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Abstract:  

 
Much research has been conducted on alternative fuels for using in diesel engines due to increasing 

environmental concerns and depletion of fossil fuels. Alternative fuels represent a valuable 

contribution to conserve energy and protect the environment as they have potential to reduce emissions 

from engines in comparison to conventional fuels derived from fossil fuels. In this study, petroleum 

based diesel, neat biodiesel obtained from waste cooking oil, their blend known as B20 and two 

blended fuels consisting of diesel, biodiesel and ethanol or methanol were tested in a direct injection 

diesel engine to investigate exhaust emissions. The experimental results indicated that NOx emissions 

for biodiesel and B20 were higher than for diesel, while ternary fuel blends could lead to reduction of 

NOx emissions. In addition, CO emissions of all the oxygenated fuels are lower than those of diesel, 

while brake specific fuel consumption is higher.  
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1. Introduction  

 

Biodiesel is produced from vegetable oils or animal fats by transesterification process using 

methanol and a base catalyst, and it has many advantages over the petroleum diesel fuels as 

renewable, oxygenated, non-toxic, sulfur-free and biodegradable. Biodiesel have been 

investigated in diesel engines as pure or blended with diesel fuel by researchers [1-3], and it has 

been shown that there is a substantial reduction of carbon monoxide (CO), unburned 

hydrocarbons (HCs) and particulate matter (PM) emission whereas increase nitrogen oxides 

(NOx) [4-6]. Its high production cost and poor cold-flow properties are other problems; the first 

one is due to biodiesel feedstock, which is about 80% of the total operating cost [7]. The price of 

biodiesel is competitive with that of petroleum based diesel fuel when using waste cooking or 

frying oils as a feedstock [8]. Alcohol fuels have also been considered as oxygenated alternative 

fuels for diesel engines as the blended fuels for a long time. In alcohols, methanol and ethanol are 

used most often as fuels and fuel additives in diesel engines [9]. Ethanol is regarded as one of the 

promising alternative fuels or oxygen additives for diesel engines, with its advantages of 

renewable energy and high oxygen content. However, its limited miscibility with petroleum 

diesel limits its use in diesel engines [10]. Methanol also reduces NOx and PM in diesel engines 

when it is mixed with diesel fuel. Because of the miscibility problems and the decrease of the 

cetane number, the ratio of methanol/diesel is not so high but the combustion changes a lot, even 

with relatively small additions of methanol [11]. Thus they could be used in diesel engines as fuel 

additive, e.g. Rakopoulos et al. [12] and Sayın [13] tested methanol–diesel and/or ethanol–diesel 

fuel blends. Zhu et al. [14], Qi et al. [15], Shi et al. [16] and Lapuerta et al. [17] tested alcohol-

biodiesel-diesel blends in diesel engines. In these studies, it was reported that the blended fuels 

(ethanol or methanol-diesel) could lead to reduction of both NOx and PM of a diesel engine when 
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compared with diesel fuel, and the diesel-biodiesel–alcohol blends show excellent ability to 

eliminate smoke emissions. As seen in the literature review, methanol or ethanol and biodiesel 

blending with diesel fuel influence the diesel engine performance and emissions. Therefore, this 

study focused on the influences of diesel-biodiesel-methanol and diesel-biodiesel-ethanol blended 

fuels on the engine performance and exhaust emissions of a direct-injection diesel engine.  

 

2. Materials and Method 

 

2.1. Fuels tested 

Petroleum diesel fuel was obtained from a commercial supplier, and used as the baseline fuel for 

the present experimental study. Biodiesel used in this study was produced from waste cooking oil 

by a commercial producer, located in İstanbul, Turkey. Methanol and ethanol with purity of 99.8 

and 99.5%, respectively, were used for preparing ternary fuel blends. Five kinds of fuels were 

prepared and tested: pure diesel and biodiesel (B100), 20% biodiesel blending with 80% diesel 

(indicated as B20), 10% methanol blending with 20% biodiesel and 70% diesel (indicated as 

DBM10) and 10% ethanol blending with 20% biodiesel and 70% diesel (indicated as DBE10). 

The fuel properties were determined at Fuel Analysis Laboratory of Automotive Engineering in 

Çukurova University, Adana, Turkey and presented in Table 1. Compared with petroleum diesel 

fuel, all the oxygenated fuels have lower heating value by about 13–19%. The viscosity and 

density of biodiesel is evidently higher than that of other fuels used. An important property of 

diesel engine fuel is cetane number, and that of diesel is slightly higher than that of biodiesel. 

Methanol, ethanol and biodiesel contain molecular oxygen by roughly 50, 35 and 11% (wt.), 

respectively. Therefore, the fuels having highest oxygen content, in descending order, are: B100, 

DBM10, DBE10 and B20, it was taken into consideration that petroleum diesel fuel does not 

contain molecular oxygen. The heat of evaporation of diesel, biodiesel, ethanol and methanol are 

290, 300, 840 and 1178 kJ/kg, respectively [19]. The ternary fuel blends (biodiesel-diesel-

methanol or ethanol) for engine tests were prepared just before starting the experiment to provide 

that the fuel mixture is homogenous. As a matter of fact, ethanol-biodiesel-diesel (EB-diesel) fuel 

blend microemulsions are stable well below sub-zero temperatures, and biodiesel can be used as 

an amphiphile (a surface-active agent) to stabilize ethanol and diesel, as reported by Fernando 

and Hanna [18]. 
 

        Table 1. The properties of fuels used.  

 

Properties Diesel Biodiesel BD BDM BDE 

Density (kg/m
3
) (at 15 °C) 833 878 842 840 841 

Viscosity (mm
2
/s) (at 40 °C) 2.95 4.43 3.21 3.57 3.63 

Heating Value (MJ/kg) 45.65 36.6 39.6 38 36.9 

Cetane Number (CN) 54.63 53.57 54.4 42.6 43.7 

 

2.2. Test engine and experimental procedure 

 

The performance and exhaust emission tests were conducted on a four-cylinder, four-stroke, 

naturally aspired, water-cooled and direct-injection diesel engine which has a 3.9 liter 
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displacement and develops 89 kW @ 3200 rpm. The experimental set-up is installed in 

Automotive Engineering Laboratory of Faculty of Engineering in Çukurova University, Adana, 

Turkey. A hydraulic dynamometer (Netfren brand) is connected to test engine to provide brake 

load. A Magnetic pick-up sensor was used to measure the speed of the engine. The load on the 

dynamometer was measured using a Load Cell. Fuel consumption was measured with a 

gravimetric fuel consumption meter. A data acquisition system was used to collect the data and 

store it in a personal computer. The exhaust emissions were measured by an exhaust analyzer 

(Testo 350-XL), which was calibrated before each test. A schematic diagram of the experimental 

setup is shown in Fig. 1. The engine was started with petroleum diesel fuel and warmed up for a 

sufficient time in order to reach steady state operational conditions for each fuel. The warm up 

period ends when the cooling water temperature is stabilized. The results evaluated here were 

obtained at full-load conditions at the engine speeds between 1000 and 2500 rpm with intervals 

of 500 rpm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Schematic diagram of the experimental setup 

3. Results  

 

A comparison of brake specific fuel consumption (BSFC) for fuels tested is shown in Figure 2. 

For biodiesel and blended fuels, the BSFC are higher than that of the diesel fuel. The BSFC of 

different oxygenated fuels was increased up to 8% on average, compared with the pure diesel. 

Figure 3 compares the CO emissions of diesel fuel and different oxygenated fuels at engine speed 

of 1000-2500 rpm. Compared with diesel fuel, as shown in Fig. 3, CO emissions for biodiesel 

and biodiesel-diesel blend are lower. Many researchers agree that biodiesel, derived from various 

sources, causes a decrease of CO emissions [19] and [20]. For the blended fuels with 10% 

alcohol, compared with the diesel fuel, CO emissions are lower. However, DBM10 and DBE10 

showed slightly higher CO emissions in comparison to biodiesel. Compared to pure diesel, the 

average CO emissions of the oxygenated fuels were reduced up to 18%. 
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Figure 2. Variation of BSFC with engine speed for different fuels 

 

 
Figure 3. Comparison of CO emissions 

 

NOx emissions for diesel and different oxygenated fuels are shown in Figure 4. Fig. 4 shows the 

NOx emissions for the fuels used decreases with increase in engine speed. This variation should 

be attributed to the engine operation conditions rather than the fuel type as all the fuels tested 

have the same tendency. Figure 4 also shows that NOx emissions are increased with respect to 

pure diesel when the engine is fueled with B100 and B20 and the increase in NOx is up to 10%, 

on average. B100 produced the highest NOx for engine speeds of 1500, 2000 and 2500 rpm while 

B20 gave the highest NOx at engine speeds of 1000 rpm. For the ternary blends (DBM10 and 

DBE10), lower NOx emissions were obtained at all engine speeds compared with B100 and B20. 

Compared with pure diesel, the reduction in NOx emissions was obtained between engine speeds 

100

150

200

250

300

1000 1500 2000 2500
Engine speed, rpm

B
S

F
C

, 
g

/k
W

h

Diesel B100 B20 DBM10 DBE10

200

300

400

500

600

1000 1500 2000 2500
Engine speed, rpm

C
O

 E
m

is
si

o
n

s 
(p

p
m

)

Diesel

B100

B20

DBM10

DBE10



 

S.ALTUN et al./ ISEM2014 Adiyaman - TURKEY  610 

 

 

 

of 1500-2500 rpm, while pure diesel produced the lower NOx emissions at an engine speed of 

1000 rpm. On the average, the results showed that when DBM10 and DBE10 were used, a 

reduction in NOx emissions was obtained compared with those of pure diesel, B100 and B20 up 

to 11-12% respectively.  

 

 
Figure 4. Comparison of NOx emission 

 

When the engine experiments were carried out, there was no smoke meter in the laboratory, and 

it was a deficiency of this study. Smoke emissions are main concern in diesel engines, however 

the highest consensus in oxygenated fuels such as biodiesel and ethanol is found in the sharp 

reduction in particulate emissions, as reported by Lapuerta et al. [21]. 

 

4. Discussion  

 

The increase of BSFC can be attributed to the lower heating values of biodiesel, methanol and 

ethanol compared with diesel fuel. Lapuerta et al. [22] reported that according to the loss of 

heating value, the brake specific fuel consumption (BSFC) increases while using ethanol-diesel 

with respect to that obtained with the reference fuel. Moreover, the BSFC of biodiesel is higher 

than that of blended fuels, while the BSFC of DBM10 and DBE10 is close to each other. The 

results obtained in this work are in agreement with that observed by other authors [23] and [24]. 

 Biodiesel has molecular oxygen rather than the diesel fuel, which could improve the 

combustion and lead to lower CO emissions. In other words, the additional oxygen in combustion 

chamber improves the fuel oxidation during combustion, thus leading to lower CO emissions in 

comparison to pure diesel. However, DBM10 and DBE10 showed slightly higher CO emissions 

in comparison to biodiesel. It is possible that ethanol and methanol could reduce the in-cylinder 

temperature, which could lead to increase in CO emissions in comparison to pure biodiesel. 

Furthermore, as carbon monoxide is product of incomplete combustion, the lower cetane number 

of DBM10 and DBE10 results in lower tendency to form ignitable mixture, and thus, higher 

carbon monoxide. Increases in NOx emissions with the use of biodiesel and biodiesel-diesel blend 
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relative to diesel are clearly reported and this is attributed to the oxygen content or advanced 

injection timing by researchers [25-27]. A comprehensive analysis of biodiesel impacts on 

exhaust emissions performed by the EPA has shown that there is 2% NOx increase for B20 and 

10% NOx increase for neat biodiesel in diesel engines, on average [28]. In the same way, 

researchers have reported that there is generally an increase in NOx emissions when using 

biodiesel [29]. Fuel injection timing and oxygen content play the dominant role in the NOx 

increase for biodiesel. The timing advance attributable to the elevated bulk modulus of biodiesel 

is likely responsible for the increase in NOx [30]. The increase in oxygen supply in biodiesel and 

B20 fuels also favors NOx formation. The presence of more oxygen in the combustion chamber 

affects the NO formation from two aspects; one is that it leads to the more complete combustion, 

and hence higher combustion temperature; the other is that the higher content of oxygen reacts 

with the nitrogen component in the surrounding air [31]. 

 For the ternary fuel blends (DBM10 and DBE10), NOx emissions were lower than those of 

diesel fuel, B100 and B20. Although the oxygen content and the lower cetane number, as shown 

in Table 1, (because of alcohol content) favour NOx formation, the results show a slight decrease 

in NOx emission. This can be explained because the gas temperature in combustion chamber is 

much lower for blended fuels with 10% alcohol and because the heat of evaporation of methanol 

and ethanol is much higher, and leading to reductions of NOx emissions with respect to those 

from diesel fuel or biodiesel. Fernando et al. [32] reported that thermal nitrogen oxide formation 

is the main contributor to emission of nitrogen oxide in a diesel engine. Therefore, to reduce the 

rate of thermal nitrogen oxide formation, the temperature inside the combustion chamber must be 

reduced. The results observed in this study agree well with statement above. As a matter fact, as 

reported in the section 2.1, the heat of evaporation of methanol (1178 kj/kg) is higher than 

ethanol (840 kj/kg). Thus, it can be said that because of alcohol content, the higher heat of 

evaporation of BDM and BDE could lead to reduction of NOx emissions due to the cooling effect 

of them, namely it might lower the combustion temperature and hence reduce NOx formation, as 

commonly reported by researchers [33-34]. The cooling effect of methanol or ethanol in blended 

fuels has been found to be effective factor rather than oxygen content and lower cetane number.   

 

Conclusions  

 

A series of engine tests were performed using diesel, biodiesel obtained from waste 

cooking oil, a blend of biodiesel-diesel known as B20, and ternary fuel blend of diesel-biodiesel 

and methanol or ethanol for investigating exhaust emissions. Based on experimental results, the 

following conclusions can be drawn: 

 

1. For different oxygenated fuels used, the BSFC values were measured to be higher than those 

of pure diesel. 

2. Biodiesel and blended fuels were produced less CO emission than pure diesel fuel.  

3. NOx emissions are increased with respect to pure diesel when the engine is fueled with 

biodiesel and biodiesel-diesel blend. 

4. Lower NOx emissions were obtained with the use of ternary fuel blends (DBM10 and 

DBE10) compared with diesel, biodiesel and biodiesel-diesel blend. The comparison of 

decrease of NOx emissions between DBM10 and DBE10 fuels indicates that DBM10 is more 

effective than DBE10.  
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