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Biodiesels made from waste feedstock are viable sustainable fuels for compression-ignition engine use. However, biodiesels produced from single waste sources do not always comply with the European biodiesel standard. This study investigates fuel quality and engine performance when two biodiesels with different characteristics are blended at various proportions. Waste cooking oil biodiesel was blended with sheep fat biodiesel, which has a lower unsaturated fatty acid content. The engine performance, combustion, and exhaust emission characteristics of the neat biodiesels and their blends (at 60/40, 50/50, and 30/70 ratios) were analysed. The results showed that 60/40 and 50/50 blends met the core parameters of the BS EN 14214 biodiesel standard and improved combustion and emission characteristics compared to neat biodiesels and diesel. The 50/50 blends gave up to 5% and 14% improvements in the in-cylinder pressure and maximum heat release rate, respectively, compared to the same results for neat biodiesel operation. Reduction of up to 73% in CO, 96% in smoke and 3% in CO2 emissions was observed. However, NOx emission was 2.5% higher than diesel. The results reveal that carefully selected biodiesel–biodiesel blending could meet fuel standards, improve engine performance, and reduce exhaust emissions.
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1 INTRODUCTION
Energy consumption continues to increase due to increasing population, technological advancements, and high standards of living, (The World Bank, 2017). According to the World Bank, fossil fuels are the main source of primary energy consumption, with 80% of the market share in 2017 (The World Bank, 2017). The use of conventional fossil fuels causes climate change and associated health problems, particularly in high-density urban areas (Borillo et al., 2018). Demands for sustainable and clean energy sources are growing at a very high rate to adopt to climate action plans set by the governments. The International Energy Agency (IEA, 2019) reported that the share of solar photovoltaic, onshore wind, hydropower, offshore wind, and bioenergy used in 2019 are 57%, 25%, 10%, 4%, and 3%, respectively. Many waste resources can be converted into bioenergy; hence, there is significant potential for increasing its current share of 3%, thereby reducing waste disposal as an added societal bonus. Biodiesel is a promising renewable fuel as it is considered carbon-neutral, energy-efficient, and biodegradable (Salamanca et al., 2012; National Center for Biotechnology Information, 2018). In addition, long-term benefits from using biodiesel in diesel engines on parameters such as lower engine wear and reduced engine oil consumption have been reported by Rajkumar and Thangaraja (2019). The mandatory percentage of biodiesel in transport fuel was 7% (B7) in the United Kingdom (UK) in 2019 (European Standard, 2009). This value was set to increase to 10% in 2020, with further increases in biodiesel share in transport fuel expected (Forte et al., 2018; Masera and Hossain, 2019) at least until 2030, when there will be a ban on the sale of pure internal combustion engine cars in the UK.
Waste cooking oils (WCO) and animal fats are the most common feedstock used to produce biodiesel (Hajjari et al., 2017). However, WCO biodiesel frequently fails to meet fuel standards (BS EN 14214), particularly due to its iodine content (Refaat, 2009; Demirbas, 2009). This can be linked to the chemical structure of WCOs with their double bonds between carbons, which reflects the fatty acid composition of plant-based oils. In contrast, animal fats have fewer double bonds between the carbons in their chemical structures, which removes concerns regarding the iodine content but causes another concern over their viscosity—animal-fat biodiesels are likely to have higher viscosities and freezing points than the limits set by the BS EN 14214 standard (Bhatti et al., 2008). The most common applications for increasing the fuel properties of biodiesels are blending with fossil diesel and doping fuel additives like antioxidants and alcohols. Sathyamurthy et al. (2021) studied the engine performance of corn oil biodiesel blended with diesel at volume percentages of 10%, 20%, and 30%. They found that engine efficiency was reduced with the increasing biodiesel fraction in the blend, but the CO emission of the biodiesel blends were reported around 20% lower than fossil diesel. Attia et al. (2020) investigated the influence of the castor oil biodiesel blending ratio on engine test results. They reported the best BSFC and thermal efficiency for the 20% biodiesel and 80% fossil diesel blend, but maximum exhaust gas emission reductions were addressed for the 10% biodiesel and 90% fossil diesel blend. Kumar et al. (2022) and Verma et al. (2020) studied fossil diesel biodiesel blends in the presence of alcohol additives. The former used ethanol with volume fractions of 5%–15% for blending with biodiesel at volume fractions between 20% and 40%, where the rest of the blends were the fossil diesel They reported improvements in the fuel properties of the overall blend in terms of cold filter plugging point and cetane index (Kumar et al., 2022). The latter studied two alcohol additives—ethanol and methanol—for blending with microalgae biodiesel and fossil diesel (Verma et al., 2020). They observed the maximum reductions in exhaust gas emissions of PM, smoke, and soot emissions with the ethanol, diesel, and biodiesel blend but also noted that the same fuel had increased emissions of NOx and CO2 compared to the base fuel (Verma et al., 2020). Rajamohan et al. (2022) studied the effect of synthetic antioxidants, including propyl gallate, butylated hydroxy toluene, pyrogallol, and tert-butyl-hydroquinone (TBHQ) on biodiesel’s oxidation stability and engine test results. They reported TBHQ as the best antioxidant additive for the 20% Prosopis juliflora biodiesel and 80% fossil diesel blend to obtain enhanced oxidation stability, engine performance, and reduced NOx and CO2 emissions (Rajamohan et al., 2022).
Although fossil diesel blending of biodiesel enhances the quality of fuel and reduces exhaust emissions, the technique relies heavily on conventional fossil fuels. Another method for generating high-quality renewable fuel, which complies with the biodiesel fuel standards, is to blend two biodiesels according to their fuel properties—WCO and animal fats. Vegetable oil biodiesels have been blended to reduce economic costs, enhance fuel properties, and aid transesterification (Usta et al., 2005; Sanjid et al., 2016; Sharma and Ganesh, 2019). However, WVO biodiesels are expected to have comparable chemical compositions as they are predominantly composed of unsaturated FAMEs but also contain many polyunsaturated fatty acid breakdown products such as aldehydes and ketones. Animal fat biodiesels, on the other hand, consist of saturated FAMEs and are hence more oxidatively stable; they could be blended with unsaturated biodiesels to obtain upgraded fuel properties, leading to improved engine performance (Masera and Hossain, 2017). Although fossil diesel is used to promote the properties of various biodiesels, there is hardly any study which focuses on biodiesel–biodiesel blending to achieve high fuel quality without using any fossil-based substances. Therefore, the aim of this research is to investigate the blending of WCO biodiesel with a saturated animal fat biodiesel derived from sheep tallow in order to enhance overall fuel properties and combustion characteristics and reduce exhaust gas emissions. The objectives of this study are as follows: (i) producing biodiesels from WCO and animal fats; (ii) blending two biodiesels at various ratios, characterisation of blends, and identifying the optimum blends to match the biodiesel fuel standards; (iii) testing the biodiesel–biodiesel blends in the engine; (iv) assessing the combustion, performance, and emission characteristics of the biodiesel–biodiesel blends; (v) recommending optimum biodiesel–biodiesel blends for diesel engine application. A multi-cylinder, water-cooled compression ignition engine was used for the experiment. Biodiesel production and fuel characterisation were carried out at the Aston University laboratory.
2 METHODOLOGY
2.1 Biodiesel production
Two biodiesels from waste sheep fat and WCO were produced to conduct this study. Both feedstock waste fat and WCO were collected from commercially active shops located in Birmingham, UK. Figure 1 shows the biodiesel production flow diagram. To remove any leftover solid particles, a 5-µm sock filter was used to filter the WCO feedstock. The waste fat was rendered at 150°C for 45 min, and the free fatty acid (FFA) content of both WCO and sheep fat was determined by titration (Figure 1). The WCO oil was visibly darker in colour than the sheep fat (Figure 2).
[image: Figure 1]FIGURE 1 | Flow diagram of conversion of WCO/animal fats into biodiesel.
[image: Figure 2]FIGURE 2 | Waste cooking oil (left) and sheep fat (right) feedstock after pretreatment.
The transesterification reaction was carried out using methanol and KOH as the catalyst. Firstly, the temperature of the feedstock was increased to 65°C, and the solid catalyst was melted in methanol. Secondly, the methanol and KOH solution were transferred to the feedstock at 65°C. Reaction temperature higher than 60°C should be noted as the evaporation temperature of the methanol is approximately 64°C (National Center for Biotechnology Information, 2018). Therefore, a condenser circulating tap water was fitted above the transesterification flask to prevent any methanol evaporating from the system. Magnetic stirrers stirred the mixture for 3 h; the solution was moved to a separator and left for 1 day for the separation of biodiesel and glycerol.
2.2 Fuel characterisation
Fuel properties such as viscosity, density, higher heating value, acid number, flash point, and the carbon, hydrogen, nitrogen, and oxygen contents of various fuel samples were measured according to British and European standards. The cetane number, lower heating value, iodine value, and degree of unsaturation were calculated from the FAME compositions, which were measured using gas chromatography–mass spectrometry (GC-MS) analysis. Feedstock oils and biodiesel samples were separated into their constituent lipid components using thin layer chromatography (TLC) on Silica gel G using hexane/diethyl ether/acetic acid (70/30/1 v/v/v) as the developing solvent. In the crude oil samples, the major components were triacylglycerol (TAG), free fatty acids (FFA), diacylglycerol (DAG), and monoacylglycerol (MAG). In the case of biodiesel, fatty acid methyl esters (FAMEs) were the major products recovered and analysed. Samples were derivatised to their FAMEs using dry methanol containing 2.5% sulphuric acid by reflux at 70°C for 90 min in hermetically sealed glass Pyrex tubes under nitrogen. The FAMEs were extracted into hexane, partitioned against water, and quantified using heptadecanoic acid as an internal standard on an Agilent Technologies 6890N GC-MS equipped with a DB-23 capillary column (30 m × 0.25 mm and film thickness of 0.25 µm) with helium as the carrier gas. The GC injection was set to split mode at 50:1 ratio, and the inlet temperature was set to 250°C. The temperature at the column was maintained at 50°C for the first minute and increased at the rate of 25°C/minute up to 175°C; the second ramp set at a heating rate of 4°C per minute up to 235°C was kept for 15 min. The NIST08 MS library was used to assess the FAMEs.
2.3 Test rig and equipment
A naturally aspired diesel engine with an indirect injection mechanism was used to test the fuels (Table 1). Figure 3 shows the engine mounted to an eddy current type dynamometer.
TABLE 1 | Test engine specifications.
[image: Table 1][image: Figure 3]FIGURE 3 | Engine test rig coupled with the dynamometer.
Figure 4 displays the test rig schematic, including the measurement facilities for engine performance, combustion, and exhaust emission measurements.
[image: Figure 4]FIGURE 4 | Engine test rig schematic of the (1) CI engine, (2) dynamometer, (3) dynamometer controller, (4) Kistler combustion equipment, (5) computer, (6) fossil diesel container, (7) biofuel container, (8) valve, (9) flow controller, (10) fuel flow meter, (11) fuel filter, (12) valve, (13) exhaust outlet, (14) emission measurement station, (15) BOSH smoke measurement unit, (16) exhaust gas analyser, (17) computer, (18) coolant, (19) temperature measurement station, (20) computer, (21) tailpipe attachment for HORIBA emission measurement, (22) HORIBA emission analyser, and (23) laptop.
The engine was first started with conventional fossil fuel and then warmed up for 30 min to avoid any cold-start effect on the observed results. Test fuel was then fed into the system and allowed to run for a minimum of 15 min to flush the system, and data were then read at the steady-state situation. KiBox equipment was set to observe the characteristics of combustion parameters such as injection start, combustion start, combustion end, in-cylinder pressure, and heat release rate (HRR). An average of 51 cycles was collected and used in the combustion analysis to minimise cycle errors (Awad et al., 2014). CO, CO2, NO, and NOx exhaust gases were measured using a Horiba OBS-ONE gas analyser. In addition, Bosch RTM 430 equipment was used to observe the smoke intensity data. Table 2 illustrates the measurement accuracy of the equipment used during the experiment.
TABLE 2 | Information regarding equipment used in the experiment, adapted from Masera (2019).
[image: Table 2]2.4 Error analysis
The partial differential method was used to quantify the overall uncertainty of this experimental study (Masera et al., 2021). In the error analysis, the uncertainties of the individual elements given in Table 2 are considered in Equation 1, and the overall uncertainty of the experimental analysis is found to be 1.872%.
[image: image]
3 RESULTS AND DISCUSSION
3.1 Fuel characterisation
From 1.8 kg of sheep fat, approximately 1.576 kg of sheep tallow was rendered, yielding an 88% efficiency. The two neat biodiesels were then obtained using transesterification in different containers (Figure 1). These biodiesels were used to develop seven biofuel samples: neat waste cooking oil biodiesel (W100), neat animal fat biodiesel (A100), and their blends at 80–20 (W80A20), 60–40 (W60A40), 50–50 (W50A50), 30–70 (W30A70), and 10–90 (W10A90) volume fractions. In addition to the test samples, a commercial diesel meeting the BS EN 590 standard was purchased from Esso United Kingdom Ltd. and tested to compare the results (Esso, 2019). Table 3 shows the FAME breakdown of the test samples in terms of saturated (C18:0, C16:0, and C14:0), monounsaturated (C18:1 and C16:1), and polyunsaturated (C18:3 and C18:2) FAMEs. W100 mostly consisted of C18:2, whereas this was a minor component in A100. The major components of A100 were C18:1 > 18:0 > 16:0, accounting for ca. 94% of the composition (Table 3). After combining the two neat biodiesels, linear differences in saturated, monounsaturated, and polyunsaturated FAMEs were detected.
TABLE 3 | FAME compositions of the test samples in mass percentages.
[image: Table 3]Figure 5 shows the TLC chromatogram of WCO, sheep fat, and their biodiesel derivatives. TAGs were the most prevalent (>90%) lipid in the oils, with lower amounts of FFA, DAG, and MAG (Figure 6).
[image: Figure 5]FIGURE 5 | Feedstock oils (A) and neat biodiesel (B). Samples were tested on thin-layer chromatography (TLC).
[image: Figure 6]FIGURE 6 | Gas chromatography and mass spectrum analysis of waste sheep fat as feedstock TAG (i) and biodiesel FAME (ii) (C17:0 was used as an experimental reference). The A100 predominantly consisted of C16:0 (saturated), C18:0 (saturated), and C18:1 monounsaturated FAMEs.
Table 4 illustrates the characteristics of the test samples, reference diesel, BS EN 14214, and EN 590 (British Standard Institution, 2010; Ramírez-Verduzco et al., 2012). According to the results, neither the neat WCO (W100) nor sheep tallow (A100) biodiesels fully met the BS EN 14214 specifications. For example, A100 and biomixtures of W10A90 and W30A70 had viscosities higher than the maximum limit of 5.0 mm2/s. This can be attributed to the higher presence of saturated FAMEs in their chemical compositions. On the other hand, the W100 and W80A20 biomixture had cetane numbers lower than the minimum limit of 52 as well as iodine values higher than the maximum limit of 120. Similarly, this is due to the higher presence of the unsaturated FAMEs in their chemical structures. However, the fuel properties of the W50A50 and W60A40 biomixtures were found to be within the specified limits in BS EN 14214 specifications in terms of the all test parameters (Masera and Hossain, 2017). This shows that the blending of neat biodiesels can improve the fuel properties by optimising the saturated and unsaturated FAME compositions.
TABLE 4 | Comparison of test sample fuel characteristics against BS EN 14214 and EN 590 standards (British Standard Institution, 2010; European Standard, 2009).
[image: Table 4]3.2 Combustion characteristics and degree of unsaturation
Figure 7 illustrates (a) combustion start, (b) finish times, and (c) total combustion duration in terms of crank angle position. Figure 7A shows that the test fuels combusted almost at the same crank angle at each engine load. However, combustion end-time increased with respect to increasing engine load (Figure 7B), as the amount of fuel consumed increased to overcome increased resistance. This increase in combustion end time affected the overall combustion duration, which was also increased with respect to increasing engine load (Figure 7C).
[image: Figure 7]FIGURE 7 | Crank angle positions at different stages of combustion: (A) beginning, (B) end, and (C) total combustion duration.
A linearly increasing trend was observed for exhaust gas temperature (EGT) with the increasing engine load (Figure 8). The trend was in good agreement with the literature and can be attributed to the increasing amount of fuel needed to overcome the increasing resistance at higher engine loads (Emiroğlu et al., 2018). The combustion of the increased amount of fuel makes the combustion process last longer, which also causes some of the fuel to burn late during the power stroke at larger volumes and puts less pressure on the piston head (Awad et al., 2014). The EGT also had direct impact on the exhaust gas emissions due to the increased tendency of nitrogen and oxygen to react and form NOx at high temperatures (Ragit et al., 2010).
[image: Figure 8]FIGURE 8 | Exhaust gas temperatures of biofuels at different engine loads.
The results given in Figure 9 show that the biofuels have 5–10 bar higher in-cylinder pressure than diesel. This combustion improvement can be linked to the biodiesel’s inherent oxygen content. The highest pressure was observed with the W50A50 biomixture, which was approximately 3%–5% higher than neat biodiesels at the high engine loads. Similarly, this can also be associated with the optimised fuel properties of the 50–50 blend, such as medium values of DU and viscosity as 123 and 4.93 mm2/s.
[image: Figure 9]FIGURE 9 | In-cylinder pressures of the test fuels at (A) 20%, (B) 40%, (C) 60%, (D) 70%, (E) 80% and (F) 100% engine loads.
Figure 10 shows the heat release (HR) of the biofuels and diesel at low, medium, and high engine loads. The negative HR earlier than combustion is deemed due to the fuel evaporation (Bowden et al., 1969). Figure 10I indicates that the HR of the W50A50 and W60A40 blends was approximately 10–20 joules higher than the diesel. During the early combustion phase, the highest HR was recorded for the A100, which was approximately 4% higher than all other test fuels. In contrast, it gave the lowest HR reading at approximately 20 joules lower than to other fuels towards the combustion end stage—35°CA—whereas the W100 neat biodiesel had the exactly the opposite trend of higher HR towards the end of combustion rather than the early combustion stage. This is deemed due to the increasing unsaturation of the FAMEs, which need higher energy to break the C=C (double) bonds than the C–C (single) bonds in A100 and W30A70, particularly at the initial combustion stage. Consequently, it is understood that the A100 and W100 biodiesels have exactly the opposite combustion characteristics, with the former burning faster and with more HR at the initial combustion stage, whereas the latter has relatively late HR towards the end stages of the combustion. Similar trends were also observed with the A100- and W100-dominated blends.
[image: Figure 10]FIGURE 10 | Heat release (HR) at (A) 20%, (B) 40%, (C) 60%, (D) 70%, (E) 80% and (F) 100% engine loads.
Figure 11 studies the maximum HRR for the test fuels at various engine loads. According to the results collected at the full engine load, the neat biodiesels and their blends had slightly increased maximum HRR resulting from inherit oxygen content. The lower maximum HRR at the low engine loads can be linked to biodiesel fuel properties such as higher density and viscosity than diesel. The negative effects of these fuel properties were observed especially at low engine loads, where the combustion temperature was also low. Among the biodiesels, the W50A50 blend with the optimised fuel properties provided the highest maximum HRR slightly above 30 J/°CA at the 100% engine load. These results also revealed that the biodiesel fuel property optimisation achieved by blending two neat biodiesels also improved the combustion results of the biomixture compared to neat biodiesels.
[image: Figure 11]FIGURE 11 | Maximum heat release rate (HRR) versus engine load.
3.3 Engine performance
The engine performance parameters of brake-specific energy consumption (BSEC), brake-specific fuel consumption (BSFC), and brake thermal efficiency (BTE) were measured for each test fuel. Figure 12 reveals BSFC values measured at each engine load. The animal fat biodiesel A100 and related biomixtures having high animal fat biodiesel fraction had relatively higher BSFC than other biodiesels at low engine loads due to their high viscosities. However, this disadvantage decreased for the high engine loads. At full load, the average BSFC of biodiesels was approximately 14.5% greater than diesel. The results were consistent with the literature and can be attributed to biodiesel’s lower LHV (Özener et al., 2014).
[image: Figure 12]FIGURE 12 | Brake-specific fuel consumptions (BSFC) at various engine loads.
BSEC analysis is suggested for the comparison of fuel with different LHV properties in the literature (Krishna et al., 2016) because it considers not just the amount of fuel utilised but also the LHV property of the fuels. According to Figure 13, the BSEC of the biodiesels and diesel were equivalent, especially at full engine load. Furthermore, at 60% engine load, W50A50, W60A40, and W100 had a BSEC roughly 1.9% lower than diesel. Similarly, at medium engine loads, W100 had the greatest BTE—approximately 8% higher than diesel. Between 20% and 60% engine loads, the W50A50 and W60A40 biomixtures had approximately 2% greater BTE than diesel (Figure 14). The inherit oxygen content of biodiesels is thought to be the primary reason for the enhanced BTE.
[image: Figure 13]FIGURE 13 | Brake-specific energy consumptions (BSEC) at various engine loads.
[image: Figure 14]FIGURE 14 | Brake thermal efficiency (BTE) at various engine loads.
3.4 Exhaust emissions and degree of unsaturation
The three main elements that influence CO2 and CO emissions are burning efficiency, oxygen, and carbon contents (Kumar and Subramanian, 2017). Thus, every fuel’s CO2 emissions reveal its combustion efficiency. Acyl carbons react with oxygen molecules and produce CO and CO2 emissions as a result of combustion. CO is the major product generated under limited O2 conditions (Wakode and Kanase-Patil, 2017). Figure 15 shows that CO2 emissions increased linearly with increasing engine loads for all fuels. This can be attributed to the higher fuel consumption as the engine load increases. All biofuels, with the exception of W100, released approximately 6% (15 g/100s at full load) less CO2 than diesel, on average. Compared to diesel, the W50A50 biomixture reduced CO2 emissions by 3.6% and 6.7%, respectively. Note that the CO2 emission of the W100 biodiesel was recorded at 3.1% higher than the diesel, but the rest of the biodiesels—A100, W30A70, W50A50, and W60A40—had 2% to 3% lower CO2 emissions than diesel at the full engine load.
[image: Figure 15]FIGURE 15 | CO2 emissions of test fuels in g/100s.
Figure 16 illustrates CO releases at various engine loads. CO emissions exhibited a similarly increasing trend as CO2 emissions, which is related to the higher amount of fuel being burned at the higher engine loads. The combustion efficiency of the W100 was found to be the poorest, releasing approximately 0.30 g/100s more CO emissions than other test fuels. Another reason for the higher CO emission was the carbon content of the fuel, which was the greatest amongst the test fuels. The other biodiesel and biomixtures had between 6% and 78% lower CO emission than diesel at 80% engine load. The differences in the fuel properties such as carbon content is one reason for the CO emission variation of the biomixtures (Table 4). The W50A50 biomixture gave the lowest CO gas emission, which was 63%–70% lower than W100 and diesel at 100% engine load.
[image: Figure 16]FIGURE 16 | CO emissions of the test fuels in g/100s.
Figure 17 demonstrates the emission measurements for the NO, NO2, and NOx gases at the test loads. The majority of the biodiesels gave higher emissions of NOx due to the presence of oxygen in their chemical content (e.g., ester bonds in TAG and ester bonds and OH groups in DAG and MAG), which yields higher temperatures during combustion. At full load, the NO and NOx emissions of all test fuels decreased. The lower oxygen to nitrogen ratio at full load can be attributable to this decreasing trend. For example, A100, W60A40, and W100 respectively emitted approximately 2.9%, 1.2%, and 0.5% less NO emission than diesel at the 100% load. In contrast, W30A70 and W50A50 emitted 1.7% and 2.4% more NO than diesel. All biodiesels had higher NO2 emissions than diesel, in the range of 6%–29%. Consequently, the sum of NO and NO2, which corresponds to NOx emission, of most biodiesels measured higher than diesel, between 0.7% and 2.9% at the 100% engine load. However, A100 and W60A40 gave comparable NOx emissions to diesel. Considering the fuel properties meeting the BS EN 14214 standard along with the favourable NOx emission, the W60A40 biomixture can promote the biodiesel–biodiesel blending technique.
[image: Figure 17]FIGURE 17 | NO, NO2, and NOx emissions at various engine loads.
Figure 18 illustrates the smoke emissions at each engine load for the test fuels. The results given in Figure 18 show a drastic difference in smoke emission between the biodiesels and diesel, with the maximum reduction of 96% at the 100% engine load. The significantly higher smoke emission of the fossil diesel is deemed due to its content with aromatic hydrocarbons, which are not present in any biodiesel. Their breakdown yields visible smoke, or “soot.” The magnitude of the smoke formation increases in the absence of the oxygen, which explains the increasing smoke emission trend of diesel at the higher engine loads (Dhamodaran et al., 2017). Note that as the amount of oxygen intake is kept constant but the amount of fuel is increased with the increasing engine load, the oxygen content gets lower with the increasing engine load. The literature also considers the influences of fuel properties like density, viscosity, and cetane number as well as the combustion behaviour on smoke emission (Dhamodaran et al., 2017; Ragit et al., 2010). However, it is believed that the presence of the aromatic hydrocarbons is the main reason behind the drastic difference. As the smoke emission is visible, the filter of the exhaust gas measurement device was inspected before and after the experiment (Figure 19). The filter given in Figure 19A is used only once to test the diesel, whereas the filter shown in Figure 19B is used to test the five other biodiesels.
[image: Figure 18]FIGURE 18 | Smoke opacity (soot) measurements.
[image: Figure 19]FIGURE 19 | Contamination of new equipment filters after testing diesel in one experiment (i) and all test biodiesels, five experiments in total (ii).
4 CONCLUSION
This study investigated the fuel property optimisation of the two neat biodiesels produced from waste cooking oil (W100) and waste sheep fat (A100) by blending them at various volume fractions. According to fuel characterisation and engine test results, although, the neat biodiesels did not meet the biodiesel standard (BS EN 14214), W50A50 and W60A40 blends complied with it. This can be attributed to the balanced saturation level of the blends, which eliminates the high iodine value and viscosity of neat biodiesels W100 and A100, respectively.
Combustion duration and ignition delay were shortened by 0.5 °CA and 0.05 °CA with each blend’s increasing fraction of A100. This shows that the higher cetane number of A100 improved the combustion quality of the blends.
It was also found that the saturation property of a fuel was inversely proportional to the combustion duration, which also affected the exhaust gas temperature. Therefore, the exhaust gas temperatures were increased with the increasing W100 fraction.
The W50A50 fuel had the maximum in-cylinder pressure, which was approximately 3%–5% higher than the neat biodiesels between 10.3 and 12.0 °CA at high engine loads. The improved in-cylinder pressure is linked to saturation level optimisation of the blend, which improved the fuel properties.
The maximum HRR value of W50A50 was respectively 14%, 11%, and 8% greater than diesel, W100, and A100 at 100% load. Although the BTE of the W100 was observed to be approximately 10% greater than diesel, the BSEC and BTC of all test fuels, including diesel, were comparable at 100% engine load.
The W50A50 biomixture gave the lowest CO2 emission, 3.3% and 6.4% lower than the diesel and neat biodiesel at the 100% engine load condition. In addition, the CO emission of the neat biodiesels and biomixtures was significantly less than diesel at 73%–78% at the 70% engine load condition.
The NOx emission of the neat biodiesels and the majority of the biomixtures were slightly higher than diesel, with the maximum increase of roughly 3% with W30A70 biomixture at the 100% engine load. However, the NOx emissions of the W60A40 biomixture and sheep fat biodiesel A100 were comparable to diesel. This can be attributed to the highly saturated content of the A100 biodiesel, which provided a relatively shorter combustion duration and lower combustion temperature.
In summary, this study recommends the blending of two WCO and sheep tallow biodiesels. It demonstrates that the fuel properties of biomixtures such as cetane number, viscosity, iodine value, and degree of unsaturation are optimised, resulting in improved combustion characteristics and exhaust gas emissions compared to neat biodiesels. Further studies could be conducted to investigate the effects of different waste biodiesel sources including WCO with an increasing degree of unsaturation and tallows from other animal sources.
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