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Abstract

The growing demand for sustainable fuels has created opportunities to explore
biodiesel as a substitute for conventional diesel fuel. In this study, we investigated
the engine performance and emission characteristics of biodiesel blends derived
from waste cooking oil (WCO) and karanja oil (KO) using a single-cylinder, four-stroke
compression ignition engine. The emission characteristics of WCO and KO diesel
blends were analyzed at different engine loads (0-12 kg), corresponding to 25% (3 kg),
50% (6 kg), 75% (9 kg), and 100% (12 kg) of the maximum load. The biodiesel blend
ratios of 5%, 10%, 15%, and 20%, and compared with pure diesel operation. Biodiesels
were produced through transesterification and tested under varying engine loads
at a constant speed. Parameters such as brake thermal efficiency and mechanical
efficiency were measured and compared. No substantial variations in brake thermal
efficiency or mechanical efficiency were observed between pure diesel and the
biodiesel blends; therefore, this study primarily focused on evaluating the emission
characteristics. Emission parameters, such as carbon monoxide, hydrocarbons,
nitrogen oxides, and smoke, were analyzed. The results indicate that both WCO and
KO blends can be effectively utilized in compression ignition engines. Compared
with pure diesel, biodiesel blends produced lower carbon monoxide, hydrocarbons,
and smoke emissions, although a slight increase in nitrogen oxide emissions was
observed. WCO- and KO-derived biodiesels show promise as sustainable alternatives
to diesel fuel for compression ignition engines.

Keywords: Waste cooking oil; Karanja oil; Biodiesel-diesel blends; Compression ignition
engine; Engine performance; Emission characteristics

1. Introduction

The increase in pollution levels in cities across the globe is an increasing environmental
concern. Diesel engines are widely used in transportation, agriculture, and power
generation. These engines are major contributors to exhaust emissions, including carbon
monoxide (CO), unburnt hydrocarbons (HC), nitrogen oxides (NO,), and particulate
matter. Biodiesel derived from vegetable oils and waste oils has emerged as a substitute
for conventional diesel fuel due to its favorable combustion characteristics.
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Edible oil-based biodiesels initially gained attention;
however, their large-scale use raised concerns related to
food security and cost. Research has shifted toward non-
edible oils and waste-derived feedstocks as alternative
biodiesel sources.! The environmental and health concerns
associated with the improper reuse and disposal of waste
oils have increased interest in waste cooking oil (WCO)
as a biodiesel blend. WCO is abundantly available from
households, hotels, and food-processing industries, and its
disposal poses serious environmental challenges.?> The use
of WCO for biodiesel production not only provides a low-
cost fuel alternative but also addresses waste management
issues.’ The karanja oil (KO; Pongamia pinnata), a non-
edible oil obtained from karanja seeds, is widely available
in India and is well-suited for biodiesel production due to
its high oil content and favorable fatty acid composition.*

Researchers have investigated the feasibility of WCO
and KO biodiesel in compression ignition (CI) engines.’
One common type of biodiesel is fatty acid methyl esters
(FAME), which are widely used in compression-ignition
internal combustion engines in various vehicles (e.g.,
automotive, rail, and marine). Hydrotreated vegetable
oil, another type of biofuel, is also increasingly utilized in
diesel engines.

As a general practice, these fuels are used in mixtures
with petroleum fuels. Studies have also reported that
biodiesel blends result in lower CO, HC, and smoke
emissions owing to the inherent oxygen content of
biodiesel, which promotes more complete combustion.® A
slight increase in NO_emissions has been observed, which
may be attributed to higher combustion temperatures
and advanced ignition characteristics.” Performance
parameters such as brake thermal efficiency (BTE) and
brake specific fuel consumption (BSFC) were comparable
to those of diesel at lower blend ratios, particularly for B10
and B20 blends.?

Numerous studies have independently examined
WCO and KO biodiesels; however, limited studies have
performed a comparative evaluation of these biodiesel
blends under identical engine operating conditions.’
The present study aims to experimentally investigate and
compare the performance and emission characteristics
of WCO and KO diesel blends in a single-cylinder, four-
stroke CI engine.”” Previous studies on WCO biodiesel
blends have reported comparable engine performance
with pure diesel operation."" Furthermore, the reduced
pollutant emissions observed with biodiesel blends indicate
their potential as environmentally favorable alternatives to
conventional diesel fuel."? Diesel engines remain dominant
in transportation, agriculture, and power generation due
to their high efficiency and durability. These engines are

significant contributors to air pollution and greenhouse gas
emissions.'* Biodiesel derived from renewable feedstocks

has emerged as a promising substitute for petroleum
diesel."

In the early stages of biodiesel research, edible
vegetable oils were extensively investigated. Their large-
scale utilization raised concerns related to food security,
land use, and fuel cost.”® This led to a growing shift toward
non-edible oils and waste-derived feedstocks. WCO has
gained considerable attention because of its low cost, wide
availability, and the environmental problems associated
with its improper disposal.'® Recycling WCO into biodiesel
or using it in blended form with diesel not only reduces
fuel cost but also addresses waste management and
environmental pollution issues."”

2. Literature review

The shift toward renewable and sustainable fuels has
driven extensive research into biodiesel production and its
application in CI engines."® Biodiesel can be produced from
various feedstocks, including edible oils, non-edible oils,
and waste oils, with WCO and KO emerging as attractive
low-cost, non-food alternatives that mitigate food-fuel
competition and environmental waste disposal concerns."
WCO biodiesel has been widely investigated due to its
economic and environmental benefits.? Several studies®' ¢
demonstrated that WCO methyl ester (WCOME) results in
BTE values comparable to those of diesel, although BSFC
tends to increase with higher biodiesel fractions because of
its lower calorific value compared with conventional diesel.
Performance tests on single-cylinder and multi-cylinder
diesel engines using WCO biodiesel blends (B10-B50)
have shown reduced emissions of CO, HC, and smoke
particulate due to the higher oxygen content of biodiesel.
A B10 blend indicates that 10% biodiesel is mixed with
90% diesel. The major limitation of adding higher biodiesel
blending ratios is the reduction in thermal efficiency.”

Test results of KO and WCO as biodiesel feedstocks are
presented in Table 1.

2.1. Karanja oil

Karanja oil, a non-edible seed oil, has also been studied
for biodiesel production and engine applications.” KO
is obtained from the seeds of Pongamia pinnata (also
known as Pongamia glabra). KO consists primarily of
triglycerides, which are esters formed from glycerol and
long-chain fatty acids. The general molecular structure of
triglycerides can be represented as C;H (OOC-R),, where
R denotes HC chains of varying lengths and degrees of
saturation. The dominant fatty acids present in KO include
oleic acid (C18:1), linoleic acid (C18:2), palmitic acid
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(C16:0), and stearic acid (C18:0). Oleic acid constitutes
the highest proportion, ranging from 45%-70%, which
contributes to better oxidative stability and ignition quality
of the resulting biodiesel. Oleic and stearic acids, which are
found in KO, reduce friction losses in both high-pressure
fuel injection systems and diesel engine cylinders. This is
an additional benefit of using KO.*-

Table 1. Summary of reported test results for karanja oil and
waste cooking oil as biodiesel feedstocks

Waste cooking oil (mix of

Oil blend Karanja oil sunflower and groundnut oil
after cooking multiple times)
Non-edible . .
Feedstock type vegetable oil Recycled edible oil waste
Botanical/source Pongamia Used cooking oils (e.g., soybean,

pinnata seeds palm, and sunflower oils)

Free fatty acid

content (mg 8.8 11
KOH/g)
Density (kg/m® at
15°C) 878 882
Kinematic
viscosity (mm?/s 5.2 5.16
at 40 °C)
Calorific value
37.9 38.2

(MJ/kg)
Cetane number 51 51
Flash point (°C) 170 170
Bralfe thermal Same as diesel Same as diesel
efficiency
CO_ ar,ld HC Low‘er than Lower than diesel
emissions diesel
Smoke opacity Reduced Reduced
Nlt.roigen oxide H1gh‘er than Higher than diesel
emissions diesel

Highly

available in

Availability South Indian Widely available urban waste
forests
L Non-edible,
Sustainability .
aspect grows on Waste recycling, low cost
P wasteland

Due to its relatively high free fatty acid (FFA)
content, crude KO is not directly suitable for alkaline
transesterification. The FFA value may range from 4-12 mg
potassium hydroxide (KOH)/g, depending on seed quality
and storage conditions. Biodiesel production involves a

two-step process, including acid esterification followed
by alkaline transesterification. FFAs react with methanol
(CH,OH) in the presence of an acid catalyst such as sulfuric
acid to form FAME and water, thereby reducing the FFA
level below 2 mg KOH/g. Alkaline transesterification
converts triglycerides into biodiesel using CH,OH and
catalysts such as sodium hydroxide (NaOH) or KOH.
The FAME compounds produced include methyl oleate
(C,,H,0,), methyl linoleate (C/H,0O,), and methyl

36 2 3472

palmitate (C_H,,0,).”

3472

The KO methyl ester (KOME) exhibits characteristics
comparable to conventional diesel fuel. The density
of KOME is approximately 860-890 kg/m’ while its
kinematic viscosity at 40 °C ranges from 4.5 to 5.5 mm?/s,
which satisfies ASTM D6751 and EN 14214 standards.*
The cetane number of karanja biodiesel is relatively high
(around 50-52), indicating good ignition quality. The
calorific value of KOME is slightly lower than diesel, in the
range of 37-39 MJ/kg, due to the presence of oxygenated
compounds. The flash point of karanja biodiesel exceeds
160 °C, making it safer for storage and handling.

The biodiesel produced from KO was characterized
according to ASTM D6751 standards. The measured fuel
properties indicated a density of approximately 870-890
kg m™, kinematic viscosity of 4.5-5.8 mm?/s, calorific
value of 37-40 MJ/kg, cetane number of 51-58, and a flash
point of 160 °C-180 °C. The higher oxygen content (10%-
12%) and negligible sulfur content contribute to improved
combustion and lower exhaust emissions. Karanja trees are
widely distributed across India and other tropical regions.
They are hardy, drought-resistant, and capable of growing
on marginal and wasteland areas without competing with
food crops.* These trees grow in wastelands with limited
water availability. The oil content of karanja seeds ranges
from 27%-39%, making it a sustainable and economically
viable feedstock for large-scale biodiesel production.” KO
biodiesel is considered a promising alternative fuel for
diesel engines, particularly in blends such as B20.

2.2, Waste cooking oil

Waste cooking oil consists mainly of triglycerides, which
are esters of glycerol and long-chain fatty acids, represented
by the formula CH,(OOC-R),, where R denotes HC
chains of varying saturation and length.?> The fatty acid
composition of WCO depends on the original edible oil
source, such as soybean, palm, sunflower, or groundnut
oil, and the extent of thermal degradation during repeated
frying.” The fatty acids present in WCO include oleic acid
(C18:1), linoleic acid (C18:2), palmitic acid (C16:0), and
stearic acid (C18:0), along with oxidized and polymerized
compounds formed during cooking.?
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Waste cooking oil contains a high level of FFA, often
ranging from 10-20 mg KOH/g. This elevated FFA content
makes direct alkaline transesterification unsuitable, as
it leads to soap formation and reduced biodiesel yield. A
two-step conversion process is commonly adopted. In the
first step, acid esterification is carried out using CH,OH
and an acid catalyst such as sulfuric acid to reduce the FFA
content below 2 mg KOH/g. In the second step, alkaline
transesterification is performed using NaOH or KOH as
catalysts, converting triglycerides into FAME and glycerol
(C,H,0,) as a by-product. Major FAME compounds in
WCO biodiesel include methyl oleate (C ;H, O,), methyl
linoleate (C,,H,,0,), and methyl palmitate (C,_H,,0,).}

197 734 177734 72
Waste  cooking oil was produced through
transesterification and characterized according to

ASTM D6751 standards. The fuel exhibited a density of
approximately 870-890 kg m® and a kinematic viscosity of
4.0-5.5 mm?*/s at 40 °C. The calorific value was found to
be in the range of 37-40 MJ/kg, while the cetane number
varied between 50 and 58. The flash point of WCO biodiesel
was significantly higher (140 °C -175 °C) than that of
conventional diesel, improving fuel handling safety."®

The fuel properties of WCO biodiesel (WCOME) are
comparable to those of conventional diesel fuel and meet
international biodiesel standards such as ASTM D6751
and EN 14214. The density of WCOME range of 850-885
kg/m’, while the kinematic viscosity at 40 °C ranges from
4.2-5.8 mm?/s.*® The calorific value of WCO biodiesel is
slightly lower than diesel, usually between 38 and 40 MJ/
kg, due to the presence of oxygenated compounds. The
cetane number of WCOME varies between 48 and 51.
WCO biodiesel exhibits a high flash point above 150 °C,
ensuring safer handling and storage.

Moreover, WCO is abundantly generated from
households, restaurants, and food-processing industries,
particularly in urban areas. Engine studies have shown
that WCO biodiesel blends, especially B20, exhibit BTE
values comparable to those of diesel fuel. These fuels have
significant reductions in CO, unburnt HCs, and smoke
emissions, although a slight increase in NO_ emissions is
commonly observed.*

3. Methodology

Waste cooking oil was collected from a local food hotel
and was filtered to remove food residues, moisture, and
suspended impurities. KO was extracted from karanja
seeds. The oils were converted into biodiesel using a
transesterification process with CH,OH and an alkaline
catalyst (NaOH). The biodiesel was allowed to settle, then
washed with warm distilled water to remove residual
catalyst and glycerol, followed by drying. The diesel engine

test rig is shown in Figure 1. The engine specifications are
provided in Table 2.

Table 2. Engine specifications used to test both karanja oil
and waste cooking oil biodiesel blends

Parameter Specification

Number of cylinders Single cylinder

Number of strokes 4-stroke Kirloskar engine

Engine speed 1,500 rpm
Type of cooling Water-cooled engine
Power output 3.50 kW
Cylinder bore 87.50 mm
Stroke length 110.00 mm
Connecting rod length 234.00 mm
Compression ratio range 12.00-18.00
Swept volume 661.45 cc
Adiabatic index (y) 1.41

Air density 1.17 kg/m?
Polytropic index (n) 1.18
Cylinder pressure 6 bar
Orifice diameter 20.00 mm

Experiments were conducted on a single-cylinder,
four-stroke, water-cooled CI engine operated at a constant
speed. The engine was coupled with a current dynamometer
to apply varying loads. Standard instrumentation was
used to measure fuel consumption, airflow, exhaust gas
temperature, and engine speed. The engine was initially
run with pure diesel to establish baseline data. WCO and
KO biodiesel blends were tested under identical operating
conditions at different load levels. At each load, the engine
was allowed to reach a steady-state condition before
measurements were recorded. Performance parameters,
such as BTE and BSFC, were calculated, while exhaust
emissions, including CO, HC, NO, and smoke emissions,
were measured using a calibrated gas analyzer and smoke
meter.

4, Results
4.1. Brake thermal efficiency versus load

Brake thermal efficiency increases with load for both
biodiesel blends and reaches maximum values at high
load conditions. This improvement is due to reduced heat
losses and better utilization of supplied fuel energy at
higher loads. KO shows marginally higher BTE at full load
compared to WCO, which may be attributed to its higher
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Figure 1. Diesel engine test rig

cetane number and improved combustion stability. The
difference between the two fuels remains small, indicating
comparable thermal efficiency performance.

Mechanical efficiency increases substantially with
increasing load for both biodiesel blends. At low loads,
mechanical efficiency is minimal due to dominant
frictional losses and lower combustion efficiency. As the
load increases, the proportion of useful power output
increases, leading to higher mechanical efficiency. WCO
shows marginally higher mechanical efficiency values at
higher loads, indicating lower relative friction losses and
improved engine operation.

Both KO and WCO biodiesel blends have comparable
engine performance characteristics, with WCO showing
slightly better torque and brake power output, while KO
exhibits marginally higher thermal efficiency. These results
indicate that WCO biodiesel has potential as an alternative
fuel for CI engines without requiring engine modifications.

Figures 2 and 3 show that BTE increases steadily
with load for pure diesel and all WCO and KO blends.
At lower loads, slight variations are observed among
the fuels; however, as the load increases, the efficiency
values converge closely. At full load, most blends exhibit
BTE values comparable to those of pure diesel, with only
marginal differences of about 1%-2%. No consistent or

substantial reduction in performance was observed for
blended fuels.

Figure 4 shows that there is no substantial variation
observed in mechanical efficiency between pure diesel
and blended diesel. The main focus of this study is the
comparison of emission characteristics among diesel
blends. The results indicate that blending WCO and KO
with diesel does not adversely affect engine performance
under the tested conditions, and the blends demonstrate
performance characteristics similar to conventional diesel
under all tested load conditions.

4.2, Pollution analysis

The emission characteristics of WCO and KO biodiesel-
diesel blends were analyzed at different engine loads
(0-12 kg) for blend ratios of 5%, 10%, 15%, and 20%,
and compared with pure diesel operation. The measured
parameters include CO, HC, oxygen (O,), NO,, and smoke
opacity.

4.2.1. Carbon monoxide

Carbon monoxide emissions for both WCO and KO
biodiesel-diesel blends were higher than those of pure
diesel at low and medium engine loads, as shown in
Figure 1. Under the present experimental conditions, pure
diesel exhibited the lowest CO emissions, indicating more
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Figure 2. Comparison of brake thermal efficiency of waste cooking oil (WCO) biodiesel-diesel blends and pure diesel

Figure 3. Comparison of brake thermal efficiency of karanja oil (KO) biodiesel-diesel blends and pure diesel
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Figure 4. Comparison of mechanical efficiency of waste cooking oil (WCO) biodiesel-diesel blends and pure diesel

complete combustion than the biodiesel-diesel blends. As
the engine load increased, the differences in CO emissions
among the fuels became less pronounced due to improved
combustion efficiency at higher loads.

Based on Figures 5 and 6, the 15% and 20% blends
exhibited the lowest CO emission values at medium
loads (3-9 kg) compared with the other biodiesel-diesel
blends. KO blends showed a similar trend, with the 20%
KO blend recording the lowest CO emissions across the
tested load range. At full load (12 kg), a marginal increase
in CO was observed for all blends, which may be attributed
to incomplete combustion under higher fuel supply
conditions.

4.2.2. Hydrocarbons

Hydrocarbon emissions increased with load for all fuel
blends, including pure diesel. WCO biodiesel-diesel blends
showed higher HC emissions at higher loads compared
with pure diesel, particularly for the 5% and 10% blends,
which may be attributed to less effective fuel atomization.
KO blends exhibited lower HC emissions than pure diesel
across the tested load range, especially at 15% and 20%
blend ratios, suggesting improved combustion stability.

The comparison of HC emissions is shown in Figures 7
and 8.

4.2.3. Oxygen

As shown in Figures 9 and 10, the exhaust O, concentration
decreased with increasing engine load, indicating greater
O, utilization during combustion at higher loads. WCO
biodiesel-diesel blends showed lower O, concentrations
when compared with pure diesel (Figure 9), whereas KO
blends exhibited a lower O, concentration as the load
increased (Figure 10).

4.2.4. Nitrogen oxide

Nitrogen oxide emissions increased with increasing load
for all biodiesel blends. WCO blends, particularly at
5% and 10%, showed higher NO_ emissions at full load
compared with the corresponding KO blends, which may
be attributed to higher combustion temperatures and O,
availability in the combustion environment (Figure 11).
KO blends exhibited relatively lower NO_emission levels
than WCO blends at corresponding blend ratios, especially
for 15% and 20% blends, indicating a lower NO,_formation
tendency during combustion (Figure 12).
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Figure 5. Comparison of carbon monoxide emissions from waste cooking oil (WCO) biodiesel-diesel blends and pure diesel

Figure 6. Comparison of carbon monoxide emissions from karanja oil (KO) biodiesel-diesel blends and pure diesel

Volume X Issue X (2026) 8 doi: 10.36922/AJWEP026240165


https://doi.org/10.36922/AJWEP026240165

Asian Journal of Water,
EnVIronment and PO“.Ut'On Analysis of WCO and karanja oil diesel blends

Figure 7. Comparison of HC emissions from WCO biodiesel-diesel blends and pure diesel
Abbreviations: HC: Hydrocarbon; WCO: Waste cooking oil.

Figure 8. Comparison of HC emissions from KO biodiesel-diesel blends and pure diesel
Abbreviations: HC: Hydrocarbon; KO: Karanja oil.
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Figure 9. Comparison of exhaust O, concentration of WCO biodiesel-diesel blends and pure diesel
Abbreviations: O,: Oxygen; WCO: Waste cooking oil.

Figure 10. Comparison of exhaust oxygen (O,) concentration of karanja oil (KO) biodiesel-diesel blends and pure diesel
Abbreviations: KO: Karanja oil; O,: Oxygen.
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Figure 11. Comparison of NO_emissions from WCO biodiesel-diesel blends and pure diesel
Abbreviations: NO _: Nitrogen oxide; WCO: Waste cooking oil.

Figure 12. Comparison of NO_emissions from KO biodiesel-diesel blends and pure diesel
Abbreviations: KO: Karanja oil; NO : Nitrogen oxide.
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4.2.5. Smoke opacity

Smoke opacity increased with load for both WCO and
KO biodiesel-diesel blends. Higher biodiesel blends (10%,
15%, and 20%) produced lower smoke opacity than diesel.
Smoke opacity increased for all blends; however, KO blends
consistently showed lower smoke opacity than WCO
blends, indicating improved combustion characteristics.

Based on Figures 13 and Figure 14, the results indicate
that WCO blends and KO blends up to 15% demonstrated
favorable emission characteristics at all loads. Among all
tested fuel blends, the 20% WCO blend and 5% KO showed
potential as an alternative fuel blend, offering reduced CO,
HC, and smoke opacity with comparatively moderate NO_
emission levels, indicating its potential suitability for CI

engine applications.

5. Comparative study

The proposed experimental study was compared with
recent related studies, and the results are presented in
Table 3.

The findings indicate reductions in CO, HC, and smoke
opacity, accompanied by a marginal increase in NO_
emissions. These observations are consistent with recent
studies published in journals such as MDPI Energies”,
International Journal of Hydrogen Energy *, and Scientific
Reports ¥, which reported that oxygenated biodiesel fuels
can improve combustion characteristics while slightly
increasing NO_formation.

Table 3. Comparison of recent studies with the experimental results

The present study (WCO . 37 38 39
Parameter and KO blends) Weislo et al. Pullagura et al. Azarudeen et al.
Feedstock WCO and KO WCO’bPi)ZgE:eTYbean Karanja, jatropha, mixed oils WCO and non-edible oils
Engine type Smgle-cylmde‘r, 4-stroke CI Single-cylinder CI engine CI engine (.mostly single- CI engine (laboratory-scale
engine cylinder) setups)
Blend ratios B5, B10, B15, B20 B5-B30 B10-B20 B5-B20
. Mostl ,
Op er.a Fmg Load: 0-12 kg, constant speed ~ Variable load, constant speed Variable load and speed ostly co.n stant speed
conditions varying load
Biodiesel P e P o
. Transesterification Transesterification Transesterification Transesterification

production
Brake thermal Slightly lower than diesel; Slight decrease (2%-8%) vs. Comparable at low blends Slight reduction
efficiency improves with load diesel (B10-B20) &
Brake spegﬁc fuel Higher than diesel Higher due to lower calorific Higher (5%-15%) Increased l.)rake specific fuel
consumption value consumption was observed
Exhaust gas . . . o . .

Increases with load Similar trend Higher for biodiesel blends Slightly higher
temperature
Car.bc?n monoxide Reduced Reduced significantly Reduced Reduced
emissions
Hy('ir(.)carbon Reduced Reduced Reduced Reduced
emissions

Nitrogen oxide

Slight increase

Increase (common trend)

emissions

Smoke opacity Reduced Reduced

Engine

modification No major modification No modification needed
required

Key conclusion

WCO and KO show potential
as alternative fuels for CI
engines

Biodiesel blends demonstrate
potential for reducing exhaust
emissions

Increase (due to oxygen
content)

Reduced

No modification needed

Biodiesel blends demonstrate
potential for reducing exhaust
emissions

Slight increase

Reduced

No modification needed

Biodiesel blends demonstrate
potential for reducing exhaust
emissions

Abbreviations: CI: Compression ignition; KO: Karanja oil; WCO: Waste cooking oil.
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Figure 13. Comparison of smoke opacity from waste cooking oil (WCO) biodiesel-diesel blends and pure diesel

Figure 14. Comparison of smoke opacity from karanja oil (KO) biodiesel-diesel blends and pure diesel
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6. Conclusion

This experimental study was conducted to evaluate the
performance and emission characteristics of WCO and
KO biodiesel-diesel blends in a single-cylinder, four-
stroke CI engine under varying load conditions at constant
speed. The emission characteristics of WCO and KO
biodiesel-diesel blends were analyzed at different engine
loads (0-12 kg) for blend ratios of 5%, 10%, 15%, and 20%,
and compared with pure diesel operation. The measured
parameters included CO, HC, CO,, NO, and smoke
opacity. The results indicate that both biodiesel blends
demonstrated potential for use in CI engines without
engine modifications. Engine performance parameters,
such as torque and brake power, increased with increasing
load for all test fuels. WCO blends produced marginally
higher torque and brake power at medium and full loads,
whereas KO blends exhibited slightly higher BTE at
higher loads due to improved ignition quality and stable
combustion. BSFC decreased with increasing load for both
biodiesel blends, with higher values than diesel at low
loads, attributed to their lower calorific value and higher
viscosity. Mechanical efficiency improved with increasing
load, with WCO blends showing marginally higher values
at full load.

Emission analysis revealed substantial reductions in
CO, unburnt HCs, and smoke opacity for both biodiesel
fuels compared to diesel, which may be attributed to the
oxygenated characteristics of biodiesel that promote more
complete combustion. NO_ emissions increased with load
for all blends. KO blends consistently exhibited lower NO_
levels than WCO at higher blend ratios due to relatively
lower combustion temperatures. WCO blends at blend
ratios 5%-15%, and KO blends at blend ratios of 5%-20%
demonstrated a balance between performance and
emissions. The 15% KO blend showed potential as a suitable
fuel blend. WCO and KO biodiesel blends are technically
viable alternative fuel options for CI engine applications.
Their adoption may contribute to waste valorization and
reduced fossil fuel dependency, although further lifecycle
assessments are required to evaluate overall environmental
benefits.
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