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Abstract 
Due to using of fossil fuels, the world today is faced with serious environmental pollution. However, these fuels are limited and depleting day by day 
as the consumption is increasing very rapidly. Hence, it is necessary to find out a clean alternative fuel produced from renewable sources. Biodiesel 
is an alternative fuel that can be used directly in diesel engine as pure or blended with diesel fuel. In this study, the effects of biodiesel produced from 
waste cooking oil (WCO) and its different blends with diesel fuel on the tractor diesel engine torque and power, oxides of nitrogen (NOx) and 
particulate matter (PM) emissions, brake specific fuel consumption (BSFC), brake thermal efficiency, cylinder pressure and hear release rate are 
analysed and presented. Use of WCO biodiesel results in advanced start of injection, advanced combustion process, shorter ignition delay and 
increased heat release rate. Thus, higher cylinder peak pressure and temperature lead to increase NOx while PM is reduced. Although, the increase of 
the WCO percentage in the fuel blend reduces the engine torque and power, the results show some torque and power recovery for this reduction. The 
lower heating value of WCO results in increased BSFC but the engine brake thermal efficiency is not affected significantly. Exhaust gas recirculation 
(EGR) is an effective technique for reducing NOx emissions when using biodiesel-diesel fuel blends. When same percentage of EGR are used in the 
cases of diesel and WCO, NOx emissions are reduced to similar values, but the PM emissions are significantly lower in the case of WCO biodiesel. 
Thus, biodiesel with EGR can be used to reduce NOx and PM emissions simultaneously. The brake thermal efficiency obtained with WCO biodiesels 
is higher than that of diesel fuel when applying same EGR rate. Similarly, the reduction of engine torque and increase of BSFC are lower with WCO 
biodiesels with respect to diesel fuel. Thus, EGR has lower negative effect on engine performance in case of WCO biodiesels compared to diesel fuel. 
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Introduction 
As the petroleum based fuel resources are depleting day by day, 
it is necessary to replace alternative fuels for using in the diesel 
engines. Vegetable oil esters are receiving increasing attention 
as a non-toxic, biodegradable, and renewable alternative diesel 
fuel. These esters have become known as biodiesel 1. Biodiesel 
is an environmentally friendly alternative diesel fuel consisting 
of the alkyl monoesters of fatty acids. It is obtained from 
triglycerides through the transesterification process 2. The main 
drawback of vegetable oil is their high viscosity and low volatility, 
which causes poor combustion in diesel engines. The 
transesterification is the process of removing the glycerides and 
combining oil esters of vegetable oil with alcohol. This process 
reduces the viscosity to a value comparable to that of diesel, 
maintains the heating value, and may actually increase the cetane 
number and hence improves combustion. Physical and chemical 
processes within a diesel engine such as injection timing, fuel 
vaporization, and ignition delay are altered with the use of 
biodiesel fuel relative to petroleum diesel fuel. The differences 
in chemical composition and structure between the fuels 
manifest such differences in engine processes, which ultimately 
lead to differences in engine parameters (i.e. combustion, 
performance and emissions). 

The combustion of biodiesel fuel in diesel engines in general 
results in lower particulate matter (PM), carbon monoxide (CO) 
and hydrocarbon emissions compared to standard diesel fuel 

combustion while the engine thermal efficiency is either 
unaffected or improved 3-5. Lower heating value, lower volatility, 
higher viscosity, generally higher oxides of nitrogen (NOx) 
emissions and high production cost are some of biodiesel’s negative 
attributes 6. Among the mentioned attributes, higher NOx emissions 
from biodiesel engines are a major concern, therefore it is a 
motivation for more study on methods to reduce NOx emissions. 
Exhaust gas recirculation (EGR) is a well known in-cylinder method 
to reduce NOx emissions, particularly on modern direct injection 
(DI) diesel engine, and offers the possibility to decrease 
temperature during combustion. The decrease in NOx emissions 
with the increase of EGR rate is the result of: 

1) Increase of inlet heat capacity due to higher specific heat 
capacity of recirculated CO

2
 and H

2
O compared with O

2
 and N

2
 

(at constant boost pressure) resulting in lower gas temperatures 
during combustion 7-9. 

2) Decrease of inlet O
2
 concentration, whose principal 

consequence is the deceleration of the mixing between O
2
 and 

fuel resulting in the extension of flame region. Thus, the gas 
quantity that absorbs the heat release is increasing, resulting in a 
lower flame temperature 7-9. 

3) The recirculated water vapor and CO
2
 are dissociated during 

combustion, modifying the combustion process and the NOx 
formation. In particular, the endothermic dissociation of H

2
O 

results in a decrease of the flame temperature 7-9. On the other 
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hand, although maybe EGR gases be cooled with an EGR cooler, 
the inlet air temperature after mixing with recirculated gases 
increases, thus reducing the inlet gas density (at constant boost 
pressure) and in-cylinder trapped mass (thermal throttling effect). 
This temperature increase tends to increase NOx emissions, 
although it is compensated by other effects of EGR listed above 9. 

Biodiesel is currently expensive but the problem of production 
cost has been partially solved by the use of low-cost feedstock 
such as restaurant waste cooking, frying oils and animal fats in 
the transesterification process. 

The combustion efficiency of used olive oil methyl ester was 
studied in a DI diesel engine 10. Results obtained showed that as 
oxygen concentration increased, it provided more oxygen for 
combustion. The combustion efficiency did not drop during 
testing and remained almost constant using either waste olive 
oil methyl ester or diesel fuel. Combustion and emission 
characteristics of palm oil based waste cooking oil (WCO), 
biodiesel from fresh palm oil and baseline diesel fuel were compared 
on a single-cylinder, natural aspirated, DI diesel engine 11. Results 
showed that though the combustion temperature and pressure 
was low for biodiesel operation, the NOx emission was almost 
the same as that of diesel operation. Also, CO, CO

2
 and O

2
 

emissions were approximately same as that of baseline diesel 
emission. However, un-burnt hydrocarbon (UBHC) emissions 
of WCO biodiesel fuel were lower than baseline diesel 
operation. Also, the WCO biodiesel had very low level of sulphur 
content and hence sulphate emissions were virtually eliminated. 
A study on the effects of the percentage of used cooking oil 
methyl ester (UCOME) on combustion characteristics (ignition 
delay, peak cylinder pressure, heat release rate) has been 
conducted 12. It was observed that the ignition delay periods of 
UCOME and its blends are significantly lower than that of diesel 
and decrease with increase in the percentage of UCOME. Also, 
the results show that the peak cylinder pressure is slightly higher 
for UCOME-diesel blends compared to diesel. This shows that 
the peak pressure is not very much affected using UCOME and 
its blends compared to diesel. The maximum heat release rate 
decreases with increase in percentage of UCOME in the blend. 
It can also be observed that maximum heat release rate occurs 
earlier with the increase in the percentage of UCOME in the 
blend. The combustion of rapeseed methyl ester (RME) pure or 
blended with ultra-low sulphur diesel (ULSD) at 20% and 50% 
by volume (B20 and B50) was investigated on a single-cylinder 
direct injection diesel engine with pumplinenozzle injection 
system 13. The combustion of RME, B20 and B50 resulted in 
advanced combustion compared to ULSD. The advanced RME 
combustion resulted in the reduction of smoke, HC and CO while 
both NOx emissions and fuel consumption were increased. The 
combustion of different fuel blends did not affect significantly 
the engine efficiency. The increased amount of oxygen in the 
RME molecule and hence in the locally fuel-rich combustion 
zones is believed to be an additional reason for the reduced 
smoke. The increase of the fuel consumption is mainly due to 
the lower calorific value (LCV) of RME compared to ULSD. The 
use of EGR was more effective in the case of biodiesel blends 
combustion compared to ULSD combustion. The NOx 
emissions were reduced at levels similar to those of ULSD with 
the use of similar volumetric percentages of EGR while the 
smoke was kept low. 

Since diesel engines are not specifically manufactured for 
biodiesel fuel use, therefore, the study of biodiesel from waste 
cooking oil is not complete unless it is tested in a diesel engine. 
Hence, in this study, the combined effects of waste cooking oil 
(WCO) biodiesel combustion with the incorporation of exhaust 
gas recirculation (EGR) in order to reduction of NOx emissions, 
on the engine performance, combustion and emissions of a 
tractor diesel engine are analyzed and compared with the results 
obtained from the engine operating on petroleum-based diesel fuel. 

Materials and Methods 
Preparation of fuels: In this study, waste cooking oil and methanol 
in a molar proportion of 1:6 were reacted to produce biodiesel. 
Then 1 weight % of KOH of the waste cooking oil was added as a 
catalyst in the transesterification reaction. A mechanical stirrer to 
form potassium methoxide and water first mixed the KOH catalyst 
with methanol. The mixture of potassium methoxide and water 
was then poured into a reacting tank to mix with the waste cooking 
oil and stirred by a homogenizer to obtain a transesterification 
reaction. The reason for using methanol in this chemical reaction 
is primarily due to its superior advantages of high solubility in oil, 
fast reaction rate, good physical and chemical properties, and low 
cost. The reacting temperature of the transesterification process 
was set at 55°C, which is below the boiling temperature of methanol 
at 64°C to prevent the methanol from vaporizing from the reacting 
mixture during the transesterification process. It took 60 min to 
complete the transesterification process. After the completion of 
the transesterification process, the mixture was separated into 
coarse biodiesel and glycerin by settling for 2 hours. A 
waterwashing method was then used to remove the un-reacted 
methanol and other impurities contained in the coarse biodiesel. 
The biodiesel obtained after this process was pure WCO biodiesel 
(B100) in this study.  Table 1 shows properties of the WCO biodiesel 
fuel versus diesel fuel. In the experiments, diesel fuel, pure WCO 
biodiesel and three diesel fuel/WCO biodiesel blends were tested. 
WCO biodiesel is blended with diesel fuel in 5%, 20% and 50% 
proportions by volume (are represented by B5, B20 and B50, 
respectively). The blends were prepared just before the experiments. 

Experimental set up: The schematic of the experimental set up 
is shown in Fig. 1. The experiments were carried out on a semi- 
heavy duty Motorsazan MT4.244 agricultural engine. This engine 
is widely installed on local agricultural tractors. The engine is a 
3.99-litre, turbocharged, four-cylinder direct injection diesel engine. 
The main specifications of the engine are given in Table 2. An eddy 
current dynamometer with a load cell was coupled to the engine 
and used to load the engine. The air consumption was measured 
by means of an ABB Sensyflow P thermal mass flowmeter. The 
fuel consumption was measured with a burette with 300 cc volume 
and a stopwatch. A new fuel tank was fixed to the system for 

Fuel analysis Method WCO biodiesel Diesel fuel 

Density@15°C (g/cm3) ASTM D4052 0.880 0.845 

Kinematic viscosity 40°C (cSt) ASTM D445 5.48 2.8 

Cetane number ASTM D613 60 57 

Lower calorific value (kJ/kg) - 38730 42570 

Flash point (°C) ASTM D92 176 64 

Cloud point (°C) ASTM D2500 -1 2 

Pour point (°C) ASTM D97 -4 0 

Free glycerin (%mass) ASTM D6584 0.016 0.01 

Table 1. Fuel properties. 
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alternative fuels. An AVL GU 13G pressure transducer, mounted at 
the cylinder head and connected via an AVL Micro IFEM piezo 
amplifier to a data acquisition board, was used to record the cylinder 
pressure. The crankshaft position was measured using an AVL 
365C digital shaft encoder. The test rig included other standard 
engine instrumentation such as K type thermocouples to measure 
lubricating oil, engine coolant inlet and outlet, inlet manifold and 
exhaust temperatures and pressure gauges mounted at relevant 
points. Normal engine test bed safety features were also included. 
Atmospheric conditions (humidity, temperature, pressure) were 
monitored during the tests. The maximum fuel injection pressure 
was measured using another AVL pressure transducer that is fitted 
to the high pressure fuel pipe between the pump and the injector. 
Data acquisition and combustion analysis were carried out using 
in-house developed Lab VIEW-based software. An AVL 
DiCom4000 gas analyzer was used to measure NO

X
, CO, and CO

2
, 

by NDIR (non-dispersive infrared gas analysis), and oxygen (O
2
) 

concentrations in the exhaust manifold (electrochemical method). 
Another AVL DiCom4000 analyzer was used to measure CO

2
 

concentrations in the cross-section of 1 and 2 cylinder intake 
ports in order to calculate EGR rate. Since, this analyzer could not 
measure CO

2 
of high positive pressure gases, for this reason, a 

surge tank was used in order to reduce pressure of inlet gas into 
analyzer. Smoke measured using an AVL 415S smoke meter. Table 
3 shows measurement accuracy of instruments involved in the 
experiment for various parameters. 

That is more difficult using EGR in common turbocharged diesel 
engine. Since, the turbine upstream pressure was not sufficiently 
higher than the boost pressure (downstream of compressor) for 
this reason, a low pressure loop EGR system (long route) was 
chosen for this study. However, space limitation between intake 
and exhaust manifolds was associated in this selection too. Any 
exhaust sub-systems such as exhaust brake (chocking) and 
aftertreatment were used for increasing of exhaust gas 
backpressure. For controlling EGR rate manually an EGR control 
valve was provided. To lower the temperature of the recycled 
exhaust gases, a cross-counter heat exchanger (EGR cooler) 
containing 60 tubes was installed in the low pressure EGR loop. 
The hot exhaust gases were passed through the individual tubes, 
while cool city water was passed through the main body of the 
heat exchanger. EGR valve and the section of duct from the engine 
exhaust to heat exchanger were also resistant to exhaust temperatures 
that are commonly in a range of 100-600°C. 

Test procedure: The engine was run with the diesel fuel. After 
completion of standard warm-up duration, with oil temperature 
at 60°C and cooling water temperature 70°C, the engine speed 
was increased to 1900 rpm. Since, the tractors engine generally 
are designed for operating at maximum power mode, for this 
reason, all the experiments were conducted at full load, a rated 
speed of 1900 rpm. The main experiments were performed in 
two sections.The first series of test and data collection were 
performed for five different fuels: Diesel, B5, B20, B50 and 
B100 without using EGR. At each test, the engine was stabilized 
for five min, and then the measurement parameters were recorded 
at five min. In the diesel/WCO biodiesel blend experiments, the 
diesel fuel valve was turned off and the blend valve was opened 
while the engine was running after the warm-up duration. Then 
the experiments were performed with the fuel blends. At the end 
of the diesel/WCO biodiesel blend experiments, the diesel/WCO 
biodiesel valve was turned off and the diesel fuel valve was 
opened. The engine was kept running to flush out the diesel/ 
WCO biodiesel blend from the fuel lines, injection pump and the 

Type Turbocharged 

Maximum power 61kW@2000rpm 

Maximum torque 360N.m@1300rpm

Bore × stroke 100 × 127 mm 

Compression ratio 17.5:1 

Number of cylinders 4 

Number of valves per cylinder 2 

Injection system Pump-line-nozzle 

Combustion chamber type Bowl-in-piston 

Number of injection holes 4 

Opening pressure of nuzzles   250 bars 

Fuel Diesel 

Table 2. Specifications of test engine. 
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Cylinder pressure amplifier 

Data acquisition system Thermocouple

Fuel meter 

Figure 1. Experimental setup. 

NOX (AVL DiCom4000)  1 ppm 

Smoke (AVL 415S smoke meter)  0.1 % 

CO (AVL Digas4000)  0.01 % 

Inlet & exhaust CO2 (AVL Digas4000 Light) 0.01 % 

In-cylinder pressure (AVL GU13G)  1% 

Table 3. Measurement accuracy. 
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injectors for ten min before shutting down. The second series of 
test were conducted using 13% cooled EGR and cases of Diesel, 
B50 and B100 fuels. EGR temperature was maintained at about 
120°C. All experiments were carried out in injection timing 12°C 
ABTDC. 

When EGR is applied, the engine intake consists of fresh air 
and recycled exhaust. The percentage of recycled gases is 
commonly represented by an EGR ratio, i.e. the mass ratio of 
recycled gases to the whole engine intake. The fresh air intake 
contains negligible amounts of CO

2
 while the recycled portion 

carries a substantial amount of CO
2 
that increases with EGR flow 

rate and engine loads. Notably, CO
2
 is merely a combustion 

product. Thus, it is intuitive and practical, to measure EGR ratio 
by comparing the CO

2
 concentrations between the exhaust and 

intake of the engine 9, 13, 14: 

 When a standard engines EGR system is applied, there is a high 
inhomogeneous EGR concentration field within the inlet manifold 
(in particular in the cross-section of each intake port) and produces 
temporal variations in the EGR concentration during the intake 
stroke, that are different for each cylinder because of the pulsating 
flow induced by inlet valve opening and closure 15. As a 
consequence, it is necessary obtain CO

2
 temporal value in port of 

each cylinder during the intake stroke. Therefore, for measuring 
inlet and exhaust CO

2
 concentrations separately, two gas analyzers 

were used. CO
2
 concentrations of intake manifold are mean of CO

2
 

concentration measured just before entry exhaust gas-fresh air mixture 
into the combustion chamber of cylinders 1 and 2. Due to symmetrical 
configuration of intake manifold, it is seem that CO

2
 concentrations 

in inlet ports 3 and 4 are similar to 1 and 2. 
The combustion, performance and emission data were analyzed 

for engine torque and brake power, brake thermal efficiency, brake 
specific fuel consumption (BSFC), exhaust gas temperature, 
cylinder pressure, heat release rate (HRR) and NOx, PM, CO 
emissions. Before the main tests, the engine base-line 
performance tests and 8-Mode tests of ECE-R96 
standard were conducted in order to indicate of the 
engines behaviors at various speeds and loads with 
diesel fuel and without EGR. 

Statistical analysis: Analysis of variance (ANOVA) for 
all data was conducted by SPSS 15 software for 
completely randomized design and factorial experiment 
with three replications in time experiment. The means 
were compared with Duncan’s multiple range test. 

Results and Discussion 
Comparison of performance, combustion and 
emissions with WCO biodiesel and diesel fuel:  Fig. 2 
shows the engine torque and brake power, BSFC and 
brake thermal efficiency, obtained with Diesel, B5, B20, 
B50 and pure WCO biodiesel (B100) fuels without EGR 
for the full load engine operating condition. 

The increase of the WCO percentage in the fuel blend 
reduces the engine torque and power. Compared to 
diesel fuel, the loss of torque and power is 5.3% with 

B100. This reduction is mainly due to that WCO biodiesel has 
around 10% less heating value in mass than conventional diesel 
fuel. As is observed, the decrease in engine torque and power is 
lower than the reduction in heating value in mass basis as compared 
to diesel fuel. Various reasons are to explain this torque and power 
recovery at full load with respect to that obtained with diesel fuel. 
The higher viscosity of biodiesel reduces the back flow across 
the piston clearance of injection pump and hence the mass of 
injected fuel is higher in the case of biodiesel 2, 16. The higher bulk 
modulus and sound velocity of biodiesel 2, 17, together with its 
higher viscosity 2 (which enhances fuel spray penetration 3, 18) and 
cetane number of biodiesel, lead to an advanced start of injection, 
and thus the combustion process would be closer to top dead 
center and the torque and power output slightly increases. The 
higher lubricity of biodiesel could also reduce friction loss leading 
to an increased engine brake power 19. 

The BSFC increases as the percentage of WCO in the mixture 
increases. It is approximately 13% higher with B100 than with 
pure diesel fuel. The increased BSFC with the increase of the 
biodiesel content of the fuel blend is also due to the lower heating 
value of WCO biodiesel, probably higher boiling point, viscosity 
and density 13, 20, 21 compared to Diesel fuel, which resulted in the 
increased fuel flow rates. In other word, the loss of heating value 
of biodiesel must be compensated with higher fuel consumption. 
However, the engine brake thermal efficiency is not affected 
significantly from the combustion of fuel blends. The maximum 
brake thermal efficiency is obtained for 5% blend (Fig. 2). This 
improved efficiency is probably due to the increased lubricity 
of these blends as compared to other fuel components 19. The 
results of this study show that increase in fuel consumption is 
not caused by any loss in efficiency but rather by the reduced 
heating value of biodiesel. 

The effect of the physical properties of biodiesel on the 
injection advance (with respect to the start of injection with 
diesel fuel) has been widely proved in engines without common 
rail injection system, but with pump-line-nozzle systems 22. When 
biodiesel is injected, the pressure rise produced by the pump is 

Figure 2. Effect of fuel blend composition on the engine torque and power, BSFC and 
brake thermal efficiency (full load and no EGR). 

 

EGR ratio =   
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quicker as a consequence of its lower compressibility (higher bulk 
modulus) and also propagates more quickly towards the injectors 
as a consequence of its higher sound velocity. In addition, the 
higher viscosity reduces leakages in the pump leading to an 
increase in the injection line pressure. Therefore, a faster evolution 
of pressure and earlier needle opening is observed with respect to 
the case of diesel fuel and, thus, advances the injection timing 23. 
Also at the same crank angle degree, the mass of biodiesel injected 
is higher than the corresponding mass of diesel fuel 13. 

Table 4 gives the crank angle corresponding to certain percent 
of mass fraction burned, combustion duration crank angle, start 
of injection, cylinder peak pressure and peak of heat release rate 
data from the combustion of the five fuels (Diesel, B5, B20, B50 
and WCO) for full load engine operating condition. The difference 
of the crank angles between diesel and B100 fuels for 5%, 10% 
and 50% mass fraction burned are about 0.5-1.5 crank angle, while 
that of 90% are about 4.5 crank angles. This means that the former 
half of combustion duration is almost the same for cases of diesel 
and B100 fuels, but the later half is shorter for case with B100 fuel. 
Therefore, it can be seen that with the increase of the WCO 
percentage in the fuel blend, the whole combustion phase (ignition 
delay, premixed combustion, diffusion and late diffusion 
combustion) is advanced (closer to TDC), leading to significant 
higher combustion pressures and temperatures and hence shorter 
ignition delay. 

Also a possible explanation for lower ignition delay periods of 
WCO and it blends with increase in the percentage of WCO might 
be due to higher cetane number of WCO and its blends compared 
to diesel. Another possible explanation may be the presence of 
oxygen present in WCO and the splitting of higher molecules of 
WCO such as oleic and linoleic fatty acid methyl esters into lower 
molecules of volatile compounds during injection which advances 
the start of combustion causing earlier ignition 24. 

As it is observed in Fig. 3, the effect of biodiesels is to reduce 
exhaust gas temperature. For WCO biodiesel and its blends this 
effect is attributed to shorter ignition delays and therefore 
advanced combustion relative to diesel fuel. Lower exhaust 

temperature is an effect of less late-cycle combustion duration 
the expansion stroke since combustion ended sooner 25. 

Fig. 4 shows the NOx and PM emissions, obtained with Diesel, 
B5, B20, B50 and B100 fuels without EGR for the full load engine 
operating condition. The increase of the WCO percentage in the 
fuel blend reduces the PM, but increases the NOx emissions for 
full load engine conditions. The value of increase in NOx is 16% 
while the decrease in PM is around 70% when using B100 instead 
of diesel fuel. The rate of formation of NOx emissions in diesel 
engines is primarily a function of flame temperature, which is closely 
related to the peak cylinder pressure and hence temperature 13, 
26,27. 

The main reasons for the increase of NOx emissions with 
biodiesel are: 

1) The combination of the increased injection pressure and 
advanced start of injection derived from the physical properties 
of biodiesel (viscosity, density, compressibility, sound velocity) 
that result in the delivery of a higher amount of fuel at the same 
injection setting conditions and also advanced combustion 
process, and hence higher cylinder pressure and temperature. 
Because of the combustion takes place over a shorter period of 
time (Table 4), this possibly allows less time for cooling by heat 
transfer and dilution 13, 22. 

2) The higher cetane number of biodiesel, which leads to an 
advanced combustion by shortening the ignition delay 28. The 
shorter ignition delay and the increased amount of fuel 
undergoing premixed combustion results in higher cylinder 
pressure and hence temperature 13. 

3) The higher oxygen availability in the combustion chamber 
when using biodiesel, which could promote the NO formation 
reactions 13, 22, 29, 30. 

There are various reasons for explaining the reductions of PM 
emissions when using biodiesel. The main reasons are: 

1) The oxygen content of the biodiesel molecule, which enables 
more complete combustion even in regions of the combustion 
chamber with fuel-rich diffusion flames  and promotes the oxidation 
of the already formed soot 22, 31, 32. The increased availability of 

Crank angle for certain 

percent mass fraction 

burned (deg ATDC) Fuels 

   5%   10% 50% 90% 

Start of 

Injection (deg 

BTDC) 

Combustion 

Duration 

(CA deg) 

Cylinder peak 

pressure (bar)

Peak of heat 

release rate 

(J/deg) 

Diesel 0.51 2.22 14.06 45.22 11.3 44.71 144.3 95.7 

B5 0.42 2.13 13.76 44.93 11.4 44.51 144.4 97.1 

B20 0.40 2.08 13.76 44.62 11.6 44.22 144.6 98.7 

B50 0.19 1.80 13.09 42.57 11.7 42.38 145.3 101.1 

B100 -0.05 1.51 12.50 40.74 12.2 40.79 145.7 104.1 

Table 4. Injection and combustion properties (without EGR). 

Figure 4. Effect of fuel blend composition on the NOx and PM emissions (full load and no EGR). 
Figure 3. Effect of fuel blend composition on the 
exhaust gas temperature (full load and no EGR). 
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Crank angle for certain 

percent mass fraction 

burned (deg ATDC) 
Fuels 

5% 10% 50% 90% 

Start of 

Injection (deg 

BTDC) 

Combustion 

Duration 

(CA deg) 

Cylinder 

peak 

pressure 

(bar) 

Peak of heat

release rate 

(J/deg) 

Diesel 1.04 2.76 15.29 51.31 11.3 50.27 137.8 90.8 

B50 0.71 2.33 14.18 48.12 11.7 47.41 138.9 91.9 

B100 0.52 2.16 13.95 47.20 12.2 46.68 139.3 94.5 

Table 5. Injection and combustion properties (with13% cooled EGR). 

oxygen from the combustion of biodiesel in the reaction zones 
results in lower production of soot precursor species and hence 
in reduced rates of the soot producing reactions 13. When sufficient 
oxygen is available, soot precursors species react with molecular 
oxygen or oxygen-containing radicals (like OH, O) and eventually 
produce CO rather than aromatics and soot 33. 

2) Absence of aromatics and also significantly lower sulphur 
content in biodiesel fuels, those being considered soot 
precursors 13, 31. 

3) The combustion advance derived from the use of biodiesel. 
This effect, that is already discussed, enlarges the residence time 
of soot particles in a high temperature atmosphere, which in the 
presence of oxygen promotes further oxidation 32. 

4) The higher reactivity and oxidation velocity of biodiesel 
soot 17, 34. 

Effect of EGR on diesel engine parameters with WCO 
biodiesel and diesel fuel: A series of engine tests were carried 
out for diesel, B50 and B100 fuels with 13% cooled EGR to 
evaluate the performance, combustion and emission of the engine 
in full load. As it can be observed in Fig. 5, when EGR is applied 
to diesel engine, for all fuels, NOx is reduced but PM is 
increased. This is a well known trade-off between NOx and PM. 
On the other hand, if biodiesel is used in diesel engine, PM is 
decreased but NOx increased. Thus, biodiesel with EGR can be 
used to reduce NOx and PM simultaneously 35. 

It is interesting to note that with applying 13% cooled EGR, the 
NOx emission reduction is higher in case of B50 and B100 

combustion compared to diesel fuel. The NOx emissions are 
reduced to values similar to those of diesel fuel with the same EGR 
percentage while the PM levels are kept at considerably lower 
values. Therefore, it is seen that the use of EGR is more effective 
in the case of WCO and its blends compared to Diesel fuel. One 
reason for the higher NOx reduction is probably the different 
composition of the engine exhaust gas obtained from the 
combustion of WCO and diesel fuel. The increased fuel 
consumption with biodiesel resulted in increased H

2
O and CO

2
 in 

the engine exhaust gas 13, and hence the specific heat of exhaust 
gas produced by biodiesel combustion would be higher than that 
of diesel fuel. For example, the CO

2
 contents of the engine exhaust 

gas from the combustion of diesel, B50 and B100 are 11.7%, 11.8% 
and 11.9%, respectively, for engine full load condition. On the 
other hand, the EGR lead to retardation of the combustion of WCO, 
which is advanced, compared to diesel fuel and this is another 
argument for more NOx reduction with WCO biodiesel 13. By 
comparing Tables 4 and 5, it is resulted that with applying 13% 
cooled EGR, In the case of all fuels, the combustion process is 
slightly retarded into expansion stroke, the combustion duration is 
longer and the peaks of cylinder pressure and HRR are reduced. 
The combination of these items and reduced relative air/fuel ratio λ 
(the reduction of O

2
 availability) resulting from thermal throttling 

effect (Fig. 6), are the main reasons for NOx reduction and increased 
PM emissions when using EGR. 

As is observed in Fig. 7, the use of EGR resulted in reduced 
engine torque and increased BSFC as expected. The brake thermal 
efficiency also is reduced, but this reduction is lower for B50 and 

Figure 5. Effect of fuel blend composition on the NOx and PM emissions in the case of 
0% and 13% cooled EGR in full load. 

Figure 6. Effect of fuel blend composition on the relative air/fuel ratio λ and O
2
 concentration in 

the case of 0% and 13% cooled EGR in full load. 
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B100 compared to diesel fuel so that when applying EGR, the 
brake thermal efficiency obtained with WCO biodiesels is higher 
than that of diesel fuel. The possible reason is less the increased 
BSFC for WCO biodiesels (due to more O

2
 and hence, high brake 

power) with respect to diesel fuel. The values of BSFC variation 
are 10.58%, 6.86% and 6.24% for diesel, B50 and B100, respectively. 
Similarly, the values of reduced engine torque are 6.47%, 5.42% 
and 4.35% for diesel, B50 and B100, respectively. The trends of 
these variations indicate lower negative effect of EGR on engine 
performance with WCO biodiesel compared to diesel fuel. The 
effect of EGR is to increase exhaust gas temperature. This is 
resulted from shifting the combustion process to a later stage into 
expansion stroke and also the longer combustion duration for all 
fuels so that combustion ended later. 

Conclusions 
In this study, the influence of waste cooking oil biodiesel and its 
blends on combustion, performance and NOx/PM emissions were 
experimentally investigated on a semi heavy duty tractor diesel 
engine at full load whereas 13% cooled EGR was used to reduce 
NOx emissions. The following results were obtained: 

1. Due to higher viscosity and lower compressibility of WCO 
with respect to diesel fuel, start of injection was advanced. Also 
shorter ignition delay of WCO (due to advanced injection and 
higher cetane number), resulted in advanced combustion 
compared to diesel fuel. Thus, cylinder peak pressure and 
temperature were higher with WCO and its blends. 

2. Although, the increase of the WCO percentage in the fuel 
blend reduced the engine torque and power (due to less heating 
value than diesel fuel) but, because of the advanced combustion 
and higher lubricity of biodiesel, there was some torque and 
power recovery for this reduction. 

3. The advanced WCO combustion resulted in the reduction of 
PM while both NOx emissions and BSFC were increased. The 
combustion of different fuel blends did not affect significantly 
the engine efficiency. The increased amount of oxygen in the 

Figure 7. Effect of fuel blend composition on the engine torque, BSFC, brake thermal efficiency 
and exhaust gas temperature in the case of 0% and 13% cooled EGR in full load. 

 

 

 

 

 

 

 

WCO molecule is believed to be an additional reason for the 
reduced PM and increase of NOx emissions. The increase of the 
BSFC is mainly due to the lower heating value of WCO compared 
to diesel fuel. 

4. The use of cooled EGR was more effective in the case of 
WCO biodiesel blends combustion compared to diesel 
combustion. Because, the NOx emissions were more reduced (up 
to levels similar to those of diesel fuel with the use of same 
volumetric percentage of EGR) while the PM was relatively kept 
low. The increased CO

2
 concentration in recirculated exhaust gas 

and the retardation of the already advanced combustion from the 
use of biodiesel are the main reasons for the higher NOx reduction 
with the use of cooled EGR in the case of biodiesel fuelling. Thus, 
biodiesel with cooled EGR can be used to reduce NOx and PM 
emissions simultaneously. 

5. When applying same EGR rate, the brake thermal efficiency 
obtained with WCO biodiesels was higher than that of diesel fuel. 
Because, the reduction of engine torque and increase of BSFC are 
lower with WCO biodiesels with respect to diesel fuel. Thus, cooled 
EGR has lower negative effect on engine performance in case of 
WCO biodiesels compared to diesel fuel. This is another reason 
for the effectiveness of using of cooled EGR in case of WCO 
biodiesels fueling. 
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