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1. Introduction: 

Diesel engines are the major sources of transportation 
power generation , marine application etc . Although more 
fuel efficient than their spark ignited counter part,they 
have relatively higher emissions and noise level. hence , 
diesel is being used extensively , but due to gradual deple-
tion of fossil fuel reserves and the impact of environmen-
tal pollution of increasing exhaust emissions there is an 
urgent need for suitable alternative fuels for use in C.I. 
engines. Vegetable oil is one obvious fuel particularly be-
cause their fuel properties are closer to diesel fuel. Two 
important properties, the cetane number and the calorific 
value are similar to diesel. Hence diesel engines can be 
operated on vegetable oil without modification [2]. Of the 
various alternate fuels under consideration, biodiesel, de-
rived from vegetable oils, is the most promising alterna-
tive fuel to conventional diesel fuel (derived from fossil 
fuels; hereafter just “diesel”) due to the following reasons 
[3]. 
(a)Biodiesel is an oxygenated fuel; emissions of carbon 
monoxide and soot tend to be reduced compared to con-
ventional diesel fuel. 
(b)Biodiesel is produced from renewable vegetable oils/
animal fats and hence improves fuel or energy security 
and economy independence.
(c)The use of biodiesel can extend the life of diesel en-
gines because it is more lubricating than petroleum diesel 
fuel. 

Abstract: 

Growing concern regarding energy resources and the 
environment has increased interest in the study of alter-
native sources of energy. So to meet increasing energy 
requirements, there has been growing interest in alterna-
tive fuels like biodiesel to provide a suitable diesel oil 
substitute for internal combustion engines and also di-
minishing source of fossil fuels, increasing world popula-
tion that corresponds to increasing energy needs and the 
burden of pollution control have been considered great 
challenges that con-fronted human beings in developing 
energy and pollutant-producing machines. Assuming the 
consumption will not increase the world oil reserves are 
expected to last for 42 yrs [1]. Currently, alternative fuels 
are being investigated in detail for application in com-
pression ignition (CI) engines resulting in exciting poten-
tial opportunities to increase energy security and reduce 
gas emissions. 

Biodiesel is one of the alternative fuels which is renew-
able and environmentally friendly and can be used in die-
sel engines with little or no modifications. The objective 
of this study is to investigate the effects of biodiesel types 
and biodiesel fraction on the emission characteristics of 
a CI engine. The experimental work was carried out on a 
four-cylinder, four-stroke, direct injection (DI) and turbo-
charged diesel engine by using biodiesel made from waste 
oil, rapeseed oil, corn oil and comparing them to normal 
diesel. The fuels used in the analyses are B10, B20, B50, 
B100 and neat diesel The engine was operated over a 
range of engine speeds. Based on the measured parame-
ters, detailed analyses were carried out on major regulated 
emissions such as NOx, CO, CO2, and THC. It has been 
seen that the biodiesel types (sources) do not result in 
any significant differences in emissions. The results also 
clearly indicate that the engine running with biodiesel and 
blends have higher NOx emission by up to 20%. 
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Estimate The Performance And Efficiency of Diesel Engine By Using 
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(d)Biodiesel can be used in existing engines without any 
modifications. 
(e)The Occupational Safety and Health Administration 
classify biodiesel as a non-flammable liquid.
(f)Unlike fossil fuels, the use of biodiesel does not con-
tribute to global warming as CO2 emitted is once again 
absorbed by the plants grown for vegetable oil/biodiesel 
production. Thus CO2 balance is maintained. 
(g)Biodiesel is made entirely from vegetable sources; it 
does not contain any sulfur, aromatic hydrocarbons, met-
als or crude oil residues. 
A lot of research work has been carried out using veg-
etable oil both in its neat form and modified form. Studies 
have shown that the usage of vegetable oils in neat form is 
possible but not preferable [4]. The high viscosity of veg-
etable oils and the low volatility affects the atomization 
and spray pattern of fuel, leading to incomplete combus-
tion and severe carbon deposits, injector choking and pis-
ton ring sticking. Methods such as blending with diesel, 
emulsification, pyrolysis and transesterification are used 
to reduce the viscosity of vegetable oils. Among these, the 
transesterification is the most commonly used commercial 
process to produce clean and environmentally friendly 
fuel.A large number of studies on performance, combus-
tion and emission using raw vegetable oils and methyl/
ethyl esters of sunflower oil [5], rice bran oil, palm oil 
[6], mahua oil, jatropha oil, karanja oil [7], soybean oil, 
rapeseed oil and rubber seed oil have been carried out on 
Compression Ignition(CI) engines. The purpose of this 
paper is to review previous studies that look into the ef-
fect of bio-diesel on CI engine from the viewpoint of per-
formance, combustion and emissions.

1.1.Production of biodiesel:

Vegetable oils are chemically complex esters of fatty ac-
ids. These are the fats naturally present in oil seeds, and 
known as tri-glycerides of fatty acids. The molecular 
weight of these tri-glycerides would be of order of 800 
kg/m3or more. Because of their high molecular weights 
these fats have high viscosity causing major problems in 
their use as fuels in CI engines. These molecules have to 
be split into simpler molecules so that they have viscosity 
and other properties comparable to standard diesel oils. 
Modifying the vegetable oils (to make them lighter) can 
be achieved in many ways, including; Pyrolysis, Micro 
emulsification, Dilution and Transesterification. Among 
these, transesterification is the most commonly used com-
mercial process to produce clean and environmentally 
friendly light vegetable oil fuel i.e. biodiesel.

At the time the study was conducted, the Philippines has 
not yet acquired any equipment for monitoring diesel en-
gine performance in real-time condition. While this study 
investigates the instanta-neous diesel engine performance, 
refining processes of waste vegetable oil were also given 
emphasis due to the nature WVO properties that are found 
in the Philippines shown in fig.      

Fig.1 Refining processes of WVO

Fig. 2 WVO colour and appearance during refining

1.2 Transesterification: 

The fatty acid triglycerides themselves are esters of fatty 
acids and the chemical splitting up of the heavy molecules, 
giving rise to simpler esters, is known as Transesterifica-
tion. The triglycerides are reacted with a suitable alcohol 
(Methyl, Ethyl, or others) in the presence of a catalyst 
under a controlled temperature for a given length of time. 
The final products are Alkyl esters and Glycerin. The Al-
kyl esters, having favorable properties as fuels for use in 
CI engines, are the main product and the Glycerin, is a by-
product. The chemical reaction of the Tri-glyceride with 
Methyl alcohol is shown below. With higher alcohols the 
chemical equation would change correspondingly
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1.3 Properties of biodiesel: 

The fuel properties of raw vegetable oil as listed in Ta-
ble 1 indicate that the kinematic viscosity of vegetable 
oil varies in the range of 30–40 cSt at 38°C. The high 
viscosity of these oils is because of their large molecu-
lar mass in the range of 600–900 kg/m3. This is about 
20 times higher than that of diesel fuel. The flash point 
of vegetable oil is very high (above 200°C). The heating 
values are in the range of 39–40 MJ/kg compared to 45 
MJ/kg for diesel fuel. Heating values of various vegetable 
oils are nearly 90% of diesel fuel. The presence of chemi-
cally bound oxygen in vegetable oil lowers their heating 
values by about 10%. The cetane numbers are in the range 
of 35–50 [8] and is similar or close to that of diesel fuel. 
Long chain saturated, unbranched hydrocarbons are espe-
cially suitable for conventional diesel fuel. 

Current and future emission regulations are, and will be-
come, more stringent and as a consequence, the transport 
sector is undergoing rapid transformation in order to com-
ply with these regulations. In addition, fossil fuel demand 
is continuously increasing globally, the result of which 
is the rapid depletion of fossil fuel deposits [10]. Such 
problems are compelling countries to now focus on devel-
oping or finding alternative fuels [11]. The major alterna-
tive fuels being used in automotive transport are ethanol, 
hydrogen and biodiesel. Ethanol technology is success-
fully established and commercialised in both developing 
and developed countries. However, ethanol use is limited 
only to spark ignition engines. Furthermore, ethanol use 
is also limited to maximum blend strengths of up to 15% 
only because higher blend strengths result in fuel injec-
tion system problems [11]. 

The long, unbranched hydrocarbon chains in the fatty ac-
ids meet this requirement. The above unique properties of 
vegetable oils help us to replace the conventional diesel 
fuel. Wang et al. [9] reported that the major disadvantage 
of vegetable oils is their inherent high viscosity. Modern 
diesel engines have fuel injection systems that are sensi-
tive to viscosity change. A high viscosity may lead to poor 
atomization of the fuel, incomplete combustion, choking 
of the injectors, ring carbonization and accumulation of 
the fuel in the lubricating oils. A way to avoid these prob-
lems and to improve the performance of the fuel in an 
engine is to reduce the viscosity of vegetable oil. Methods 
that reduce the viscosity of vegetable oil include transes-
terification and fuel blending. These have the advantages 
of improving the use of vegetable oil as fuel with mini-
mum processing and engine modification.

Hydrogen-based fuel cells could become a viable alterna-
tive to fossil fuels, however, to make its use commercially 
viable, many technical challenges need to be addressed, 
for example, complexity in hydrogen production, require-
ments of special infrastructure for its storage, and high 
fuel cell production costs. In spite of research advances 
on hydrogen-powered fuel cells, diesel engines are ex-
pected to remain in use for high-power applications, such 
as rail road locomotives, ships and over land transport 
trucks [12]. carried out a thorough review of publications 
on the characteristics of emissions of engines using biod-
iesel and its blends and their conclusions are summarized 
in Table 2.
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Most of the literature reviewed showed that the use of 
biodiesel fuels caused increases in NOx emissions [15-
18]. As presented in Table 1, Lapuerta et al. [14] and Xue 
et al. [15] carried out a thorough review of publications 
on the NOx emission of engines using biodiesel and its 
blends. The effects of multiple feedstocks on NOx emis-
sions [26-29] and CO2 emissions [13,30,31] have been 
compared by a few researchers using the same engine and 
testing protocol, using chassis or dyno testing. Recently 
Pala-En [21] compared emissions from 20% blends of 
biodiesel made from four feedstocks (soybean oil, canola 
oil, waste cooking oil, and animal fat) with emissions 
from ultra-low sulfur diesel (ULSD) for both real world 
driving as well as dynamometer tests. 

They reported that the dynamometer test results showed 
statistically significant lower emissions of HC, CO, and 
PM from all B20 blends compared to ULSD. For CO2, 
both on-road testing and dynamometer testing showed no 
statistically significant difference in emissions among the 
B20 blends and ULSD. Their NOx dynamometer testing 
showed only B20 from soybean oil to have statistically 
significant higher emissions.As the aforementioned re-
view highlights, the studies in emission characteristics of 
a CI engine running on multiple feedstock and full range 
of biodiesel blends are fairly inconclusive for NOx and 
CO2. More investigations are required in order to under-
stand the emission characteristics of engines running with 
biodiesel blends. 

Based on the review, in this paper two research problems 
are identified for investigation, which are the effects of 
biodiesel types on the CI engine emission characteristics 
and the effects of biodiesel blends on the CI engine emis-
sion characteristics.Therefore, the objective of this study 
is to investigate the emission characteristics of a CI en-
gine running with biodiesel blend by varying biodiesel 
types and blends for heavy duty engine. To investigate the 
phenomena, experimental investigations were carried out 
using a heavy duty CI engine (four-cylinder, four-stroke, 
turbo-charged, water-cooled and direct-injection). In the 
following section the experimental facilities and test pro-
cedures are explained.

2.Experimental Facilities and Test Proce-
dures:

In this study the combustion characteristics and perfor-
mance of a CI engine running with biodiesel was inves-
tigated using a four-cylinder, four-stroke, turbo-charged, 
water-cooled and direct-injection CI engine. This partic-
ular engine was selected due to its wide application for 
heavy duty vehicles in Europe. A picture of the engine test 
and the schematic of the experimental facilities are shown 
in Figures 3 and 4, respectively.

Table .1 Properties of vegetable oil:
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viscosity of these oils is because of their large molecu-
lar mass in the range of 600–900 kg/m3. This is about 
20 times higher than that of diesel fuel. The flash point 
of vegetable oil is very high (above 200°C). The heating 
values are in the range of 39–40 MJ/kg compared to 45 
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oils are nearly 90% of diesel fuel. The presence of chemi-
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is the rapid depletion of fossil fuel deposits [10]. Such 
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fully established and commercialised in both developing 
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only to spark ignition engines. Furthermore, ethanol use 
is also limited to maximum blend strengths of up to 15% 
only because higher blend strengths result in fuel injec-
tion system problems [11]. 

The long, unbranched hydrocarbon chains in the fatty ac-
ids meet this requirement. The above unique properties of 
vegetable oils help us to replace the conventional diesel 
fuel. Wang et al. [9] reported that the major disadvantage 
of vegetable oils is their inherent high viscosity. Modern 
diesel engines have fuel injection systems that are sensi-
tive to viscosity change. A high viscosity may lead to poor 
atomization of the fuel, incomplete combustion, choking 
of the injectors, ring carbonization and accumulation of 
the fuel in the lubricating oils. A way to avoid these prob-
lems and to improve the performance of the fuel in an 
engine is to reduce the viscosity of vegetable oil. Methods 
that reduce the viscosity of vegetable oil include transes-
terification and fuel blending. These have the advantages 
of improving the use of vegetable oil as fuel with mini-
mum processing and engine modification.

Hydrogen-based fuel cells could become a viable alterna-
tive to fossil fuels, however, to make its use commercially 
viable, many technical challenges need to be addressed, 
for example, complexity in hydrogen production, require-
ments of special infrastructure for its storage, and high 
fuel cell production costs. In spite of research advances 
on hydrogen-powered fuel cells, diesel engines are ex-
pected to remain in use for high-power applications, such 
as rail road locomotives, ships and over land transport 
trucks [12]. carried out a thorough review of publications 
on the characteristics of emissions of engines using biod-
iesel and its blends and their conclusions are summarized 
in Table 2.
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Most of the literature reviewed showed that the use of 
biodiesel fuels caused increases in NOx emissions [15-
18]. As presented in Table 1, Lapuerta et al. [14] and Xue 
et al. [15] carried out a thorough review of publications 
on the NOx emission of engines using biodiesel and its 
blends. The effects of multiple feedstocks on NOx emis-
sions [26-29] and CO2 emissions [13,30,31] have been 
compared by a few researchers using the same engine and 
testing protocol, using chassis or dyno testing. Recently 
Pala-En [21] compared emissions from 20% blends of 
biodiesel made from four feedstocks (soybean oil, canola 
oil, waste cooking oil, and animal fat) with emissions 
from ultra-low sulfur diesel (ULSD) for both real world 
driving as well as dynamometer tests. 

They reported that the dynamometer test results showed 
statistically significant lower emissions of HC, CO, and 
PM from all B20 blends compared to ULSD. For CO2, 
both on-road testing and dynamometer testing showed no 
statistically significant difference in emissions among the 
B20 blends and ULSD. Their NOx dynamometer testing 
showed only B20 from soybean oil to have statistically 
significant higher emissions.As the aforementioned re-
view highlights, the studies in emission characteristics of 
a CI engine running on multiple feedstock and full range 
of biodiesel blends are fairly inconclusive for NOx and 
CO2. More investigations are required in order to under-
stand the emission characteristics of engines running with 
biodiesel blends. 

Based on the review, in this paper two research problems 
are identified for investigation, which are the effects of 
biodiesel types on the CI engine emission characteristics 
and the effects of biodiesel blends on the CI engine emis-
sion characteristics.Therefore, the objective of this study 
is to investigate the emission characteristics of a CI en-
gine running with biodiesel blend by varying biodiesel 
types and blends for heavy duty engine. To investigate the 
phenomena, experimental investigations were carried out 
using a heavy duty CI engine (four-cylinder, four-stroke, 
turbo-charged, water-cooled and direct-injection). In the 
following section the experimental facilities and test pro-
cedures are explained.

2.Experimental Facilities and Test Proce-
dures:

In this study the combustion characteristics and perfor-
mance of a CI engine running with biodiesel was inves-
tigated using a four-cylinder, four-stroke, turbo-charged, 
water-cooled and direct-injection CI engine. This partic-
ular engine was selected due to its wide application for 
heavy duty vehicles in Europe. A picture of the engine test 
and the schematic of the experimental facilities are shown 
in Figures 3 and 4, respectively.

Table 2. Estimated share of literature (in % number of publications) on effect of pure biodiesel 
on engine performance and emission in comparison with diesel [21,13].
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The details of the engine are presented in Table 3. The en-
gine was loaded by a 200 kW AC dynamometer 4-Quad-
rant regenerative drive with motoring and absorbing 
capability for both steady and transient conditions. The 
measurements of gaseous emissions were carried out us-
ing a HORIBA gas test bench. The measuring range and 
the analyser types are presented in Table 4. The sample 
line of the equipment is connected directly to the exhaust 

pipe and it is heated to maintain a wall temperature of 
around 191 °C and avoid the condensation of hydrocar-
bons into the line. The insulated line is extended from the 
exhaust pipe to the equipment’s units where the analysers 
are located.All emission analysers were set on one bench. 
However, each emission analyser uses different principles 
to measure the emission. Oxides of nitrogen are measured 
on a dry basis, by means of heated chemiluminescent de-
tector (HCLD) with a NO2/NO converter.
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The carbon monoxide and carbon dioxide were measured 
with an analyser of the non-dispersive infrared (NDIR) 
absorption type, whereas a paramagnetic detector was 
employed for the measurement of O2 concentration in the 
exhaust flow. The hydrocarbon was measured using the 
heated flame ionisation detector (HFID).On the day prior 
to the actual test day and also when fuel was changed, 
a preconditioning procedure at high speed and high load 
was implemented to purge any of the remaining effects 
from previous tests in the engine fuel system and also to 
remove the deposited hydrocarbon on the sample line. 
During the testing process the engine was run for 10 min 
to enable it to come to a steady state before any measure-
ments were carried out. The maximum rated speed and 
maximum torque of the test engine is specified to be 2200 
rpm and 425 Nm respectively. The tests were carried out 
for a range of engine speeds (from 1000 to 1800 rpm with 
200 rpm increments) and at near the maximum engine 
load (420 Nm). The biodiesel samples were obtained from 
a local company. Three common types of commercially 
available biodiesels (corn oil biodiesel (COB), rapeseed 
oil biodiesel (ROB), and waste oil biodiesel (WOB)) have 
been used for analysis.

The corn oil biodiesel and rapeseed oil biodiesel were 
produced from “virgin” oil by the transesterfication pro-
cess using methanol. The waste oil biodiesel was pro-
duced by the same process, although the raw feed was 
from cooking oil waste. Normal diesel fuel was obtained 
from a local fuel supplier. The rapeseed was selected for 
further blend effects investigation due to its wide EU ap-
plication. Waste oil biodiesel was selected to investigate 
how the variation of its sources affects the final emission 
characteristics. Crop oil biodiesel has been considered in 
this study to characterize the emissions from food source 
crop oil.To analyze the dependence of fuel type on the 
emissions of engines, three neat biodiesels (ROB, COB, 
WOB) and diesel were used. However, to establish blend-
ing and physical properties effects, the blended fuels were 
prepared by mixing ROB and diesel in different propor-
tions using an in-tank blending method. Blended fuel has 
a percentage volumetric fraction of 0%, 10%, 20%, 50%, 
75% and 100% of Biodiesel and named B0, B10, B20, 
B50, B75 and B100 respectively. The blend ratios were 
set to cover the full possible range of biodiesel application 
in emission reduction. However, the major car manufac-
turers have endorsed the application of biodiesel B5 and 
B20.

  Figure 3. Experimental engine facilities.

Figure 4. Engine test facilities layout  [46].
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The details of the engine are presented in Table 3. The en-
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The carbon monoxide and carbon dioxide were measured 
with an analyser of the non-dispersive infrared (NDIR) 
absorption type, whereas a paramagnetic detector was 
employed for the measurement of O2 concentration in the 
exhaust flow. The hydrocarbon was measured using the 
heated flame ionisation detector (HFID).On the day prior 
to the actual test day and also when fuel was changed, 
a preconditioning procedure at high speed and high load 
was implemented to purge any of the remaining effects 
from previous tests in the engine fuel system and also to 
remove the deposited hydrocarbon on the sample line. 
During the testing process the engine was run for 10 min 
to enable it to come to a steady state before any measure-
ments were carried out. The maximum rated speed and 
maximum torque of the test engine is specified to be 2200 
rpm and 425 Nm respectively. The tests were carried out 
for a range of engine speeds (from 1000 to 1800 rpm with 
200 rpm increments) and at near the maximum engine 
load (420 Nm). The biodiesel samples were obtained from 
a local company. Three common types of commercially 
available biodiesels (corn oil biodiesel (COB), rapeseed 
oil biodiesel (ROB), and waste oil biodiesel (WOB)) have 
been used for analysis.

The corn oil biodiesel and rapeseed oil biodiesel were 
produced from “virgin” oil by the transesterfication pro-
cess using methanol. The waste oil biodiesel was pro-
duced by the same process, although the raw feed was 
from cooking oil waste. Normal diesel fuel was obtained 
from a local fuel supplier. The rapeseed was selected for 
further blend effects investigation due to its wide EU ap-
plication. Waste oil biodiesel was selected to investigate 
how the variation of its sources affects the final emission 
characteristics. Crop oil biodiesel has been considered in 
this study to characterize the emissions from food source 
crop oil.To analyze the dependence of fuel type on the 
emissions of engines, three neat biodiesels (ROB, COB, 
WOB) and diesel were used. However, to establish blend-
ing and physical properties effects, the blended fuels were 
prepared by mixing ROB and diesel in different propor-
tions using an in-tank blending method. Blended fuel has 
a percentage volumetric fraction of 0%, 10%, 20%, 50%, 
75% and 100% of Biodiesel and named B0, B10, B20, 
B50, B75 and B100 respectively. The blend ratios were 
set to cover the full possible range of biodiesel application 
in emission reduction. However, the major car manufac-
turers have endorsed the application of biodiesel B5 and 
B20.

Table  3.  Characteristics of the engine.

Table  3.  Characteristics of the engine.
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3. Results and Discussion:
One of the benefits of using biodiesel as an alternative 
fuel is its capability of reducing the pollutant emissions to 
the environment. In this section the emission characteris-
tics of the test CI engine running with diesel, ROB, COB 
and WOB have been investigated. In addition, the effects 
of biodiesel content on the emission characteristics have 
been investigated and reported. The main exhaust emis-
sions analysed in the present investigation are CO2, CO, 
NOx and THC.

3.1. Effects of Biodiesel Content on Engine 
Emissions Parameters:
The CO2 emission values of the CI engine running on 
ROB, COB, WOB and diesel fuel at a 420 Nm load and at 
a range of engine speeds are shown in Figure 3. 

The ROB, COB, WOB and diesel resulted in maximum 
CO2 emissions of 4.85%, 4.74%, 4.80% and 6%, respec-
tively. As seen in Figure 3b, the CI engine running on 
biodiesel emitted lower CO2 than when running on diesel 
by an average of 17%. It is noticed that the engine running 
with the WOB resulted in inconsistent emission at lower 
engine speed. 

Comparing the three biodiesels ROB, COB and WOB, it 
can be seen that each fuel emitted almost equal amounts 
of CO2. Similar results have been reported earlier [15,24]. 
However, some authors have reported that the engine 
fuelled by biodiesel fuels emit higher CO2 [24,26,35]. 
Some investigations in the past have also reported that 
CO2 emissions remain unchanged on changing fuel from 
diesel to biodiesel [22,36].
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Figure 4a depicts the NOx emissions of the test CI engine 
running on the ROB, COB, WOB and diesel. The cor-
responding maximum engine emission values were ob-
served to be 1350 ppm, 1355 ppm, 1340 ppm and 1040 
ppm, respectively, at a load of 420 Nm over the engine 
speed range of 1000–1800 rpm. From Figure 4, it is appar-
ent that the NOx emissions increased with the increase in 
the engine speed. This can be primarily due to an increase 
in volumetric efficiency and gas flow motion within the 
engine cylinder under higher engine speeds and higher 
load operating conditions, which led to a faster mixing 
between fuel and air and hence shorter ignition delay 
[13,42]. The ROB, COB andWOB resulted in higher NOx 
emissions than the normal diesel by up to 27%, as shown 
in Figure 4b. 

This phenomenon is due to the resulting advanced injec-
tion because of the influence of the physical properties of 
biodiesel, such as viscosity, density, compressibility and 
sound velocity [15,19,20]. Some researchers argue that 
the main cause of NOx increase with biodiesel use is the 
increased cetane number [20,38] which leads to an ad-
vanced combustion by shortening the ignition delay and 
the higher availability of oxygen [14,15,38] which in turn 
promotes NOx formation. However, when comparing the 
NOx emissions of ROB, COB and WOB, no significant 
differences in the NOx emissions are apparent. The stan-
dard deviations values have been indicated with the mean 
value of the NOx emission for each condition, as it shown 
in Figure 4a. The maximum standard deviation was com-
puted to be 15 ppm at 1800 rpm.

The main physical properties such as composition, density, lower heating value (LHV) and viscosity of the rapeseed 
oil biodiesel were measured according to the official test standards in EU [32]. The blends properties are presented in 
Table 5.

Table  5. Physical and chemical properties of rapeseed biodiesel and its blends  [32].
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3. Results and Discussion:
One of the benefits of using biodiesel as an alternative 
fuel is its capability of reducing the pollutant emissions to 
the environment. In this section the emission characteris-
tics of the test CI engine running with diesel, ROB, COB 
and WOB have been investigated. In addition, the effects 
of biodiesel content on the emission characteristics have 
been investigated and reported. The main exhaust emis-
sions analysed in the present investigation are CO2, CO, 
NOx and THC.

3.1. Effects of Biodiesel Content on Engine 
Emissions Parameters:
The CO2 emission values of the CI engine running on 
ROB, COB, WOB and diesel fuel at a 420 Nm load and at 
a range of engine speeds are shown in Figure 3. 

The ROB, COB, WOB and diesel resulted in maximum 
CO2 emissions of 4.85%, 4.74%, 4.80% and 6%, respec-
tively. As seen in Figure 3b, the CI engine running on 
biodiesel emitted lower CO2 than when running on diesel 
by an average of 17%. It is noticed that the engine running 
with the WOB resulted in inconsistent emission at lower 
engine speed. 

Comparing the three biodiesels ROB, COB and WOB, it 
can be seen that each fuel emitted almost equal amounts 
of CO2. Similar results have been reported earlier [15,24]. 
However, some authors have reported that the engine 
fuelled by biodiesel fuels emit higher CO2 [24,26,35]. 
Some investigations in the past have also reported that 
CO2 emissions remain unchanged on changing fuel from 
diesel to biodiesel [22,36].
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Figure 4a depicts the NOx emissions of the test CI engine 
running on the ROB, COB, WOB and diesel. The cor-
responding maximum engine emission values were ob-
served to be 1350 ppm, 1355 ppm, 1340 ppm and 1040 
ppm, respectively, at a load of 420 Nm over the engine 
speed range of 1000–1800 rpm. From Figure 4, it is appar-
ent that the NOx emissions increased with the increase in 
the engine speed. This can be primarily due to an increase 
in volumetric efficiency and gas flow motion within the 
engine cylinder under higher engine speeds and higher 
load operating conditions, which led to a faster mixing 
between fuel and air and hence shorter ignition delay 
[13,42]. The ROB, COB andWOB resulted in higher NOx 
emissions than the normal diesel by up to 27%, as shown 
in Figure 4b. 

This phenomenon is due to the resulting advanced injec-
tion because of the influence of the physical properties of 
biodiesel, such as viscosity, density, compressibility and 
sound velocity [15,19,20]. Some researchers argue that 
the main cause of NOx increase with biodiesel use is the 
increased cetane number [20,38] which leads to an ad-
vanced combustion by shortening the ignition delay and 
the higher availability of oxygen [14,15,38] which in turn 
promotes NOx formation. However, when comparing the 
NOx emissions of ROB, COB and WOB, no significant 
differences in the NOx emissions are apparent. The stan-
dard deviations values have been indicated with the mean 
value of the NOx emission for each condition, as it shown 
in Figure 4a. The maximum standard deviation was com-
puted to be 15 ppm at 1800 rpm.
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The graph shown in Figure 5a depicts the THC emissions 
of the CI engine running with ROB, COB, WOB and die-
sel at a load of 420 Nm over a speed range of 1000–1800 
rpm. From the figure, it can be seen that the THC emission 
decreases with an increase in engine speed. This may be 
due to better air-fuel mixing process and/or the increased 
fuel/air ratio at higher engine speeds [19,39,40].The two 
“virgin” biodiesels i.e., ROB and COB did not show any 
significant differences in THC emission values. 

However, the engine running on these two biodiesels has 
a reduced THC emission value by 28%, as compared to 
the neat diesel, as shown in Figure 5b. The WOB use also 
reduces the THC; however the reduction was only about 
5% as compared to diesel. The standard deviations of the 
measurements are indicated along with the mean value of 
the THC emission for each condition in the figure. The 
maximum standard deviation has been computed to be 2 
ppm at 1800 rpm.
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Figure 6a presents the CO emissions for the engine run-
ning with ROB, COB, WOB and diesel at a load of 420 Nm 
over an engine speed range of 1000–1800 rpm. In Figure 
6, a clear trend can be seen that CO emissions decrease 
with increasing engine speeds. This is because when the 
engine speed increases, the air-fuel mixing process may 
become more intensive and a higher fuel/air equivalence 
may have resulted in enhancing the conversion of CO to 
CO2 [19,22,41]. The CO emission of the neat biodiesel 
was lower than that of the diesel by 28%, as indicated in 
Figure 6b. However, comparing ROB, COB and WOB, 
the three neat biodiesels did not show any significant dif-
ferences in CO emission.

3.2. Effects of Biodiesel Blend Fraction on En-
gine Emissions Parameters:

Experimental emission results obtained from the tests on 
a CI engine fuelled with rapeseed biodiesel blends run-
ning at a range of engine speeds and at 420 Nm load, are 
shown in Figure 7 to Figure 10. The higher load was se-
lected for emissions investigation due to its sensitivity for 
emissions. 

The standard deviations of the measurements are indicat-
ed with the mean value of the CO emission for each con-
dition, having a maximum standard deviation of 3.5 ppm.
The above results have clearly indicated that the biodiesel 
sources do not affect the engine emissions and as long as 
physical properties are similar we can expect same emis-
sions characteristics from the engine. The next section is 
therefore focused on investigation with one of the biod-
iesel used (ROB) for detailed analysis and in this inves-
tigation the fuel properties have been varied by blending 
diesel with biodiesel in different proportions.

Both the real values of the emissions and the percentage 
change of the emission over a wide range of conditions 
are reported. Figure 7a provides the CO2 emissions of CI 
engines over a range of engine speeds. It can be seen that 
the CO2 emissions reduce significantly with increases in 
the engine speeds. The CI engine’s CO2 emissions corre-
sponding to neat diesel and various biodiesel blends (B10, 
B20, B50 and B100) have been compared and resulted in 
a reduction change in CO2 emission as shown in Figure 
7b.

Figure 4. (a) Variation of NOx emission of CI engine running with ROB, COB, WOB and diesel at a load of 420 
Nm; (b) NOx emission reductions in percentage comparing biodiesel (ROB, COB, WOB) with diesel at 420 Nm.

Figure 5. (a) Variation of THC emission of CI engine running with ROB, COB, WOB and diesel at a load of 420 
Nm; (b) THC emission reductions in percentage comparing biodiesel (ROB, COB, WOB) with diesel at 420 Nm.
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The graph shown in Figure 5a depicts the THC emissions 
of the CI engine running with ROB, COB, WOB and die-
sel at a load of 420 Nm over a speed range of 1000–1800 
rpm. From the figure, it can be seen that the THC emission 
decreases with an increase in engine speed. This may be 
due to better air-fuel mixing process and/or the increased 
fuel/air ratio at higher engine speeds [19,39,40].The two 
“virgin” biodiesels i.e., ROB and COB did not show any 
significant differences in THC emission values. 

However, the engine running on these two biodiesels has 
a reduced THC emission value by 28%, as compared to 
the neat diesel, as shown in Figure 5b. The WOB use also 
reduces the THC; however the reduction was only about 
5% as compared to diesel. The standard deviations of the 
measurements are indicated along with the mean value of 
the THC emission for each condition in the figure. The 
maximum standard deviation has been computed to be 2 
ppm at 1800 rpm.
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Figure 6a presents the CO emissions for the engine run-
ning with ROB, COB, WOB and diesel at a load of 420 Nm 
over an engine speed range of 1000–1800 rpm. In Figure 
6, a clear trend can be seen that CO emissions decrease 
with increasing engine speeds. This is because when the 
engine speed increases, the air-fuel mixing process may 
become more intensive and a higher fuel/air equivalence 
may have resulted in enhancing the conversion of CO to 
CO2 [19,22,41]. The CO emission of the neat biodiesel 
was lower than that of the diesel by 28%, as indicated in 
Figure 6b. However, comparing ROB, COB and WOB, 
the three neat biodiesels did not show any significant dif-
ferences in CO emission.

3.2. Effects of Biodiesel Blend Fraction on En-
gine Emissions Parameters:

Experimental emission results obtained from the tests on 
a CI engine fuelled with rapeseed biodiesel blends run-
ning at a range of engine speeds and at 420 Nm load, are 
shown in Figure 7 to Figure 10. The higher load was se-
lected for emissions investigation due to its sensitivity for 
emissions. 

The standard deviations of the measurements are indicat-
ed with the mean value of the CO emission for each con-
dition, having a maximum standard deviation of 3.5 ppm.
The above results have clearly indicated that the biodiesel 
sources do not affect the engine emissions and as long as 
physical properties are similar we can expect same emis-
sions characteristics from the engine. The next section is 
therefore focused on investigation with one of the biod-
iesel used (ROB) for detailed analysis and in this inves-
tigation the fuel properties have been varied by blending 
diesel with biodiesel in different proportions.

Both the real values of the emissions and the percentage 
change of the emission over a wide range of conditions 
are reported. Figure 7a provides the CO2 emissions of CI 
engines over a range of engine speeds. It can be seen that 
the CO2 emissions reduce significantly with increases in 
the engine speeds. The CI engine’s CO2 emissions corre-
sponding to neat diesel and various biodiesel blends (B10, 
B20, B50 and B100) have been compared and resulted in 
a reduction change in CO2 emission as shown in Figure 
7b.

Figure 6. (a) Variation of CO emission of CI engine running with ROB, COB, WOB and diesel at a load of 420 
Nm; (b) CO emission reductions in percentage comparing biodiesel (ROB, COB, WOB) with diesel at 420 Nm.
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It shows that the CI engine’s CO2 emission reduced by 
7%, 27%, 40% and 30% corresponding to B10, B20, B50 
and B100 as compared to diesel value respectively. The 
CO2 emission by B50 shows the lowest reduction. This 
is not the normal trend in most of the previous report. 
It needs a further investigation.The engine fuelled with 
B50 resulted in the maximum reduction of CO2 emission 
among the different blends used, 

Figure 8a compares the NOx emissions from the test CI 
engine fuelled with diesel, B10, B20, B50 and B100, at 
a load of 420 Nm over a wide range of engine speeds. It 
can be seen that the NOx emission increases with an in-
crease in engine speed as discussed in Section 3.1. It can 
further be seen that a higher percentage of biodiesel blend 
emits higher values of NOx emissions, as shown in Fig-
ure 8b.The use of biodiesel blend B10 increased the NOx 
emissions by 10%, whilst the neat biodiesel increased 
the emission value by up to 37% at 1100 rpm, both as 
compared to the emission resulting from the use of diesel. 
Other researchers have also reported that NOx emissions 
increased in a similar range [42,43] if biodiesel is used as 
fuel as compared to diesel. 

which is different from that which previous researchers 
recommended with optimum biodiesel blends of 20%. 
The engine fuelled with biodiesel emitted lower CO2 
emissions than diesel due to the lower carbon to hydrogen 
ratio [15,37]. The carbon content of biodiesel was 77%, 
whilst for diesel it was 87%, as can be seen in Table 5.

The main reasons for higher NOx emissions with an in-
crease in biodiesel content could be due to the advance 
injection and advance combustion, as a result of its higher 
viscosity [14,13,19,18], higher oxygen content which 
enhances NOx formation [14,15,39] and a higher cetane 
number which shortens ignition delay and advances the 
combustion [20]. The THC emissions of the test CI en-
gine running on diesel and biodiesel blends at various en-
gine speeds and at 420 Nm load are depicted in Figure 9a. 
It can be noticed that the biodiesel blends emitted lower 
THC emissions as compared to diesel. However, a trend 
discrepancy is seen at an engine speed of 1100 rpm. The 
THC reduction reached 45% at 1300 rpm engine speed for 
B100. Previous researchers have also reported that the
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The CO emission characteristics of the CI engine fuelled 
by the diesel and rapeseed biodiesel blends at the maxi-
mum engine load and at various speed conditions are 
shown in Figure 10. All the fuels used produced a higher 
amount of CO emissions at lower speeds and emitted less 
CO at higher engine speeds. The effect of engine speed 
on CO emission is discussed in Section 3.1. It can be also 
seen when the biodiesel content increases, the CO emis-
sion is decreasing by an average of up to 25%.

Krahl et al. [25] and Raheman and Phadatre [43] reported 
that the engine running on biodiesel reduced the CO emis-
sion by 50% and 73%–94%, respectively. The main rea-
son for reduction of CO emissions is the availability of 
oxygen in the biodiesel for better combustion. The extra 
oxygen in the biodiesel promotes complete combustion 
of fuel and thus results in the reduction of CO emissions 
[20,23,25].

Figure 7. (a) Variation of CO2 emissions with engine speed for CI engine running with biodiesel blends at a load 
of 420Nm; (b) CO2 emission reductions due to biodiesel blends (B10, B20, B50, B100) comparing with diesel at 

420 Nm.
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It shows that the CI engine’s CO2 emission reduced by 
7%, 27%, 40% and 30% corresponding to B10, B20, B50 
and B100 as compared to diesel value respectively. The 
CO2 emission by B50 shows the lowest reduction. This 
is not the normal trend in most of the previous report. 
It needs a further investigation.The engine fuelled with 
B50 resulted in the maximum reduction of CO2 emission 
among the different blends used, 

Figure 8a compares the NOx emissions from the test CI 
engine fuelled with diesel, B10, B20, B50 and B100, at 
a load of 420 Nm over a wide range of engine speeds. It 
can be seen that the NOx emission increases with an in-
crease in engine speed as discussed in Section 3.1. It can 
further be seen that a higher percentage of biodiesel blend 
emits higher values of NOx emissions, as shown in Fig-
ure 8b.The use of biodiesel blend B10 increased the NOx 
emissions by 10%, whilst the neat biodiesel increased 
the emission value by up to 37% at 1100 rpm, both as 
compared to the emission resulting from the use of diesel. 
Other researchers have also reported that NOx emissions 
increased in a similar range [42,43] if biodiesel is used as 
fuel as compared to diesel. 

which is different from that which previous researchers 
recommended with optimum biodiesel blends of 20%. 
The engine fuelled with biodiesel emitted lower CO2 
emissions than diesel due to the lower carbon to hydrogen 
ratio [15,37]. The carbon content of biodiesel was 77%, 
whilst for diesel it was 87%, as can be seen in Table 5.

The main reasons for higher NOx emissions with an in-
crease in biodiesel content could be due to the advance 
injection and advance combustion, as a result of its higher 
viscosity [14,13,19,18], higher oxygen content which 
enhances NOx formation [14,15,39] and a higher cetane 
number which shortens ignition delay and advances the 
combustion [20]. The THC emissions of the test CI en-
gine running on diesel and biodiesel blends at various en-
gine speeds and at 420 Nm load are depicted in Figure 9a. 
It can be noticed that the biodiesel blends emitted lower 
THC emissions as compared to diesel. However, a trend 
discrepancy is seen at an engine speed of 1100 rpm. The 
THC reduction reached 45% at 1300 rpm engine speed for 
B100. Previous researchers have also reported that the
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The CO emission characteristics of the CI engine fuelled 
by the diesel and rapeseed biodiesel blends at the maxi-
mum engine load and at various speed conditions are 
shown in Figure 10. All the fuels used produced a higher 
amount of CO emissions at lower speeds and emitted less 
CO at higher engine speeds. The effect of engine speed 
on CO emission is discussed in Section 3.1. It can be also 
seen when the biodiesel content increases, the CO emis-
sion is decreasing by an average of up to 25%.

Krahl et al. [25] and Raheman and Phadatre [43] reported 
that the engine running on biodiesel reduced the CO emis-
sion by 50% and 73%–94%, respectively. The main rea-
son for reduction of CO emissions is the availability of 
oxygen in the biodiesel for better combustion. The extra 
oxygen in the biodiesel promotes complete combustion 
of fuel and thus results in the reduction of CO emissions 
[20,23,25].

Figure 8. (a) Variation of NOx emissions with engine speed for CI engine running with biodiesel blends at a load 
of 420 Nm; (b) NOx emission reductions due to biodiesel blends (B10, B20, B50, B100) comparing with diesel at 

420 Nm.

engine fuelled with biodiesel could reduce the THC up to 67% [23,25,26]. The reduction of the THC in CI engines run-
ning on biodiesel can be explained on the basis of a lower content of carbon to hydrogen ratio than the normal diesel and 
presence of up to 11% oxygen in its molecular structure.
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4. Conclusions:

The effects of biodiesel types and blend fraction values 
on the CI engine’s emissions (CO2, CO, NOx and THC) 
characteristics were investigated in detail for steady state 
operation conditions. The following conclusions are 
drawn for this specific fuel and engine configuration:

1.For all biodiesel contents the NOx emission increases 
for all operating conditions of the CI engine. This increase 
may be explained by the higher oxygen content present in 
biodiesel and the advanced injection characteristics. 

2.The emission analyses of the CI engine running with 
biodiesel highlights a significant reduction in CO2, CO 
and THC emission under working engine operation con-
ditions. It is also found that when the biodiesel content 
increases a further reduction in emissions is observed, 
except for CO, where B20 and B50 produced lower re-
sults. This emission reduction is most likely a result of the 
oxygen content in biodiesel and the low carbon hydrogen 
ratio. 

3.The source of biodiesel does not show a significant ef-
fect on the CI engine’s emissions (CO2, CO, NOx and 
THC) as long as the fuel physical (density, viscosity and 
lower heating value) and chemical (molecular composi-
tion) properties remain same. 
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Figure 10. (a) Variation of CO emissions with engine speed for CI engine running with biodiesel blends at a load 
of 420 Nm; (b) CO emission reductions due to biodiesel blends (B10, B20, B50, B100) comparing with diesel at 

420 Nm.
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4. Conclusions:

The effects of biodiesel types and blend fraction values 
on the CI engine’s emissions (CO2, CO, NOx and THC) 
characteristics were investigated in detail for steady state 
operation conditions. The following conclusions are 
drawn for this specific fuel and engine configuration:

1.For all biodiesel contents the NOx emission increases 
for all operating conditions of the CI engine. This increase 
may be explained by the higher oxygen content present in 
biodiesel and the advanced injection characteristics. 

2.The emission analyses of the CI engine running with 
biodiesel highlights a significant reduction in CO2, CO 
and THC emission under working engine operation con-
ditions. It is also found that when the biodiesel content 
increases a further reduction in emissions is observed, 
except for CO, where B20 and B50 produced lower re-
sults. This emission reduction is most likely a result of the 
oxygen content in biodiesel and the low carbon hydrogen 
ratio. 

3.The source of biodiesel does not show a significant ef-
fect on the CI engine’s emissions (CO2, CO, NOx and 
THC) as long as the fuel physical (density, viscosity and 
lower heating value) and chemical (molecular composi-
tion) properties remain same. 
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