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Abstract – Biodiesel and ethanol are the two important renewable fuels for automotives. They can mix with diesel 
and form the blended fuel. To study the combustion and emission characteristics of the blend fuels, experiments are 
done on a single cylinder CI engine. Compared with BD20, combustion of BD20E5 and BD20E10 starts later; at 
small loads the peak combustion pressures and the peak heat release rates of the two fuels are low and at middle and 
large loads they increase; at 1500r/min the smoke emissions decrease 20.78% and 39.59% averagely, the CO 
emissions decrease 28.6% and 49.3% averagely, the HC emissions increase 29.4% and 66.8%, and the NOX 
emissions maintain the same level. Accordingly, diesel-biodiesel-ethanol blend is a kind of clean and environmentally 
friendly alternative fuel for automotives. 
 
Keywords – Combustion, combustion pressure, ethanol, emission, heat release rate, rapeseed biodiesel. 

 1. INTRODUCTION 

In 2011 the ratio of fossil energy in the total energy 
consumption grows up to 87.1%, oil accounted for 
33.1% and the shares of natural gas and coal are 23.7% 
and 30.3% [1]. On the one hand, fossil energy is non-
renewable and is in continuous depletion; on the other 
hand, the use of fossil fuels will produce large amounts 
of greenhouse gases (mainly CO2, a small amount of 
CH4, N2O and HFCs) of [2], which is the main cause of 
climate change, and a serious threat to the global 
ecological environment. Bio-fuels refer to fuel ethanol 
and Biodiesel, and in the whole life cycle carbon 
emissions are significantly lower than fossil fuels, which 
is friendly to the environment [3]-[5]. The United States 
and Brazil have extensive use of fuel ethanol and bio 
diesel [6]-[7] as vehicle fuel. 
 Biodiesel refers to methyl or ethyl ester fuels 
obtained by transesterification process from the oil-
bearing crops, wild oil-bearing crops, micro-algae and 
other aquatic plant oil, animal fats, waste food oil and 
other raw materials [8]-[11]. Biodiesel has extensive 
sources, and its physical properties are close to fossil 
diesel [12]. There are three generation feed stocks of 
Biodiesel: the first generation is edible oils, such as 
soybean oil, palm oil, rapeseed oil and so on, which has 
been restricted due to social threat to food security, 
cultivated land and environmental problems [13]; the 
second generation is non edible sources, such as 
Jatropha oil [14], the second generation is under unified 
planning of the government and raw material forest base 
is constructed; the third generation is micro-algae with 
high oil production rate, which is rich in sources. 
Industry of micro-algae biodiesel can be combined with 
coal power plant (absorbing CO2) and sewage treatment 
plant (purifying sewage water), because photosynthesis 
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rate of micro-algae is 2-3 times higher than common 
plants, and it can absorb CO2 and converted into 
biomass [15]-[19]. Accordingly, micro-algae is 
considered as the best raw material for biodiesel 
production and it is helpful for easing global warming. 
 At present, the domestic and foreign research on 
biodiesel is very comprehensive and is in depth. The 
main contents focus on the following points: 1) 
combustion, power, economic and emission 
characteristics of diesel engine fueled with mixture fuel 
of diesel and biodiesel from different raw materials; 2) 
spray characteristics of biodiesel and its blend with 
diesel; 3) physicochemical properties of biodiesel and its 
blend with diesel. Study on the physicochemical 
properties showed: the main problem of biodiesel is its 
high viscosity and low temperature fluidity (high pour 
point). For example, freezing points of soybean oil and 
palm oil methyl esters are -4ºC and 12ºC [13]; kinematic 
viscosities at 40ºC are 4.08 and 4.71. Freezing point and 
viscosity at 20ºC of ethanol are -115ºC and 1.2mm2·s-1 
which means blending ethanol into diesel and biodiesel 
mixture is an effective way to reduce the viscosity and 
improve the low temperature fluidity. However, low 
heat value of ethanol is 26.9 MJ/Kg which is obviously 
lower than that of diesel and Biodiesel and this problem 
can be solved by injecting more fuels. Both Biodiesel 
and ethanol are renewable fuels and their utilization in 
diesel engines is friendly to the environment. Therefore, 
this paper chooses biodiesel from rapeseed oil and 0# 
standard diesel and adds different volume proportion of 
ethanol, to solve the low-temperature liquidity and high 
viscosity problems of biodiesel. Experiments on 
combustion and emission characteristics of diesel engine 
fueled with different proportions of biodiesel, diesel and 
ethanol blend have been studied. 

2.  TEST CONDITIONS  

2.1 Device and Test 

ZH1105W, a single cylinder diesel engine, is used for 
test. Its main parameters: the cylinder diameter is 105 
mm, the piston stroke is 115 mm, the compression ratio 
is 16.5, the rated power is 11.03 kW, advanced angle of 
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fuel supply is 22 degrees before TDC. The emission test 
system includes an exhaust gas analyzer AVL 
Digas4000 and a smoke Opacimeter AVL 
Dismoke4000. Extinction coefficient K (m-1) is chosen 
as smoke value. A dynamic system for combustion test 
includes a CB566 combustion analyzer, a pressure 
sensor, a charge amplifier, a photoelectric sensor and a 
crankshaft position generator. In a certain condition of 
engine operation, cylinder pressures of one hundred 

cycles are recorded and averaged. Based on the averaged 
pressure, the heat release ratios are calculated by using 
two-zone model. Fuel flow in thirty seconds is measured 
with the TP-244 flow sensor produced from Japanese 
company Onokazu and is recorded in a DF-313 digital 
flow meter. Then the effective fuel consumption is 
calculated for evaluating the economy characteristic. 
Figure 1 shows the arrangement of engine and test 
instruments. 

 

 
Fig. 1. Engine and test instruments. 

 
 
Table 1. Properties of fuels. 

Properties of fuels Diesel Biodiesel Ethanol BD20 BD20E5 BD20E10 Standard 
Density at 20ºC/ g·cm-3 0.835 0.882 0.789 0.844 0.842 0.840 GB/T1884-2000 

Cetane number 51 52 8 51.2 49.1 46.9 ASTM D 4737-03 
Viscosity at 20ºC/ mm2·s-1 3.9 5.9 1.2 4.3 4.2 4.0 GB/T265-1988 

Low heat value/ MJ·kg-1 42.5 38.7 26.9 41.7 40.9 40.2 GB/T 384-1981 

Oxygen content/ % 0 10 34.78 2 3.74 5.48 / 
Latent heat of vaporization/ 
kJ·kg-1 254 254 904 254 287 319 / 

 

2.2 Test Fuel 

Biodiesel for blend is the product using rapeseed oil as 
the feed stock from the Chunguang grease factory in 
Hanzhoung, Shaanxi province. Three fuels for test are 
BD20 (20 vol.% of biodiesel with 80 vol.% of petroleum 
diesel), BD20E5 (20 vol.% of biodiesel, 75% of 
petroleum diesel and 5% of ethanol) and BD20E10 (20 
vol.% of biodiesel, 70% of petroleum diesel and 10% of 
ethanol). Table 1 lists the major characteristics of the 
test fuels. 

2.3 Engine Operation Condition 

Engine operation condition is chosen as follows: 1500 
and 1800r/min for engine speed; 0.0885, 0.177, 0.266, 
0.354, 0.443, and 0.531MPa indicating the brake mean 
effective pressure (BMEP) for engine loads. 
 

  
3. RESULTS AND DISCUSSION 

3.1 Combustion characteristics  

 3.1.1  Combustion pressure 

Figures 2 to 6 show the combustion pressure comparison 
of the three fuels at different conditions. 1) Compared 
with BD20, start points of combustion of BD20E5 and 
BD20E10 obviously delay reflected by the combustion 
pressure curves which leave away from TDC. On the 
one hand, cetane number of ethanol is 8 which is low 
leading to the relatively poor ignitability of BD20E5 and 
BD20E10. The other is that latent heat of vaporization 
of ethanol is 904 kJ/kg which is much higher than that of 
diesel or biodiesel. Accordingly, with the mixture of 
ethanol, the ignition delay period prolongs. 2) Compared 
with BD20E5, the delay effect of BD20E10 is obvious 
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at small load and weakens with the loads. At small 
loads, the thermal and power condition in cylinder is 
poor and accordingly the poor ignitability of ethanol is 
prominent; at large loads, the condition improves and 
ethanol proportion has little influence on the delay 
effect. 3) Compared with 1500r/min, the effect of 
combustion delay becomes more obviously when the 
speed increases to 1800r/min.  
 Table 2 gives the peak pressure of the fuels at 
different conditions and their corresponding crank angle. 
1) Compared with BD20, at 1500r/min and 0.086MPa, 
the peak pressures of both BD20E5 and BD20E10 are 
much lower, mainly due to the poor ignitability of 
ethanol and low heat value of ethanol; at 1500r/min and 
0.354MPa the peak pressures are in the same level 
which are only 0.04 and 0.05MPa lower; at 1500r/min 
and 0.531MPa, the peak pressures are 0.08 and 0.09MPa 
higher, because on the one hand the prolonged ignition 
delay period increases the quantity of combustible 
mixed gas and on the other hand in the improved 

thermal and power condition ethanol can play positive 
effect on combustion. When the speed increases to 
1800r/min, the discipline is similar and the difference is 
that when the load increases to 0.354MPa the peak 
pressures of BD20E5 and BD20E10 are already 0.09 
and 0.24MPa higher than that of BD20. 2) Compared 
with BD20E5, the peak pressure of BD20E10 decreases 
at 0.086MPa and increases at middle and large loads. 
For example, at 1800r/min and 0.531MPa, the 
combustion delay effect almost disappears and high 
oxygen content of BD20E10 (5.48%) accelerates the 
combustion speed and promotes the complete 
combustion which leads to the high peak pressure. 3) 
Compared with BD20, at small loads the corresponding 
angles of peak pressures of BD20E5 and BD20E10 
leave away from TDC, and with the load increasing the 
angles are close to TDC which indicates that ethanol 
accelerate the combustion speed due to the high oxygen 
content. 
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  Fig. 2. Combustion pressure at 1# condition.    
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 Fig. 3. Combustion pressure at 2# condition.  
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 Fig. 4. Combustion pressure at 3# condition. 
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 Fig. 5. Combustion pressure at 4# condition 
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Fig. 6. Combustion pressure at 5# condition 
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Table 2. Peak combustion pressure and corresponding angles at different conditions. 

Speed (r/min), Pme 
(MPa) 

BD20 BD20E5 BD20E10 
Peak pressure/ 

MPa 
Angle/ 
°CA 

Peak pressure/ 
MPa 

Angle/ 
°CA 

Peak pressure/ 
MPa 

Angle/ 
°CA 

1500, 0.086 5.50 0 5.38 1 5.33 1 
1500, 0.354 6.83 3 6.79 3 6.78 3 

1500, 0.531 7.54 5 7.62 4 7.63 4 
1800, 0.086 5.40 1 5.13 3 5.07 4 
1800, 0.354 6.59 3 6.68 2 6.83 2 
1800, 0.531 7.42 5 7.48 4 7.70 2 

Note 1: “Angle” indicates the corresponding angle after top dead center  

 
 3.1.2  Instantaneous Heat Release Rate 

Figures 7 to 11 show the instantaneous heat release rate 
comparison of the three fuels at different conditions. 
Table 3 gives the peak rates of the fuels at different 
conditions. 1) Compared with BD20, at 1500r/min and 
0.086MPa, the peak heat release rates of both BD20E5 
and BD20E10 are obviously lower, mainly due to the 
poor ignitability of ethanol and low heat value of 
ethanol; at 1500r/min and 0.354MPa the peak rates are 
0.002 and 0.024 kJ·(°CA)-1 higher; at 1500r/min and 
0.531MPa, the peak rates are 0.027 and 0.039 kJ·(°CA)-1 

higher, because the prolonged ignition delay period 
increases the quantity of combustible mixed gas and 
ethanol accelerates the combustion speed which makes 
the heat releases more concentrated. When the speed 
increases to 1800r/min, the discipline is similar. 2) 
Compared with BD20E5, the peak heat release rate of 
BD20E10 decreases at 0.086MPa and increases with the 
load, because better thermal and power condition is 
helpful for ethanol to play the promotion effect on 
combustion process.  
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Fig. 7.  Heat release rate at 1# condition.    
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Fig. 8.  Heat release rate at 2# condition. 
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 Fig.  9. Heat release rate at 3# condition. 
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Fig. 10.  Heat release rate at 4# condition. 
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Fig. 11.  Heat release rate at 3# condition. 
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Table 3. Peak heat release rate and corresponding angles at different conditions. 

Speed (r/min), BMEP 
(MPa) 

BD20 BD20E5 BD20E10 
Peak heat release rate/ 

kJ·(°CA)-1 
Peak heat release rate/ 

kJ·(°CA)-1 
Peak heat release rate/ 

kJ·(°CA)-1 

1500, 0.086 0.109 0.077 0.077 

1500, 0.354 0.196 0.198 0.22 

1500, 0.531 0.181 0.208 0.22 

1800, 0.086 0.083 0.070 0.062 

1800, 0.354 0.180 0.204 0.211 

1800, 0.531 0.188 0.251 0.254 

 
3.2 Emission Characteristics 

Figures 12 and 13 indicate the smoke emission 
characteristic at 1500r/min and 1800r/min. 1) Compared 
with BD20, smoke emissions of BD20E5 and BD20E10 
decreased by 20.78% and 39.59% averagely at 
1500r/min. Smoke is easy to form in the high 
temperature and anoxic environment. On the one hand, 
the oxygen content in the fuel increase with the ethanol 
proportion, which contributes to the complete 
combustion of fuel and results that in the combustion 
process the self-sufficient oxygen is helpful for 
improving local hypoxia condition of oil beam. On the 
other hand, when blended with ethanol, high volatility 
and low viscosity improve the spray quality of the two 
fuels and therefore improve the local hypoxia condition 
in the mixed zone. 2) At small loads, the smoke 
reductions of BD20E5 and BD20E10 are especially 
slight because in the cylinder the heat status is poor 
which weakens the effect of ethanol due to its poor 
ignitability and the temperature is low which is 
unhelpful for the form of smoke. The reductions 
increase with the load and at high loads they increase 
dramatically, because in the high temperature and the 
hypoxia condition ethanol can effectively promote the 
combustion and improve the hypoxia condition. 
 Figures 14 and 15 show the NOx emission 
characteristic at 1500r/min and 1800r/min. 1) Both at 
1500r/min and 1800r/min, there is no apparent variable 
regulation for the NOx emission. NOx emission is 
mainly determined by the oxygen content and the 
combustion temperature. First of all, 34.78% oxygen 
content of ethanol improves the content of blend fuels 
which may increase the NOx emission. Secondly, the 
latent heats of vaporization of BD20E5 and BD20E10 

are 287 and 319 kJ/kg which are higher than that of 
BD20, consequently when the fuels are injected into the 
chamber, they absorb the heat and trend to reduce the 
temperature which may decrease the NOx emission. 
Thirdly, promotion effect of ethanol on combustion and 
high heat release rate may improve the combustion 
temperature which may increase the NOx emission. As a 
result, NOx emission is in non-regular variation. 2) At 
0.531MPa of the load, NOx emissions of BD20E5 and 
BD20E10 are higher than that of BD20. In this condition 
effect of increasing NOx emission is stronger than the 
opposite effect. 
 Figures 16 and 17 indicate the HC emission 
characteristic at 1500r/min and 1800r/min. Although HC 
is not the main pollutant in emission of diesel engine, 
compared with BD20 HC emissions of BD20E5 and 
BD20E10 are averagely 29.4% and 66.8% higher than 
that of BD20 at 1500r/min. Duration time of diesel fuel 
in combustion chamber is much shorter than that of 
gasoline, so the influences of cold shock effect of 
cylinder wall, narrow gap effect, adsorption of oil film 
and adsorption of the sediments are very small. Due to 
the poor ignitability of ethanol, unburned HC increases 
in the combustion process, however the emission 
quantity is very little. 
 Figures 18 and 19 show the CO emission 
characteristic at 1500r/min and 1800r/min. Compared 
with BD20, CO emissions of BD20E5 and BD20E10 
averagely decrease 28.6% and 49.3% at 1500r/min. 
High oxygen contents make the combustion more 
complete, as an incomplete combustion product, CO 
emissions significantly reduce. 
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Fig. 12. Smoke emission at 1500r/min. 
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Fig. 13. Smoke emission at 1800r/min. 
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 Fig. 14. NOx emission at 1500r/min. 
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Fig. 15. NOx emission at 1800r/min. 
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Fig. 16. HC emission at 1500r/min. 
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Fig. 17. HC emission at 1800r/min. 
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Fig. 18. HC emission at 1500r/min. 
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Fig. 19. HC emission at 1800r/min. 

 
4. CONCLUSION 

Biodiesel is a kind of clean and renewable energy, 
which has been applied within a certain scale in China. 
High viscosity and poor low temperature fluidity restrain 
further development and application of Biodiesel. 
Ethanol also belongs to renewable energy and it has 
several advantages such as higher oxygen content and 
low viscosity. In this premise, ethanol is helpful for 
improving the fuel characteristics of biodiesel and diesel 
mixture and accordingly the combustion process can be 
promoted. 
 To sum up, high latent heat of vaporization and 
poor ignitability of ethanol can delay the combustion, 
accelerate the combustion speed and promote the 
complete combustion. At small load peak combustion 
pressure and peak heat release rate decrease and at 
middle and large loads they increase obviously, with the 
blending of ethanol. Combustion characteristics directly 
affect the emissions, and as a result, compared with 
BD20, the smoke and CO emissions of BD20E5 and 
BD20E10 reduce, HC emissions increase and NOx 
emissions are basically unchanged. 
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