environmental Engineering, 14(4), 2023: 937–
948. https://doi.org/10.1007/s40095-023-
00557-1  

[47] S. Vellaiyan, Bauhinia racemose seeds as novel 
feedstock for biodiesel: Process parameters 
optimisation, characterisation, and its 
combustion performance and emission 
characteristics assessment with water 
emulsion. Process Safety and Environmental 
Protection, 176, 2023: 12–24.  
https://doi.org/10.1016/j.psep.2023.05.099  

[48] M. Kumar, B.K. Mandal, A. Ganguly, R. Ravi, T. 
Alam, M.I.H. Siddiqui, S.M. Eldin, Performance 
evaluation of a diesel engine fueled with 
Chlorella Protothecoides microalgal biodiesel. 
Case Studies in Thermal Engineering, 51, 2023: 
103609. 
https://doi.org/10.1016/j.csite.2023.103609  

[49] S. Vellaiyan, S. Kuppusamy, D. Chandran, R. 
Raviadaran, Y. Devarajan, Optimisation of fuel 
modification parameters for efficient and 
greener energy from diesel engine powered by 
water-emulsified biodiesel with cetane 
improver. Case Studies in Thermal Engineering, 
48, 2023: 103129. 
https://doi.org/10.1016/j.csite.2023.103129  

[50] M. Dębowski, R. Michalski, M. Zieliński, J. 
Kazimierowicz, A Comparative Analysis of 
Emissions from a Compression–Ignition Engine 
Powered by Diesel, Rapeseed Biodiesel, and 
Biodiesel from Chlorella protothecoides 
Biomass Cultured under Different Conditions., 
Atmosphere, 12(9), 2021: 1099.  
https://doi.org/10.3390/atmos12091099  

[51] A.P. Jagadevkumar, V.K. Pravin, Evaluation of 
performance and emission characeristics of 
heterotrophic chlorella protothecoides 
microalgae biodiesel and its blends with diesel 
in a direct injection diesel engine. Journal of 
Physics: Conference Series, 1473, 2020: 012043. 
https://doi.org/10.1088/1742-
6596/1473/1/012043  

[52] M.M. Roy, W. Wang, M. Alawi, Performance 
and emissions of a diesel engine fueled by 
biodiesel–diesel, biodiesel–diesel-additive and 
kerosene–biodiesel blends. Energy Conversion 
and Management, 84, 2014: 164–173. 
https://doi.org/10.1016/j.enconman.2014.04.
033  

https://doi.org/10.1080/14484846.2020.1842294
https://doi.org/10.1080/14484846.2020.1842294
https://doi.org/10.1016/j.matpr.2023.02.037
https://doi.org/10.1016/j.fuel.2022.126976
https://doi.org/10.1016/j.fuel.2021.121097
https://doi.org/10.3390/pr13072124
https://doi.org/10.1021/acsomega.3c03252
https://doi.org/10.21275/v5i7.ART2016289
https://doi.org/10.1016/j.aej.2023.03.070
https://doi.org/10.1007/s40095-023-00557-1
https://doi.org/10.1007/s40095-023-00557-1
https://doi.org/10.1016/j.psep.2023.05.099
https://doi.org/10.1016/j.csite.2023.103609
https://doi.org/10.1016/j.csite.2023.103129
https://doi.org/10.3390/atmos12091099
https://doi.org/10.1088/1742-6596/1473/1/012043
https://doi.org/10.1088/1742-6596/1473/1/012043
https://doi.org/10.1016/j.enconman.2014.04.033
https://doi.org/10.1016/j.enconman.2014.04.033


S. Thirumalvalavan et al. / Advanced Engineering Letters Vol.4, No.3, 105-117 (2025) 

 117 

[53] S. Erdoğan, S. Aydın, M.K. Balki, C. Sayin, 
Operational evaluation of thermal barrier 
coated diesel engine fueled with 
biodiesel/diesel blend by using MCDM method 
base on engine performance, emission and 
combustion characteristics. Renewable Energy, 
151, 2020: 698–706.  
https://doi.org/10.1016/j.renene.2019.11.07 

[54] S. Vellaiyan, Combustion, performance and 
emission evaluation of a diesel engine fueled 
with soybean biodiesel and its water blends. 
Energy, 201, 2020: 117633.  
https://doi.org/10.1016/j.energy.2020.117633  

[55] D. Lee, K. Jeong, H.G. Roh, C.S. Lee, An 
Experimental Study of Two-Stage Combustion 
Strategy on Combustion and Emission 

Characteristics in a Diesel Engine Fueled with 
Biodiesel Blends, Proceedings of the ASME 2012 
Internal Combustion Engine Division Spring 
Technical Conference. ASME 2012 Internal 
Combustion Engine Division Spring Technical 
Conference,  6–9 May 2012, Torino, Piemonte, 
Italy, pp.171–177. 
https://doi.org/10.1115/ICES2012-81178 

[56] S. Gajević, A. Marković, S. Milojević, A. Ašonja, 
L. Ivanović, and B. Stojanović, Multi-objective 
optimization of tribological characteristics for 
aluminum composite using Taguchi grey and 
TOPSIS approaches. Lubricants, 12(5), 2024: 
171. 
https://doi.org/10.3390/lubricants12050171 

 
 
 
 
 
 

 

© 2025 by the authors. This work is licensed under a Creative Commons Attribution-Non Commercial  
4.0 International License (CC BY-NC 4.0). 

 

https://doi.org/10.1016/j.renene.2019.11.07
https://doi.org/10.1016/j.energy.2020.117633
https://doi.org/10.1115/ICES2012-81178
https://doi.org/10.3390/lubricants12050171

