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Abstract:

 Currently, alternative fuels are being investigated in detail for application in compression ignition (CI) engines resulting in exciting potential opportunities to increase energy security and reduce gas emissions. Biodiesel is one of the alternative fuels which is renewable and environmentally friendly and can be used in diesel 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 turbocharged 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 parameters, 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%. However, the emissions of the CI engine running on neat biodiesel (B100) were reduced by up to 15%, 40% and 30% for CO, CO2 and THC emissions respectively, as compared to diesel fuel at various operating conditions.
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1. Introduction

Current and future emission regulations are, and will become, more stringent and as a consequence, the transport sector is undergoing rapid transformation in order to comply with these regulations. In addition, fossil fuel demand is continuously increasing globally, the result of which is the rapid depletion of fossil fuel deposits [1]. Such problems are compelling countries to now focus on developing or finding alternative fuels [2]. The major alternative fuels being used in automotive transport are ethanol, hydrogen and biodiesel. Ethanol technology is successfully 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 injection system problems [3]. Hydrogen-based fuel cells could become a viable alternative to fossil fuels, however, to make its use commercially viable, many technical challenges need to be addressed, for example, complexity in hydrogen production, requirements 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 expected to remain in use for high-power applications, such as rail road locomotives, ships and over land transport trucks [4]. A large number of studies have shown that biodiesel is one of the most promising renewable, alternative and environmentally friendly biofuels which could be used in diesel engines, with little or no requirement of engine modifications [5–9]. It has also been shown that biodiesel has significant potential to reduce CO2, CO, THC and PM emissions [10,11]. Lapuerta et al. [12] and Xue et al. [13] carried out a thorough review of publications on the characteristics of emissions of engines using biodiesel and its blends and their conclusions are summarized in Table 1.


Table 1. Estimated share of literature (in % number of publications) on effect of pure biodiesel on engine performance and emission in comparison with diesel [12,13].



	
Parameters

	
Increasing trend number of papers (%)

	
Similar trend number of papers (%)

	
Decreasing trend number of papers (%)




	



	



	






	
Lapuerta et al.

	
Xue et al.

	
Lapuerta et al.

	
Xue et al.

	
Lapuerta et al.

	
Xue et al.






	
NOx emission

	
85

	
65.2

	
10

	
5.8

	
5

	
29.0




	
PM emission

	
3

	
9.6

	
2

	
2.7

	
95

	
87.7




	
THC emission

	
1

	
NR*

	
3

	
NR

	
95

	
NR




	
HC emission

	
NR

	
5.3

	
NR

	
5.3

	
NR

	
89.5




	
CO emissions

	
2

	
10.6

	
7

	
3.0

	
90

	
84.4




	
CO2

	
NR

	
46.2

	
NR

	
15.4

	
NR

	
38.5




	
Aromatic compounds

	
NR

	
0

	
NR

	
15.4

	
NR

	
84.6




	
Carbonyl compounds

	
NR

	
80.0

	
NR

	
0

	
NR

	
20.0






NR: not reported




Most of the literature reviewed showed that the use of biodiesel fuels caused increases in NOx emissions [14–17]. As presented in Table 1, Lapuerta et al. [12] and Xue et al. [13] carried out a thorough review of publications on the NOx emission of engines using biodiesel and its blends. Lapuerta et al. [12] and Xue et al. [13] reported that in excess of 85% and 65% of researchers agreed that the NOx emission of an engine fuelled with biodiesel was higher than that of engines running with diesel only. The first reason behind this observation is early initiation of engine combustion when running with biodiesel as a consequence of the advanced injection derived from the physical properties of biodiesel such as viscosity, density, compressibility and speed of sound [18]. When biodiesel is injected, the pressure rise produced by the pump is quicker as a consequence of its lower compressibility (higher bulk modules) and the pressure wave propagates more quickly towards the injectors as a consequence of its higher sound velocity [19,20]. This causes earlier ignition which results in higher temperature peaks and NOx formation rates. A small number of researchers have reported that the NOx emissions are reduced when biodiesel is used as a fuel [10,11,21,22]. Recently, Pala-En et al. [23] explained the main reason for NOx reduction is due to higher degrees of saturation and the longer chain lengths and higher cetane numbers.

The Lapuerta et al. [12] and Xue et al. [13] studies showed that 90% and 84% of the reviewed papers show decreases in CO emissions when the engines ran with biodiesel. The researchers explained that the main reason for reduction of CO emission is due to the extra oxygen content of biodiesel which enhances the complete combustion and leads to the reduction in CO emissions [24–26].

CO2 is one of the gases emitted during combustion of carbon in fuel. There is no universal consensus on the effect of biodiesel on the emission of CO2 from CI engines. Some authors have reported that when a CI engine runs with biodiesel, the CO2 emission increases as compared to petrol-diesel [7,27,28]. As it is seen in Table 1, Xue et al. [13] have reported that 46% of the researchers have reported that CO2 emission increases when the engine is running with biodiesel, while 38.5% of the researchers have reported the reverse trend, and 15.4% of the researchers have reported that engines running with diesel and biodiesel have similar emissions. The CO2 trend discrepancy may be happening due to the variation of biodiesel feedstock sources, engine types and testing procedures [23].

The incomplete combustion of fossil fuels and fuel evaporation from the open areas are the major sources of hydrocarbons (HC) in the atmosphere. Most reviewed literatures show a sharp decrease (89.5% as per the Xue et al. [13] review in Table 1) in the THC emissions when substituting conventional diesel fuel with biodiesel fuels in engines due to oxygen, which provides more complete combustion [26,29,30].

The effects of multiple feedstocks on NOx emissions [31–34] and CO2 emissions [11,35,36] have been compared by a few researchers using the same engine and testing protocol, using chassis or dyno testing. Recently Pala-En [23] 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 review 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 understand 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 emission characteristics. Therefore, the objective of this study is to investigate the emission characteristics of a CI engine 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 procedures are explained.



2. Experimental Facilities and Test Procedures

In this study the combustion characteristics and performance of a CI engine running with biodiesel was investigated using a four-cylinder, four-stroke, turbo-charged, water-cooled and direct-injection CI engine. This particular 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 1 and 2, respectively.

Figure 1. Experimental engine facilities.
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Figure 2. Engine test facilities layout [37].
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The details of the engine are presented in Table 2. The engine was loaded by a 200 kW AC dynamometer 4-Quadrant regenerative drive with motoring and absorbing capability for both steady and transient conditions. The measurements of gaseous emissions were carried out using a HORIBA gas test bench. The measuring range and the analyser types are presented in Table 3. 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 hydrocarbons into the line. The insulated line is extended from the exhaust pipe to the equipment's units where the analysers are located.

Table 2. Characteristics of the engine.


	Technical parameters
	Technical data





	Engine type
	Turbo charged diesel engine



	Number of cylinders
	4



	Bore
	103 mm



	Stroke
	132 mm



	Compression ratio
	18.3:1



	Number of valves
	16



	Injection system
	Direct injection



	Displacement
	4.399 litre



	Cooling system
	Water



	Nominal idling speed
	800 rpm



	Maximum rating gross intermittent
	74.2 @ 2200 rpm



	Maximum torque
	425 Nm @ 1300 rpm








Table 3. The emission analyser type and measuring range.


	Emission
	Emission analyser type
	Measuring range
	Accuracy





	CO
	non-dispersive infrared (NDIR)
	0–2000 ppm
	±2%



	CO2
	non-dispersive infrared (NDIR)
	0%–100%
	±2%



	NOx
	heated chemiluminescent detector (HCLD)
	0–5000 ppm
	±2%



	THC
	heated flame ionisation detector (HFID)
	0–100 ppm
	±1%



	O2
	paramagnetic detector
	0%–25%
	±1%








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 detector (HCLD) with a NO2/NO converter.

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 measurements 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 process using methanol. The waste oil biodiesel was produced 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 application. 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 blending and physical properties effects, the blended fuels were prepared by mixing ROB and diesel in different proportions 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 manufacturers have endorsed the application of biodiesel B5 and B20.

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 [38]. The blends properties are presented in Table 4.


Table 4. Physical and chemical properties of rapeseed biodiesel and its blends [38].



	
Property

	
Accuracy

	
Diesel (B0)

	
B10

	
B20

	
B50

	
B75

	
B100






	
Composition (%)

	
C

	
-

	
87

	
86

	
85

	
82

	
79.5

	
77




	
H

	
-

	
13

	
12.9

	
12.8

	
12.5

	
12.25

	
12




	
O

	
-

	
0

	
1.1

	
2.2

	
5.5

	
8.25

	
11




	
Density (kg/m3)

	
±0.05 kg/m3

	
853.36

	
859.00

	
865.00

	
871.76

	
872.50

	
879.30




	
LHV (MJ/kg)

	
±0.01 MJ/kg

	
42.67

	
42.26

	
41.84

	
40.58

	
39.54

	
38.50




	
Viscosity (mm2/s)

	
±0.02 mm2/s

	
3.55

	
3.91

	
4.28

	
4.68

	
4.74

	
5.13











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 characteristics 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 emissions 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%, respectively. 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 [13,27]. However, some authors have reported that the engine fuelled by biodiesel fuels emit higher CO2 [27,39,40]. Some investigations in the past have also reported that CO2 emissions remain unchanged on changing fuel from diesel to biodiesel [24,41].

Figure 3. (a) Variation of CO2 emission of CI engine running with ROB, COB, WOB and diesel at a load of 420 Nm; (b) CO2 emission reductions in percentage comparing biodiesel (ROB, COB, WOB) with diesel at 420 Nm.
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Figure 4a depicts the NOx emissions of the test CI engine running on the ROB, COB, WOB and diesel. The corresponding maximum engine emission values were observed 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 apparent 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 [11,42]. The ROB, COB and WOB 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 injection because of the influence of the physical properties of biodiesel, such as viscosity, density, compressibility and sound velocity [13,19,20]. Some researchers argue that the main cause of NOx increase with biodiesel use is the increased cetane number [20,43] which leads to an advanced combustion by shortening the ignition delay and the higher availability of oxygen [12,13,43] 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 standard 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 computed to be 15 ppm at 1800 rpm.

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.
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The graph shown in Figure 5a depicts the THC emissions of the CI engine running with ROB, COB, WOB and diesel 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 [19,44,45].

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.



[image: Energies 07 00334f5 1024]





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.

Figure 6a presents the CO emissions for the engine running 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 [19,24,46]. 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 differences in CO emission. The standard deviations of the measurements are indicated with the mean value of the CO emission for each condition, having a maximum standard deviation of 3.5 ppm.

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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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 emissions characteristics from the engine. The next section is therefore focused on investigation with one of the biodiesel used (ROB) for detailed analysis and in this investigation the fuel properties have been varied by blending diesel with biodiesel in different proportions.



3.2. Effects of Biodiesel Blend Fraction on Engine Emissions Parameters

Experimental emission results obtained from the tests on a CI engine fuelled with rapeseed biodiesel blends running at a range of engine speeds and at 420 Nm load, are shown in Figure 7, 8, 9 and Figure 10. The higher load was selected for emissions investigation due to its sensitivity for emissions. 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 corresponding 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. 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.

Figure 7. (a) Variation of CO2 emissions with engine speed for CI engine running with biodiesel blends at a load of 420 Nm; (b) CO2 emission reductions due to biodiesel blends (B10, B20, B50, B100) comparing with diesel at 420 Nm.
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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.
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Figure 9. (a) Variation of THC emissions with engine speed for CI engine running with biodiesel blends at a load of 420 Nm; (b) THC emission reductions due to biodiesel blends (B10, B20, B50, B100) comparing with diesel at 420 Nm.
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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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The engine fuelled with B50 resulted in the maximum reduction of CO2 emission among the different blends used, 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 [13,42]. The carbon content of biodiesel was 77%, whilst for diesel it was 87%, as can be seen in Table 4.

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 increase 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 Figure 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 [47,48] if biodiesel is used as fuel as compared to diesel. The main reasons for higher NOx emissions with an increase in biodiesel content could be due to the advance injection and advance combustion, as a result of its higher viscosity [12,13,19,43], higher oxygen content which enhances NOx formation [12,13,44] and a higher cetane number which shortens ignition delay and advances the combustion [20].

The THC emissions of the test CI engine running on diesel and biodiesel blends at various engine 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 engine fuelled with biodiesel could reduce the THC up to 67% [26,30,31]. The reduction of the THC in CI engines running 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.

The CO emission characteristics of the CI engine fuelled by the diesel and rapeseed biodiesel blends at the maximum 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 emission is decreasing by an average of up to 25%.

Krahl et al. [30] and Raheman and Phadatre [48] reported that the engine running on biodiesel reduced the CO emission by 50% and 73%–94%, respectively. The main reason 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 [11,14,16].




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:


	The source of biodiesel does not show a significant effect 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 composition) properties remain same.


	The emission analyses of the CI engine running with biodiesel highlights a significant reduction in CO2, CO and THC emission under working engine operation conditions. 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 results. This emission reduction is most likely a result of the oxygen content in biodiesel and the low carbon hydrogen ratio.


	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.
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