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Abstract- Jatropha-curcas biodiesel has recently been identified as a potential renewable energy source on the Asian
continent. Jatropha-curcas biodiesel has similar properties to diesel oil. It can be produced from non-edible Jatropha-curcas to
oil through the transesterification process. The paper experimentally investigates the combustion, performance, and exhaust
emissions characteristics of a direct-injected compression-ignition engine fuelled with 25% (BD25), 50% (BD50), and 100%
(BD100) volume basis Jatropha-curcas biodiesel with diesel. The experimental results showed that the Ignition Delay and
Heat Release Rate during combustion were lower for Jatropha-curcas biodiesel and their blends than for diesel. Jatropha-
curcas biodiesel and its blends also exhibited lower Brake Thermal Efficiency and Exhaust Emissions than diesel, except for
Nitrogen-Oxides and Brake Specific Fuel Consumption. It was observed that the blend containing 25% Jatropha-curcas
biodiesel (BD25) was the best alternative for diesel, based on the overall performance in terms of engine emissions and

performance. Therefore, BD25 could be considered as a potential alternative fuel for compression-ignition engines.
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1. Introduction

The deepening fuel crisis, global warming, and related
environmental issues have raised significant interest in the
scientific community that has triggered the need to search for
environment-friendly fuels, such as biofuel or vegetable oil,
to sustain the high-quality fuel. Out of these, biodiesel holds
the most potential owing to its similarity to mineral diesel oil
[1]. Biofuels could be indirectly or directly extracted from
various biomass sources. Biomass sources exist in the form
of solid, liquid or gas. Moreover, biodiesel is mainly derived
from fatty acid alkyl esters, edible or non-edible vegetable
oils or waste greases [2].

Biodiesel molecules or methyl-esters contain a relatively
high amount of oxygen, approximately 10-11% (by weight))
that is involved in the combustion process. These oxygenated

biodiesel fuels can effectively improve combustion and
reduce various emissions, such as unburned hydrocarbons
(HC), particulate matter (PM), and carbon-monoxide (CO),
in four-stroke compression-ignition (4S-CI) engines.
Although these oxygen-rich fuels improve combustion
temperature, they also lead to minor increase in NOx
emissions [3-4].

CI engines can be run on biodiesel with no or minor
modifications. Biodiesel can be used both in pure form as
well as in conjugation with the fossil fuels [5]. However,
with respect to CI engines, biofuel imparts an advantage over
conventional diesel, since it can be used both solo and as an
additive without the requirement of any engine modifications
[6]. Although, vegetable oil-derived fuels have high viscosity
and low cetane number, volatility, and boiling point, the
characteristics that are important for CI engines. Such
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properties of these fuels lead to incomplete combustion,
engine deposits, higher exhaust emissions, and engine oil
contamination, restricting the direct use of biofuels in CI
engines [7-8].

There has been extensive research on combustion,
emission, and performance of conventional 4S-CI engines
when fuelled with raw or pure as well as the ethyl or methyl
esters of vegetable oils derived from Jatropha [9-10], Palm
[11-13], Mahua [14], Karanja [15-16], Soybean [17-19], and
Rapeseed [20]. However, pure vegetable oils as fuels have
been discouraged by various studies. The fuels spray pattern
and atomization are adversely affected by high viscosity and
low volatility of vegetable oils, causing incomplete fuel
combustion, leading to several problems, such as carbon
deposition, injector coking, fuel pump failure, and piston ring
sticking. Previous studies have proposed various techniques
that decrease the vegetable oil viscosity, such as blending,
transesterification, and pyrolysis [21]. Among them,
transesterification is most effective to produce biodiesel and
lower the viscosity of vegetable oil [1].

Jatropha biodiesel has attractive potential and
advantages because it has the same characteristics as diesel
fuel and is environmental-friendly. Previous literature has
shown that biodiesel decreases the carbon monoxide,
particulate matter, and hydrocarbon emissions in CI engines;
however, it increases NOx emissions. However, high oxygen
levels in biodiesel raises the combustion temperature causing
higher NOx emissions [22-23].

According to Puhan et al. [14], the use of mahua oil
ethyl-ester biodiesel led to an increase in BSFC than when
diesel was used. In addition, with a mild increase of 0.22% in
BTE, the HC, NOx, Smoke, and CO emissions decreased by
63%, 12%, 70%, and 58%, respectively. While using the
animal fat-ethanol blends [24-25] and methanol [26] blends
of Jatropha biodiesel oil in CI engine under high loading
conditions, Kerihuel et al. reported that the HC, Smoke, and
CO emissions decreased significantly compared to when
pure fat or diesel was used.

Nursal et al. [27] performed experimental investigations
with three kinds of biodiesels, Jatropha-curcas oil (JCO),
crude palm oil (CPO), and waste cooking oil (WCO), in a
direct-injected CI engine. Studies were carried out at 5%
blending ratios under 0%, 50%, and 90% loading conditions
at engine speeds of 800, 1200, 1600, and 2000 rpm. Studies
showed that Palm and Jatropha biodiesel increased, and
WCO decreased overall engine performance. Moreover,
compared to diesel, fuel economy and brake thermal
efficiency improved mildly, and exhaust emissions reduced.
In addition, CPO reduced COz, HC, and CO emissions, JCO
mildly increased NOx, CO2, and HC emissions, and WCO
increased CO2, NOx, and CO emissions.

Nayyar et al. [28] tested various blends of diesel and n-
butanol on CI engine employed in agricultural applications.
Also, optimization was carried out using the Taguchi method
for blends of diesel and n-butanol in the ratio (10-20% by
volume) and compression ratio varying between 17.5-19.5,
injection pressures varying between 200-220 bar and
injection timing from 21 to 25 crank angle btdc.
Subsequently, optimized results were verified with
experiments; improved performance and emission level were
recorded with increasing compression ratios. Further,
reduction in NOx, CO and Smoke were reported to be
13.68%, 49.03% and 5.88%, respectively in comparison with
diesel. However, an increase of 11.76% was found in HC as
opposed to diesel.

Patel et al. [29] performed experiments on biodiesels
such as Jatropha, Karanja and Waste cooking oil for
operating conditions with varying loads and a constant speed
of 1500 rpm. Waste cooking oil resulted in the increased rate
of release of thermal energy as compared to other biodiesels.
Reduction in HC and NOx emission was noticed in biodiesels
as compared to mineral diesel oil.

Thus, biodiesel has shown a high potential for 4S-CI
engines, but further in-depth analysis of engine performance
is still needed. However, very limited literature is available
on the combustion performance of the engine. Therefore, this
research focuses on the investigation and performance
evaluation of CI engine run on Jatropha-curcas biodiesel.

2. Methods and Materials

In India, approximately 200,000 metric tons of
Jatropha-curcas biodiesel are produced each year. It grows
well in barren mountains and wastelands. It is an excellent
renewable energy source with high seed oil productivity. To
elucidate the potential of Jatropha oil, thermal release rate of
a diesel engine running on Jatropha-curcas oil needs to be
studied [28][30]. The Jatropha biodiesel is produced from
raw seeds using transesterification. It has been widely
accepted worldwide for the production of biodiesel. Jatropha
kernel possesses about 63.16% oil content [26], which is
higher compared to the oil contents in Palm Kernel (44.6%),
Linseed (33.33%), and Soybean (18.35%) [31]. Hence,
Jatropha-curcas biodiesel could be the most viable biodiesel,
being more economical with respect to chemical composition
or oil content. The fuel properties of diesel, Jatropha-curcas
biodiesel, and their blends have been determined as per
ASTM standards and procedures, which are tabulated in
Table 1. Density, cloud point, and pour point of Jatropha-
curcas biodiesel is found higher than diesel oil. Higher cloud
reflects the unsuitability of Jatropha-curcas biodiesel as
diesel fuel in cold climatic conditions. The flash point of
biodiesel is relatively high compared to diesel. Hence,
Jatropha-curcas biodiesel is highly safe to handle.
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Table 1. Properties of Diesel, Jatropha-curcas biodiesel, and their blends

Test Fuel Kinematic viscosity Density (kg/m?) Calorific value Flash Point Cloud Point
(cSt) (MJ/kg) O O
D 2.9 850 44 76 6.5
BD25 3.12 851 43.78 85 6.8
BD50 3.59 857 43.33 113 7.3
BD100 4.18 873 42.73 148 10.2

2.1. Transesterification Process

Some basic tests, such as free fatty acid content, iodine
value, and moisture content, were performed prior to the
transesterification process. This was achieved to ensure that
the biodiesel yield was of high quality after the reaction. The
biodiesel was produced using standard materials and under
standard conditions, resulting in a trouble-free process.
Transesterification refers to the reaction between an alcohol
and a vegetable oil that leads to the formation of alkyl esters
along with glycerol as a by-product. The reaction is catalyzed
by a catalyst, e.g. potassium hydroxide or sodium hydroxide.
Here, transesterification was used to produce biodiesel from
Jatropha oil. Jatropha biodiesel was produced by reacting
Jatropha oil (one litre) with methanol (0.2 liter) in the
presence of potassium hydroxide (6.90 gram). This process
focuses on the two stage synthesis of biodiesel from higher
fatty acid Jatropha-curcas oil, its purification using organic
adsorbents and some natural adsorbents.

3. Test Equipment

For this study, we used a Kirloskar-make, vertical,
single-cylinder, naturally aspirated four-stroke, direct-
injection, air-cooled, constant speed, compression-ignition
engine. Figure 1 and Figure 2 show the experimental test-
setup and schematic diagram of the 4S-CI test-setup,
respectively. An Eddy Current type dynamometer (Model-
AG10) was attached to the test-setup. The thermocouple
monitored the exhaust gas temperature. This type of CI
engine widely is used in the agriculture field in India. Table 2
list the detailed specifications and working conditions of the
test-setup.

Table 2. Engine Specification

Fig. 1. Photograph of 4S-CI test-setup

Fuel Pump

Fuel Supply
System

[l

Speedometer

Fuel Injector ]

Control Panel

Exhaust Gas
Analyzer

Exhaust

4-Stroke CI
Test engine

Eddy Current
Dynamometer

Fig. 2. Schematic diagram of 4S-CI test-setup

Type of Engine, Make 4-Stroke, Direct-injected, Kirloskar Diesel Engine
Mode of cooling Air-Cooled

Engine Rated Power and Speed 6 HP, at 1500 rpm
Cylinder Number 1

Compression Ratio 17.5:1

Cylinder Bore 87.5 mm

Cylinder Stroke 110 mm

Injection Pressure 21 MPa

Nozzle Hole Diameter 0.28 mm

Injection Timing 23 °BTDC
Dynamometer Eddy Current Type
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4. Test Procedures

Engine emission and performance tests were conducted
using Jatropha biodiesel and its blends at various load
conditions. The engine was operated on standard conditions
set by recommended manufacturers. All test fuels were
injected at injection timing and pressure 23°BTDC and
21MPa, respectively. These emission and performance
values were defined as baseline values during the experiment
compared to the results obtained from tests with different test
fuel and load conditions. Engine tests were conducted at a
constant engine speed of 1500 rpm under varying loads of
0%, 25%, 50%, 75%, and 100%. The exhaust gas
temperature was measured using the thermocouple. HC,
NOx, and CO emissions were monitored using the AVL-
make CDS-250) exhaust gas analyzer. The smoke intensity
was analyzed using the Bosch smoke meter, in which the
smoke sample was collected via a smoke sampling pump
using a filter paper.

5. Results and Discussion

5.1. Effect of Engine Load on Brake Thermal Efficiency
(BTE)

Brake thermal efficiency refers to the work output
generated by the engine at the expense of fuel-mediated
chemical energy [32]. Figure 3 shows the variation in BTE
against brake power in the presence of various Jatropha
biodiesel and diesel blends. The presence of oxygen in fuel
improves combustion properties but reduces the calorific
value of the fuel. Jatropha biodiesel has approximately about
90% calorific value compared to diesel. BTE was lower in
the presence of pure BD100 and its blends as compared to
BTE in the presence of diesel at all load conditions.
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Fig. 3. Effect of engine load on BTE using CI engine in
different test fuels

Highest BTE was observed at 4.4 kW power with diesel
fuel. BTE for BD25 blend was comparable to BTE for diesel.
At full load, the brake thermal efficiencies for BD25, BD50
and BD100 were lower by 2.84%, 4.89% and 7.54%,
respectively, compared to diesel. These observations could
be attributed to higher viscosity and density and lower
calorific values of Jatropha biodiesel. Also, Avinash et al.
[7] confirmed this observation.

5.2. Effect of Engine Load on Brake Specific Fuel
Consumption (BSFC)

The ratio of consumed fuel mass to power of the brake is
referred to as the BSFC [32]. BSFC indicates an engine’s
fuel efficiency. Figure 4 depicts the BSFCs for different
fuels. The results showed that BSFC reduced as the brake
power increased. BD25 had the lowest BSFC compared to
that of BD50. However, it was 7.14% higher than that
obtained with diesel. Pure BD100 exhibited the highest
BSFC compared to its blends and was about 21.43% higher
than the BSFC of pure diesel. For full load, BSFCs of BD25,
BD50 and BD100 were 0.30 kg/kW-h, 0.32 kg/kW-h and
0.34 kg/kW-h, respectively, whereas it was 0.28 kg/kW-h for
diesel. This result could be due to the lower calorific value of
biodiesel blends; the same is also confirmed by Kumar et al.
[26].
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Fig. 4. Effect of engine load on BSFC using CI engine in
different test fuels

5.3. Effect of Engine Load on Hydrocarbon (HC) Emission

Hydrocarbons are produced by the incomplete
combustion processes that may occur during the working of
an IC engine. The engine load effect in the presence of
various fuels on HC emissions is shown in Figure 5. The
results indicated that higher load led to a higher HC emission
for all fuels due to fuel-rich mixtures. For lower load, higher
Jatropha biodiesel content in the blends led to increased HC
emission. These results were attributed to lower viscosity and
wider dispersion in the combustion chamber for blends with
higher Jatropha biodiesel content. For full load, the use of
diesel led to maximum HC emission, and the use of BD25,
BD50 and BDI100 led to a reduction in HC emissions of
18.5%, 48.2%, and 57.7%, respectively. An increase in the
Jatropha biodiesel level of blend significantly decreased the
emission of unburned HC, which could be due to higher
oxygen levels in biodiesel, leading to a higher combustion
temperature that triggers HC oxidation. The lowest HC
emissions were observed in the presence of pure BD100.
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Fig. 5. Effect of engine load on HC emission using CI engine
in different test fuels

5.4. Effect of Engine Load on Carbon Monoxide (CO)
Emission

Carbon monoxide is an air pollutant that is produced
when carbon-containing fuels are incompletely combusted.
CO is a strong respiratory irritant. The quality of the
combustible fuel determines the CO formation. The high
enriched mixture produces high CO, while the lean fuel
mixture produces low CO emission. In a diesel engine,
combustion is accompanied by a lean mixture and contains a
lot of oxygen, which lowers CO emission [33].
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Fig. 6. Effect of engine load on CO emission using CI engine
in different test fuels

The effect of load on CO emission due to various fuels is
shown in Figure 6. For all load conditions, CO emission
decreased with increase in the Jatropha biodiesel content.
The least CO emissions were observed in the presence of
pure BD100, and the highest CO emissions were observed in
the presence of pure diesel. The use of BD25, BD50 and
BD100 led to a decrease in CO emissions by 16.5%, 32.4%,
and 42.7%, respectively.

5.5. Effect of Engine Load on Emission of Nitrogen Oxides
(NOx)

A diesel engine operates at a higher temperature and
pressure as compared to a petrol engine, which promotes
NOx formation. The duration and volume of the hottest part

of the flame determines the level of NOx, due to which diesel
engine produces more NOx as compared to petrol engines.
The high temperature of combustion chamber also
contributes to the generation of NOx [32]. The effect of
engine load on NOx emission in the presence of various fuels
is shown in Figure 7. As shown in the figure, NOx emission
increased with increase in Jatropha biodiesel content. The
NOx emissions in the presence of BD25, BD50 and BD100
fuel blends increased by 4%, 19% and 26%, respectively,
than that in the presence of diesel. These observations could
be due to the higher oxygen level in the biodiesel, which
causes rapid combustion leading to the rapid increase in in-
cylinder pressure and temperature. This leads to higher NOx
emission.
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Fig. 7. Effect of engine load on NOx using CI engine in
different test fuels

5.6. Effect of Engine Load on Smoke Intensity Emission

The carbon in the exhaust gases refers to smoke. Figure
8 depicts the smoke emissions due to various fuels with
respect to increasing load. For all load conditions, higher
Jatropha biodiesel levels in the fuel led to reduced smoke
emissions. At full load, smoke emissions in the presence of
BD25, BD50 and BD100 decreased by 21%, 47.2%, and
57%, respectively, than that in presence of diesel. The least
smoke emission was observed in the presence of pure BD100
at full load conditions. Jatropha biodiesel and its blends
significantly reduced smoke emission at all load conditions,
due to better combustion of these fuels.
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Fig. 8. Effect of engine load on smoke intensity emission
using CI engine in different test fuels

903



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

G. Kumar Deshmukh et al., Vol.11, No.2, June, 2021
5.7. Effect of Engine Load on Ignition Delay

Ignition delay of fuel determines the knocking properties
of the CI engine. Ignition delay is directly dependent on the
fuel’s cetane number, the indication of its self-ignition
ability. Biofuels have high cetane number leading to a
decreased ignition delay than conventional diesel. Ignition
delay has been observed to be inversely proportional to its
cetane number. In turn, an engine’s combustion performance
is affected by such ignition delay. Hence, engine
performance can be improved by optimizing the ignition
delay [34-35]. Figure 9 shows ignition delay due to various
fuels. The ignition delay period due to Jatropha biodiesel
and its blends was much shorter than that in presence of
diesel. Increase in Jatropha biodiesel content in the blends,
as well as increased loads, lead to lower ignition delay
periods. At full load, ignition delays due to BD25, BD50 and
BD100 were 1.95 °CA, 3.15 °CA and 5.67 °CA shorter,
respectively, than that due to conventional diesel. This could
be because the methyl-esters in the fuel split into smaller
compounds while entering into the combustion chamber,
leading to wider spray angles and, in turn, more rapid
ignition. Thus, Jatropha biodiesel and its blends had higher
cetane numbers compared to diesel.
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Fig. 9. Effect of engine load on ignition delay period due to
different test fuels

Furthermore, the ignition delay is also affected
significantly by engine load. Increase in engine load raises
the in-cylinder gas temperature that lowers the ignition delay
period. This result was attributed to lower exhaust gas
dilution and higher combustion chamber wall temperature at
greater loads.

5.8. Effect of Engine Load on Exhaust Gas Temperature

The exhaust gas temperature is directly related to how
well the engine itself is working. Gasoline and diesel fuel-
powered vehicles have specific temperature ranges that the
exhaust must remain within for the components to function
correctly. Figure 10 shows exhaust gas temperature variation
against load in presence of different Jatropha biodiesel
blends. With increase in Jatropha biodiesel level, the exhaust
gas temperature increased. These results could be attributed
to higher oxygen level of Jatropha biodiesel that enhances
combustion, which increases exhaust gas temperature. The

exhaust gas temperatures for diesel, BD25, BD50, and
BD100 were 408.93 °C, 412.18 °C, 424.23 °C and 447.69°C,
respectively, at full load.
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Fig. 10. Effect of engine load on exhaust gas temperature
variation due to different test fuels

5.9. Heat Release Rate (HRR)

Figure 11 shows the heat release rate (HRR) per degree
of crank angle. HRR decreased with increase in Jatropha
biodiesel content. These results could be due to higher cetane
number and lower ignition delay period of Jatropha
biodiesel. The highest heat release rate (90.72 J/degCA) for
diesel was observed at 6 °bTDC, while for BD25, BD50, and
BD100, HRRs were 79.24, 75 J/degCA and 68.35at 8
°bTDC, respectively. Higher Jatropha content in blends led
to a decreased HRR at an increased crank angle.
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Fig. 11. Heat release rate due to different test fuels
5.10. Peak Cylinder Gas Pressure

As shown in Figure 12, the higher load led to a higher
peak cylinder gas pressure because with increase in load,
higher amount of fuel needs to burn. Furthermore, for all
load conditions, the peak pressure increased mildly with
increase in Jatropha biodiesel content of blends. For full
load, diesel, BD25, BD50 and BDI100 exhibited peak
pressures of 61.97 bar, 62.23 bar, 63.22 bar, and 64 bar,
respectively. The results could be attributed to higher oxygen
level in Jatropha biodiesel, leading to lower ignition delay
with an increase in Jatropha content.
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Fig. 12. Peak cylinder gas pressure due to different test fuels
4. Conclusions

A comprehensive experimental study was carried out to
compare, analyze and evaluate the combustion
characteristics, exhaust emissions and performance of
Jatropha biodiesel blends with diesel in a 4S-CI engine. The
major conclusions of this research are as follows:

» Increasing the Jatropha biodiesel content reduces
BTE. The maximum BTE has been observed at full load
conditions using only diesel. At full load, BTE is found 8.16
% higher than pure BD100 in diesel and 2.16% higher than
BD50 in BD25.

» Increasing the Jatropha biodiesel content increases
BSFC. BSFC is found 16.2% lower than pure BDI100 in
diesel and 8.02% higher than BD50 in BD25. BSFC of BD25
was comparable to that of pure diesel.

» The use of Jatropha biodiesel and the blends led to a
lower ignition delay and lower heat release rate. At full load,
the ignition delay is found 55.05% lower than diesel in pure
BD100 and 16.78% higher than BD50 in BD25. Also, the
heat release rate is found 24.66% lower than diesel in pure
BD100 and 5.66% higher than BD50 in BD25.

» The exhaust gas temperature and peak cylinder gas
pressure are considerably improved with the increase in
Jatropha biodiesel content compared to the diesel at all load
conditions. At full load, exhaust gas temperature is found
9.49% higher than diesel in pure BD100 and 2.83% lower
than BD50 in BD25. In addition, the peak cylinder gas
pressure is found 3.28% higher than diesel in pure BD100,
and 1.43% is lower than BD50 in BD25 at full load.

» Higher Jatropha biodiesel content led to a decreased
level of unburned HC emission. HC is found 57.64% higher
than pure BD100 in diesel and 57.36% higher than BD50 in
BD25 at full load.

» Higher Jatropha biodiesel content led to a decreased
level of CO emission. CO is found 42.7% higher than pure
BD100 in diesel and 19.05% higher than BD50 in BD25 at
full load.

» Higher Jatropha biodiesel content led to a decreased
level of Smoke emission. Smoke intensity is found 56.54 %
lower than diesel in pure BD100 and 48.87% higher than
BD50 in BD25 at full load.

» Higher Jatropha biodiesel content in the blends led
to an increase in NOx emission. NOx is found 25.88% higher
than diesel in pure BD100 and 12.43% lower than BD50 in
BD25 at full load. In addition, for all fuels, the CO, HC, and
NOx emissions as well as the Smoke levels, increased with
higher engine load.

» These above results indicated that the Jatropha
biodiesel and its blends are suitable for the engine operation.
Consequently, the Jatropha biodiesel blends BD25 can be
considered as a possible alternative fuel without major
engine modifications.

Acknowledgements

The authors appreciate the support of the Maulana Azad
National Institute of Technology (MANIT), Bhopal (India).

References

[11A. S. A. A. Elgharbawy, “Cost analysis for biodiesel
production from waste cooking oil plant in Egypt”,
International Journal of Smart Grid-ijSmartGrid, Vol. 1,
pp.16-25, 2017.

[2] A. E. Atabani, I. A. Badruddin, T. M. Mahlia, H. H.
Masjuki, M. Mofijur, K. T. Lee, W. T. Chong, “Fuel
properties of Croton megalocarpus, Calophyllum
inophyllum, and Cocos nucifera (coconut) methyl esters
and their performance in a multicylinder diesel engine”,
Energy Technology, DOI:10.1002/ente.201300110, Vol.
11, pp. 685-94, 2013.

[3]S. Patel, N. Shrivastava, “Experimental investigation of
performance and emission of diesel engine fuelled with
preheated jatropha biodiesel and its blends with ethanol”,
International Journal of Renewable Energy Research,
Vol. 6, pp. 1482-1490, 2016.

[4]G. Moon, Y. Lee, K. Choi, D. Jeog D, “Emission
characteristics of diesel, gas to liquid, and biodiesel-
blended fuels in a diesel engine for passenger cars”, Fuel,
DOI: 10.1016/j.fuel.2010.07.009, Vol. 89, pp. 3840-
3846, 2010.

[5] M. Kumar, O. Singh, “Study of biodiesel as a fuel for ci
engines and its environmental effects: a research review”,
International Journal of Advances in Engineering &
Technology. Vol. 5, pp. 100, 2013.

[6]Y. Celebi, H. Aydin, “Investigation of the effects of
butanol addition on safflower biodiesel usage as fuel in a
generator diesel engine”, Fuel,
DOI:10.1016/j.fuel.2018.02.174, Vol. 222, pp. 385-93,
2018.

905



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

G. Kumar Deshmukh et al., Vol.11, No.2, June, 2021

[71A. Avinash, D. Subramaniam, A. Murugesan, “Bio-
diesel—A global scenario”, Renewable and sustainable
energy reviews, DOI: 10.1016/j.rser.2013.09.007, Vol.
29, pp. 517-27, 2014.

[8] M. Z. Isik, H. Bayindir, B. Iscan, H. Aydin, “The effect
of n-butanol additive on low load combustion,
performance and emissions of biodiesel-diesel blend in a
heavy duty diesel power generator”, Journal of the
Energy Institute, DOI:10.1016/j.joei.2016.02.006, Vol.
90, No. 2, PP. 174-84, 2017.

[9] A. Khalid, N. Jaat, A. Sapit, A. Razali, B. Manshoor, 1.
Zaman, A. A. Abdullah, “Performance and emissions
characteristics of crude jatropha oil biodiesel blends in a
diesel engine”, International Journal of Automotive and
Mechanical Engineering,
DOI:10.15282/ijame.11.2015.25.0206, Vol.11, pp. 2447,
2015.

[10] P. K. Sahoo, L .M. Das, “Combustion analysis of
Jatropha, Karanja and Polanga based biodiesel as fuel in a
diesel engine”, Fuel, DOI:10.1016/j.fuel.2008.11.012,
Vol. 88, pp. 994-999, 2008.

[11] N. H. Said, F. N. Ani, M. F. Said, “Review of the
production of biodiesel from waste cooking oil using
solid catalysts’, Journal of Mechanical Engineering and
Sciences, DOI:10.15282/jmes.8.2015.5.0127, Vol. 8, pp.
1302-1311, 2015.

[12] M. A. Kalam, H. H. Masjuki, “Biodiesel from
palmoil—an analysis of its properties and potential”,
Biomass and Bioenergy, DOI:10.1016/S0961-
9534(02)00085-5, Vol. 23, pp. 471-479, 2002.

[13] S. A. Sulaiman, S. Balamohan, M. N. Moni, S. M.
Atnaw, A. O. Mohamed, “Feasibility study of
gasification of oil palm fronds”, Journal of Mechanical
Engineering and Science,
DOI:10.15282/jmes.9.2015.20.0168, Vol. 9, pp. 1744-
1757, 2015.

[14] S. Puhan, N. Vedaraman, G. Sankaranarayanan, B.
V. Ram, “Performance and emission study of Mahua oil
(Madhuca indica oil) ethyl ester in a 4-stroke natural
aspirated direct injection diesel engine”, Renewable
energy, DOI:10.1016/j.renene.2004.09.010, Vol. 30, pp.
1269-1278, 2005.

[15] H. Raheman, A. G. Phadatare, “Diesel engine
emissions and performance from blends of karanja
methyl ester and diesel”, Biomass and bioenergy,
DOI:10.1016/j.biombioe.2004.03.002, Vol. 27, pp. 393-
397,2004.

[16] A. E. Teo, W. J. Yahya, A. Romagnoli, S. Rajoo, A.
M. Noor, “Effectiveness of series and parallel turbo
compounding on turbocharged diesel engine”, Journal of
Mechanical Engineering and Sciences,
DOI:10.15282/jmes.8.2015.19.0141, Vol. 8, pp. 1448-
1459, 2015.

[17] M. Canakci, “Performance and emissions
characteristics of biodiesel from soybean oil”,
Proceedings of the Institution of Mechanical Engineers,
Part D: Journal of Automobile Engineering.,
DOI:10.1243/095440705X28736, Vol. 219, pp. 915-922,
2005.

[18] M. J. Haas, K. M. Scott, T. L. Alleman, R. L.
McCormick, “Engine performance of biodiesel fuel
prepared from soybean soapstock: a high quality
renewable fuel produced from a waste feedstock”, Energy
& Fuels, DOI:10.1021/ef010051x, Vol. 15, pp. 1207-
1212, 2001.

[19] A. K. Azad, M. G. Rasul, B. Giannangelo, R. Islam,
“Comparative study of diesel engine performance and
emission with soybean and waste oil biodiesel fuels”,
International Journal of Automotive & Mechanical
Engineering, DOI:10.15282/ijame.12.2015.6.0241, Vol.
12,2015.

[20] 0. M. Nwafor, G. Rice, “Performance of rapeseed
oil blends in a diesel engine”, Applied Energy,
DOI:10.1016/0306-2619(96)00004-9, Vol. 54, pp. 345-
354, 1996.

[21] A. Demirbas, “Biodiesel fuels from vegetable oils
via catalytic and non-catalytic supercritical alcohol
transesterifications and other methods: a survey”, Energy
Conversion and management, DOI:10.1016/S0196-
8904(02)00234-0, Vol. 44, pp. 2093-2109, 2003.

[22] H. Raheman, S. V. Ghadge, “Performance of
compression ignition engine with mahua (Madhuca
indica) biodiesel”, Fuel, DOI:10.1016/j.fuel.2007.02.019,
Vol. 86, pp. 2568-2573, 2007.

[23] S. Fernando, C. Hall, S. Jha, “NOx reduction from
biodiesel fuels”, Energy & Fuels,
DOI:10.1021/ef050202m, Vol. 20, pp. 376-382, 2006.

[24] M. S. Kumar, A. Kerihuel, J. Bellettre, M. Tazerout,
“Ethanol animal fat emulsions as a diesel engine fuel-
part 2: engine test analysis”, Fuel,
DOI:10.1016/j.fuel.2006.05.023, Vol. 85, pp. 2646-2652,
2006.

[25] A. Kerihuel, M. S. Kumar, J. Bellettre, M. Tazerout,
“Ethanol animal fat emulsions as a diesel engine fuel-
Part 1: Formulations and influential parameters” Fuel,
DOI:10.1016/j.fuel.2006.05.002, Vol. 85, pp. 2640-2645,
2006.

[26] M. S. Kumar, A. Ramesh, B. Nagalingam, “An
experimental comparison of methods to use methanol and
Jatropha oil in a compression ignition engine”, Biomass
and bioenergy, DOI:10.1016/S0961-9534(03)00018-7,
Vol. 25, pp. 309-318, 2003.

[27] R. S. Nursal, Z. Zali, H. H. Amat, S. A. Ariffin, A.

Khalid, “Comparative study of the performance and
exhaust gas emissions of biodiesels derived from three

906



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

G. Kumar Deshmukh et al., Vol.11, No.2, June, 2021

different feedstocks with diesel on marine auxiliary diesel
engine”, ARPN J. Eng. Appl. Sci, Vol. 12, pp. 2017-
2028, 2017.

[28] A. Nayyar, D. Sharma, S. L. Soni, V. Gautam, C.
Kumar, M. Augustine, “Study of performance and
emissions of a stationary DI variable compression ratio
CI engine fueled with n-butanol/diesel blends using
Taguchi technique: analytical and experimental analysis”,
Energy Sources, Part A: Recovery, Utilisation and
Environmental Effects,
DOI:10.1080/15567036.2019.1666937, pp. 1-27, 2019.

[29] C. Patel, K. Chandra, J. Hwang, R. Agarwal, N.
Gupta, C. Bae, T. Gupta, A. K. Agarwal, “Comparative
compression ignition engine performance, combustion,
and emission characteristics, and trace metals in
particulates from Waste cooking oil, Jatropha and
Karanja oil derived biodiesels”, Fuel,
DOI:10.1016/j.fuel.2018.08.137, Vol. 236, pp. 1366—
1376, 2019.

[30] N. Kaushik, K. Kumar, S. Kumar, N. Kaushik, S.
Roy, “Genetic variability and divergence studies in seed
traits and oil content of Jatropha (Jatropha curcas L.)
accessions”, Biomass and Bioenergy,
DOI:10.1016/j.biombioe.2007.01.021, Vol. 31, pp. 497-
502, 2007.

[31] S. Rostami, B. Ghobadian, M. K. Kiani, “Effect of
the injection timing on the performance of a diesel engine
using Diesel-Biodiesel blends”, International Journal of
Automotive and Mechanical Engineering,
DOI:10.15282/ijame.10.2014.12.0163, Vol. 10, pp. 1945,
2014.

[32] V. D. Raju, P. R. Kumar, “Experimental
investigation of linseed and neem methyl esters as
biodiesel on CI engine”, International Journal of
Engineering Science and Technology, Vol. 4, 2012.

[33] J. B. Heywood, Internal Combustion Engine
Fundamentals, 1% ed., McGraw-Hill, 1988, ch. 10.

[34] E. K. Mohammed, M. A. Nemit-allah,
“Experimental investigations of ignition delay period and
performance of a diesel engine operated with Jatropha oil
biodiesel”, Alexandria Engineering Journal,
DOI:10.1016/j.a¢j.2012.12.006, Vol. 52, pp. 141-149,
2013.

[35] J. A. Bittle, B. M. Knight, T. J. Jacobs, “Interesting
behavior of biodiesel ignition delay and combustion
duration”, Energy & Fuel, DOI:10.1021/ef1004539, Vol.
24, pp. 4166-4177, 2010.

907



