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Abstract 
 

The supply of petroleum sources is finite, non-renewable and, at the current rate of 

consumption, it will become severely depleted by 2050. Furthermore, the use of petroleum fuel 

increases greenhouse gas (GHG) emissions, leading to global warming which is harmful. Thus, 

there is an urgent need to find alternative sources of energy that are renewable, cost effective 

and can be produced in a sustainable manner. Non-edible feedstock biodiesels are a promising 

alternative fuel for reducing most petroleum fuel related environmental problems. They are 

attracting increasing attention due to their abundant availability and similar physicochemical 

properties as petroleum-derived diesel. This study carefully investigated six major non-edible 

vegetable oils (papaya seed oil, stone fruit kernel oil, jatropha oil, rapeseed oil, beauty leaf tree 

oil and waste cooking oil), that are locally available, out of 350 oil-bearing crops that could be 

potentially used to produce biodiesel. Four multiple criteria decision analysis (MCDA) 

methods with twelve physicochemical properties of biodiesel feedstocks and three different 

weightage (%) determination methods were used to rank these six feedstocks, with the view to 

find the best performing biodiesel feedstocks. The overall results show that the stone fruit 

kernel oil (SFO) was ranked as the best performing feedstock on the basis of engine 

performance amongst the six locally available feedstocks examined, papaya seed oil (PSO) 

came out as the second best, and the waste cooking oil was the worst performing biodiesel. 

Alkali catalysed transesterification reaction is the most widely used method for producing 

biodiesel from oil/animal fats due to its higher conversion efficiency in a short reaction time 

(30-60 min). The current study was undertaken to optimise the transesterification process for 

PSO and SFO with the view to increasing the efficiency of biodiesel conversion. A response 

surface method (RSM) based Box-Behnken design was employed to optimise biodiesel 

conversion processes for both PSO and SFO. Biodiesel conversion efficiencies of 96.5% and 

95.8% were found for PSO and SFO at their respective optimum operating conditions.   

These PSO and SFO biodiesels were evaluated using a 4-cylinder, 4-stroke Kubota diesel 

engine. In general, both PSO and SFO blends decreased engine performance slightly compared 

to diesel as expected, however, SFO biodiesel blends gave about 3% better performance 

compared to PSO blends. On the other hand, PSO blends (20%) decreased most of the engine 

emissions by up to 34% except for an increase of about 5% in nitrogen oxide (NOx) compared 

to diesel. These emission performances are up to 14% better than the corresponding SFO 
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emissions. Although the SFO biodiesel blends have slightly better engine performance than 

PSO biodiesel blends, the PSO biodiesel blends proved to be a better overall choice due to their 

excellent environmentally friendly attributes as they can reduce exhaust emissions to a great 

extent. Therefore, PSO was chosen subsequently to develop interactive relationships between 

three operating parameters of PSO, namely biodiesel blends, engine load, and engine speed 

and four responses of brake power (BP), torque, brake specific fuels consumption (BSFC), and 

brake thermal efficiency (BTE) for engine testing and emissions behaviour.  

Analysis of variance (ANOVA) and a statistical regression model show that load and speed 

were the two most important parameters that affect all four responses. The biodiesel blends 

parameter had a significant effect on BSFC. The engine load and engine speed were the two 

most important parameters that affect four of the responses (NOx, hydrocarbon (HC), 

particulate matter (PM) and carbon monoxide (CO)). In-cylinder peak pressures for PSO 

biodiesel blends were higher than for diesel irrespective of engine speed. Heat release rates of 

PSO biodiesel blends were found to be lower than for diesel due to lower ignition delays and 

lower caloric values of biodiesel. The maximum cylinder temperatures of PSO biodiesel blends 

were higher (3.73%) than that of diesel. To minimise the exhaust emissions, PSO biodiesel 

blends were mixed with two oxygenated additives, namely diethylene glycol dimethyl ether 

(diglyme) and n-butanol, to make ternary blends. These blends were tested for both engine 

performance and emissions. The addition of oxygenated additives increased the BP, torque and 

BTE values of PSO biodiesel ternary blends and it lowered the average BSFC by 0.5% and 

17.7% compared with diesel and PSO blends (20%), respectively. PSO-diglyme-diesel ternary 

blend performed better than all other binary blends as well as the PSO-n-butanol-diesel ternary 

blend. The average reductions of HC, CO, NOx and PM of PSO-diglyme-diesel ternary blends 

compared with diesel were 32.4%, 61%, 0.64% and 47.4% respectively, whereas a 2.8% 

increase in carbon dioxide (CO2) emission was observed. The average increase of NOx, and 

CO2 for PSO blends (20%) compared with diesel were 4.1% and 4.5%, respectively.  

In conclusion, this study provided a solid base of new knowledge regarding biodiesel feedstock 

selection and optimisation techniques for PSO and SFO, assessed the suitability of PSO and 

SFO as alternatives to petroleum diesel and analysed how the emissions from these biodiesels 

could be reduced. These are very useful information for engine manufacturers, Government, 

stakeholders and policy makers to eliminate the lack of awareness of using second-generation 

biodiesel in Australia.  
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Chapter 1: Introduction 
 

1.1  Background  

The developing energy calamity and growing environmental pollutions are the most 

resounding issues that the world is facing today. The total energy consumption is growing more 

rapidly than the population growth [1]. The International Energy Agency (IEA) estimates that 

there will be about a 53% increase in global energy consumption by 2050 [2, 3]. Global primary 

energy consumption had increased by 2.9% in 2018, as compared to 2.2% in 2017, 1% in 2016, 

0.9% in 2015 and 1% in 2014 [4]. This energy consumption grew in 2018 and it almost doubled 

at an average annual rate of 1.5% since 2010. Globally, the industrial sector (e.g. 

manufacturing, mining, construction, agriculture) is the largest energy consumer followed by 

the building and transportation sectors, while the transportation sector is growing faster than 

all the others. The transportation sector is mostly dependent on petroleum fuels (crude oil 

derived gasoline and diesel). This sector currently consumes nearly 30% of crude oil globally 

and this will increase by 59% by 2050 [5]. It is projected that, from 2010-40, the transportation 

sector will be consuming about 37,982 PJ or 36 Quadrillion BTU, accounting for 63% of global 

consumption of petroleum and liquid fuels [6].  

After Switzerland, Australia is the 2nd wealthiest nation in terms of wealth per adult. Australia 

is estimated to have the world’s 13th highest Gross domestic product (GDP) and 11th highest 

GDP per capita [7]. Australia is the 6th largest developed country. Like all other countries, 

Australia’s economy totally depends on the energy use at the present time and this will continue 

in the future. Australia exports energy that includes coal, natural gas and uranium oxide. About 

94% of Australia’s total energy consumption is primarily through non-renewable energy 

resources, mainly coal, oil and gas, whereas renewable energy accounts for only 6.2% and the 

source of the majority of renewable energy came from biomass [8]. 

Most prominent primary energy resources in Australia are black coal, brown coal, natural gas, 

oil, LPG, uranium oxide and renewables. In 2017-18, black coal production grew by 2%, 

whereas brown coal production fell by 19% [8]. Black coal production increased by about 5% 

in Queensland and fell by 2% in New South Wales. Brown coal was affected by the closure of 

power stations. In 2017-18, natural gas production rose by 15% to 4,731 PJ or 121 billion cubic 

metres [8]. Western Australia is the largest gas producer, as half of total gas production comes 
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from this state. Queensland’s gas production was 31% of the total production, nearly five times 

what it was in 2013-14. In 2017-18, Australia produced less crude oil and liquid natural gas 

(about 4% less than previous year), accounting for 572 PJ (15.5 billion litres) [8]. Renewable 

energy is getting popular and its production increased by 1% in 2017-18 to reach 382 PJ 

compared to 2016-17. Renewable energy, mainly wind and solar, accounted for 2% of the total 

energy production in 2017-18. Uranium production decreased by 9% to 6,654 tonnes, i.e., 

3,127 PJ. It can be seen from Figure 1 that there is a huge gap between oil production and 

consumption. Day by day, this difference is getting larger. Therefore, Australia is heavily 

reliant on imported petroleum fuels (85% and costing about $18 billion per year) to meet this 

ongoing demand.  

 
Figure 1: Australian oil production and consumption, 2008-2018 [9]. 

Australian energy consumption increased by 0.9% in 2017-18 to 6,172 petajoules, which is the 

highest ever recorded level. In the last 10 years, Australia’s energy consumption has increased 

by 0.6% a year [8] on an average. The most significant energy consumption sectors in 2017-

18 were mining, electricity generation and transportation. Energy usage (both natural gas and 

electricity) in the mining sector increased by 9% in 2017-18 than in the previous year to support 

liquefied natural gas (LNG) exports. However, energy usage for electricity generation 

decreased by 4% in 2017-18 despite a slight increase in electricity output reflecting less use of 

brown coal and increased use of renewable energy. The transport sector is the largest energy 

consumer in Australia, which grew steadily by 2.4% in 2017-18. The largest primary energy 

source in Australia was petroleum oil and it accounted for 38.7% in 2017-18, followed by coal 

(29.9%), natural gas (25.2%) and renewables (6.2%) [8]. Figure 2(a) shows leading primary 
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energy sources in Australia and their consumption in percentage (%). Coal consumption 

decreased by 4% in 2017-18 and brown coal dropped significantly due to closure of power 

plants. Natural gas consumption increased by 4% in 2015-16 to support LNG exports and 

electricity generation, although gas consumption in the manufacturing sector dropped. 

Renewable energy consumption, mainly solar and wind energy, increased by 1% in 2017-18. 

This renewable energy is used for various purposes such as electricity generation, residential 

heating using firewood, bagasse use in manufacturing and solar hot water. Both solar and wind 

energy continued to be substantial factors of the growth in renewables, increasing by 23% and 

20% respectively in 2017-18 (Figure 2(b)). 

(a)                                                                        (b) 
Figure 2: Australian energy consumption (%) in 2017-2018 (a) Fuel type, (b) Renewable 
energy consumption by source [8]. 

The largest Australian primary energy-consuming sector was transportation, accounting for 

about 28.1% in 2017-18. The average annual growth rate for the transport sector is 2% a year, 

which increases to 1731.8 PJ in 2017-18. Annual growth for road and air transport sectors 

increased by about 1.7% and 4.5% respectively and these are likely to continue to grow rapidly. 

The overall consumption in the transport sector is projected to increase slightly from 29% to 

32% over the period to 2019-50 [5, 9]. The second largest energy-consuming sector was 

electricity supply which accounted for 26.3% as shown in 2017-18 (Table 1). 

Table 1: Australian primary energy consumption by sector [8]. 

Sector 2017-18 

(PJ) 

Share 

(%) 

Average annual 

growth 2017-18 (%) 

Average annual 

growth 10 years (%) 

Transport 1731.8 28.1 2.4 1.9 

Electricity generation 1621.5 26.3 -3.6 -1.9 

Manufacturing 1076.2 17.4 -0.4 -0.9 

Mining 729.7 11.8 9.1 7.9 
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Residential 458.8 7.4 0.1 0.5 

Commercial 336.2 5.4 1.6 2.1 

Agriculture 117.6 1.9 1.1 2.5 

Construction 25.9 0.4 6.9 0.1 

Water and waste 17.9 0.3 12.1 3.1 

Others 56.2 0.9 9.8 -2.9 

Total 6171.7 100.0 0.9 0.6 

The manufacturing sector was the third largest energy consumer in 2017-18 and accounted for 

17.4%, followed by mining (11.8%), residential (7.4%), commercial (5.4%), agriculture 

(1.9%), construction (0.4%), water and waste (0.3%) and others (0.9%). Energy consumption 

in the manufacturing sector was relatively flat in 2017-18. The average annual growth of energy 

consumption of the mining sector was 9.1% in 2017-18. Therefore, the primary energy sectors 

were transportation, electricity generation and manufacturing which together accounted for 

about 71.8% of Australia’s total energy consumption. However, the Australian transportation 

sector remains the principal end use consumption source. 

The Australian transportation sector is mostly dependent on petroleum fuels, such as petrol and 

diesel. Generally, the light vehicle sector uses petrol as a dominant fuel, whereas diesel is used 

in the heavy vehicle sector. The share of diesel is increasing day-by-day due to better fuel 

efficiency and performance in modern automobile engines. Nowadays automobile 

manufacturers are focusing more on diesel-based vehicles. Diesel vehicle numbers have 

doubled since 2010 to 4.8 million vehicles in 2019 [8]. The share of petrol is declining whereas 

diesel and aviation fuels have grown due to mining activities and increased air transport 

activities. However, due to severe political unrest in some crude oil producing countries and 

prolonged economic embargoes on certain counties, the world is facing extreme challenges to 

keep the fuel supply chain economically sustainable. World leaders, politicians and policy 

makers are giving emphasis not only to solving these geopolitical situations, but also pushing 

hard for research and development for finding alternative fuel sources that are locally available, 

cost-effective and sustainable.   

Biofuel, and particularly the biodiesel, is drawing more attention due to its environmentally 

friendly nature (minimise environmental pollution and global warming) and its potential to 

serve as an alternative energy source [10, 11]. It is a sulphur free, non-toxic, renewable, 

biodegradable clean burning ester based oxygenated fuel [12-15] and is a mixture of alkyl esters 

of long chain fatty acids. Through esterification and/or transesterification of free fatty acids and 
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triglycerides, those long chain fatty acids are synthesised [6, 11, 16]. Hence, biodiesel is also 

known as fatty acid methyl ester (FAME) and are derived from vegetable oils either edible or 

non-edible and animal fats [17-19]. Biodiesel can be used directly in diesel engines as an 

alternative fuel source with no or minimum modification of the engine. It may even provide better 

engine performance and lubrication [20]. It is a globally accepted fuel to reduce exhaust gas 

emissions and environmental issues. Finally, it meets the international standards and is 

compatible with petroleum diesel. It can be blended with petroleum diesel at various proportions 

(5, 10, 15 or 20%) and modern engines can cope with these blended biodiesel-diesel fuels without 

any major modifications [21]. 

1.2  Significance of the study 

This study was carried out with the aim of investigating the prospect of using Australian non-

edible second-generation biodiesels as a sustainable source of transport fuel. Australia is 

largely dependent on imported transport fuel. However, the petroleum source is finite, non-

renewable and, at the current rate of consumption, it will be depleted within 2062-2094 [22]. 

The cost of this fuel fluctuates almost every day, and this affects the total economies of the 

country. The uncertainty and political imbalance situation in major fuel producing countries 

also make sustainable supply difficult. In addition, increased use of petroleum fuel results in 

the release of greenhouse gases such as nitrogen oxides, unburned hydrocarbons, carbon 

dioxide, carbon monoxide and particulate matter into the atmosphere, causing severe health 

issues. The use of petroleum fuel increases global warming, greenhouse gas (GHG) emissions, 

acid rain formation and unseasonable rains, which all contribute to climate change [23]. The 

study has shown that, by 2030, greenhouse gas (GHG) emissions would increase by 39% if no 

actions are taken now [24]. Norhasyima et al. [25] predict that the average global temperature 

would increase by 2 °C by 2050 if the current rate of CO2 emission is not reduced by 50%. 

Thus, there is an urgent need to identify alternative sources of renewable energy that are 

sustainable, reliable and cost effective. Biofuel is the promising alternative fuel for solving 

most petroleum fuel related environmental problems. Federal government regulations are 

applied to ensure that the quality of petrol and diesel fuel in Australia maintained. The Fuel 

Quality Standards Act 2000 ensures a legislative framework for setting national fuel quality 

and fuel quality information standards for petrol, diesel, biodiesel, auto gas and ethanol E85 

[26]. The objective of the New South Wales (NSW) Biofuels Act 2007 is not only to support 

the development of sustainable biofuels industry in NSW, but also to contribute to (i) 
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improving air quality, (ii) addressing climate change through reducing greenhouse gas 

emissions, (iii) providing cheaper fuel, (iv) reducing the reliance on imported fossil fuels and 

(v) supporting regional development. As per the NSW mandate, both ethanol and biodiesel 

must represent 6% (E6) and 2% (B2) of the total volume of petrol and diesel sold in NSW, 

respectively. According to the Department of Energy and Water Supply [27], the Queensland’s 

biofuel mandate that commenced on 1st January 2017 set the minimum requirements for selling 

bio-based diesel (E4 and B0.5). Both the Queensland and Federal Governments of Australia 

are actively encouraging development of the biofuel industry to achieve a cleaner and greener 

future for Australia. Australian Government organisations such as Australian Renewable 

Energy Agency (ARENA) and Australian Competition and Consumer Commission (ACCC) 

are also promoting the biodiesel industry by satisfying all stakeholders. This study investigates 

the prospect of two potential 2nd generation biofuel feedstocks, namely papaya seed oil (PSO) 

and stone fruit kernel seed oil (SFO) chosen amongst six biodiesel feedstocks based on their 

physicochemical properties. Optimisation of their biodiesel production process increases the 

productivity and saves time, cost and effort. These biodiesels reduce the GHG emissions and 

play an important role in the economy by creating new opportunities to the biofuel industry. In 

addition, it enhances the stability of the Australian fuel market as well as creating new jobs and 

development, especially in the regional areas. Finally, this research will provide a strong base 

of new knowledge and promote biodiesel usage in Australia.  

1.3  Research problems and gaps 

The usage of first-generation biodiesel has raised many concerns due to the food versus fuel 

debate as well as major environmental problems such as deforestation and destruction of vital 

soil resources. The focus has now shifted to second generation non-edible vegetable oils for 

biodiesel production due to their availability and low cost [28]. Although more than 350 oil-

bearing crops have been identified for biodiesel production, an ideal biodiesel feedstock should 

be easily available locally, and its use be technically and economically feasible [29, 30]. Again, 

there is an ongoing debate on the ideal or the best possible biodiesel feedstocks in terms of 

their technical, environmental, economic and social aspects. Technical aspects of the biodiesel 

selection process include assessing physico-chemical properties, fatty acid composition, safety, 

and availability criteria. Environment-related criteria such as land usage, irrigation and 

cultivation methods, are considered under the environmental aspect. All costs that are 

associated with the issues such as cultivation, harvesting, labour and transportation, are listed 
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under the criteria of economic aspects. The social aspects include activities such as job creation, 

social acceptance and community benefits. Different multiple criteria decision analysis 

(MCDA) methods such as PROMETHEE GAIA, weighted sum method (WSM), weighted 

product method (WPM), Technique for Order Preference by Similarity to Ideal Solution 

(TOPSIS), Fuzzy analytic hierarchy process (AHP)-TOPSIS, and Operational competitiveness 

rating analysis (OCRA) can be used to screen biodiesel feedstocks [31-34].  

The use of crude vegetable oil straight in the engine causes significant engine problems due to 

high viscosity (about 10 to 17 times higher than petroleum diesel fuel). Besides, a lower cetane 

number and lower calorific values restrict the use of crude vegetable oil as an effective fuel for 

compression ignition (CI) engines. Again, most non-edible vegetable oils have high free fatty 

acid contents (FFA). Thus, the use of crude vegetable oil, would end up producing high smoke, 

unburnt-hydrocarbons (HC), and carbon monoxide (CO) emissions, lower brake thermal 

efficiency and poor engine performance [35]. Additionally, higher viscosity and lower 

volatility of crude vegetable oil can result in poor fuel flow, incomplete combustion, severe 

carbon deposits, injector coking and piston ring sticking [36-38]. There are many techniques, 

methods and processes to overcome these problems. These include pyrolysis, micro 

emulsification, dilution and transesterification [39-44]. Among them, transesterification is the 

most popular technique used to reduce the viscosity and oxygen content of crude vegetable oil. 

The transesterification process converts triglycerides into alkyl esters using an alcohol. 

Researchers have used both methanol and ethanol as alcohol in the transesterification process 

[45]. However, methanol is less costly and has better reactivity, and the fatty acid methyl esters 

(FAME) produced are more susceptible to evaporate easily than corresponding ethyl esters. On 

the other hand, ethanol is derived from renewable feedstocks and it is also less toxic [32]. 

Several process parameters such as reaction temperature, catalyst type, catalyst concentration, 

type of alcohol and their oil to molar ratio, reaction time and agitation speed affect biodiesel 

yield production and biodiesel quality. Therefore, the transesterification optimisation process 

is very vital for better quality and higher yield of biodiesel fuel.  

Biodiesel can be used as alternatives to fossil fuel in CI engines to reduce their HC, smoke and 

CO emissions. As biodiesels are considered to be oxygenated fuels, the excess oxygen content 

in biodiesel ensures better combustion, resulting in higher exhaust gas temperature as well as 

higher NOx formation. Nabi et al. [46] reported that particulate matter (PM) generation from 

biodiesel combustion is significantly reduced due to higher oxygen content and absence of 
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aromatics in the fuel. Sathiyamoorthi et al. [47] investigated palmarosa oil biodiesel at different 

blends with diesel, and found lower CO, HC, smoke emissions and slightly higher NOx 

emission generation in all biodiesel blends compared with pure diesel. Castor biodiesel (B20) 

can reduce CO and HC by 8.2% and 8.9% respectively. In addition, a considerable reduction 

in oxides of nitrogen was claimed by Arunkumar et al. [48]. Roy et al. [49] used canola oil 

biodiesel at different blends and found there was no increase in NOx emission as well as lower 

CO and HC emissions at 5% biodiesel blend. Uyumaz [50] investigated mustard seed oil 

biodiesel and found remarkable reductions in CO and smoke emissions at 30% biodiesel blend, 

whereas NOx emission was increased by 22.1%. Sanjid et al. [51] mixed two non-edible 

feedstocks, kapok and moringa, and found average NOx and CO2 emissions for those mixed 

blends were 14-17% and 1-3% higher respectively than for diesel. Again, the lower calorific 

value, higher viscosity, density and pour point, poor cold flow property, lower volatility, higher 

brake specific fuel consumption (BSFC), lower brake thermal efficiency (BTE), and the 

generation of higher NOx and CO2 emissions and EGT limit the use of biodiesel over diesel 

fuel [52-55]. Beauty leaf tree biodiesel reduced CO by 6%, and HC by 8% at B20 [56].  

Research shows that incorporation of various additives and alcohols in the biodiesel blend can 

reduce engine exhaust emissions as well as overcome some of the above-mentioned limitations 

[57-60]. Therefore, this study focuses on the multiple criteria decision making for biodiesel 

feedstock selection, and to optimise the biodiesel production process to achieve a sustainable 

production at cheaper cost. This study undertakes an engine testing programme using papaya 

seed oil (PSO) and stone fruit kernel seed oil (SFO) biodiesels to determine engine 

performance, emission levels as well as combustion characteristics. Since there was no 

literature found on engine performance, emissions analysis and combustion characteristics of 

ternary blends of PSO biodiesel using any alcohol or additive, the effects of papaya seed oil 

(PSO) biodiesel binary blends and ternary blends on a diesel engine are critically evaluated 

experimentally in this study. 

1.4  Research questions 

The fundamental research questions that are addresses in the thesis are based on the above 

research problems and gaps. This study addressed the following research questions: 

[Q1] Are PSO and SFO biodiesels able to meet biodiesel quality standards?  



Chapter 1: Introduction  1-9 

[Q2] What are the optimum production process parameters for biodiesel production from 

PSO and SFO? 

[Q3] What are the effects of PSO and SFO biodiesel on engine performance, exhaust 

emission behaviour and combustion characteristics? How do they compare with each 

other and standard diesel? 

[Q4] What are the impacts of operating parameters of biodiesel-diesel blends to enhance 

engine performance, exhaust emissions and combustion behaviour? 

 [Q5] What are the optimum binary (diesel-biodiesel) and ternary (diesel-biodiesel-

additive) blends of biodiesel-diesel and their quality assessment in engine 

performance, emission behaviour and combustion characteristics?  

1.5  Research objectives 

The main aim of this study is to optimise the production process parameters for biodiesel 

production from PSO and SFO and investigate the performance, emission behaviour and 

combustion characteristics of a diesel engine fuelled with diesel-biodiesel (binary) blends as 

well as diesel-biodiesel-additives (ternary) blends. This study identified the best operational 

conditions for improving the engine performance and reducing emissions. The above-

mentioned research questions and the main aims are addressed through experimental 

measurements and numerical analysis. The specific objectives are to: 

[1] Determine the physicochemical properties of 2nd generation biodiesel produced from 

Australian native PSO and SFO. 

[2] Identify the prospective 2nd generation biodiesel feedstocks using the multiple criteria 

decision-making process. 

[3] Optimise the biodiesel production process using a mathematical and statistical model.  

[4] Investigate the impact of operating conditions of PSO biodiesel on engine performance. 

[5] Optimise the impact of operating conditions of PSO biodiesel on engine emission 

behaviour.  

[6] Compare PSO and SFO biodiesel in terms of engine performance, and combustion 

characteristics 
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[7] Analyse the impact of binary and ternary blends of PSO biodiesel on diesel engine 

performance, emission behaviour and combustion characteristics. 

1.6  Research approach 

This thesis is prepared as a thesis by publication format with a total of nine chapters. A 

conceptual flow chart of this research is presented in Figure 3. 

Chapter 2 is based on the comprehensive literature review of the current biodiesel situation in 

Australia. This chapter discusses the potential of papaya seed and stone fruit kernel biodiesels 

- the two sources of 2nd generation transportation biodiesels in Australia. The challenges 

associated with biodiesel production and their possible solutions, particularly on feedstock 

selection, oil extraction, conversion of oil into biodiesel, biodiesel storage and transport, costs 

of production and the information needs for commercialising these sources of biodiesels are 

discussed, along with the eco-friendly attributes of these biodiesels with regard to the 

Australian transport sector. 

This chapter has been published in “Energy Reports” journal. The full reference is Anwar, M., 

M.G. Rasul, N. Ashwath, and M.D.N. Nabi, 2019, The potential of utilising papaya seed oil 

and stone fruit kernel oil as non-edible feedstock for biodiesel production in Australia—A 

review. Energy Reports, 5, p. 280-297, Elsevier BV, The Netherlands [Q1].  

Chapter 3: The selection of the appropriate biodiesel feedstock was the most important step 

in this research. In Chapter 3, six biodiesels, namely papaya seed oil biodiesel (PSO), stone 

fruit kernel oil biodiesel (SFO), jatropha oil biodiesel (JBD), rapeseed oil biodiesel (RBD), 

beauty leaf tree biodiesel (BLT), and waste cooking oil biodiesel (WCB) were analysed. 

Twelve physico-chemical properties, namely kinematic viscosity (KV), density, higher heating 

value (HHV), oxidation stability (OS), acid value (AV), flash point (FP), cold filter plug point 

(CFPP), cetane number (CN), iodine value (IV), monounsaturated fatty acid (MUFA), 

polyunsaturated fatty acid (PUFA) and long chain saturated factor (LCSF) were used as criteria 

for ranking the above biodiesels. Three weightage (%) methods of EQUAL, CRITIC and 

ENTROPY were used for weight determination of criteria. Four different multiple-criteria 

decision analysis (MCDA) methods, namely PROMETHEE Graphical Analysis for Interactive 

Assistance (GAIA), Weighted sum method (WSM), Weighted product method (WPM), and 
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Technique for order preference by similarity to ideal solution (TOPSIS) were used for the 

analysis. 

 

Figure 3: Outline of the thesis. 
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Chapter 3 has been published in “Energy Conversion and Management” journal. The full 

reference is Anwar, Rasul, and Ashwath, 2019, The efficacy of multiple-criteria design matrix 

for biodiesel feedstock selection. Energy Conversion and Management, 198, p. 111790, 

Elsevier BV, The Netherlands [Q1].  

Chapter 4 is based on the biodiesel production process optimisation. This chapter has two 

parts. Part A investigated the optimisation of the papaya seed oil biodiesel production process, 

whereas the optimisation of stone fruit kernel biodiesel production process was focused on in 

part B. Biodiesel production process parameters such as catalyst concentration, methanol: oil 

molar ratio and reaction temperature were optimised by using the Response Surface 

Methodology based on the Box-Behnken experimental design. The statistical tool MINITAB 

17 was used to draw both 3D surface plots and 2D contour plots to predict the optimum 

biodiesel yield. 

Part A and Part B have been published in “Energy Conversion and Management” journal and 

‘Energies’ journal respectively. Chapter 4, Part A was referenced as Anwar,. Rasul, and 

Ashwath, 2018, Production optimization and quality assessment of papaya (Carica papaya) 

biodiesel with response surface methodology. Energy Conversion and Management, 156, p. 

103-112, Elsevier BV, The Netherlands [Q1] and Part B was referenced as Anwar, Rasul, 

Ashwath, and Rahman, 2018, Optimisation of Second-Generation Biodiesel Production from 

Australian Native Stone Fruit Oil Using Response Surface Method. Energies, 11(10), p. 2566, 

MDPI, Switzerland [Q2]. 

Chapter 5 is about the interactive effects of operating parameters on engine performance. This 

chapter has two parts as well. Part A investigates the engine performance and emission 

characteristics of the biodiesels synthesised from papaya seed oil (PSO) and stone fruit kernel 

oil (SFO) blends using a diesel engine. All experiments were carried out at full load condition 

with different engine speeds ranging from 1200 rpm to 2400 rpm at intervals of 200 rpm. Diesel 

(100%) and its four blends of 10% biodiesel with 90% diesel (PSO10, SFO10), and 20% 

biodiesel with 80% diesel (PSO20, SFO20) were considered for comparative analysis. The 

results show that SFO biodiesel blends have better engine performance than PSO biodiesel 

blends. However, the PSO biodiesel blends prove to be a better overall choice due to their 

excellent environmentally friendly attributes that can reduce the exhaust emissions to a greater 

extent. 
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Chapter 5, Part A has been published in IEEE Xplore journal and referenced as Anwar, Rasul 

and Ashwath, A comparative study of engine performance and emission characteristics of 

biodiesels produced from the waste seeds of papaya and stone fruit.  IEEE 2nd International 

Conference on Renewable Energy and Power Engineering, Toronto, Canada, Nov. 2-4, 2019, 

Paper PE042. 

Chapter 5, Part B investigates the interactive relationship between three operating parameters 

(papaya seed oil (PSO) biodiesel blends, engine load, and engine speed) and four responses 

(brake power, BP; torque; brake specific fuel consumption, BSFC; and, brake thermal 

efficiency, BTE) for engine testing. A fully instrumented four cylinder four-stroke, naturally 

aspirated agricultural diesel engine was used for all experiments. Three different blends: B5 

(5% PSO biodiesel +95% diesel), B10 (10% PSO biodiesel + 90% diesel), and B20 (20% PSO 

biodiesel + 80% diesel) were tested. Physicochemical properties of these blends and pure PSO 

biodiesel were characterised, and the engine’s performance characteristics were analysed. The 

analysis of variance and quadratic regression modelling showed that both load and speed were 

the most important parameters that affect engine performance, while PSO biodiesel blends had 

a significant effect on BSFC. 

Chapter 5, Part B has been published in Energies journal and referenced as Anwar, Rasul, and 

Ashwath, 2018, A Systematic Multivariate Analysis of Carica papaya Biodiesel Blends and 

Their Interactive Effect on Performance. Energies, 11(11), p. 2931, MDPI, Switzerland [Q2]. 

Chapter 6 investigates the effects of non-edible biodiesel blends on the exhaust emission 

characteristics of a naturally aspirated four stroke multi-cylinder diesel engine under different 

loading conditions. A comparative analysis of the emission characteristics of four non-edible 

biodiesel blends (20% vol. = B20) and petroleum diesel was performed by varying engine loads 

and speeds. The aim was to optimise operating parameters such as biodiesel blends, engine 

loads and speed on engine emissions of nitrogen oxide (NOx), carbon dioxide (CO2), 

hydrocarbon (HC), particulate matter (PM), carbon monoxide (CO) and exhaust gas 

temperature (EGT). A statistical model and analysis of variance (ANOVA) were used to 

optimise various parameters. The results revealed that the engine load and speed were the two 

most imperative parameters that affected emissions (NOx, HC, PM and CO). Both biodiesel 

blend and the load were responsible for changing the EGT and NOx emission. While NOx 

emission was unaffected by variations in biodiesel blends, load or speed, the CO2 emission was 

not influenced by the biodiesel blends at various operating parameters. 
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Revised version of Chapter 6 has been submitted in Fuel journal and is entitled, “A pragmatic 

and critical analysis of engine emissions for biodiesel blended fuels”. 

Chapter 7 investigates the impact of papaya biodiesel blends on combustion characteristics of 

a diesel engine. In Part A, various PSO blends (5%, 10%, and 20%) were tested and compared 

with diesel at speeds of 1400 rpm and 2400 rpm at full load condition. The combustion 

characteristics of in-cylinder pressure, heat release rate, ignition delay, mass fraction burned, 

ignition duration and cylinder temperature were tested. The results show that PSO blends have 

some excellent attributes as fuel regarding combustion characteristics. Part B shows the 

comparative analysis of combustion characteristics of a diesel engine fuelled with PSO and 

SFO biodiesel blends. Amongst the two biodiesels tested, the PSO blends performed better 

than those of SFO blends in all combustion characteristics.  

Chapter 7, Part A has been published in Earth and Environmental Science journal and 

entitled, “Investigation on the impact of papaya biodiesel-diesel blends on combustion of an 

agricultural CI engine”. Again, Part B has been published in IEEE Xplore journal and 

referenced as Anwar, Rasul and Ashwath, Combustion characteristics of an agricultural diesel 

engine fuelled with papaya and stone fruit biodiesel: A comparison, IEEE 2nd International 

Conference on Renewable Energy and Power Engineering, Toronto, Canada, Nov. 2-4, 2019, 

Paper PE043. 

Chapter 8 explores PSO binary and ternary blends in a diesel engine which are compared with 

diesel fuel in terms of engine performance, exhaust emissions and combustion behaviour. The 

PSO biodiesel of 20% v/v with 80% v/v diesel was considered as the binary blend (P20). Two 

ternary fuel blends of 5% v/v of oxygenated additives (diglyme and n-butanol) with P20 

biodiesel and 75% v/v of diesel which are referred to as P20DG5 (diglyme) and P20BT5 (n-

butanol). Another ternary blend of 10% v/v of PSO biodiesel with 80% v/v diesel and 10% v/v 

stone fruit oil (SFO) biodiesel referred to as PSFO20 was used to compare the overall results. 

P20DG5 proved to be an excellent choice for mitigating the environmental problems without 

compromising the engine performance and enhanced better combustion. 

Chapter 8 has been published in Fuel journal and referenced as Anwar, Rasul, and Ashwath, 

2019, The synergistic effects of oxygenated additives on papaya biodiesel binary and ternary 

blends. Fuel, 256, p. 115980, Elsevier BV, The Netherlands [Q1].  
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Chapter 9 summarises the key findings of this research and proposes some recommendations 

for future work.  
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This paper reviews and discusses the potential of papaya seed and stone fruit kernel biodiesels —
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attributes of these biodiesels to Australian transport sector. Some researchers report that the use of
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reduce harmful engine emission such as HC reductions of 9 to 19%, PM reductions of 19.5 to 35% and
CO reductions of 11 to 29%.
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1. Introduction

Australia’s economy heavily depends on energy use, and this
dependence will continue to grow into the future. At present,
94% of Australia’s total energy consumption is catered by non-
renewable sources of energy which includes coal, oil and gas.
Fig. 1(a) shows leading primary energy sources in 2015–16, and
their consumption by fuel type. As can be seen that oil was
the primary source of energy and accounted for 37%, whereas
coal was 32.2% followed by gas 24.8%. Over the last 10 years,
Australia’s energy consumption has increased by 0.6% a year (De-
partment of the Environment and Energy, 2017). The renewable
energy accounts for only 6% and the majority of bioenergy is
sourced from biomass. Fig. 1(b) shows the percentage usage of re-
newable energy by various sources in 2015–16, of which biomass
accounts for 55% whereas biofuel only 12%. Both biomass and
biofuels are drawing larger attention in Australia as an alternative
renewable source of energy.

The most significant primary energy-consuming sector in Aus-
tralia in 2015–16 was electricity generation which accounted for
1755.7 PJ or 29% of the total national consumption, and had an
annual growth of 3.4% in that year. The second large energy-
consuming sector was the transport sector which accounted for
27%. Yearly growth for road and air transport sectors have in-
creased by 1.7% in 2015–2016, and this trend is likely to continue.
The share of energy consumption by the transport sector is pro-
jected to increase slightly from 29% to 32% over the period to
2049–50 (Australian Energy Projections, 2014). Table 1 shows the
2015–16 energy consumption details for Australia by sector.

Australian liquid fuel consumption has been static over the
last 15 years, and the local refineries have produced 26 billion
litres of fuels that include both petrol and diesel (80% together in
2016). Australia is heavily reliant on imported refined crude oil to
meet its demand. Nearly 80% of the crude oil and other feedstocks
were imported in 2016. The Australian production of crude oil has
been declining, and about 76% of it was exported, as these oils are
mostly unsuitable for local refineries. Furthermore, the number
of Australian oil refineries has declined from seven to five since
2010, indicating limited scope for local supply fuel in Australia.
The projection of diesel fuel usage by different sectors is shown
in Table 2.

The Australian transportation sector is mostly reliant on
petroleum fuels such as petrol and diesel. Generally, the light
vehicle sector uses petrol as its dominant fuel, whereas the heavy
vehicles use diesel. The share of diesel usage is increasing day-
by-day even though the fuel efficiency and vehicle performance
have improved. Nowadays, automobile manufacturers are focus-
ing more on diesel-based vehicles than on petrol-based vehicles.
Petrol, diesel and aviation fuel accounted for 90% energy usage
in the transport sector in 2015. The share of petrol is declining,
whereas the use of diesel and aviation fuels are continuing to
increase due to mining and increased air transport activities,
respectively. Biodiesel is attracting large attention throughout the
world due to its similarity with diesel and its environmentally-
friendly nature. As biodiesel production in Australia from its
native plants has not yet fully exploited, a detailed review on
biodiesel production from Australian native 2nd generation feed-
stocks and its potential as an alternative fuel for transport sector
is therefore needed, and is presented in this paper.

∗ Corresponding author.
E-mail address: m.anwar@cqu.edu.au (M. Anwar).

2. Biodiesel—an alternative source of energy in Australia

Biodiesel is becoming popular due to its environmentally-
friendly nature, including its reduced environmental pollution
and its potential to serve as an alternative source of energy (Rah-
man et al., 2015; Bhuiya et al., 2016). It is sulphur-free, non-toxic,
renewable, biodegradable, clean burning, ester-based, and it is an
oxygenated fuel (Dincer, 2008; Mosarof et al., 2016; Ganjehkaviri
et al., 2016; Rahman et al., 2014). It is a mixture of alkyl esters
of long chain fatty acids which are synthesised via esterification
and transesterification of free fatty acids and triglycerides, respec-
tively (Bhuiya et al., 2016; Atabani et al., 2013; Luque et al., 2008).
Biodiesel is also known as fatty acid methyl ester (FAME), and
is derived from vegetable oils (edible or non-edible) and animal
fats (Azad et al., 2015; Rahman et al., 2016; Lin et al., 2011). The
biodiesel fuel can be added directly into diesel engines, with no
or minimal modification of the engine. Often biodiesel has proven
to provide better engine performance and lubrication (Cornejo
et al., 2017). It is a globally accepted fuel to reduce exhaust
gas emissions and environmental issues. When synthesised ap-
propriately, biodiesel will meet international fuel standards and
is highly compatible for mixing with diesel. Biodiesel can be
blended with diesel at any proportion, and the modern diesel
engines can cope with this blended biodiesel–diesel fuel without
any issues (Rahman et al., 2012). The USA, European Union, and
Australia have set their own specifications and technical regula-
tions for biodiesel. These include ASTM 6751—02, EN14214 and
the Australian Fuel Standard (biodiesel), respectively (Table 3).

Potential biodiesel sources can be categorised into three major
divisions, namely (i) first-generation biodiesel feedstocks, i.e., ed-
ible vegetable oil sources, (ii) second-generation biodiesel feed-
stocks, i.e., non-edible vegetable oil and animal fat sources, and
(iii) third-generation biodiesel feedstocks, i.e., microalgae, algae,
fungi, latexes, bacteria and terpenes (Atabani et al., 2013). While
significant advances have been made for producing the first-
generation biodiesel, the research on second and third-generation
biodiesels is limited, particularly from the point of view of com-
mercialisation. Furthermore, the usage of first-generation
biodiesel has raised many concerns, for example, the food versus
fuel debate, as well as severe environmental problems such as
deforestation and vital soil loss due to land clearing for biodiesel
production. The focus now has shifted to second-generation
biodiesel production from non-edible vegetable oils due to their
accessibility and low cost (Bhuiya et al., 2016; Jamil et al., 2016).

Some popular second-generation feedstocks include Calophyl-
lum inophyllum, Eruca sativa, Jatropha curcas, papaya seed oil,
Pongamia pinnata (or glabra) (karanja), Madhuca indica, Salvadora
oleoides, cottonseed, tobacco, rubber seed, desert date, fish oil,
jojoba, neem, apricot seed, Moringa oleifera, sal, chicken fat, pork
lard, beef tallow and waste cooking oil (Rahman et al., 2012;
Avinash et al., 2014; Baiju et al., 2009; Godiganur et al., 2009; Kaul
et al., 2007; Aydin and Bayindir, 2010; Usta, 2005; Li et al., 2009;
Özcanlımath et al., 2011; Atabani et al., 2012). Table 4 shows
popular biodiesel feedstocks used in various countries around the
world.

The biodiesel industry of Australia has significantly reduced
its production in recent years due to lower crude oil prices,
high feedstock prices and a changing policy framework (USDA,
2017). It is predicted that total production in 2018 will be 290
ML (250 ML of ethanol and 40 ML of biodiesel). This estimated
production would be unchanged from 2017. However, biodiesel
production had peaked at 400 ML in 2014 when the consumption
had approached 800 ML that also included imported biodiesel.
This biodiesel production has collapsed due to high costs of
feedstocks and the low world crude oil price. Some of the Aus-
tralian biodiesel processing facilities were closed in early 2016
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Table 1
Australian primary energy consumption by sector (Department of the Environment and Energy,
2017).
Sector 2015–16 (PJ) Share (%) Average annual

growth 2015–16 (%)
Average annual
growth 10 years (%)

Electricity
generation

1755.7 28.5 3.4 −0.5

Transport 1642.8 27.1 1.7 1.6
Manufacturing 1144.4 18.4 −1.8 −1.3
Mining 610.0 10.1 14.2 7.2
Residential 457.4 7.5 0.3 0.8
Commercial 321.5 5.6 1.0 2.0
Agriculture 110.3 1.8 5.6 1.8
Construction 23.4 0.4 −8.6 −1.3
Others 30.5 0.7 −18.4 −6.3

Total 6065.9 100.0 2.3 0.6

Fig. 1. Australian energy consumption (%) in 2015–2016 by: (a) Fuel type, and (b) Renewable energy type (Department of the Environment and Energy, 2017).

Fig. 2. Australian biodiesel scenario.
Source: Redrawn from USDA (2017).

due to uncompetitive prices with standard diesel. No commercial
production of second and third-generation biodiesel occurs in
Australia, and no subsidy scheme is being offered for commer-
cial sales. Recently, the Queensland (Australia) Government has
announced some programs aimed at making the state a centre of
bio-manufacturing and biodiesel production. It is also expected
that the commercial production of biodiesel will be used in the
military, maritime and aviation sectors. Fig. 2 shows the Aus-
tralian scenario of biodiesel production, imports, exports and
consumption from 2011 to 2016. It can be seen that biodiesel con-
sumption is much higher than production, therefore a significant
amount import was needed.

Table 2
Australian fuel consumption projections — 2017 to 2024 (Million litres, ML)
(USDA, 2017; Department of Industry, 2016).
Year 2017 2018 2019 2020 2021 2022 2023 2024

Diesel 24.0 24.0 24.2 24.4 24.6 24.8 25 25.2
On-road 7.7 7.9 8.1 8.3 8.6 8.8 9.0 9.2
Agriculture 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2
Construction/mining 7.9 8.1 8.3 8.6 8.8 9.0 9.3 9.5
Shipping/rail 0.9 0.9 0.9 0.9 1.0 1.0 1.0 1.0
Industry 1.3 1.4 1.4 1.4 1.5 1.5 1.5 1.6
Jet fuel 0.4 0.4 0.5 0.5 0.5 0.5 0.5 0.5

The feedstocks used for producing second-generation biodiesel
in Australia are primarily animal fats (tallow) and waste cook-
ing oil (recycled yellow grease). Using these same feedstocks,
renewable diesel can be produced. The difference between re-
newable diesel and biodiesel is noticeable. The renewable diesel
is chemically balanced and fully compatible with diesel, whereas
the biodiesel needs to meet range requirements specified in the
ASTM and EU standards. Hydrogenated or hydrotreated vegetable
oil (HVO) is the only type of renewable diesel that is available at a
large commercial scale. So far, there is no commercial production
of HVO biodiesel in Australia. Since 2012, Australia has imported
and consumed small volumes of biodiesels. The first known
shipment was 21.4 ML in 2013 from Singapore. Australia regularly
exports tallow to Singapore which used to produce HVO. Table 5
shows the total biodiesel imports from various countries. The
largest imports of biodiesels was from Singapore and Indonesia
until 2015. Only 769 thousand litres of biodiesel was imported in
2016 and Indonesia supplied 89.2% (686 thousand litres) of it.

Australia has considered the addition of 5% biodiesel into
diesel (B5) as a common blend due to its similar fuel properties
with diesel. According to Australian Fuel Standard (biodiesel) De-
termination 2003, B5 is sold unlabelled whereas a 20% biodiesel
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Table 3
ASTM D6751-2, EN 14214 and Australian fuel standard (biodiesel) determination 2003 specifications for biodiesel without blend (Rahman et al., 2012; Jayed et al.,
2009; Singh and Singh, 2010; Atadashi et al., 2010; Murugesan et al., 2009).
Properties Unit ASTM D6751-2 EN 14214 Australian fuel standard

(biodiesel) determination 2003

Limit Method Limit Method Limit Method

Density at 15 ◦C kg/m3 870–890 ASTM
D4052–91

860–900 EN ISO 3675,
EN ISO12185

860–890 ASTM D1298

Viscosity @ 40 ◦C mm2/s 1.9–6.0 ASTM D445 3.5–5.0 EN ISO 3140 3.5–5.0 ASTM D445
Flash point

◦

C Min 130 ASTM D93 Min 101 EN ISO 3679 Min 120 ASTM D93
Cloud point

◦

C – ASTM D2500 – EN ISO 23015 – EN ISO 23015
Cetane number – Min 47 ASTM D613 Min 51 EN ISO 5165 Min 51 ASTM D613
Acid number mg KOH/g Max 0.5 ASTM D664 Max 0.5 EN 14104 Max 0.8 ASTM D664
Oxidation stability Hour Min 3 ASTM D6751/

D7467
Min 6 EN ISO 14112 Min 6 EN ISO 14112

Iodine number g I/100 g – – Max 120 EN 14111 Max 120 EN 14111
Water content and
sediment

mg/kg Max 0.05 (%v) ASTM D2709 Max 0.05 EN ISO 12937 Max 0.05 (%v) ASTM D2709

Free glycerine % m/m Max 0.02 ASTM D6584 Max 0.02 EN 14105/
14016

Max 0.02 ASTM D6584

Total glycerol % m/m Max 0.24 ASTM D6548 0.25 EN 14105 Max 0.25 ASTM D6584
Methanol content % m/m Max 0.2 EN 14110 Max 0.2 EN 14110 Max 0.2 EN 14110
Sulfated ash % m/m Max 0.02 ASTM D874 Max 0.02 EN ISO 3987 Max 0.02 ASTM D874
Phosphorus mg/kg Max 10 ASTM D4951 Max 10 EN 14107 Max 10 EN 14107
Carbon residue % wt Max 0.05 ASTM D4530 Max 0.3 EN ISO 10370 Max 0.3 ASTM D4530
Calcium and
Magnesium

ppm Max 5 EN 14538 Max 5 EN 14538 Max 5 EN 14538

Table 4
Popular biodiesel feedstocks around the world (Azad et al., 2015; Avinash et al., 2014; Rahman
et al., 2013; Damanik et al., 2018; Milano et al., 2018).
Country Popular feedstocks

Edible feedstocks Non-edible feedstocks

Argentina Soybeans, corn, wheat, sugarcane –
Australia Canola oil Beauty leaf, Jatropha curcas, pongamia,

waste cooking oil, tallow
Bangladesh – Rubber seed, pongamia pinnata
Brazil Soybeans, palm, corn, sugarcane Castor, cotton oil
Canada soybeans, mustard, flax Rapeseed, animal fat, yellow grease,

and tallow
China Corn, soybeans, wheat, sugarcane Jatropha curcas, waste cooking oil,

rapeseed
Colombia Sugarcane, palm –
Cuba Sugarcane Jatropha curcas, moringa, neem,
France Sunflower Rapeseed
Germany – Rapeseed
Ghana Palm
Greece – Cottonseed
India Soybean, sunflower, sugarcane Jatropha curcas, Pongamia glabra

(karanja), rapeseed
Indonesia Palm, coconut Jatropha curcas
Iran Palm Jatropha curcas, castor, algae
Ireland – Waste cooking oil, animal fats
Italy Sunflower Rapeseed
Japan – Waste cooking oil
Kenya – Castor
Malaysia Palm –
Mali – Jatropha curcas
Mexico Sugarcane and corn Animal fat, waste oil
New Zealand – Waste cooking oil, tallow
Norway – Animal fats
Pakistan – Jatropha curcas
Peru Palm Jatropha curcas
Philippines Coconut Jatropha curcas
Singapore Palm –
Spain Soybeans, olive oil, palm,

Linseed oil, sunflower
–

Sweden – Rapeseed
Thailand Palm, coconut Jatropha curcas
Turkey Sunflower Rapeseed
UK – Rapeseed, waste cooking oil
USA Soybeans, peanut, corn Poultry fat, animal fat, tallow, waste oil
Zimbabwe – Jatropha curcas

blend (B20) is labelled and sold for commercial operations. Most
diesel fuel in Australia is sold in bulk on long-term contracts to

commercial/industrial customers such as mining and transport
companies, whereas only a quarter is sold through retail outlets.
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Table 5
Australian imports of biodiesel by country, 2012–2016 (‘000 litres) (USDA, 2017).
Country 2012 2013 2014 2015 2016

Singapore 858 39,741 209,583 139,355 0
Argentina 0 28,604 32,189 4,748 0
Indonesia 15,488 28,339 116,956 6,084 686
United States 0 11,352 0 1,105 1
Canada 5,018 5,482 1,057 0 0
Other 46 4,185 10,980 8,128 82
Total 21,410 117,703 370,765 159,420 769

Again, about 80% of this retail sale is bought by the long-haul
trucking industry. Most diesel engine manufacturers limit the
usage of biodiesel with conventional diesel to a maximum of 5%
(B5 biodiesel blends), considering that this blend meets the Aus-
tralian fuel standard. A limited number of engine manufactures
encourage the use of higher than 5% blends in Australia. However,
some local council trucks, i.e., fleet operations, are using biodiesel
blends up to 99.9%.

Compared to other developed countries, Australian biodiesel
production is very low (only 40 ML in 2017 and 2018). Several
factors that have led to this low biodiesel production, include
the closure of local biodiesel production facilities, continued un-
favourable conditions of limited mandate support, higher feed-
stock prices, and lower international fuel prices. Although the
current capacity of biodiesel production is 400 ML, only 10% of
the capacity was utilised in both 2017 and 2018. Table 6 shows
the total picture of Australian biodiesel use from 2009.

From 2016, biodiesel production declined significantly leading
to insignificant export and import of biodiesels. Under new Aus-
tralian excise and import duty arrangements, imported biodiesel
became uncompetitive with diesel. Australia had imposed anti-
dumping and countervailing duties on imported biodiesel from
the United States in 2011. These duties were imposed due to
a United States federal tax credit of US $1/gallon. Although the
Australian government terminated the anti-dumping measure to
imported biodiesel from the United States in 2016, no records
were found of the imports of biodiesel from the USA.

In comparison with other developing countries, Australian
biodiesel production facilities are growing slower than expected.
Although some biofuel production companies were closed in
2016, three major biofuel facilities are still in operation, one
‘Manildra facility’ in Nowra (New South Wales), the other ‘Sarina
Distillery and the third ‘Dalby Bio-Refinery’ in Queensland (Puri
et al., 2012). Among these, the Manildra group is the largest
commercial biofuel producer in Australia. Biofuel mandates in
different states encourage all companies to increase their pro-
duction capacity to meet their state government’s demand. Ta-
ble 7 summarises the biodiesel production capacity scenario in
Australia.

3. Australian native papaya and stone fruit-Sources of second-
generation biodiesel

Biodiesel production from various feedstocks has been a pop-
ular area of research in recent times. Researchers have explored
many types of feedstocks representing a variety of sources. These
species are generally selected based on some key parameters such
as reasonable plant yield, higher oil content, high conversion rate
to biodiesel, local availability and cost-effectiveness. The plants
that consume less water, require less maintenance, can grow
in marginal soils, can grow in diverse climatic conditions, and
are unsuitable for human consumption are ideal for biodiesel
feedstocks. Again, physical and chemical properties such as den-
sity, kinematic viscosity, higher heating value, cetane number,
iodine value, cold filter plugging point and the like can indicate

Fig. 3. Overall cost breakdown for biodiesel production (Lim and Teong, 2010).

a suitable biodiesel feedstock. Furthermore, a suitable biodiesel
feedstock must be amenable for its production at the lowest
possible price and in abundance, in comparison with the prices
of diesel in the competitive market. A few researchers (Rahman
et al., 2012; Lim and Teong, 2010) mention that the price and
supply of feedstock will cost more than 75% of biodiesel produc-
tion cost. Fig. 3 shows the overall cost breakdown for biodiesel
production.

Table 8 shows the Australian research that has examined
optimised biodiesel production from specific feedstocks with re-
gard to engine performance, emissions studies and combustion
characteristics.

Some researchers have aimed to explore the potential of Aus-
tralian native plants as a source of second-generation biodiesel.
Ashwath (2010) evaluated more than 200 species and prove-
nances and found that only four of the tested species were meet-
ing the biodiesel production criteria. Amongst these, he found the
beauty leaf tree (BLT; Calophyllum inophyllum L.) showing greater
promise than other species (candlenut tree, pongamia, and co-
conut). Bhuiya et al. (2015) have investigated biodiesel from
BLT, refined poppy oil, crude jojoba oil and waste cooking oil,
comparing their results for biodiesel yield and physicochemical
properties. Highest biodiesel conversion efficiency was achieved
with poppy oil (93.4%) followed by BLT oil (92.3%). Bhuiya et al.
(2015) concluded that both BLT and poppy biodiesels have the
potential to become suitable second-generation biodiesels. Jahirul
et al. (2014) investigated 11 Australian native and naturally-
grown non-edible biodiesel feedstocks, namely Beauty leaf (BLT)
(Calophyllum inophyllum), Candlenut (Aleurites moluccana), Blue-
berry lily (Dianella caerulea), Queen Palm (Syagrus romanzoffiana),
Castor (Ricinus communis), bottle tree (Brachychiton bidwillii),
Karanja (Pongamia pinnata), Whitewood (Atalaya hemiglauca),
Cordyline (Cordyline manners — suttoniae), Flame tree (Brachy-
chiton acerifolius) and Chinese rain tree (Koelreuteria formosana).
They suggested that BLT biodiesel was the top-ranked candidate
for second-generation biodiesel followed by Queen palm, Castor,
and Karanja. Islam et al. (2015) investigated fatty acid profiles
of nine microalgae species and examined their fuel properties
to identify suitable microalgae for biodiesel production. They
recommended that a blend of 10% to 20% marine microalgae
biodiesel with diesel could achieve similar power and brake
specific fuel consumption as pure diesel. Rahman et al. (2016)
researched Macadamia integrifolia oil as a native plant source
of biodiesel feedstock in Australia and suggested up to 20%
macadamia biodiesel blends with diesel in a diesel engine were
suitable without further engine modification.
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Table 6
Summary of Australian biodiesel scenario (USDA, 2017).
Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Production (ML) 85 85 90 114 114 150 130 100 40 40
Imports (ML) 11 9 25 21 118 371 159 1 0 0
Exports (ML) 0 0 0 10 20 20 10 0 0 0
Consumption (ML) 96 94 115 125 212 501 279 101 40 40
Number of bio-refineries 8 6 6 7 7 8 8 5 3 3
Production capacity (ML) 380 380 380 400 400 400 400 400 400 400
Capacity utilised (%) 22.4 22.4 23.7 28.5 28.5 37.5 32.5 25.0 10.0 10.0

Table 7
Biodiesel production capacity scenario in Australia, 2017 (USDA, 2017).
Biodiesel plant Location Capacity (ML) Feedstock Production start

Australian Renewable Fuels (ARF) largs bay South Australia 45 Tallow, used cooking oil 2006 (closed 2016)
Australian Renewable Fuels (ARF) picton Western Australia 45 Tallow, used cooking oil 2006 (closed 2016)
Biodiesel Industries Australia (BIA) New South Wales 20 Used cooking oil, vegetable oil 2003
Australian Renewable Fuels (ARF) barnawartha Victoria 60 Tallow, used cooking oil 2006 (closed 2016)
Ecotech biodiesel Queensland 30 Tallow, used cooking oil 2006
Smorgon fuels biomax plant Victoria 100 Tallow, Canola oil and Juncea oil 2005 (closed 2016)
Macquarie Oil Tasmania 15 Poppy oil, waste vegetable oil 2008
Territory biofuels Northern Territory 140 Palm oil, Tallow, used cooking oil closed in 2009

Table 8
Summary of Australian biodiesel researches until 2018.
Biodiesel feedstocks
used

Biodiesel production
and optimisation

Engine
performance

Emission studies Combustion
characteristics

Research
conducted

Ref.

Evening-primroses
(Oenothera
lamarckiana)

√ √ √ X 2018 Hoseini et al.
(2019)

Waste cooking oil √ X X X 2018 Mowla et al.
(2018), Gardy et al.
(2018), Nabi and
Rasul (2018), Zare
et al. (2018) and
Ming et al. (2018)

Waste cooking oil
with additives

√ √ √ √ 2018 Rahman et al.
(2018a)

Grease trap waste √ X X X 2018 Tran et al. (2018)
Microalgae √ √ √ √ 2018, 2017 Rahman et al.

(2018a), Xie et al.
(2018) and Sitepu
et al. (2018)

Macadamia
(Macadamia
integrifolia)

√ √ √ √ 2018, 2016, Rahman et al.
(2016) and Nabi
and Rasul (2018)

Tree of heaven
(Ailanthus altissima)

√ √ √ X 2018 Hoseini et al.
(2018)

Canola oil √ √ √ √ 2018 Ming et al. (2018)
Rice bran biodiesel √ √ √ X 2017 Rahman et al.

(2018b)
Beauty leaf √ √ √ √ 2016 Azad et al. (2016),

Bhuiya et al.
(2015), Jahirul
et al. (2014) and
Jahirul et al. (2015)

Licella biofuel (Pinus
radiata)

√ √ √ √ 2015 Nabi et al. (2015)

Waste tyres √ √ √ X 2018 Verma et al. (2018)
Essential oil (orange
oil)

√ √ √ X 2017 Rahman et al.
(2017a)

Palm oil √ √ √ X 2011 Yusaf et al. (2011)
Diesel with additives √ √ √ √ 2018 Algayyim et al.

(2018)
Poppy seed oil √ √ √ X 2017 Bhuiya et al. (2017)

Azad et al. (2017) found a 5% macadamia biodiesel blend with
diesel performed better compared to a 20% biodiesel blend. They
revealed that the 5% biodiesel blend slightly increased BSFC and
decreased BTE while reducing emissions (CO, HC, and PM) signif-
icantly. Azad (2017) also studied Mandarin peel waste, cramble,
tamanu, borage, waste avocado flesh and bush nut for biodiesel
production and found that mandarin biodiesel showed higher
calorific value (44.66 MJ/kg) and higher flash point (52 ◦C), which

closely matched with commercial jet fuel. Zare et al. (2017) used
waste cooking biodiesel and triacetin (highly oxygenated addi-
tive) to analyse cold-start and hot-start operations. They found
the use of oxygenated fuel during cold-starts increased harmful
nucleation mode particles significantly. Rahman et al. (2018b)
used a 20% blend of rice bran biodiesel with diesel to lower air
pollution without affecting engine power significantly. In another
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Fig. 4. Papaya production in Australia: Regional distribution (left) and State & Territory outputs in 2009 (‘000 tonnes) (right).
Source: This figure has been modified from the Queensland Government Department of Natural Resources, Mines and Energy
website (Department of Natural Resources, 2018).

Fig. 5. Stone fruit (apricot) production in Australia: Regional distribution (left) and state outputs in 2008 (tons) (right).
Source: This figure has been modified from the Queensland Government Department of Natural Resources, Mines and
Energy website (Department of Natural Resources, 2018).

study of fuel properties (physical, chemical and tribological), Rah-
man et al. (2017b) showed that palm biodiesel was the most
suitable blending alternative followed by macadamia, moringa,
jatropha and beauty leaf biodiesel. Rahman et al. (2018a) sug-
gested that 10% blends of essential oils (orange, eucalyptus and
tea tree) with diesel can be used in diesel engines.

The potentiality of waste papaya seed oil and stone fruit oil as
second-generation biodiesel feedstocks have never been investi-
gated in Australia. However, a very few researchers from other
parts of the world have researched second-generation papaya
seed oil (PSO) and stone fruit kernel oil (SFO) biodiesels (Gumus
and Kasifoglu, 2010; Wang and Yu, 2012; Fadhil, 2017; Fan et al.,
2016; Wang, 2013; Ullah et al., 2009; Jannatizadeh et al., 2008;
Yadav et al., 2017; Wong and Othman, 2014; Agunbiade and
Adewole, 2014; Mohan and Sen, 2015). The current study has
reviewed the details of papaya and stone fruit biodiesel, and
identified some challenges and solutions to use papaya and stone
fruit as alternative sources of biodiesel for Australian transport
sector.

3.1. Papaya seed oil

The papaya (Carica papaya) originates from the tropics of
the Americas and is mainly cultivated in tropical climates of
Asia, South America, Africa and Polynesia. Fig. 4 shows details of
papaya production in Australia. Papaya being a tropical fruit, it
grows well in sub-tropical regions. Papaya fruit can weigh from
200 g to more than 3000 g, and its seed content can be approx-
imately 15%–20% of the wet weight of the fruit (Salunkhe and
Kadam, 1995; Chan et al., 1978; Samaram et al., 2013; Hameed,
2009). Since the seeds are not consumed, 15%–20% of the biomass

(i.e., the amount of seeds) is discarded (Chan et al., 1978; Daryono
and Sinaga, 2017). These seeds contain 30%–34% oil with nutri-
tional and functional properties similar to that of olive oil (Chielle
et al., 2016; Puangsri et al., 2004; Lee et al., 2011). These seed oils
can be utilised as the feedstocks for biodiesel synthesis.

3.2. Stone fruit oil

The stone fruit, particularly apricot (Prunus armeniaca L.), orig-
inates from India and Armenia, and is mainly cultivated in cool
frost-free sites due to its early blooming properties (Salunkhe
and Kadam, 1995). Its commercial cultivation is limited to hu-
mid climates due to fungal disease. This crop is now widely
cultivated in Australia, especially in Victoria and South Australia.
Australia produces about 100,000 tons of summer stone-fruits
from October to April each year and, in 2008, about 16,917 tons
of apricot were produced in all six mainland states in Australia.
The apricot (Prunus armeniaca) belongs to the Rosaceae family
and it is native to western Asia and possibly China. Two other
species that are related to apricot are also cultivated, and they
are Prunus mandshurica (from Manchuria, Korea) and P. siberica
(from Siberia, Manchuria, and northern China). Another species
that bears purple fruits (P. dasycarpa) and a Japanese apricot (P.
mume) are also cultivated. The fruits are green and turn to orange
or yellow–orange on maturity. The fruits contain soft flesh and
hard seed (stone/kernel).

Fig. 5 shows apricot production and its growing regions in
Australia (Salunkhe and Kadam, 1995). Stone fruit is similar to
a small peach, generally 1.5–2.5 cm diameter, with its colour
varying from yellow to orange or red. Its single seed is enclosed in
a hard stony shell. The fruits yield 22 to 38% of kernels and 54.2%
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Fig. 6. Life cycle steps for biodiesel production from Papaya seed oil (Anwar
et al., 2018a).

oil (Yadav et al., 2017; Kate et al., 2014). During fruit processing,
for a variety of uses, the seeds are discarded as they are not
edible due to the presence of hydro-cyanic acid (Sharma et al.,
2012). The potentiality of this biomass as a biodiesel feedstock
thus deserves investigation.

4. Life cycle steps for papaya and stone fruit biodiesel produc-
tion

4.1. Cultivation

Fig. 6 shows various steps involved in biodiesel production
from PSO. The details of the optimisation and conversion of PSO
biodiesel was discussed in Anwar et al. (2018c). Papaya (Carica
papaya; Caricaceae) is a giant herbaceous tree that originated in
Central America and is cultivated in many parts of the tropics.
The common name ‘‘papaya’’ or pawpaw also refers to the fruit
of other Carica species (C. pubescens and C. stipulata) and the
varieties derived from these species. The fruit shape varies from
oval to round, and the size differs considerably amongst the
cultivars, ranging from 0.5 kg to 9 kg. Fruit shape also differs from
oval to cylindrical, and the length varies from 10 cm to 50 cm
with a diameter of 5 cm to 20 cm. Green fruits produce copious
amounts of white latex, and the mature fruits lack this latex. The
flesh of the fruit varies from yellow to orange to red, and is thick
and juicy. The central cavity of the fruit is filled with brown to
black coloured seeds. Fruits differ in the seed content, and the
seed content ranges from seedless to heavily seeded, depending
on the way the cultivar has been bred (pure line or hybrid). The
seed content of the fruit varies from nil (seedless) to 20% of the
wet weight.

The apricot kernel is rich in protein and oil. The steps involved
in producing biodiesel from apricot kernels are shown in Fig. 7.
The details of optimisation and conversion of apricot kernels
biodiesel was discussed in Anwar et al. (2018c).

4.2. Oil extraction system

Oil extraction is the first stage in biodiesel production. There
are many methods of oil extraction from the original sources

such as seeds, fruits, and other oil bearing materials. A sim-
ple mechanical press can be used for extracting the oil without
further processing. This process is also known as cold pressing.
Not all seeds are suitable for extraction using mechanical press;
some of them involve a complex process such as a combination
of pressing, cooking and solvent extraction. The oil extraction
methods are described below for both papaya seed and apricot
kernel.

4.2.1. Mechanical extraction
The mechanical extraction method is the conventional method

of extracting oil from seeds. An expeller or ram press or engine
driven screw press is used for expelling or pressing seeds. The oil
extraction rate depends on the type of seeds and type of press.
However, oil extracted by mechanical extraction needs further
treatment of filtration and degumming.

4.2.2. Chemical extraction
Removing one constituent from a solid by means of a liquid

solvent is known as chemical extraction. It is also known as
solvent extraction process. The rate of extraction of oil depends
on the type of liquid chosen, particle sizes, temperature and
agitation of the solvent. The most common solvent used in the
chemical extraction process is hexane due to its low cost and low
toxicity (Mahanta, 2004).

4.2.3. Enzymatic extraction
Oil extraction through an enzymatic extraction method, us-

ing suitable enzymes while crushing, is gaining popularity due
to its excellent environmental attributes and for not producing
volatile organic compounds (Rosenthal et al., 2001; Shah et al.,
2005; Vasco-Correa and Zapata Zapata, 2017). However, the main
barrier of this method is enzyme cost and the need for a long
processing time to liberate oil bodies (Mahanta, 2004).

Table 9 shows a summary of research undertaken into oil
extraction from papaya seed and apricot kernel. It can be seen
that most researchers have found the chemical extraction process
was convenient to extract oil from both papaya seed and stone
fruit seed.

5. PSO and SFO analysis

Both Papaya seed oil (PSO) and Apricot kernel oil (SFO) are
characterised for viscosity, density, specific gravity, acid value,
refractive index, angular rotation, stability oxidative, iodine value,
calorific value and saponification number. PSO is reddish yellow
in colour. Generally, solvent extracted oil tends to have more
yellow and red colour than enzyme extracted oil (Puangsri et al.,
2004). SFO is generally light yellow in colour. Depending on the
variety and extraction process, its colour can change to slightly
darker yellow, and there is a nutty aroma in this oil. Table 10
shows the properties of PSO and SFO along with diesel. These
properties are compared with both measured value and reviewed
value.

The fatty acid compositions were analysed by a gas chromato-
graph using the EN14103 standard. The compositional analysis
set out in Table 11 shows that the PSO contains high propor-
tion of unsaturated fatty acids (87.5%). Amongst these, the oleic
acid (C18:1) was found to be the dominant fatty acid (47.7%).
Linoleic acid (C18:2) was found at 37.3% and the saturated fatty
acids, palmitic acid (C16:0), was found at 6.1%. SFO has a high
level (89.7%) of unsaturated fatty acids such as polyunsaturated
and monounsaturated fatty acids. Saturated fatty acids such as
palmitic acid, stearic acid, and behenic acid were found at 5.9%,
2.51% and 0.66% respectively.

The fatty acid profiles of both PSO and SFO are compared in
Fig. 8. Both PSO and SFO have higher oleic acid and linoleic acid
as well as similar level of unsaturated fatty acids 87.5% and 89.7%
for PSO and SFO respectively.
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Fig. 7. Life cycle steps for biodiesel production from Apricot kernel oil (Anwar et al., 2018c).

6. PSO and SFO biodiesel production

Alkali catalysed transesterification reaction is the most widely
used method for producing biodiesel due to its higher conversion
efficiency in a short time (30–60 min), as compared to an acid
catalysed process. Researchers have used both methanol and
ethanol as alcohol in the transesterification process (Kaul et al.,
2007). However, methanol is less costly and has better reactivity.
Furthermore, the fatty acid methyl esters (FAMEs) produced from
methanol are more susceptible to evaporation than those gener-
ated from ethanol (ethyl esters). On the other hand, ethanol is
derived from renewable feedstocks and it is less toxic to humans
than methanol (Kaul et al., 2007). De Melo et al. (2011) used
alkaline transesterification with 0.5% sodium methoxide with a
methanol:oil molar ratio of 8:1. Several process parameters such
as reaction temperature, catalyst type, catalyst concentration,
type of alcohol and their oil to molar ratio, reaction time and

agitation speed, all affect biodiesel yield and quality. Therefore,
the transesterification optimisation process is critical to produce
high quality biodiesel at a low cost.

Papaya seed oil (PSO): A number of researchers have stud-
ied biodiesel production from various feedstocks, but very few
researchers (Wong and Othman, 2014; Agunbiade and Adewole,
2014; Mohan and Sen, 2015; Daryono and Sinaga, 2017; Anwar
et al., 2018a; Patel and Nayak, 2017; Sivasubramanian, 2017)
have looked into papaya biodiesel production. Wong and Othman
(2014) produced papaya biodiesel via enzymatic transesterifica-
tion using lipase at a methanol:oil molar ratio of 6:1. Agunbiade
and Adewole (2014) have shown that the crude papaya seed oil
can be transesterified by two-stage catalysis using a methanol:oil
molar ratio of 9:1. Mohan and Sen (2015) used CaO as the catalyst
to produce 20% papaya biodiesel and 80% chicken biodiesel blend.
Daryono and Sinaga (2017) used sodium hydroxide as an alkaline
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Table 9
Research summary of oil extraction process of papaya seed and stone fruit seed (apricot kernel).
Source Oil extraction Method Temperature Process time Results Ref.

Papaya seed Mechanical extraction Heat generated by friction – – Oil yield 142 g/kg. Lee et al.
(2011)

Screw pressing 85–90 ◦C – Oil yield 152 g/kg
Roasting papaya seed at
160 ◦C, then screw pressing

100–105 ◦C – Oil yield 139 g/kg

Chemical extraction – Solvent (n-hexane)
extraction

– 25–50 ◦C – 3, 6, 9 and
12 h

UAE was quicker procedure
resulting in higher extraction
yield than conventional
methods.

Samaram
et al. (2013)

– Ultrasound-assisted
extraction (UAE) method

– 50 ◦C – 30 min

Percolation method 70 ◦C 4 h Oil yield 265 g/kg Chielle et al.
(2016)

Four solvents (ethanol,
acetone, ethyl acetate and
n-hexane) extraction

– – Oil yield 151–300 g/kg Lee et al.
(2011)

Solvent n-hexane – – Oil yield 31.2% Agunbiade
and
Adewole
(2014)

Solvent n- hexane – 8 h Oil yield 34.3% Wong and
Othman
(2014)

Solvent n- hexane 110 ◦C 2 h Converted oil was collected by
separating from benzene
solution

Mohan and
Sen (2015)

Solvent n- hexane 40–60 ◦C 8 h Oil yield 30.7% Puangsri
et al. (2004)

Solvent n- hexane 27 ◦C 33 min Oil yield 225.9 g/kg Daryono
and Sinaga
(2017)

Solvent n- hexane 40–60 ◦C 6 h Oil yield 29.16% Malacrida
et al. (2011)

Solvent n- hexane – – Oil yield 280 ± 20 g/kg De Melo
et al. (2011)

Solvent n- hexane 60 ◦C 8 h Oil yield 30.1% Syed et al.
(2011)

Enzymatic extraction Protease, pectinase,
α-amylase and cellulose
enzymatic extraction

Enzymatic method produced
less amount of oil than solvent
extraction (30.7%).

Puangsri
et al. (2004)

Apricot Kernel Mechanical extraction – - – – –

Chemical extraction Soxhlet extractor (using
petroleum ether)

45–50 ◦C 6–8 h Oil extracted 50.2% Wang and
Yu (2012)

Soxhlet extractor (using
petroleum ether)

– – Oil extracted 48.7% Ullah et al.
(2009)

Solvent n- hexane 25 ◦C – Oil extracted 51.6% Fan et al.
(2016)

Pyrolysis in a fixed bed
reactor

450 ◦C 60 min Oil extracted 43.7% Fadhil
(2017)

Supercritical fluid extraction
system

110 ◦C 25–90 min Oil extracted 48% Özkal et al.
(2005)

Enzymatic extraction – – – – –

catalyst for the transesterification process to produce biodiesel
from papaya seed. Anwar et al. (2018a) have shown that PSO can
be transesterified by single-stage method using KOH catalyst and
with a methanol:oil molar ratio of 10:1. Patel and Nayak (2017)
have used 0.5% NaOH catalyst with methanol:oil molar ratio of
9:1 to obtain 96.7% biodiesel yield. Sivasubramanian (2017) used
NaOH catalyst with methanol:oil molar ratio of 5:1 in a single-
stage transesterification reaction for PSO biodiesel production.
They have all claimed that the physicochemical properties of
papaya seed oil biodiesel were very close to those of diesel.

Apricot kernel oil (SFO): Very few researchers (Gumus and
Kasifoglu, 2010; Wang and Yu, 2012; Fadhil, 2017; Fan et al.,
2016; Wang, 2013; Ullah et al., 2009; Jannatizadeh et al., 2008;
Yadav et al., 2017; Anwar et al., 2018c) have investigated of
SFO biodiesel. Among all the SFO biodiesel researchers, a hand-
ful of them (Gumus and Kasifoglu, 2010; Fadhil, 2017; Ullah
et al., 2009; Yadav et al., 2017) focused their research on apri-
cot (Prunus armeniaca L.). Other researchers have used either

Siberian apricot kernel oil (Prunus sibirica L.) or Manchurian apri-
cot kernel oil (Prunus mandshurica Skv.). Gumus and Kasifoglu
(2010) and Anwar et al. (2018c) used alkali transesterification
with methanol and potassium hydroxide catalyst for producing
SFO methyl ester. Fadhil (2017) produced SFO biodiesel via alkali
transesterification with 0.75% potassium hydroxide catalyst and
at a methanol:oil molar ratio of 6:1. Ullah et al. (2009) have
shown that the wild apricot kernel oil (Prunus armeniaca L.) can
be transesterified by a single step via the use of sodium hydroxide
catalyst and a methanol:oil molar ratio of 6:1, and reported
a biodiesel yield of 93%. Yadav et al. (2017) performed single
step alkali transesterification using 1% potassium hydroxide as a
catalyst at 55 ◦C and 60 min reaction time with a constant stirring
speed of 400 rpm and obtained a biodiesel yield of 96.5%. The
above researchers have claimed that their SFO biodiesel quality
and physicochemical properties had matched with ASTM and EN
standards and were found to be very close to those of the diesel.
Thus, several process parameters, including reaction temperature,
catalyst type and catalyst concentration, type of alcohol used
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Table 10
Comparison of the properties of PSO and SFO with diesel.
Sl. No. Properties PSO SFO Diesel

Measured Reviewed (Agunbiade
and Adewole, 2014;
Malacrida et al., 2011;
Marfo et al., 1986)

Measured Reviewed (Gumus and
Kasifoglu, 2010; Fadhil,
2017; Yadav et al., 2017)

1 Kinematic
viscosity (mm2/s)
@ 40 ◦C

27.3 8.3–27.4 34.54 20.53–34.82 3.23

2 Density (kg/m3) 885 890–926 910 913–919.9 830
3 Specific gravity @

15 ◦C
0.885 0.89–0.926 0.91 0.91 0.83

4 Acid value (mg
KOH/g)

0.98 2.91 1.65 0.68–2.60 0.05

5 Refractive Index @
25 ◦C

1.457 1.45–1.4678 – – –

6 Angular rotation
(◦) @ 20 ◦C

−8.75 – – – –

7 Stability oxidative
(h)

77.97 77.97–78.86 – – –

8 Iodine value
(g I 100 g−1)

79.95 74.8–86.7 103 90.3–101.32 –

9 Calorific value
(MJ/kg)

– 40.23 38.45 31.47–39.64 45.3

10 Saponification
number (mg
KOH/g)

– 97.77–197 173 187.22–188.56 –

Fig. 8. Fatty acid profile of PSO and SFO.

and the oil to methanol molar ratio, reaction time and agitation
speed have been found to influence the optimum transesterifi-
cation process (Atabani et al., 2012; Hamze et al., 2015; Atadashi
et al., 2012; Banerjee and Chakraborty, 2009; Yaakob et al., 2013).
However, the potential of both PSO and SFO biodiesel as source
of future second-generation biodiesels are yet to be established
due to limited knowledge on its consistent optimum production
processes.

Biodiesel process optimisation: Traditional experimental
methods of any process optimisation are time-consuming and
labour intensive. Moreover, they cannot explain the actual in-
teraction effects of variables of the experimental data which
lead to misinterpretation of results. There are a few statistical
approaches that can be used in experimental design to overcome
the limitations of traditional methods. Both Taguchi methods and
Response surface methodology (RSM) are very popular methods
for biodiesel process optimisation. However, there was no liter-
ature on Taguchi methods for optimising biodiesel production
process from PSO or SFO.

Table 11
Fatty acid composition of PSO and SFO.
Oil Fatty acids (% w/w) Ref.

C16:0 C18:0 C18:1 C18:2 C18:3 Others

PSO 6.07 3.13 47.73 37.25 1.78 4.04
PSOa 16.16 4.73 71.30 6.06 – 1.75 Malacrida et al. (2011)
PSOb 16.6 1.90 79.10 2.57 – – Marfo et al. (1986)
PSOc 18.9 5.20 69.80 4.80 – 1.3 De Melo et al. (2011)
PSOd 16.2 5.0 74.3 0.4 – 4.1 Agunbiade and Adewole (2014)
PSOe 13.4 4.6 76.9 3.2 – 1.9 Puangsri et al. (2004)

SFO 5.85 2.51 63.84 25.34 0.51 1.95
SFOa 5.62 1.27 67.31 24.68 0.08 1.04 Gumus and Kasifoglu (2010)
SFOb 4.20 2.32 71.00 20.15 1.20 1.13 Yadav et al. (2017)
SFOc 3.87 0.92 67.21 27.12 0.11 0.77 Wang (2013)
SFOd 3.79 1.01 65.23 28.92 0.14 0.91 Wang and Yu (2012)
SFOe – – 66.20 28.20 – 5.60 Kate et al. (2014)

Note: The superscripts a, b, c, d and e refer to other researchers’ work as per
the last column.

RSM is a set of mathematical and statistical methods used for
modelling and problem solving, wherein the response is influ-
enced by several operating or process parameters (Hamze et al.,
2015). RSM is very effective when designing the experiments for
maximising yield and minimising production cost. RSM not only
simplifies the complex nature of many experimental runs but also
studies the interactive effect of several operating parameters and
the effects on the response (target). Many researchers have suc-
cessfully worked with RSM methods and were able to optimise
their production process parameters with both central composite
design (CCD) and Box–Behnken design models. Researchers in-
vestigating optimisation of biodiesel production processes mainly
used the RSM approach and their process parameters were: (1)
methanol: oil molar ratio, (2) catalyst concentration, (3) reaction
temperature, (4) reaction time, and (5) agitation speed. Bello
et al. (2016) used a RSM approach with a central composite
experimental design (CCD) model for optimising waste frying
biodiesel production by varying five process parameters. A CCD
method for optimising safflower biodiesel production process
parameters and their combined effects were investigated using
RSM by Math and Chandrashekhara (Math and Chandrashekhara,
2016). A Madhuca indica oil to biodiesel conversion process was
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optimised using a RSM approach with a CCD model by Muthuku-
maran et al. (2017). The RSM approach with a CCD model was
used for the biodiesel conversion process from various feedstocks
or oils such as camelina oil (Yang et al., 2015), sunflower oil (Man-
sourpoor, 2012), a mixture of edible and nonedible vegetable oils
(thumba oil, karanja oil, linseed oil and palm oil) (Gupta et al.,
2016), refined cottonseed (Onukwuli et al., 2017), waste cooking
oil (Babaki et al., 2017), lard oil (Ezekannagha et al., 2017), soy-
bean oil (Rahimi et al., 2014), date pits (Jamil et al., 2016), Thevetia
peruviana seed oil (Ogaga et al., 2017) and crambe oil (Vieira Sil-
veira et al., 2017). The optimisation of biodiesel production from
other bio-oils or feedstocks, namely microalgae (Makareviciene
et al., 2014), waste cooking oil (Hamze et al., 2015), karanja
oil (Verma et al., 2016), mixed nonedible oils (Jatropha curcas
and Ceiba pentandra oil) (Dharma et al., 2016), Brucea javanica
seed oil (Hasni et al., 2017), were investigated using the RSM
approach with Box–Behnken design and fractional factorial de-
sign. Anwar et al. (2018a) used RSM approach with Box–Behnken
design to optimise PSO biodiesel production process and they
demonstrated that 96.5% biodiesel was obtained with the reaction
conditions to be a methanol:oil molar ratio 10:1, KOH catalyst
concentration of 1 wt% and reaction temperature of 45 ◦C. In
another study by Anwar et al. (2018c) showed that maximum SFO
biodiesel yield of 95.8% was obtained at a methanol: oil molar
ratio of 6:1, KOH catalyst concentration of 0.5 wt% and a reaction
temperature of 55 ◦C.

7. PSO and SFO biodiesel properties- a comparison with se-
lected second-generation biodiesels

The converted biodiesel properties are characterised by major
physicochemical properties such as density, viscosity, calorific
value, flash point, cetane number, iodine value, and oxidation
stability. A selection of properties for various nonedible biodiesel
are shown in Table 12.

Silitonga et al. (2014) mentioned that the density of a fuel
influences the fuel atomisation efficiency in airless combustion
system. The density of biodiesel should be 860–900 kg/m3 as per
both ASTM and EU standard. The density of diesel was measured
as 827.2 kg/m3, whereas PSO and SFO densities were recorded
as 840 kg/m3 and 855 kg/m3 respectively. The density of karanja
biodiesel was found to be the highest (931 kg/m3). The viscosity
of PSO and SFO ranged from 1.9 to 6 mm2/s. Higher acid value
of biodiesel can cause corrosion of engine and other metal parts.
Both ASTM and EU standard limits the maximum acid value of
0.5 mg KOH/g. Calorific value is another important property and
all biodiesels have slightly less calorific values than diesel, as
expected. Cetane number, flashpoint, iodine value and oxidation
stability of both PSO and SFO are found to be within the range of
ASTM/EU standard.

8. Engine performance and emission studies of PSO and SFO
biodiesel

Most biodiesels have lower calorific values than diesel which
narrows their usage in compression ignition (CI) i.e. diesel en-
gines. Some challenges include higher brake specific fuel con-
sumption (BSFC), lower brake thermal efficiency (BTE), and higher
particulate matter (PM) and nitrogen oxides (NOx) emissions.
Very limited literature has been found regarding the use of PSO
and SFO biodiesel to examine engine performance and emission
studies. Prabhakaran et al. (2016) have done engine performance
analysis of a single cylinder Kirlosar-TV1 diesel engine with PSO
biodiesel blends of B25, B50, B75 and B100. They also studied
the emissions of biodiesel blends. They concluded that the BTE
of PSO blends was lower than that of diesel at all load conditions.

They also found that the BSFC of B25 was lower than that for
all other blends. They recommended B25 blend as a suitable
biodiesel blend due to lower carbon monoxide (CO) and NOx
emissions. Raj and Karthikayan (2016) have undertaken diesel
engine (single cylinder) performance analysis with papaya diesel
blends of B25 and B25 with additives (B25A), B100 and B100 with
additives (B100A). They found that the PSO diesel blends with
additives have better combustion and emission characteristics
with reductions in the NOx emissions compared with PSO diesel
blends as well as lower smoke density compared with the diesel.
Prabakaran et al. (2015) have done the engine performance anal-
ysis of a single cylinder diesel engine with papaya diesel blends
such as B25, B50, B75 and B100. They found that the PSO biodiesel
B50 with standard injection timing showed slight improvement
(3%) in BTE compared to diesel. Anwar et al. (2018b) have done
the engine performance analysis of a four cylinder diesel engine
with papaya diesel blends B5, B10 and B20 and found average
BP value reduction of 2.88%, 3.87% and 5.13% respectively. Fur-
thermore, they reported that reduction in HC emissions of 9 to
19%, PM it emissions of 19.5 to 35% and CO emissions of 11 to
29%can be achieved. They suggested that B5 and B10 biodiesel–
diesel blends can be used to diesel engine without further engine
modification. Mohan and Sen (2015) used CaO as the catalyst and
analysed the emissions of a single cylinder diesel engine using
20% papaya biodiesel and 80% chicken biodiesel blend. Although
the NOx emissions showed a marginal increase, other emission
characteristics such as CO, hydrocarbon (HC) and smoke were
reduced compared with diesel.

Gumus and Kasifoglu (2010) have used SFO biodiesel–diesel
blends of B5, B20, B50 and B100 in a Lombardini 6LD400 single
cylinder diesel engine and found that B5 and B20 gave better
engine power and lower BSFC. The B50 and B100 blends pro-
duced less CO, HC and smoke density; however they produced
higher NOx emissions and lower engine performance character-
istics than diesel. Kumar et al. (2018) have conducted engine
performance and emission studies of SFO biodiesel with B20 and
B20, with BHA and PG antioxidants. They found that B20 has
lower CO, HC emissions than diesel. With B20/BHA4000, both HC
and CO emissions were recorded at their lowest at full load. CO
emission with the B20/PG4000 blend was found to be similar to
that of diesel at full load conditions. NOx emissions were also
found to be lower at low load for B20 blend, but these were
raised when the load was increased. Table 13 shows the summary
of engine performance and emissions studies for PSO and SFO
biodiesels.

9. Combustion characteristics of PSO and SFO biodiesel

Prabhakaran et al. (2016) investigated the combustion char-
acteristics of PSO biodiesel and reported that the addition of
PSO biodiesel to diesel fuel considerably decreased the ignition
delay period and resulted in maximum in-cylinder pressure due
to higher cetane number and oxygen contents of biodiesel. It
was reported that the peak pressure of the biodiesel blend B25
was higher than those of all other blends. Again, the heat release
rate of B25 blend was found to be higher than those of other
blends due to reduced viscosity and improved spray formation.
The higher viscous biodiesel leads to a reduction in air fuel mixing
rates which end up producing a lower heat release rate compared
to diesel. Raj and Karthikayan (2016) reported that PSO biodiesel
blends ignited earlier and finished combustion earlier than diesel.
It was also reported that PSO biodiesel with Di-tert butyl peroxide
(DTBP) additive produced higher peak pressure due to oxygen
buffer character of the additive which enhanced complete com-
bustion process. The heat release rate was also improved with the
use of DTBP additive by 13.7% and 39% respectively, on biodiesel
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Table 12
Some non-edible biodiesels and their properties.
Non-edible
biodiesels

Density (kg/m3) Viscosity at
40 ◦C (mm2/s)

Acid value (mg
KOH/g)

Cetane number
(CN)

Calorific value
(MJ/kg)

Flash point (◦C) Iodine value
(IV)
(mg I2/100 g)

Oxidation
stability (OS)
(h)

Diesel 827.2 3.23 0.05 48.00 45.30 68.5 38.3 39.0
PSO (Anwar
et al., 2018a)

840.0 3.53 0.42 48.29 38.49 112 115.89 5.61

SFO (Anwar
et al., 2018c)

855.0 4.26 0.25 50.45 39.64 105 104.70 7.15

Tobacco (Ata-
bani et al.,
2012; Hasni
et al., 2017)

888.5 4.23 – 51.60 – 165.4 136 0.80

Jatropha (Hasni
et al., 2017)

879.5 4.80 0.40 51.60 39.23 135 104 2.30

Rapeseed (Ata-
bani et al.,
2012)

882.0 4.43 – 54.40 37.00 170 – 7.60

Cotton-
seed (Atabani
et al., 2012)

875.0 4.07 0.16 54.13 40.43 150 – 1.83

Neem (Atabani
et al., 2012;
Hasni et al.,
2017)

868.0 5.21 0.65 – 39.81 76 – 7.10

Karanja (Hasni
et al., 2017)

931.0 6.13 0.42 55.00 43.42 95 – –

Moringa (Ata-
bani et al.,
2012)

883.0 5.00 0.18 67.1 – 160 74 2.3

ASTM D6751 880.0 1.9–6.0 max 0.5 min. 47 – 100–170 – min. 3
EN14214 860–900 3.5–5.0 max 0.5 min. 51 35 >120 max 120 min. 6

blends B25 and B100 respectively, compared to diesel. Prabakaran
et al. (2015) have shown that the peak cylinder pressure was
slightly higher for B50 blend. They also reported that the heat
release rate of diesel is slightly lower than that of PSO biodiesel
B50 blend. To the best of our knowledge, there is no substantial
work previously undertaken on an engine combustion using SFO
biodiesel.

10. Discussion

Biodiesel is drawing vast attention as an alternative fuel source,
but in reality, it is facing some challenges not only in Australia but
also in many parts of the world. This study has identified some
specific challenges for PSO and SFO biodiesels. Some challenges
are associated with biodiesel feedstock selection, optimisation
and production processes, the oil extraction and conversion pro-
cess, fuel characterisation and property analysis, storage and
transport. The study also identified some ways to overcome these
challenges.

Research shows that correct feedstocks selection and their
ongoing availability are the major challenges for biodiesel pro-
duction (Biswas et al., 2011). Biodiesel feedstocks are gener-
ally selected based on some key parameters such as higher oil
content, high conversion rate to biodiesel, local availability and
cost-effectiveness. Again, availability of feedstocks depends on
different climatic conditions and growing seasons. Thus sup-
plying continuous feedstock may be difficult (Zhu and Ketola,
2012). As Australia is a huge size country with several differ-
ent climate zones, right feedstocks selections for its different
climate zones are big challenges. Again, some parts of Australia
is quite warm and dry in winter whereas some parts are hot
and humid in the summer, prolonged drought is also a common
phenomenon in some part of Australia. Therefore, the plants that
consume less water, require less maintenance, less fertile soil, can
grow in diverse climatic conditions and are unsuitable for human
consumption are ideal for biodiesel feedstock.

One of the most challenging issues is to identify a cost-
effective and higher biodiesel yielding strategy that can be used
on a commercial scale (Puri et al., 2012). Extensive research and
knowledge is required to optimise any biodiesel production pro-
cess. Oil extraction and conversion processes may cause environ-
mental pollution hazards, e.g., chemical oil extraction processes
may involve chemical contamination of water source while wash-
ing and drying processes take place (Jayed et al., 2009; Hoekman,
2009). Sustainable and environmentally-friendly chemicals and
technologies are a focus globally to mitigate these oil extrac-
tion challenges. Combined and collaborative research projects
are ongoing with different Universities in Australia focusing on
sustainable biodiesels and their production.

Storage of feedstocks can be challenging as they are biodegrad-
able and can produce gum (Mukherjee et al., 2011). Biodiesel is
non-flammable and is safe to store. However, prolonged storage
can result in acidity problems due to easy oxidisation with oxy-
gen at ambient temperature. Odour can occur due to prolonged
storage of biodiesel. Strong Government policy is needed to
ensure continuous consumption of biodiesel and their blends to
minimise storage and transportation issues. State Government
of Australia such as Queensland and New South Wales have
introduced biofuel mandates to promote biodiesel consumption.

There is no generalised technique that can be applied to all
feedstocks for converting to biodiesel. This is a major techni-
cal challenge (Greenwell et al., 2010; Santacesaria et al., 2012).
For instance, different equipment and testing facilities are re-
quired in the biodiesel production processes and some of that
equipment may not be needed for all feedstocks; thus, produc-
tion cost per unit of biodiesel can be higher than for ordinary
techniques (Vasudevan and Briggs, 2008; Mettler et al., 2012;
Goldemberg, 2008). Some feedstocks, i.e. bio-oils, may have toxic
acids that require advanced techniques and longer processing
times, and this would lead to higher costs for fuel processing (Liu
et al., 2012). To overcome technical challenges, advanced and
organised research and development efforts are required among
various universities, biodiesel producing companies and the state
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Table 13
Summary of engine performance and emission studies for PSO and SFO biodiesels.
Parameters Papaya seed oil (PSO)

biodiesel
Apricot kernel oil (SFO)
biodiesel

Engine performance

BSFC increase Blend B50, B75 and B100
(Prabhakaran et al., 2016);
B5, B10, B20 (Anwar et al.,
2018b)

Blend B100 (Gumus and
Kasifoglu, 2010)

BSFC decrease Blend B25 (Prabhakaran
et al., 2016); B25 (Raj and
Karthikayan, 2016)

Blend B5 and B20 (Gumus
and Kasifoglu, 2010); Blend
B20, B20/BHA4000,
B20/PG4000 (Kumar et al.,
2018)

BTE increase Blend B25 (Prabhakaran
et al., 2016); Mixed B25 and
B25A (Raj and Karthikayan,
2016); B25, B50 (Prabakaran
et al., 2015); B5, B10, B15
(Sivasubramanian, 2017)

–

BTE decrease Blend B50, B75 and B100
(Prabhakaran et al., 2016);
B5, B10, B20 (Anwar et al.,
2018b)

Blend B20, B20/BHA4000,
B20/PG4000 (Kumar et al.,
2018)

Brake power increase – –
Brake power decrease B5, B10, B20 (Anwar et al.,

2018b)
–

Emission parameters

CO increased Blend B50, B75 and B100
(Prabhakaran et al., 2016);
B75, B100 (Prabakaran
et al., 2015)

Blend B20, B20/PG4000
(Kumar et al., 2018)

CO decreased Blend B25 (Prabhakaran
et al., 2016); B25, B50
(Prabakaran et al., 2015)

Blend B5, B20, B50 and
B100 (Gumus and Kasifoglu,
2010); B20/BHA4000
(Kumar et al., 2018)

CO2 increased – Blend B5, B20, B50 (Gumus
and Kasifoglu, 2010)

CO2 decreased – B100 (Gumus and Kasifoglu,
2010)

NOx increased Blend B25 (Prabhakaran
et al., 2016); B25, B50
(Prabakaran et al., 2015)

Blend B5, B20, B50 and
B100 (Gumus and Kasifoglu,
2010)

NOx decreased Blend B50, B75 and B100
(Prabhakaran et al., 2016);
mixed B25 and B25A (Raj
and Karthikayan, 2016);
B75. B100 (Prabakaran
et al., 2015)

Blend B20/BHA4000,
B20/PG4000 (Kumar et al.,
2018)

HC increased Blend B25, B50, B75 and
B100 (Raj and Karthikayan,
2016); B75, B100
(Prabakaran et al., 2015)

Blend B20, B50 and B100
(Gumus and Kasifoglu,
2010); B20/PG4000 (Kumar
et al., 2018)

HC decreased Blend B25 (Prabhakaran
et al., 2016); B25, B50
(Prabakaran et al., 2015);
B5, B10, B15
(Sivasubramanian, 2017)

Blend B5 (Gumus and
Kasifoglu, 2010);
B20/BHA4000 (Kumar et al.,
2018)

EGT increased B5, B10, B15
(Sivasubramanian, 2017)

–

EGT decreased – –
Smoke opacity increased Blend B50, B75 and B100

(Prabhakaran et al., 2016);
B25 and B100A (Raj and
Karthikayan, 2016); B75,
B100 (Prabakaran et al.,
2015)

–

Smoke opacity decreased Blend B25 (Prabhakaran
et al., 2016); B25 and B100
(Raj and Karthikayan,
2016); B25, B50
(Prabakaran et al., 2015)

Blend B5, B20, B50 and
B100 (Gumus and Kasifoglu,
2010)

Note: EGT refers to exhaust gas temperature; B25A and B100A refer to additives added to B25,
and B100; B20/BHA4000 refers to B20 blend with butylated hydroxyl anisole (BHA) antioxidants at
4000 ppm; B20/PG4000 refers to B20 blend with propyl gallate (PG) antioxidants at 4000 ppm.
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governments. Strong and favourable government policy and end
user (public) support can help produce and maintain production
efficiencies (Azad et al., 2015).

Most people are not aware of the benefits of biodiesel usage in
their vehicles (Santacesaria et al., 2012). Lack of knowledge about
the benefits of biodiesel prevents the public from using more
biodiesel in their vehicles to enhance engine life as well as save
the environment (Lin et al., 2011; Hannon et al., 2010). Increased
publicity and attractive incentives to use biodiesel eliminate lack
of awareness problem (McKone et al., 2011; Wang et al., 2009).
Australian Government has initiated public awareness programs
including advertisement on daily news, bill board poster, so-
cial media, radio, and television commercials to promote biofuel
usage.

Generally, the production cost of biodiesel is higher than that
of diesel. This is the biggest challenge, as the customers are not
willing to pay extra for biodiesel. Customers are not focusing on
long-term benefits of biodiesel usage in their vehicles such as in-
creasing engine life. They are more inclined to take some savings
at present (Lim and Teong, 2010; Santacesaria et al., 2012; Daniel
et al., 2012; Ajanovic and Haas, 2010). Mass scale production and
strong Government support, price compensation, i.e., incentives,
can encourage customers to use biodiesel (Sulaiman, 2007; Li
et al., 2011). Strong positive renewable energy policy is vital to
promote biodiesel usage and mitigate increasing energy demands
as well as decrease environmental emissions (Lin et al., 2011; Chu
and Majumdar, 2012). Australian Government organisations such
as Australian Renewable Energy Agency (ARENA) and Australian
Competition and Consumer Commission (ACCC) are promoting
biodiesel industry by satisfying all stakeholders.

11. Conclusions

This study reviewed both papaya and stone fruits as biodiesel
feedstocks, and their biological life cycles. The study covers oil
extraction methods, oil properties, biodiesel conversion process,
biodiesel properties and their compliance to international stan-
dards, engine performance and emission studies, and combustion
characteristics. Biodiesels from newer sources cannot be veri-
fied easily due to a lack of confidence, i.e., hesitation of users
and engine manufacturers to accept unproven products. Since
biodiesel production in Australia is not extensive, the potential
of second-generation biodiesel from Australian native plants, in
particular from PSO and SFO, is not fully exploited. An exten-
sive literature review has been conducted to identify research
problems and challenges in using PSO and SFO. Salient fuel prop-
erties of both PSO and SFO biodiesels have been investigated and
compared with other popular non-edible biodiesels and diesel.
While engine performance and emission analysis of both PSO and
SFO biodiesels have been reported, there is insufficient research
conducted on combustion analysis of SFO biodiesel. Further re-
search on combustion, corrosion, tribo-corrosion, long-term en-
gine durability testing and tribological performance analysis of
PSO and SFO would be required before recommending them as
future alternative energy sources in Australia.
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A B S T R A C T

The increasing demand for energy and depletion of fossil fuels are drawing attention to biofuel as a replacement
for petroleum diesel. Hundreds of non-edible biodiesel feedstocks are available and are derived from seeds and
animal fat or tallow. However, the selection of appropriate feedstock is fraught with difficulty, as these feed-
stocks have not been fully evaluated for various parameters that impact upon the performance and cost of the
biofuel. Various technical, environmental, economic and social factors influence biodiesel feedstocks selection
process. This paper focuses on technical aspects such as physico-chemical properties and fatty acid compositions
of biodiesels in the screening process. Six biodiesels, namely papaya seed oil biodiesel (PSO), stone fruit kernel
oil biodiesel (SFO), jatropha oil biodiesel (JBD), rapeseed oil biodiesel (RBD), beauty leaf tree biodiesel (BLT),
and waste cooking oil biodiesel (WCB) were analysed in this study. Twelve physico-chemical properties of ki-
nematic viscosity (KV), density, higher heating value (HHV), oxidation stability (OS), acid value (AV), flash
point (FP), cold filter plug point (CFPP), cetane number (CN), iodine value (IV), monounsaturated fatty acid
(MUFA), polyunsaturated fatty acid (PUFA) and long chain saturated factor (LCSF) were selected as criteria for
ranking the above biodiesels. Three weightage (%) methods of EQUAL, CRITIC and ENTROPY were used for
weight determination of criteria. Four different multiple-criteria decision analysis (MCDA) methods, namely
PROMETHEE Graphical Analysis for Interactive Assistance (GAIA), Weighted sum method (WSM), Weighted
product method (WPM), and Technique for order preference by similarity to ideal solution (TOPSIS) were used
for the analysis. Properties of these biodiesels were found to be within the limits of ASTM D6751-2, EN 14214
and the Australian standard. Finally, the results show that SFO was ranked as the best performer amongst the six
biodiesel feedstocks examined in this study, PSO came out as the second best, and the WCB biodiesel feedstock
was identified as the worst performer.

1. Introduction

Energy consumption has increased over the last few decades due to
the expansion of human population and industrialisation, leading to
depletion of fossil fuel reserves and increasing petroleum price [1]. The
emissions from burning of fossil fuel are a major cause for environ-
mental pollution. The greenhouse gas emissions from fossil fuels will
increase by 39% by 2030 if no precautions are taken [2].The readily
available conventional fossil fuels increase the emissions of combustion
generated pollutants and greenhouse gases, resulting in atmospheric
pollution and global warming. Researchers are working tirelessly to
find alternative fuels that can replace fossil fuels to minimise environ-
mental pollution and to find sustainable sources of fuel. Some alter-
native options can be renewable energy sources, natural gas, ethanol,

electricity and methanol that can reduce global warming, fossil fuels
consumption and exhaust emissions. Biodiesel is a renewable energy
source that has received widespread acceptance due to its excellent
environment-friendly attributes. Researchers conclude that using bio-
diesels in an internal combustion engine can reduce ongoing fossil fuel
demand as well as minimise adverse environmental effects on the
planet [3,4].
Biodiesels can be produced from renewable sources such as vege-

table oil, waste cooking oil and animal fats. Biodiesel is non-explosive,
biodegradable, non-flammable, renewable, and non-toxic. Some feed-
stocks of biodiesels are called 1st generation feedstocks as they are
currently being used as food items. Some 1st generation biodiesel
feedstocks are soybean oil, palm oil, corn oil, sunflower oil, castor oil,
olive oil, mustard oil, and linseed oil. The option of increasing their use
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in the production for biodiesel will put strains on food security.
Furthermore, extensive cultivation of such crops for biofuel production
can also result in a decline in soil fertility. The research, therefore, has
shifted from 1st generation feedstocks to non-edible vegetable oil and
animal fat as sources of biodiesel feedstock and these feedstocks are
referred to as 2nd generation biodiesel feedstocks. Due to the non-ed-
ible nature of vegetable oil and waste fat from animals, the 2nd gen-
eration biodiesel feedstocks are much cheaper and more sustainable
than 1st generation biodiesel feedstocks.
More than 350 oil-bearing crops can be used as feedstocks in bio-

diesel production [5]. Again, there is an ongoing debate on the ideal or
best possible biodiesel feedstocks in terms of their technical, environ-
mental, economic and social aspects. Technical aspects of the biodiesel
selection process include assessing physico-chemical properties, fatty
acid composition, safety, and availability criteria. Environment-related
criteria such as land usage, irrigation, cultivation methods, etc., are
considered under the environmental aspect. All costs that are associated
with issues such as cultivation, harvesting, labour, transportation, etc.,
are under the criteria of economic aspects. The social aspects include
activities such as job creation, social acceptance and community ben-
efits. Different multiple criteria decision analysis (MCDA) methods such
as PROMETHEE GAIA, weighted sum method (WSM), weighted product
method (WPM), Technique for Order Preference by Similarity to Ideal
Solution (TOPSIS), Fuzzy analytic hierarchy process (AHP)-TOPSIS, and
Operational competitiveness rating analysis (OCRA) can be used for
screening biodiesel feedstocks [6–9]. The current study only focused on
the technical aspects of choosing biodiesel feedstocks from a selection
of six non-edible biodiesel feedstocks. The screening process was based
on four different MCDA methods, namely PROMETHEE GAIA, WSM,
WPM and TOPSIS due to their user-friendliness and strong ability to
solve single dimensional problems. Twelve physico-chemical properties
of kinematic viscosity (KV), density, higher heating value (HHV), oxi-
dation stability (OS), acid value (AV), flash point (FP), cold filter plug
point (CFPP), cetane number (CN), iodine value (IV), monounsaturated
fatty acid (MUFA), polyunsaturated fatty acid (PUFA), and long chain
saturated factor (LCSF) were selected as the parameters for ranking
those biodiesels. Three weightage (%) methods of EQUAL, CRITIC and
ENTROPY were also used for weight determination criteria.

2. Biodiesel feedstocks

Selection of biodiesel feedstocks is a significant matter, as the cor-
rect decision may allow a commercial scale operation to either “make it
or break it”. Amongst the many sources of non-edible biodiesel feed-
stocks, papaya seed oil, stone fruit seed oil, Jatropha curcas seed oil,
Beauty leaf tree kernel oil, rapeseed oil and waste cooking oil were used
as prospective biodiesel feedstocks in the present study.
Papaya (Carica papaya) is a tropical crop and is cultivated in Asia,

South America, Africa and Polynesia. Although it originates from the
tropics of the Americas, India is the largest papaya fruit producer in the
world. India contributes to 42% of the world’s production, which
equates to 3 million tonnes per year [10,11]. Papaya also grows well in

the sub-tropical regions. Papaya fruits vary in size from 200 g to 3000 g.
The seed content also vary from one cultivar to the other, and there are
cultivars that do not set seeds. However, most papaya cultivars contain
seeds, and the seeds make up 15% of the wet weight of the fruit
[12,13]. Seeds are not consumed so that they will be discarded along
with the peeled skin [13,14]. These seeds are rich in oil and they may
be used in biodiesel production and cattle feed formulations. PSO is
high in oleic acid and linoleic acid, these being 47.7% and 37.2% re-
spectively of the total fatty acid composition.
Stone fruit, also known as prune (Prunus armeniaca L.), originates

from India and Armenia, but it is widely cultivated in Turkey followed
by Iran and Uzbekistan. Stone fruit prefers cool, frost-free sites due to
its early blooming properties [12]. Its fruits are 1.5–2.5 cm in diameter
and they vary in colour from yellow to orange or red. The fruit is made
up of a soft outer layer and a stony seed. While the outer soft layer is
consumed, the stony portion is generally discarded. These stones have
high oil content and hence they can be used in biodiesel production.
The fruits yield is 22–38% of kernels which contain up to 54.2% oil
[15]. SFO is high in oleic acid that is about 63.8% of the total fatty acid
composition. During fruit processing, the seeds are discarded due to the
presence of hydro-cyanic acid [16].

Jatropha curcas is a drought-resistant small tree or large shrub
(5–7m tall) and belongs to the Euphorbiaceae family which includes
eight hundred species [5]. It is well capable of surviving in abandoned
and degraded land. This plant is native to Central America, Africa, and
Southeast India, and has recently spread to the entire pantropical re-
gion. It bears fruits from the second year of planting and can continue
to bear fruits for 30–50 years [17,18]. It can produce seeds from 0.1-8
tonnes per hectare in a year. The oil content of Jatropha curcas seed is
50–60% (Table 1) and the yield of fruit is about 1590 kg/hectare
[19,20]. Jatropha oil is high in oleic acid (44.6%) and linoleic acids
(31.9%).
Beauty leaf tree (Calophyllum inophyllum) seed is one of the most

popular biodiesel feedstocks around the world due to its high oil con-
tent. Its oil content is found to be relatively high (65%) amongst the
various species of this study (Table 1). It has high palmitic acid
(14.9%), stearic acid (17.2%), oleic acid (38.2%) and linoleic acid
(27.6%) content of the total fatty acid composition. It has a higher
heating value, lower feedstock cost and can grow in degraded lands in
different climatic conditions. These features make the beauty leaf tree
an excellent source of feedstock for biodiesel production. Beauty leaf
tree grows mainly in Australia, Pacific islands, Papua New Guinea,
India and Sri Lanka. It attains reproductive maturity in 5–7 years and
continues to yield fruits for more than 200 years [21]. Fruits are
spherical drupes and arranged in clusters. The oil yield ranges from
2000 kg to 4000 kg/ha/yr [17,21].
Rapeseed (Brassica napus) is an annual plant belonging to the

mustard family (Brassicaceae). It grows up to 60 cm and its seeds are
used in extracting edible oil. There are many species of rapeseeds. The
presence of erucic acid (about 50%) in natural rapeseed makes it a non-
edible oil. However, one cultivar of rapeseed is used to produce canola
oil. Rapeseed grows mainly in cool weather and in wide ranges of well-

Table 1
Properties of non-edible biodiesel feedstocks.

Papaya oil [22] Apricot oil [23] Jatropha oil [24,25] BLT oil [26,27] Rapeseed oil [28] Waste cooking oil [29]

Oil content (%) 30–34 54.2 50–60 46–65 38–46 –
Kinematic viscosity at 40 °C (mm2/s) 27.3 34.54 24.5 56.74 36.3 45.34
Density at 15 °C (kg/m3) 885 910 940 964 906.2 918.4
Higher heating value (MJ/kg) – 38.4 38.65 38.10 – 35.82
Oxidation stability (h) 77.97 – – – – –
Acid value (mg KOH/g) 0.98 1.65 28 36.26 2.7 2.896
Cetane number – – 38 – 30
Iodine value (g I/100 g) 79.95 103 94 – 113.5 92.5
Saponification value – 173 198 – 194.7 195.48
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drained soils. It grows well in the European Union, Canada, China,
India and Australia. It contains about 38–46% of oil (Table 1). Like
beauty leaf oil, rapeseed oil has high concentrations of palmitic acid
(20.3%), oleic acid (43.5%) and linoleic acid (31%).
Waste cooking oil (WCO) is available from restaurants and house-

hold kitchens and is drawing more attention as an alternative feedstock
for biodiesel production. Conversion of waste cooking oil to biodiesel
can solve the problem of dumping huge amounts of waste oil into
landfills, which will eventually contaminate watercourses or ground-
water. The biodiesel generated from such waste oil can be cost effective
as the waste cooking oil does not hold any monetary value. Increasing
food consumption in countries with large populations and has a great
impact on waste cooking oil production. Generally, physico-chemical
properties of waste oils mostly depend on the type of vegetable oil used
in the cooking. In most cases, waste cooking oil is a burnt oil which
contains a mixture of several types of vegetable oils like soybean, palm,
sunflower and canola oil. This WCO has high contents of free fatty acids
(FFAs) and water molecules. A high FFA content can lead to saponifi-
cation during biodiesel conversion, and a high water content can result
in hydrolysis. Waste cooking oil is also high in oleic acid (66.3%).
The oil content (%), oil yield per hectare and the conversion of oil to

biodiesel are the most important parameters to be considered for any
feedstock as a source of biodiesel. Table 1 shows various properties of
the six biodiesel feedstocks in this study, including their oil content
yield as a percentage of the weight of seeds or cooking oil.

3. Biodiesel production process

As seen from Table 1, all the studied biodiesel feedstock non-edible
vegetable oils have high viscosity and low volatility. The large amounts
of polyunsaturated fatty acid (PUFA) present in the vegetable oils can
cause undesired soap formation leading to lower biodiesel conversion
yield. A chemical reaction is required to lower the viscosity and acid
value of the vegetable oils. A single stage chemical reaction, i.e.,
transesterification using an alkaline catalyst, is sufficient for the oils
with low FFA content. However, oils with high FFA content and high
viscosities require a two stage reaction. This two stage reaction includes
treatment of the oil with an acid and then normal alkali-mediated
transesterification. Prior to these treatments, the oil should be pre-
treated by refining. The refining process involves removal of waxes/
resins, neutralisation and decolourisation. This process can also reduce
the FFA content of the oil to less than 1% [30,31]. Once the acid value
of the oil is reduced to 2mg KOH/g through esterification, an alkali
catalyst transesterification reaction is carried out [32]. The alkali cat-
alyst transesterification reaction removes the glycerides and produced
fatty acid methyl or ethyl esters. Fig. 1 shows the biodiesel production
process.
In the two stage biodiesel production process, the crude oil was

initially filtered through a Whatman® 541-grade filter paper (pore size
22 µm) to remove any solid particles from the oil. The oil was refined
and it was then poured into a three-neck laboratory reactor (2 L capa-
city) along with defined amounts of methanol (methanol to oil molar
ratio) and sulphuric acid. The mixture was heated to a defined tem-
perature for a set time. The mixture was stirred at 600 rpm using a
magnetic stirrer. After completion of the chemical reaction, the product
was transferred into a separating funnel for separating excess alcohol
with FFA, sulphuric acid and impurities that were contained in the top
layer of the mixture. The bottom layer (lower FFA containing esterified
oil) was separated and heated at 95 °C for 1 h to remove alcohol and
water. Then the esterified oil was processed in an alkali-catalysed
transesterification.
The single stage (transesterification reaction) process was carried

out in the same reactor equipped with a reflux condenser, thermocouple
and a magnetic stirrer. The oil was preheated to 40 °C and potassium
methoxide was poured into the reactor. After completion of the trans-
esterification reaction at set times and agitation speeds, the mixture was

transferred into a separating funnel for phase separation. The upper
part contained the methyl ester, i.e., biodiesel, and the lower part
contained glycerol with unreacted methanol and impurities. The bio-
diesel was collected after the lower part was drained off. The biodiesel
was heated at 65–70 °C to remove traces of methanol. Then it was
washed with warm distilled water to remove any dissolved impurities
of KOH, soap or glycerol. The washed biodiesel was heated again at
95 °C for 1 h to remove water and then dried using sodium sulphate
(Na2SO4). Finally, the biodiesel was filtered through Whatman® quali-
tative grade 1 filter paper and stored at room temperature for char-
acterization.
There are many ways of optimizing the biodiesel production process

to obtain the highest yield. Biodiesel yield can be calculated using Eq.
(1), and its composition can be determined via gas chromatography
(GC) [33]. Table 2 shows the optimization of the biodiesel production
process from the studied non-edible feedstocks.

= ×

Biodiesel Yield

FAME percent from GC analysis Weight of biodiesel
Weight of refined oil

(1)

4. Physico-chemical properties of biodiesel

4.1. Determination of fatty acid composition

The first step of selecting a biodiesel for use in a diesel engine is
validating its chemical composition. All biodiesels are mono alkyl esters
of fatty acids, i.e., fatty acid methyl or ethyl esters. The fatty acids
present in the studied biodiesels that are shown in Table 3 are different
due to their varying sources or feedstocks and variations in the bio-
diesel conversion processes. All fatty acids are different in their chain
length, degree of unsaturation and presence of other chemical compo-
nents. However, every biodiesel generally contains both saturated and
unsaturated (poly and mono) fatty acids. The structures of fatty acids
are mainly indicated by two numbers shown in the second column of
Table 3: the first number represents the carbon atoms and the second
number is the number of double bonds. The prominent fatty acids are
found to be palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1),
and linoleic acid (18:2). The highest saturated fatty acid (SFA) was
recorded in BLT (33.4%) and the lowest was in SFO (9.0%). SFA plays
an important role in the fuel properties, as the cetane number (CN)
increases with an increase in SFA. BLT has a higher long chain saturated
factor of 10.96, whereas SFO was found lowest (2.83). A balance of
both saturated and unsaturated fatty acid composition is a requirement
for a high-quality biodiesel.

4.2. Physico-chemical properties of biodiesel

Properties of biodiesel need to meet the minimum requirements as
per relevant quality standards before being considered for use as a
commercial fuel. Due to the differences in the compositional profile of
each feedstock, every feedstock’s biodiesel properties are different as
discussed in Section 4.1. Biodiesels from the same type of feedstock can
be obtained with different chemical properties due to different origins
of the feedstock, different climatic conditions during growing and
variations in the working environment. In order to mitigate these pro-
blems, international standards such as ASTM D6751-2 and EN14214
and an Australian Standard are employed. Table 4 shows the summary
of important physico-chemical properties of the studied non-edible
biodiesel feedstocks in comparison with the international standards.

4.2.1. Kinematic viscosity
Kinematic viscosity (KV) is one of the most important fuel properties

of biodiesels. Researchers [26,37] state that KV affects the quality of
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fuel atomization, fuel-air mixture formation, drop size, jet penetration,
spray characteristics and combustion quality. Fuel KV quality can se-
verely affect engine performance. A low KV of any fuel can increase
engine wear and leakage due to lower lubrication. A high KV fuel will
form larger droplets during injection, thus affecting the combustion
quality which leads to higher exhaust emissions [26]. Furthermore,
high KV may lead to soot formation and engine deposits due to poor
fuel atomisation [5]. Therefore, the upper and lower limits of the bio-
diesel KV are defined in all standards presented in Table 4. BLT has the
highest KV (5.68mm2/s), followed by JBD (5.2 mm2/s), WCB
(5.04mm2/s), RSB (4.6mm2/s), SFO (4.26mm2/s) and PSO
(3.53mm2/s). Kinematic viscosities of all tested fuels are within the
range of the international standards.

4.2.2. Density
Density is an important fuel property that affects engine perfor-

mance characteristics significantly. Researchers [5,37,39] found that
the density also influences the fuel atomisation efficiency and com-
bustion characteristics. The energy content of the air-fuel mixture in-
side the combustion chamber is largely dependent upon fuel density.

Improper density can lead to engine oil sludge problems. Generally,
biodiesels have higher density than a conventional diesel fuel, which
means that a volumetrically operated fuel pump will handle the greater
mass of biodiesel than diesel at any given time. Some researchers
[40,41] also noted that higher NOx emissions were correlated with a
higher density of biodiesel. The upper and lower limits of biodiesel
density are presented in Table 4. The range of standard limits as per
ASTM D6751-2 is 870–890 kg/m3, whereas it is 860–900 kg/m3 for EN
14214, and 860–890 kg/m3 for the Australian standard. Most of the
tested biodiesels were found to be within the above limits; however,
both PSO (840 kg/m3) and SFO (855 kg/m3) were recorded close to the
specified range.

4.2.3. Higher heating value
Higher heating value (HHV) is the measure of the energy content of

the fuel per unit mass. A high value of HHV is desired for diesel engines
to ensure better combustion, i.e., better power output. There are no
specific limits of HHV in ASTM, EN or the Australian standard.
However, HHV of all the studied biodiesels was found to be close to
each other in this study. As per Table 4, SFO had the highest HHV of

Fig. 1. Biodiesel production processes.

Table 2
Optimization of the biodiesel production process.

Biodiesel Reaction type Methanol: oil molar
ratio

Catalyst type and
concentration (wt%)

Reaction temperature (°
C)

Reaction time
(min)

Biodiesel yield
(%)

Refs.

PSO Single stage, (transesterification) 10:1 KOH
(1wt%)

45 60 96.48 [22]

SFO Single stage (transesterification) 6:1 KOH
(0.5 wt%)

55 60 95.8 [23]

JBD Single stage (transesterification) 6:1 NaOH
(1wt%)

60 90 99.87 [34]

BLT Two stages
(pre-esterification and
transesterification)

30:1
7.5:1

H2SO4
(10wt%)
NaOH
(1wt%)

75
55

120
90

93 [35]

RSB Two stages
(pre-esterification and
transesterification)

–
6.5:1

NaCl
(0.7 wt%)
NaOH
(1wt%)

70–75
48.2

120
65.4

83.34 [36]

WCB Single stage (transesterification) 7.5:1 KOH
(1.4 wt%)

65 60 99.38 [33]
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39.64MJ/kg and JBD was found to have the lowest at 34.50MJ/kg.

4.2.4. Oxidation stability
Oxidation stability (OS) is one of the major fuel properties that can

influence the use of biodiesel commercially. Researchers [42] found
that the biodiesels that have high polyunsaturated fatty acid content
resulted in low OS. Another study [37] shows that biodiesels produced
from vegetable oil were more vulnerable to oxidation at higher tem-
peratures and air contact due to their double bond molecular structure.
Biodiesels show less OS compared to conventional diesel due to their
chemical composition. As per ASTM, EN and Australian standards, the
minimum OS period should be 3 h, 6 h and 6 h respectively. It is very
difficult to meet EN and Australian standards unless antioxidants are
added to the biodiesel. All the biodiesels listed in Table 4 met the ASTM
standard, but failed both the EN and Australian standards except SFO
biodiesel (7.15 h). The other biodiesels of PSO, JBD, BLT, RSB and WCB
recorded OS values of 5.61 h, 3.02 h, 4.45 h, 3.58 h, 2 h, and 0.47 h,
respectively.

4.2.5. Acid value
Acid value (AV) indicates the amount of the carboxylic acid present

in the fatty acid of any fuel. It also indicates the level of lubricant de-
gradation of a fuel in service [17,43]. The fuel with a higher acid value
can have a higher level of lubricant degradation and severe corrosion in
the engine fuel system [26]. Acid value is expressed as the amount of
KOH (mg) required to neutralise 1 gram of fatty acid methyl ester or
biodiesel. AV is set to a maximum value of 0.5 mg KOH/g in the ASTM
and EU standards, whereas the Australian standard sets it at 0.8mg

KOH/g. Table 4 shows that all the studied biodiesels met all the stan-
dards, except that WCB (0.59mg KOH/g) was found to exceed the
ASTM and EU standards, but was within the range of the Australian
standard.

4.2.6. Flash point
Flash point (FP) is an important property of a fuel in terms of a

safety measure for its storage. Fuel will ignite if exposed to a flame or a
spark at or above a certain temperature. Biodiesel has a higher FP than
the conventional diesel, thus making the biodiesel very safe for storage.
FP varies inversely with the volatility of a fuel [40]. As per the ASTM,
EU and Australian standards, the minimum FP temperature is 130 °C,
101 °C and 120 °C, respectively. Low FPs were found for both PSO and
SFO (Table 4), although they are within the range of the EU standard.
However, the highest FP value was recorded as 180 °C for WCB.

4.2.7. Cold filter plugging point
One of the most important fuel properties is its ability to flow in cold

weather. Cold filter plugging point (CFPP) indicates the temperature at
which a test filter is plugged due to the start of crystallisation or gel
formation by fuel components. CFPP is an indicator of cold weather
performance and operability of any fuel. In frosty weather, the fuel line,
fuel pump and the injector could be jammed or clogged due to the lower
operating temperature leading to thickening of fuel [17]. There are no
specific CFPP limits in any international standards; however, the lower
CFPP for biodiesel is considered better for diesel engine running in cold
climates. In this study, PSO is found to have the lowest CFPP of −17 °C
and SFO of −15 °C.

4.2.8. Cetane number
Cetane number (CN) is widely used as the dimensionless parameter

for ignition delay time and combustion quality at a fixed condition. The
higher the CN of a fuel, the better is its ignition qualities. Researchers
[37,48] show that fuels with a high CN will have a quick engine start
and smooth combustion. Ramos et al. [42] mentioned that a higher CN
helps good cold start properties and minimises white smoke formation.
A lower CN fuel can affect the combustion system, leading to the pro-
duction of more hydrocarbon (HC) and particulate matter (PM), and
higher combustion noise. The minimum CN as per the EU and Aus-
tralian standards is 51, whereas it is 47 for the ASTM standard. CNs of
biodiesels are dependent on the chemical compositions of their feed-
stocks used in biodiesel production. The longer the fatty acid carbon
chain and saturated components, the higher the CN [49]. Table 4 shows
that RSB has the highest CN, followed by BLT, WCB, JBD, SFO and PSO.

4.2.9. Iodine value
Iodine value (IV) is a parameter used for measuring the degree of

unsaturation of vegetable oil. It indicates the mass of iodine (I2) in
grams that is necessary to completely saturate 100 grams of oil in a
stoichiometric reaction. The biodiesels with higher concentrations of
saturated fatty acids such as palmitic acid and stearic acid, lower will be
the IV. The higher heating of unsaturated fatty acid can result in the

Table 3
Fatty acid compositions of the studied biodiesels derived from non-edible oils
[23,37,38].

Fatty acids Structure PSO SFO JBD BLT RSB WCB

wt%

Lauric 12:0 0.1 0.1
Myristic acid 14:0 0.1 0.3 0.2
Palmitic 16:0 6.07 5.85 14.6 14.9 20.3 8.0
Palmitoleic 16:1 0.6 0.2 0.2
Stearic 18:0 3.13 2.51 7.6 17.2 2.0 2.9
Oleic 18:1 47.73 63.8 44.6 38.2 43.5 66.3
Linoleic 18:2 37.25 25.3 31.9 27.6 31.0 17.5
Linolenic 18:3 1.78 0.51 0.3 0.3 0.6 0.5
Arachidic 20:0 0.3 0.9 0.8 0.3
Eicosenoic 20:1 0.76 0.5 0.4
Behenic 22:0 0.68 0.66 0.3 0.7
Erucic 22:1 1.51 0.1
Lignoceric 24:0 0.4 0.4
Others 1.09 1.29 0.9 2.3
Total saturated fatty acid (SFA) 9.88 9.02 22.6 33.4 24.2 12.5
Total monounsaturated fatty acid

(MUFA)
48.49 63.84 45.2 38.7 44.2 67.2

Total polyunsaturated fatty acid
(PUFA)

39.03 25.85 32.2 27.9 31.6 18.0

Long chain saturated factor (LCSF) 3.19 2.83 5.26 10.96 5.08 4.40

Table 4
Summary of the biodiesel properties of the studied feedstocks in comparison with the ASTM, EN and Australian standards [3,23,37,44–47].

Properties PSO SFO JBD BLT RSB WCB ASTM D6751-2 EN 14214 Australian Standards

Kinematic viscosity at 40 °C (mm2/s) 3.53 4.26 5.20 5.68 4.60 5.04 1.9–6 3.5–5 3.5–5
Density at 15 °C (kg/m3) 840 855 865.7 868.7 882 879.7 870–890 860–900 860–890
Higher heating value (MJ/kg) 38.49 39.64 34.50 39.38 37.50 38.66
Oxidation stability (h) 5.61 7.15 3.02 3.58 2.0 0.47 Min. 3 Min. 6 Min. 6
Acid value (mg KOH/g) 0.42 0.25 0.5 0.34 0.3 0.59 Max. 0.5 Max. 0.5 Max. 0.8
Flash point (°C) 112 105 175 141.5 145 180 Min. 130 Min. 101 Min. 120
CFPP (°C) −17 −15 10.0 8.0 −4.0 −3.0
Cetane number 48.29 50.45 51.0 54.0 55.0 53.0 Min. 47 Min. 51 Min. 51
Iodine value (g I/100 g) 115.89 104.7 99.0 86.0 109.0 93.42 Max. 120 Max. 120
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formation of polymerisation of glycerides which imposes the limitation
of unsaturated fatty acid. Researchers show that high IV can lead to the
formation of deposits or to the deterioration of lubrication properties of
the biodiesel [42]. Table 4 shows that the IV of the six biodiesels ranges
from 86 g I/100 g (BLT) to 115.89 g I/100 g (PSO). There is no ASTM
standard for IV; however, both the EU and Australian standards show
the maximum level of IV at 120 g I/100 g. All the studied biodiesels
have an IV within the range as per the EN and the Australian standards.

5. Multiple-criteria decision analysis (MCDA) method

In this study, six 2nd generation biodiesel feedstocks were con-
sidered for identifying the best feedstock. Twelve technical criteria
covering physico-chemical properties of feedstocks and their fatty acid
compositions have been used as a measurement of the ranking. To
identify the best feedstocks, four different methods of multiple criteria
decision analysis (MCDA) have been used. MCDAs are chosen from both
value-based methods and outranking based methods. PROMETHEE is
an example of the outranking method that uses an individual’s pre-
ferences on criteria and alternatives. Value-based methods use a rating
scale, such as higher and lower values to represent the highest desire or
the lowest desire qualities. WSM, WPM and TOPSIS are examples of the
value based method. Three weightage (%) methods, namely EQUAL,
CRITIC and ENTROPY method were used for determining the weighting
of the various criteria. In this study, a complete ranking of biodiesel
feedstocks was performed using PROMETHEE, WSM, WPM and TOPSIS
methods by varying the weightage criteria.

5.1. Weight determination

The weighting of criteria is the heart of any MCDA method. All
criteria are not evenly significant; some are considered more important
than others. For example, CFPP will be the least significant criterion in
a MCDA method if the diesel engine test is considered for a tropical
climatic zone. Weighting involves assigning numerical values to each
criterion according to their relative importance [7]. It is important to
assign weights reasonably so as to obtain meaningful results. In this
study, three weightage methods were used, namely equal, critic and
entropy methods.
An equal weightage method is the simplest form of assigning

weights to each criterion, irrespective of its relative importance. This
method can be used where all criteria are assumed equally important.
The percentage is commonly used as weights out of a total of 100. The
total weight is divided by the number of criteria to obtain equal
weightage. Eq. (2) shows the formula used in this study for finding the
equal weightage percentage.

= = =Equal weightage W Total weight
Total criteria

(%), 100
12

8.333%j (2)

The CRITIC (Criteria Importance through Intercriteria Correlation)
method belongs to the class of correlation methods [50]. Usually, the
critic method generates uniformed weight values that are close to the
equal weightage methods. The following steps are used in this study to
determine the weights for the criteria using the critic method:

• Step 1 is to normalize the decision matrix using Eq. (3):
=X

X X
X Xij

ij j
worst

j
best

j
worst (3)

• Step 2 is to calculate the standard j deviation for each criterion.
• Step 3 is to determine the symmetric matrix of n× n with element
rij, which is the linear correlation coefficient between the vectors Xi

and Xj.
• Step 4 is to calculate the measure of the conflict created by criterion
j with respect to the decision situation defined by the rest of the

criteria in Eq. (4):

=
r(1 )

i

m
ij1 (4)

• Step 5 is to determine the quantity of the information in relation to
each criterion using Eq. (5):

= ×
=

C r(1 )j j i

m
ij1 (5)

• Step 6 is to determine the objective weights using Eq. (6):
=

=
W

C
C

j
j

i
m

j1 (6)

The Entropy method is based on the measurement of uncertain in-
formation contained in the decision matrix. Srđević et al. [51] reported
that the entropy method generates a set of weights for a given criteria
based on mutual contrast of individual criteria values of alternatives for
each criterion and then for all the criteria at the same time. The entropy
method for determination of objective criteria weights can be carried
out in three steps:

• Step 1 is to normalize the decision matrix using Eq. (7):
=

=
r

X
Xij

ij

i
m

ij1 (7)

• Step 2 is to compute entropy using Eq. (8):
=

=
e h r rlnj

i

m

ij ij
1 (8)

where j=1, 2, 3,…, n; = = =h 0.55811;m
1

ln( )
1

ln(6) m is the number of
alternatives;

• Step 3 is to compute the weight vector using Eq. (9):
= =

=
W

e
e

j n
1

(1 )
, 1, 2, .,j

j

j
n

j1 (9)

The entropy method generates weighted criteria values directly
from the criteria value variations and eliminates the problem of sub-
jectivity, incompetence or absence of decision makers.

5.2. Preference ranking organization method for enrichment evaluation
(PROMETHEE)

PROMETHEE is an MCDA method that has six different extensions,
PROMETHEE I to VI. Those extensions are based on the raking re-
quirement where PROMETHEE I is used for partial ranking, II uses
complete ranking and so on. PROMETHEE II complete ranking (Phi) is
the measure of net preference flow that showed the balance between
the positive and negative outranked by others. PROMETHEE I partial
ranking consists of positive preference flows that measures the extent to
which an alternative outranks all others, whereas negative preference
flows measure the extent to which an alternative is outranked by others
[52]. In this study, both PROMETHEE I and II will be used along with
Graphical Analysis for Interactive Assistance (GAIA). PROMET-
HEE-GAIA has significant advantages over other MCDA methods as its
decision vector stretches towards the best alternatives [52]. GAIA was
used to further analyse and visualize the outcomes of the analysis. This
study applied the PROMETHEE GAIA algorithm to rank the best pos-
sible biodiesel feedstocks suitable for biodiesel production. Fig. 2 shows
the working process of PROMETHEE [53].
PROMETHEE works in five steps, as follows:

I. The preference function converts the deviations between the eva-
luations of two alternatives for each criterion into a preference
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degree ranging from 0 to 1.
II. The proposed set of alternatives are compared within the preference
function.

III. The alternative comparison results and criteria of each alternative
are presented in a matrix.

IV. PROMETHEE I is used in the fourth step to provide the partial
ranking.

V. The PROMETHEE II process completes the final ranking of the al-
ternatives.

5.3. Weighted sum method

The weighted sum method (WSM) is the simplest and widely used
available method that applies to single-dimensional problems. It is
often called the “Simple Additive Weighting” or “Weighted Scoring”
method [53,54]. WSM is easily applicable when the criteria range is the
same; however, when both qualitative and quantitative attributes are
employed, it becomes hard to manage WSM. A normalization scheme is
used to make all criteria on the same scale. In the WSM method, all
criteria are weighted according to their priority or importance. The
alternatives are selected based on the summation of specific criterion
and weighted product values. The higher weighted product sum in the
list is chosen as the best alternative that closely matches the criteria.
The WSM is described by:

=
=

A W Xi
WSM

i

n

j ij
1 (10)

where i=1, 2, 3….n; Ai is the preferential score or best score of al-
ternative at i; Xij is the performance value, i.e., score, of alternative i
using criteria j; Wj is the weight of each criterion. All criteria (different
units) need to be normalized and compared within the same scale. The
linear normalizing Eqs. (11) and (12) are as follows [55]:
Beneficial/positive/maximizing criteria are given by:

=X
X

Xij
ij

ij
Max (11)

Non-beneficial/cost/negative/minimum criteria are given by:

=X
X

Xij
ij
Min

ij (12)

where Xij
Max is the maximum value of criteria j with alternative i; Xij

Min is
the minimum value of criteria j with alternative i.

5.4. Weighted product method

The weighted product method (WPM) is an alternative to WSM. The
basic difference between WSM and WPM is that a product instead of the
sum is used in WPM. In this method, the weights become exponents
associated with each criterion value and a product of those of each rows
are compared with the others. The higher the preferential score, the
better is the alternative that meets all criteria. These criteria do not

need to be transformed into dimensionless values by normalisation as
they are suitable for both single and multi-dimensional cases. The
equation for the WPM is:

=
=

A Xi
WPM

i

n

ij
W

1

i

(13)

where Ai is the preferential score or best score of the alternative at i; Xij

is the performance value, i.e., score, of alternative i using criteria j;Wi is
the weight of each criterion.

5.5. Technique for order preference by similarity to ideal solution (TOPSIS)

Hwang et al. [56] originally developed the TOPSIS method and it
selects the best alternatives at the closest possible distance from the
positive (best) ideal solution and the farthest from the negative (worst)
ideal solution at the same time. The process of the TOPSIS method is
presented in Fig. 3.
At the first step, all criteria (j) and alternatives (i) in normalised

decision matrix is developed. The normalised value is Xij and is shown
by:

=
=

X
X

X
ij

ij

i
n

ij1
2

(14)

The normalized weighted values vij are calculated in the second
step, as shown by:

= ×v W Xij i ij (15)

where Xij is the performance value, i.e., score, of alternative i using
criteria j; Wi is the weight of each criterion and vij is the weighted
normalized ratings.
The Euclidean distance from the ideal best and worst solutions are

measured in Eqs. (16) and (17), respectively.

=+
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n

ij j
1

2
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(16)

=
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ij j
1

2
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where +Si and Si are the positive and negative ideal solutions.
The performance score or similarity index (Pi) is calculated from Eq.

(18). This indicates the relative closeness to the ideal solution for all the
alternatives with the highest Pi value being selected as the best.

=
++P S

S Si
i

i i (18)

6. Process and assumptions of MCDA method

Multiple-criteria decision analysis (MCDA) methods can be im-
plemented in the selection of biodiesel feedstocks. The working

Fig. 2. PROMETHEE method flow chart.

Fig. 3. TOPSIS method flow chart.
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principle of a MCDA method is shown in Fig. 4. Six biodiesel feedstocks
are evaluated using twelve technical criteria with three different
weightage determination methods for each criterion to identify the best
feedstocks for commercial application.
The following assumptions are used in this study:

• All biodiesel feedstocks are characterised; conversion of biodiesel
and testing are performed under international standards
• All biodiesel feedstocks are tested under similar climatic conditions.
• All criteria are given the same importance, i.e., weightage, in the
equal method irrespective of their relative information contents.

The criteria, alternatives, preferences, and the weightages are pre-
sented in Table 5.

7. Biodiesel feedstock selection process (MCDA)

7.1. PROMETHEE GAIA method

Fig. 5(a) shows three different weightage methods of the PROME-
THEE I partial ranking of six biodiesel feedstocks (alternatives) which
were calculated using positive and negative preference flow values. The
presence of the crossed tie lines shows the indicator of non-comparative
attributes of alternatives. The ranking order of biodiesel feedstocks is
PSO-SFO-RSB-BLT-WCB-JBD in the positive preference flow for the
Equal weight method. The negative preference flow is different as ex-
pected, being PSO-SFO-RSB-WCB-BLT-JBD. For the critic weight
method, the ranking order of biodiesels in the positive preference flow
is PSO-SFO-RSB-BLT-WCB-JBD and, for the negative flow, is PSO-SFO-

RSB-WCB-BLT-JBD. Both equal and critic weightage methods generate
the same partial ranking. However, the entropy weight method pro-
duces a twist in the ranking. The positive preference flow for the en-
tropy method is PSO-SFO-BLT-JBD-RSB-WCB, and, for the negative
preference flow, is PSO-SFO-JBD-BLT-RSB-WCB. Although both PSO
and SFO rankings are the same for all weightage methods, it is not
sufficient just to rank the best alternatives; PROMETHEE II can provide
a complete ranking. Fig. 5(b) shows the complete ranking of the studied
biodiesel feedstocks. The net preference flow is considered to get the
best performance. The ranking order of biodiesel feedstocks is PSO-
SFO-RSB-WCB-BLT-JBD for both equal and critic methods. However,
the entropy method generates the complete ranking somewhat differ-
ently than the others, and this is PSO-SFO-BLT-JBD-RSB-BLT. It can be
seen that only two feedstocks (PSO and SFO) obtained positive Phi
scores irrespective of any of the weightage methods.
Table 6 shows the overall ranking of the feedstocks using all

weighting methods. The Phi score is the net flow score that could be
negative or positive depending on the angular distance from the deci-
sion vector and the distance from the centre [57]. JBD is found the
worst biodiesel feedstock in both the equal and critic methods. How-
ever, WCB is ranked the last in the entropy method. Both PSO and SFO
are ranked as first and second irrespective of any of the weightage
methods.
The performance evaluation of the six biodiesel feedstocks can be

analysed in a GAIA plane plot as shown in Fig. 6. Feedstocks are lying
far away from each other which represents their different fuel proper-
ties. It has a quality significance level of 76.9% (>70% significance
level). The PI decision axis is aligned in the direction of PSO feedstocks.
This agrees with the results from both the PROMETHEE I and II

Fig. 4. MCDA process hierarchy for biodiesel feedstock selection.

Table 5
Criteria, alternatives and weightage (%).

Criteria (j) KV (1) D (2) HHV (3) OS (4) AV (5) FP (6) CFPP (7) CN (8) IV (9) MUFA (10) PUFA (11) LCSF (12)
Preferences min min max max min max min max max min min max

Weightage (%) Equal method (1) 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333
Critic method (2) 7.132 7.456 8.040 9.711 6.944 9.370 8.713 7.331 9.592 9.930 8.582 7.198
Entropy method (3) 2.126 0.027 0.200 39.213 8.144 3.779 12.527 0.185 0.913 3.930 4.881 24.074

Alternatives (i) PSO (1) 3.53 840 38.49 5.61 0.42 112 −17 48.29 115.89 48.49 39.03 3.19
SFO (2) 4.26 855 39.64 7.15 0.25 105 −15 50.45 104.7 63.84 25.85 2.83
JBD (3) 5.2 865.7 34.5 3.02 0.5 175 10 51 99 45.2 32.2 5.26
BLT (4) 5.68 868.7 39.38 3.58 0.34 141.5 8 54 86 38.7 27.9 11.64
RSB (5) 4.6 882 37.5 2 0.3 145 −4 55 109 44.2 31.6 5.08
WCB (6) 5.04 879.7 38.66 0.47 0.59 180 −3 53 93.42 67.2 18 4.4
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rankings. The criteria vectors that lie in the same direction as the de-
cision vector (the red line) represents an influence that these criteria
have on the decision. Fuel properties such as KV, IV and CFPP have a
positive influence on the decision for both equal and critic methods.
Instead, HHV, OS and density have a positive preference for the deci-
sion for the entropy method. The higher weightage of OS in the entropy
method affects the decision vector marginally towards the SFO bio-
diesel feedstock. However, the overall Phi ranking in Table 6 confirms
the close relationship between PSO and SFO in all the methods. In the
GAIA plane, the criteria that lie close to (± 45°) are positively related

while others that lie in a reverse bearing (135–225°) are negatively
related, and those that lie in the orthogonal direction have no or
minimal influence [26]. The direction and length of the criteria are
indicative of their influence on the decision vector. Criteria such as KV,
HHV, FP, PUFA and LCSF have short lengths of their criteria vectors,
which indicates a little effect on the decision vector.
GAIA Web was used to further analyse the impact of individual

criteria on the preference of biodiesel feedstocks (Fig. 7). It was found
that biodiesels with similar preferences are located close to each other
in both GAIA Web and GAIA plane. The radial distance of key criteria in

Fig. 5. (a) PROMETHEE I partial ranking of alternatives, and (b) PROMETHEE II complete ranking of alternatives.
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GAIA Web indicates unicriterion net flows with −1 value at the centre
of the web and +1 on the outer circle [6] of the web. Both Fig. 7(a) and
(b) show the differences of criteria, however they both showed very
good preferences.

7.2. WSM

It can be seen from Table 5 that the beneficial criteria are HHV, OS,
FP, CN, IV, and LCSF; the non-beneficial criteria are KV, Density, AV,
CFPP, MUFA, and PUFA. At first, the beneficial criteria and non-bene-
ficial criteria values are calculated from Eqs. (11) and (12). The rank-
ings are calculated based on those derived values and the weightage of
individual criteria by applying Eq. (10). Table 7 shows the weighted
sum design matrix using the three weighting methods along with
rankings of the alternatives. Both equal and critic methods generate the

Table 6
Corresponding ranking and Phi value of biodiesels.

Biodiesel Phi Value Rank

Equal
weight
method

Critic
weight
method

Entropy
weight
method

Equal
weight
method

Critic
weight
method

Entropy
weight
method

PSO 0.2093 0.2208 0.3906 1 1 1
SFO 0.1018 0.1126 0.3545 2 2 2
JBD −0.1810 −0.1821 −0.1686 6 6 4
BLT −0.0648 −0.0815 −0.0057 5 5 3
RSB −0.0065 −0.0002 −0.2103 3 3 5
WCB −0.0588 −0.0696 −0.3606 4 4 6

Fig. 6. GAIA plane at 100% zoom for six biodiesels showing twelve criteria and the decision vector (76.9%).
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Fig. 7. GAIA Webs for the top two biodiesels of PSO and SFO.

Table 7
Weighted sum normalized decision matrix (WSM).

(a) Equal weightage method:
Alternative

(6 biodiesels)
Criteria KV Density HHV OS AV FP CFPP CN IV MUFA PUFA LCSF Preference Score Rank
Weightage (%) 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333
PSO 0.0833 0.0833 0.0809 0.0654 0.0496 0.0518 0.0833 0.0731 0.0833 0.0665 0.0384 0.0228 0.7817 2
SFO 0.0690 0.0818 0.0833 0.0833 0.0833 0.0486 0.0735 0.0764 0.0753 0.0505 0.0580 0.0203 0.8033 1
JBD 0.0565 0.0808 0.0725 0.0352 0.0417 0.0810 −0.0490 0.0772 0.0712 0.0713 0.0466 0.0376 0.6226 6
BLT 0.0518 0.0805 0.0828 0.0417 0.0613 0.0655 −0.0392 0.0818 0.0618 0.0833 0.0537 0.0833 0.7083 4
RSB 0.0639 0.0793 0.0788 0.0233 0.0694 0.0671 0.0196 0.0833 0.0783 0.0729 0.0474 0.0364 0.7199 3
WCB 0.0583 0.0795 0.0812 0.0055 0.0353 0.0833 0.0147 0.0803 0.0671 0.0480 0.0833 0.0315 0.6681 5

(b) Critic weightage method:
Alternative

(6 biodiesels)
Criteria KV Density HHV OS AV FP CFPP CN IV MUFA PUFA LCSF Preference Score Rank
Weightage (%) 6.788 7.316 8.687 9.810 7.996 8.635 8.057 7.614 9.604 9.958 8.389 7.147
PSO 0.0679 0.0732 0.0843 0.0770 0.0476 0.0537 0.0806 0.0669 0.0960 0.0795 0.0387 0.0196 0.7849 2
SFO 0.0562 0.0719 0.0869 0.0981 0.0800 0.0504 0.0711 0.0698 0.0868 0.0604 0.0584 0.0174 0.8073 1
JBD 0.0461 0.0710 0.0756 0.0414 0.0400 0.0839 −0.0474 0.0706 0.0820 0.0853 0.0469 0.0323 0.6277 6
BLT 0.0422 0.0707 0.0863 0.0491 0.0588 0.0679 −0.0379 0.0748 0.0713 0.0996 0.0541 0.0715 0.7083 4
RSB 0.0521 0.0697 0.0822 0.0274 0.0666 0.0696 0.0190 0.0761 0.0903 0.0872 0.0478 0.0312 0.7192 3
WCB 0.0475 0.0699 0.0847 0.0064 0.0339 0.0863 0.0142 0.0734 0.0774 0.0573 0.0839 0.0270 0.6621 5

(c) Entropy weightage method:
Alternative

(6 biodiesels)
Criteria KV Density HHV OS AV FP CFPP CN IV MUFA PUFA LCSF Preference Score Rank
Weightage (%) 2.126 0.027 0.200 39.213 8.144 3.779 12.527 0.185 0.913 3.930 4.881 24.074
PSO 0.0213 0.0003 0.0019 0.3077 0.0485 0.0235 0.1253 0.0016 0.0091 0.0314 0.0225 0.0660 0.6590 2
SFO 0.0176 0.0003 0.0020 0.3921 0.0814 0.0220 0.1105 0.0017 0.0082 0.0238 0.0340 0.0585 0.7523 1
JBD 0.0144 0.0003 0.0017 0.1656 0.0407 0.0367 −0.0737 0.0017 0.0078 0.0337 0.0273 0.1088 0.3651 5
BLT 0.0132 0.0003 0.0020 0.1963 0.0599 0.0297 −0.0589 0.0018 0.0068 0.0393 0.0315 0.2407 0.5626 3
RSB 0.0163 0.0003 0.0019 0.1097 0.0679 0.0304 0.0295 0.0018 0.0086 0.0344 0.0278 0.1051 0.4337 4
WCB 0.0149 0.0003 0.0019 0.0258 0.0345 0.0378 0.0221 0.0018 0.0074 0.0226 0.0488 0.0910 0.3089 6
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same biodiesel feedstock ranking of SFO-PSO-RSB-BLT-WCB-JBD.
However, the entropy method generates a slightly different order in the
lower rankings, giving SFO-PSO-BLT-RSB-JBD-WCB. Both JBD and
WCB were found to be the least preferred choice of biodiesel feedstocks
using this design matrix.

7.3. WPM

The rankings of the alternatives are calculated by applying Eq. (13)
to the data in Table 5. The weighted product design matrix with
rankings of the alternatives are presented in Table 8. Interestingly, both
critic and entropy methods generate the same ranking of SFO-BLT-PSO-
JBD-RSB-WCB. However, using the equal weighting method, the rank
of biodiesel feedstocks is slightly changed to BLT-SFO-PSO-JBD-RSB-
WCB. In all cases, both RSB and WCB were found to be the least pre-
ferred choice biodiesel feedstocks.

7.4. TOPSIS

From Table 5, the normalised criteria values (X )ij can be obtained by
applying Eq. (14). The normalised criteria is shown in Table 9. The Xij
values are then multiplied with the weightage of each criterion (Eq.
(15)) to get the weighted normalised design matrix (Table 10). Ideal
best ( +Si ) and worst (Si ) solutions can be obtained from Eqs. (16) and
(17). Finally, the performance score (Pi) is calculated using Eq. (18).
Both equal and critic methods generate the exact same biodiesel

feedstock ranking of SFO-PSO-RSB-BLT-WCB-JBD. However, the en-
tropy method generates a slightly different order of SFO-PSO-BLT-JBD-
RSB-WCB. Table 10 shows the weighted normalized criteria along with
the rankings.

8. Discussion

As discussed in the fuel properties Section 4.2 that higher KV may
lead to soot formation, higher density may produce higher NOx emis-
sions, higher acid value can have a higher level of lubricant degradation
and severe corrosion in the engine fuel system, and a lower cetane
number of fuel can affect the combustion system, leading to the pro-
duction of more hydrocarbon (HC) and particulate matter (PM), and
higher combustion noise. Out of several factors, those are prominent for
the screening process. The preferences (min and max) of criteria (fuel
properties) presented in Table 5 influence the results.
The results from the four multiple-criteria decision methods using

three different weightage methods for the selection of the best biodiesel
feedstocks are summarised in Table 11. Eight out of twelve results agree
that SFO is the best feedstock, while PSO is found to be the second best.
However, the results are not uniform for all feedstocks, as most of the
MCDM methods have produced slightly diverse results. An averaging of
the results from the different methods has been performed. It can be
seen that the SFO is placed first in the average score ranking, while
WCB is placed last in the list. In the mode ranking, SFO and PSO were
found to be the first and second best feedstocks in the list, whereas both

Table 8
Weighted product normalized decision matrix (WPM).

(a) Equal weightage method:
Alternative

(6 biodiesels)
Criteria KV Density HHV OS AV FP CFPP CN IV MUFA PUFA LCSF Preference Score Rank
Weightage (%) 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333 8.333
PSO 1.0000 1.0000 0.9976 0.9800 0.9577 0.9612 1.0000 0.9892 1.0000 0.9814 0.9376 0.8978 0.7354 3
SFO 0.9845 0.9985 1.0000 1.0000 1.0000 0.9561 0.9896 0.9928 0.9916 0.9592 0.9703 0.8889 0.7575 2
JBD 0.9682 0.9975 0.9885 0.9307 0.9439 0.9977 0.9568 0.9937 0.9870 0.9872 0.9527 0.9360 0.6912 4
BLT 0.9612 0.9972 0.9995 0.9440 0.9747 0.9802 0.9391 0.9985 0.9755 1.0000 0.9642 1.0000 0.7619 1
RSB 0.9782 0.9959 0.9954 0.8993 0.9849 0.9821 0.8865 1.0000 0.9949 0.9890 0.9542 0.9333 0.6553 5
WCB 0.9708 0.9962 0.9979 0.7971 0.9310 1.0000 0.8655 0.9969 0.9822 0.9551 1.0000 0.9222 0.5345 6

(b) Critic weightage method:
Alternative

(6 biodiesels)
Criteria KV Density HHV OS AV FP CFPP CN IV MUFA PUFA LCSF Preference Score Rank
Weightage (%) 6.788 7.316 8.687 9.810 7.996 8.635 8.057 7.614 9.604 9.958 8.389 7.147
PSO 1.0000 1.0000 0.9974 0.9765 0.9594 0.9599 1.0000 0.9901 1.0000 0.9778 0.9371 0.9116 0.7419 3
SFO 0.9873 0.9987 1.0000 1.0000 1.0000 0.9545 0.9900 0.9934 0.9903 0.9514 0.9701 0.9039 0.7647 1
JBD 0.9740 0.9978 0.9880 0.9189 0.9461 0.9976 0.9581 0.9943 0.9850 0.9847 0.9524 0.9448 0.6924 4
BLT 0.9682 0.9975 0.9994 0.9344 0.9757 0.9794 0.9411 0.9986 0.9718 1.0000 0.9639 1.0000 0.7588 2
RSB 0.9822 0.9964 0.9952 0.8825 0.9855 0.9815 0.8900 1.0000 0.9941 0.9869 0.9539 0.9425 0.6526 5
WCB 0.9761 0.9966 0.9978 0.7656 0.9336 1.0000 0.8696 0.9972 0.9795 0.9465 1.0000 0.9328 0.5204 6

(c) Entropy weightage method:
Alternative

(6 biodiesels)
Criteria KV Density HHV OS AV FP CFPP CN IV MUFA PUFA LCSF Preference Score Rank
Weightage (%) 2.126 0.027 0.200 39.213 8.144 3.779 12.527 0.185 0.913 3.930 4.881 24.074
PSO 1.0000 1.0000 0.9999 0.9093 0.9586 0.9822 1.0000 0.9998 1.0000 0.9912 0.9629 0.7323 0.5982 3
SFO 0.9960 1.0000 1.0000 1.0000 1.0000 0.9798 0.9844 0.9998 0.9991 0.9805 0.9825 0.7114 0.6577 1
JBD 0.9918 1.0000 0.9997 0.7132 0.9451 0.9989 0.9357 0.9999 0.9986 0.9939 0.9720 0.8259 0.4977 4
BLT 0.9899 1.0000 1.0000 0.7624 0.9753 0.9909 0.9099 1.0000 0.9973 1.0000 0.9788 1.0000 0.6478 2
RSB 0.9944 1.0000 0.9999 0.6068 0.9853 0.9919 0.8342 1.0000 0.9994 0.9948 0.9729 0.8191 0.3897 5
WCB 0.9925 1.0000 0.9999 0.3439 0.9325 1.0000 0.8047 0.9999 0.9980 0.9785 1.0000 0.7912 0.1979 6

Table 9
TOPSIS: Normalized criteria (Xij).

Criteria KV Density HHV OS AV FP CFPP CN IV MUFA PUFA LCSF

= Xi
n

ij1
2 11.6821 2119.5512 93.2453 10.4284 1.0211 357.2692 26.5141 127.3897 249.3950 128.2070 73.0026 15.0502

Xij
PSO 0.3022 0.3963 0.4128 0.5380 0.4113 0.3135 −0.6412 0.3791 0.4647 0.3782 0.5346 0.2120
SFO 0.3647 0.4034 0.4251 0.6856 0.2448 0.2939 −0.5657 0.3960 0.4198 0.4979 0.3541 0.1880
JBD 0.4451 0.4084 0.3700 0.2896 0.4897 0.4898 0.3772 0.4003 0.3970 0.3526 0.4411 0.3495
BLT 0.4862 0.4099 0.4223 0.3433 0.3330 0.3961 0.3017 0.4239 0.3448 0.3019 0.3822 0.7734
RSB 0.3938 0.4161 0.4022 0.1918 0.2938 0.4059 −0.1509 0.4317 0.4371 0.3448 0.4329 0.3375
WCB 0.4314 0.4150 0.4146 0.0451 0.5778 0.5038 −0.1131 0.4160 0.3746 0.5242 0.2466 0.2924
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JBD and WCB were found to be the least favourable feedstocks to be
considered.

9. Conclusion

In this study, the screening of six biodiesel feedstocks from non-
edible sources was analysed in terms of their compositional structure
and physico-chemical properties. Four different multiple-criteria deci-
sion analysis (MCDA) methods, namely PROMETHEE GAIA, WSM,
WPM, and TOPSIS have been used for screening the six feedstocks.
Twelve fuel properties of KV, density, HHV, OS, AV, FP, CFPP, CN, IV,
MUFA, PUFA, and LCSF were selected as criteria, while all six biodiesel
feedstocks were the alternatives. Three different weightage (%) de-
termination methods of EQUAL, CRITIC and ENTROPY were used to
emphasise the relative importance of each criterion. The summary of
the findings of this study are as follows:

• Physico-chemical and compositional properties of all six biodiesel
feedstocks are within the ASTM, EU and AU standards.
• The PROMETHEE GAIA MCDA method, when utilised in combina-
tion with all three weightage methods, indicated that PSO biodiesel
ranked at the top of the list for producing biodiesel, while SFO came
in second.
• SFO was found to rank first and PSO came second when combining
all weightage methods with the WSM MCDA method. Both equal
weightage and critic weightage methods showed an exact match of
the rankings of all biodiesel feedstocks, whereas entropy weightage
showed slightly different lower rankings.
• WPM indicated PSO as third best (all weightage methods), while
SFO was second best under the equal weightage method and first
under the critic and entropy methods. However, both critic weigh-
tage and entropy weightage methods showed an exact match of all
rankings of biodiesel feedstocks, whereas equal weightage showed
different first and second rankings.
• TOPSIS ranked SFO first and PSO second for all different weightage
methods. Both equal weightage and critic weightage methods
showed an exact match of all biodiesel feedstocks rankings, whereas
entropy weightage showed slightly different lower rankings.
• The average ranking shows that the SFO ranked first and PSO
second, followed by BLT, RSB, JBD and WCB.
• The mode ranking indicated that SFO was the first choice followed
by PSO, RSB, and BLT. Both JBD and WCB were found to be equal
lowest in the list as a tie.

Further research is required before these results can be re-
commended as sources of commercial biodiesel. It is recommended that
the above-mentioned biodiesels be tested using a fully equipped diesel
engine for engine performance, emission characteristics, combustion
characteristics, corrosion, tribological performance and long-term en-
gine durability.
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A B S T R A C T

Optimization of biodiesel production from non-edible papaya seed oil was investigated in this study. Biodiesel
production process parameters such as catalyst concentration, methanol:oil molar ratio and reaction tempera-
ture were optimized by using the Response Surface methodology based on the Box-Behnken experimental design.
Optimization of the transesterification process was conducted by varying three factors each at three different
levels and this required a total of fifteen runs. A quadratic model was created to predict the biodiesel yield where
the R2 value was found to be 0.99 which indicates the satisfactory accuracy of the model. Based on the results,
the optimum process parameters for transesterification of the papaya seed oil mixture at an agitation speed of
600 rpm over a period of 60min were found to be a methanol:oil molar ratio 10:1, KOH catalyst concentration of
1 wt% and reaction temperature of 45 °C. At these reaction conditions, the predicted and experimental biodiesel
yield were 96.12% and 96.48% respectively which shows less than 0.5% variation. The biodiesel properties were
characterized and the results obtained were found to satisfy both ASTM D6751 and EN14214 standards. The
statistical tool MINITAB 17 was used to draw both 3D surface plots and 2D contour plots to predict the optimum
biodiesel yield.

1. Introduction

About 88% of the global energy supply is dependent on petroleum-
derived fuels (oils, natural gas & coal) [1]. These fossil fuels play an
important role in the transportation and power generation sectors, and
are a significant burden on the economies of those underprivileged
countries that do not have any natural resources. It is expected that
global oil production will be the highest between 2015 and 2030 [2].
Due to the uncertainty and political imbalance situation in major oil
producing countries as well as price hiking of fossil fuels and depletion
of those fuel reserves, a need has arisen for identifying alternative fuel
sources [3]. Furthermore, combustion of fossil fuels results in green-
house gas emission, which leads to climate change. Fossil fuels also
release pollutants such as nitrogen oxides and unburned hydrocarbons
into the atmosphere, causing health hazards and acid rain [4].

Biofuel (e.g., biodiesel) is becoming popular as an alternative en-
ergy source due to its excellent environmental attributes. Biodiesel is a
clean burning ester-based oxygenated fuel, renewable, sulphur free,
biodegradable and non-toxic [5–8]. It has the potential to minimize
environmental pollution and global warming significantly [9,10]. Bio-
diesel can be derived from vegetable oils or animal fat. Vegetable oils

are becoming attractive as a renewable source for biodiesel production
due to their availability and low cost [11,12]. Vegetable oils usually
have higher cetane numbers and lower calorific values which restrict
them from use as fuel directly in the diesel engine. Additionally, their
brake thermal efficiency is poor compared to petro-diesel which leads
to problems of high smoke, HC (hydrocarbon) and CO (carbon mon-
oxide) emissions [6]. Some crude oils or vegetable oils have high
viscosity and high molecular weight that cause poor fuel flow. This will
result in incomplete combustion and severe engine deposits, injector
coking and piston ring sticking [13,14]. Several techniques have been
deployed to overcome these problems, including preheating the oil,
diluting the oil with other conventional fuels or additives, oil micro-
emulsification, transesterification or thermal cracking/pyrolysis [15].

Transesterification is the most widely used technique to reduce
viscosity and oxygen content of oil. An alkali catalysed transester-
ification reaction is the most widely used method for producing bio-
diesel due to its higher conversion efficiency. This process is suitable for
oils that contain low free fatty acid content (< 4%). Oils that have>
4% free fatty acids are converted by an acid catalysed transesterifica-
tion process. Transesterification is influenced by several process para-
meters such as reaction temperature, catalyst type, catalyst
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concentration, type of alcohol and their oil molar ratio, reaction time
and agitation speed. Optimization of those process parameters will re-
sult in higher yields and better quality of the biodiesel.

Biodiesel feedstock should be chosen from the sources that are lo-
cally available and easily accessible, economically feasible and tech-
nically viable [16]. More than 350 oil-bearing crops have been identi-
fied for biodiesel production in the last decade [17,18]. Some
conventional biodiesel sources are beauty leaf tree, palm, jatropha,
coconut, sunflower, soybean, rapeseed, jojoba, neem, karanja, moringa,
cotton, castor oil and microalgae [10,19–22]. Among those feedstocks,
many of them are first generation which is produced from edible oils
(human food) and some of them are 2nd generation which is produced
from non-edible vegetable oils and fats. This 2nd generation feedstocks
cover a wider range of biomass resources such as agriculture to forestry
and waste materials. This non-edible biodiesel is attracting increasing
attention worldwide due to their excellent environmentally friendly
attributes.

Biodiesel consists of simple alkyl esters of fatty acids derived from
renewable lipid feedstocks such as animal fat and vegetable oil. Many
researchers have studied the production of biodiesel from different
feedstocks, but very few researchers [11,23,24] have studied the pro-
duction of Carica papaya biodiesel. Wong et al. [11] produced papaya
biodiesel via enzymatic transesterification using lipase at methanol:oil
molar ratio of 6:1. Agunbiade et al. [23] have shown that the crude
papaya seed oil can be transesterified by two-stage catalysis using
methanol:oil molar ratio of 9:1. Mohan et al. [24] used CaO as the
catalyst and analysed the emissions of a single cylinder diesel engine
using 20% papaya biodiesel and 80% chicken biodiesel blend. De Melo
et al. [25] have used alkaline transesterification with 0.5% sodium
methoxide with methanol:oil maolar ratio of 8:1. Daryono et al. [26]
has used sodium hydroxide as an alkaline catalyst for transesterification
process for production of biodiesel from papaya seed. They have all
claimed that the physicochemical properties of papaya seed oil bio-
diesel were very close to those of petro diesel. Based on these in-
formation, it was decided to use single stage alkaline transesterification
for biodiesel production in this study. However, the potential of papaya
seed oil biodiesel as a source of future generation biodiesel is yet to be
established due to a lack of knowledge on its optimum production
processes.

The papaya (Carica papaya) originates from the tropics of the
Americas and is mainly cultivated in tropical climates of Asia, South
America, Africa and Polynesia. India is the largest papaya fruit pro-
ducer in the world contributing 42% of world production that is nearly
3 million tonnes of papaya produced annually [27,28]. Fig. 1 shows
global papaya production in 2014. Papaya being a tropical fruit grows
well in sub-tropical regions. Papaya fruit can weigh from 200 g to more
than 3000 g and its seed content can be approximately 15% of the wet
weight of the fruit [29,30]. Since seeds are not consumed, 15% of the
biomass (i.e. amount of seeds) is discarded [26,30]. This seeds can be
utilized as the feedstock for biodiesel synthesis. However, in order to
make more use of papaya seeds, it is important to investigate and test
the processes of papaya seed oil extraction and its conversion into
biodiesel. This paper addresses the optimization of PSO conversion into
PSO biodiesel using Response Surface Methodology (RSM).

RSM is a set of mathematical and statistical methods used for
modelling and problem solving, where the response is influenced by
several operating or process parameters [31]. RSM is very effective
when designing the experiments for maximizing yield and minimizing
production cost.

In this study, the Box-Behnken design matrix was used to explore
optimum experimental conditions for biodiesel production from PSO
using the alkaline transesterification process. In the design matrix, the
parameters of methanol:oil ratio, KOH catalyst concentration and
temperature were each varied within different ranges of three levels to
predict the optimum biodiesel yield.

2. Materials and methods

Papaya seed oil (PSO) was purchased from Katyani Exports
Company in India. They produce mass quantity of Papaya seed oil and
export globally. The methods they used for extracting PSO were as
follows: Papaya fruits were first cut into two longitudinal halves and the
seeds were removed, washed and dried in an oven at 60 °C for 24 h
[11,33]. The dried seeds were ground into fine powder. The powdered
seeds were treated with n-hexane in a Soxhlet extractor at 40–60 °C for
8 h. The oil was recovered by evaporating the solvent using a rotary
evaporator and the remaining solvent was removed by drying the oil in
an oven at 60 °C for 1 h [34]. After filtration, the papaya seed oil was
shipped to Australia within 3months of extraction. The biodiesel con-
version experiments were conducted at Central Queensland University
(Australia) using small scale three-neck laboratory reactors (0.5 L or
1 L). Methanol (reagent grade), potassium hydroxide, sodium hydro-
xide and Whatman 541 grade filter paper (pore size 22 μm) used in this
experiment were supplied by School of Engineering and Technology,
Central Queensland University.

2.1. Biodiesel production process

Small scale three-neck laboratory reactors (0.5 L or 1 L) were used in
the transesterification process. The reactor was equipped with a reflux
condenser, thermocouple, and magnetic stirrer. The acid value of PSO
was found to be around 0.98, which indicated that only the transes-
terification process is adequate to convert PSO to biodiesel. In this ex-
periment, 40 g of preheated PSO was reacted with a defined amount of
alcohol (methanol:oil molar ratio 4:1, 7:1 and 10:1) in the presence of
KOH catalysts (0.5, 1 and 1.5 wt%). These combinations were tested at
different temperatures (45, 55 and 65 °C) for 60min at an agitation
speed of 600 rpm.

At first, 40 g of PSO was preheated in the reactor at 40 °C and the
known quantity of methanol and measured amount of catalyst were
added and stirred vigorously at 40 °C. This resulted in the production of
potassium methoxide. The potassium methoxide was then poured into
the reactor that contained PSO at 45 or 55 or 65 °C. After set times, the
product was transferred into a separating funnel for layer separation.
Two clear layers were observed, the upper red layer being methyl ester
and the lower dark brown layer consisting of glycerol and excess me-
thanol. The glycerol was drained followed by the methyl ester. The
methyl ester was heated to 70 °C to remove any remaining methanol.
Then it was washed with warm distilled water to remove any dissolved
glycerol or impurities. The washed methyl ester was dried using Sodium
Sulphate (Na2SO4) and filtered through a Whatman No 541 paper filter.
The resulting methyl ester was collected and stored at room tempera-
ture. The graphical abstract of PSO production process is shown in
Fig. 2.

The biodiesel yield was calculated using the Fatty acid methyl ester
(FAME) percentage from Gas Chromatogram (GC) analysis multiplied
with the ratio of weight of methyl ester produced to weight of oil used
initially. Many researchers [20,35–38] have used another simplified Eq.
(1) to obtain biodiesel yield that is as follows:

= ×Yield
Weight of methyl ester produced

Weight of Oil used
% 100

(1)

2.2. Characterization of PSO and PSO biodiesel

The physicochemical properties of crude PSO and PSO methyl ester
were tested according to ASTM Standard D6751. Fatty acid composition
was determined using a gas chromatograph (Thermo Trace 1310 GC).
The PSO biodiesel (25mg) was dissolved in 10ml of high purity hexane
and then transferred to 2ml auto-sampler vials. The PSO biodiesel
samples were analysed using the Thermo Trace 1310 GC with a split-
splitless injector, flame ionization detector and TriPlus auto-sampler.
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One microliter sample was injected in split mode (40:1) at 240 °C with a
constant helium flow of 1.2ml/min. FAMEs were separated using a
BPX-70 column (60m×250 μm×0.25 μm film) with a temperature
program: 110 °C (4min) – 10 °C/min – 150 – 3.9 °C/min – 230 °C
(5min). Individual components of the PSO biodiesel were identified by
retention time compared to a standard FAME mixture that had certified
concentrations, namely Supelco CRM18920 (FAME C8-C22). Data were
acquired and processed using Chromeleon 7.2 software.

Fourier transform infrared (FT-IR) analysis of the PSO biodiesel was
performed to identify the long chain fatty acid esters. Attenuated total
reflectance (ATR) infrared spectra were recorded using a Spectrum 100

FT-IR spectrometer with a universal ATR sampling accessory (Perkin
Elmer, Melbourne, Australia). PSO biodiesel samples were placed di-
rectly on the ATR window, and the spectra were recorded (four scans,
4000–650 cm−1) at approximately 40% transmission. Data were ac-
quired and processed using the Spectrum 6.2.0 software following ATR
correction.

Cetane number (CN), saponification value (SV), iodine value (IV),
long chain saturated factor (LCSF) and degree of unsaturation (DU)
were determined using the following equations [39,40]:

= + ⎛
⎝

⎞
⎠

− ×CN
SV

IV46.3 5458 (0.225 )
(2)

∑= ×SV A
MW

(560 )i

i (3)

∑= ×IV DxA
MW

(254 )i
i (4)

= × + × + ×

+ × + ×

LCSF C wt C wt C wt

C wt C wt

0.1 ( 16: 0 %) 0.5 ( 18: 0 %) 1 ( 20: 0 %)

1.5 ( 22: 0 %) 2.0 ( 24: 0 %) (5)

∑= + ×DU MUFA PUFA(2 ) (6)

where D is the number of double bonds, Ai is the percentage of each
fatty acid in the FAME, and MWi is the molecular weight. Mono-
unsaturated fatty acid (MUFA) and polyunsaturated fatty acid (PUFA)
concentrations were used to calculate degree of unsaturation.

3. Results and discussion

3.1. Characterization of fatty acid composition of PSO

PSO properties were determined before the optimization process
was undertaken. The oil was characterized for viscosity, density, spe-
cific gravity, acid value, refractive index, angular rotation, stability
oxidative and Iodine value. The properties of PSO biodiesel and the
petro diesel are compared and presented in Table 1.

Fig. 1. Global papaya production in 2014 [32].

Fig. 2. Graphical abstract of PSO biodiesel production.
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The compositional analysis set out in Table 2 shows that the PSO
contains a high level (87.5%) of unsaturated fatty acid (such as poly-
saturated and monosaturated fatty acid methyl esters). Among these,
the oleic acid (C18:1) was found to be the dominant fatty acid (47.7%).
Linoleic acid (C18:2) was found at 37.3% and the saturated fatty acids
such as palmitic acid (C16:0) was found at 6.1%. This high-level un-
saturated fatty acid is prone to autoxidation. Moreover, oxidation de-
gradation has a negative impact on acid value and kinematic viscosity
[41]. However, high amount of unsaturated fatty acid ensures good
flow properties compared with saturated fatty acids. Saturated fatty
acids limit the application of biodiesel in cold countries due to poor
cold flow.

3.2. Optimization of reaction conditions by response surface methodology
(RSM)

The experiments were carried out in accordance with the Box-
Behnken response surface design. The statistical analysis was carried
out using Minitab 17, and experimental optimization was reached via
analysis of variance (ANOVA). Optimization of the transesterification
process was carried out using 3 factors at three levels which required a
total of fifteen runs. The factors and the ranges and levels of the in-
vestigated variables are listed in Table 3.

The factors were methanol to oil molar ratio (M), KOH catalyst
concentration (C) and reaction temperature (T). Methanol to oil molar
ratio ranged from 4:1 to 10:1, catalyst concentration levels were
0.5–1.5% by weight of oil and the upper-temperature level was chosen
at 65 °C (boiling point of methanol) and the lower temperature level
was 45 °C. Once the experiments were completed, the response variable

(biodiesel yield) was applied in a full quadratic model to correlate the
response variable to the independent variable. The form of the full
quadratic model is shown in Eq. (7).

= + + + + + + +

+ +

Y b b c b c b c b c c b c c b c c b c

b c b c
0 1 1 2 2 3 3 1,2 1 2 1,3 1 3 2,3 2 3 1,1 1

2

2,2 2
2

3,3 3
2 (7)

where Y is the response factor (biodiesel yield); b0 is a constant; b1, b2,
b3 are regression coefficients and c1, c2, c3 are independent variables.

Table 4 shows the complete experimental design matrix of Box-
Behnken design for factorial design. The order in which the runs were
made was randomized to avoid systematic errors. In the transester-
ification experiments, the biodiesel yield ranged from 79.7% to 96.5%
with the highest content resulting from reaction conditions of methanol
oil molar ratio of 10:1, KOH catalyst concentration of 1 wt% and re-
action temperature of 45 °C.

Based on the coded parameters, a quadratic regression model with
determined coefficients for statistical prediction as defined by Eq. (8)
was developed using Minitab 17 to predict papaya biodiesel yield
percentages as a function of methanol oil molar ratio, catalyst con-
centration, and reaction temperature. Table 5 summarizes the resulting
regression coefficients, computed T-values and corresponding P-values.

= + − − + + −
− − +

Y 79.96 4.094M 0.079C 1.575 T 7.601M 1.901C 0.656T
0.337MC 3.555MT 0.320CT

2 2 2

(8)

The analysis of variance (ANOVA) was performed to determine
statistical significance and fitness of the model equation. ANOVA also
determined the effects of significant individual terms and their inter-
action on the selected response. These results are shown in Table 6. The
results show that the model is highly significant at the 95% confidence
level due to the higher F value (58.45) and lower P value (< .0001).
The P value indicates the probability of error and it is used to check the
significance of each regression coefficient. The P value is also revealing
of the interaction effect of each cross product. The P value of .0001
indicates that a probability of getting a large F value due to noise is only
0.01%. In this case, M (methanol:oil molar ratio), T (reaction tem-
perature), M2 (quadratic effect of methanol amount), C2 (quadratic
effect of catalyst concentration) and MT (methanol amount with reac-
tion temperature) have significant effects on biodiesel production. The
methanol:oil molar ratio (M) is the most important variable in the
production of biodiesel from PSO due to its higher F value (163.33) and
lower P value (< .0001). According to regression model Eq. (8), both
catalyst concentration (C) and reaction temperature (T) have negative
effects on PSO biodiesel yield. This means that increasing both the
catalyst concentration (C) and reaction temperature (T) will slow the
speed of the transesterification reaction. The “Lack of Fit” indicates that
the model does not sufficiently describe the relationship between the
independent variables (M, C and T) and the dependent variable (PSO
Biodiesel yield). In this study, it is found the F value and P value lack of
fit parameters are 17.30 and .055 respectively. The P value (.055) lack
of fit parameter is slightly greater than .50, indicating that there is good
fit between the quadratic model and the experimental data.

The quality of the model fitness was verified by the coefficient of
determination (R2). The coefficient of determination (R2) was 99% and
the adjusted coefficient of determination (Adj. R2) was 97.4%. The
determined value of the coefficient indicates the good accuracy of the
model. In conclusion, the model is quite appropriate for experimental
relationships between the variables and the response.

Fig. 3 shows the accuracy of the prediction model as indicated by
the comparison of experimental and predicted biodiesel yields. All
points are close to the straight line indicating that a good agreement
exits between the experimental and predicted values.

3.3. Response surface plots for PSO biodiesel production

The interactive effects of the process variables on the

Table 1
Physical and chemical properties of PSO.

Serial no. Properties PSO Petro diesel

1 Kinematic Viscosity (m2 s−1) @ 40 °C 27.3 3.23
2 Density (kg/m3) 885 830
3 Specific Gravity @ 15 °C 0.885 0.83
4 Acid Value (mg KOH/g) 0.98 0.11
5 Refractive Index @ 25 °C 1.457 –
6 Angular Rotation (°) @ 20 °C −8.75 –
7 Stability Oxidative (hour) 77.97 –
8 Iodine Value (g.I.100 g−1) 79.95 –

Table 2
Fatty acid composition of PSO.

Fatty Acid PSO (wt%)
Palmitic Acid (C16:0) 6.07
Stearic Acid (C18:0) 3.13
Oleic Acid (C18:1) 47.73
Linoleic Acid (C18:2) 37.25
Linolenic Acid (C18:3) 1.78
Eicosenoic Acid (C20:1) 0.76
Behenic Acid (C22:0) 0.68
Erucic Acid (C22:1) 1.51
Others 1.09
Saturated Acid 9.88
Unsaturated Acid 87.52

Table 3
Experimental range and levels coded for ANOVA.

Factors Unit Symbol coded Range and levels

−1 0 1

Methanol to Oil ratio mol/mol M 4:1 7:1 10:1
KOH catalyst concentration wt% C 0.5 1.00 1.5
Temperature °C T 45 55 65
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transesterification efficiency were studied by plotting three-dimen-
sional surface curves against any two independent variables while
keeping other variables at their central level. The surface plots and
contour plots of the yield obtained by Eq. (8) are shown in Figs. 4–6.
The response surface curves were plotted to understand the interaction
of the variables and to determine the optimum level of each variable for
maximum response.

3.3.1. Interaction effect of methanol:oil molar ratio and catalyst
concentration

Fig. 4 shows the 3D response surface and 2D contour plot between
methanol:oil molar ratio and KOH catalyst concentration for different
fixed parameters (reaction temperature 45 °C and time 60min) under
experimental conditions defined by the Box-Behnken matrix. Biodiesel

yield (%) increases with the increase of Methanol:oil molar ratio up to
10:1 with the mid-value of catalyst concentration. The maximum PSO
methyl ester was found to be 96.48% at KOH 1wt%. However, the Box-
Behnken experimental matrix in Table 4 indicates that, when the me-
thanol:oil molar ratio remains unchanged at (10:1) and the catalyst
concentration is highest (1.5 wt%), the PSO methyl ester decreases to
93.10%. Again at methanol:oil molar ratio of up to 10:1 and mid-value
of catalyst concentration 1 wt% and high temperature (65 °C), the yield
drops to 85.03%. Thus catalyst concentration is one of the important
factors in improving biodiesel yield, although high concentrations of
catalyst can produce emulsion and result in phase separation [42].
From ANOVA results in Table 6, it was observed that there was a less
significant interaction between the methanol:oil molar ratio and KOH
catalyst concentration.

3.3.2. Interaction effect of catalyst concentration and temperature
The effects of catalyst concentration and reaction temperature on

the biodiesel yield are shown in 3D surface plots and 2D contour plots
in Fig. 5. While keeping the factors of Methanol:oil molar ratio of 10:1
and reaction time of 60min constant, an increase in reaction tem-
perature (45 °C) and the mid-level of KOH catalyst concentration (1 wt
%) can improve the biodiesel yield up to 96.48%. Increasing the reac-
tion temperature to 55 °C and catalyst concentration to 1.5 wt% re-
sulted in the decline in biodiesel yield to 93.10%. Similarly, decreasing
the catalyst concentration to the lower level (0.5 wt%) and increasing
temperature to the mid-level (55 °C) resulted in a stepwise decline in
biodiesel yield to 94.50%. Moreover, keeping the catalyst concentration
at mid-level (1 wt%) and increasing the reaction temperature to high

Table 4
Experimental matrix for Box–Behnken design and the results.

Exp. number Run order M C T Methanol:oil (molar ratio) KOH (wt%) Temp (°C) PSO biodiesel yield (%)

Experimental Predicted

1 6 0 −1 1 7 0.5 45 82.30 83.18
2 7 1 0 −1 10 0.5 55 94.50 93.97
3 10 1 0 1 7 1 55 80.25 79.96
4 13 −1 1 0 4 1 45 81.67 80.83
5 1 −1 0 −1 10 1 45 96.48 96.12
6 2 0 0 0 4 0.5 55 85.15 85.11
7 8 0 0 0 4 1.5 55 85.10 85.63
8 9 0 1 1 7 1 55 79.70 79.96
9 11 0 −1 −1 7 1 55 79.93 79.96
10 14 1 −1 0 7 1.5 45 82.07 82.38
11 15 −1 −1 0 10 1.5 55 93.10 93.14
12 3 0 0 0 10 1 65 85.03 85.87
13 4 1 1 0 4 1 65 84.44 84.79
14 5 −1 0 1 7 0.5 65 79.70 79.39
15 12 0 1 −1 7 1.5 65 80.75 79.87

Table 5
Regression coefficient of predicted quadratic polynomial model.

Term Coefficients Standard errors Computed T-value P value

Constant 76.960 0.523 152.86 .000
M 4.094 0.320 12.78 .000
C −0.079 0.320 −0.25 .816
T −1.575 0.320 −4.92 .004
M * M 7.601 0.471 16.12 .000
C * C 1.901 0.471 4.03 .010
T * T −0.656 0.471 −1.39 .223
M * C −0.337 0.453 −0.75 .490
M * T −3.555 0.453 −7.85 .001
C * T 0.320 0.453 0.71 .511

Table 6
ANOVA results for papaya methyl ester.

Source Sum of squares Degree of freedom Mean square F-value P-value Remarks

Model 431.812 9 47.979 58.45 < .0001 Highly significant
M-Methanol 134.070 1 134.07 163.33 < .0001 Highly significant
C-Catalyst 0.050 1 0.050 0.06 .816 Not significant
T- Temperature 19.845 1 19.845 24.18 .004 Significant
M2 213.338 1 213.338 259.90 < .001 Significant
C2 13.347 1 13.347 16.26 .010 Significant
T2 1.590 1 1.590 1.94 .223 Not significant
MC 0.456 1 0.456 0.56 .490 Not significant
MT 50.552 1 50.552 61.59 .001 Significant
CT 0.410 1 0.410 0.50 .511 Not significant
Lack of Fit 3.952 3 1.317 17.30 .055 Not Significant
Pure Error 0.153 2 0.076
Total 435.916 14
R2=0.9906 Adj R2=0.9736
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Fig. 3. Predicted versus actual (%) of yield values.

(a) 3D response surface plot (b) 2D contour plot
Fig. 4. Combined effects of methanol:oil molar ratio (M) and catalyst concentration (C) on the biodiesel yield.

(a) 3D response surface plot (b) 2D contour plot
Fig. 5. Combined effects of reaction temperature (T) and catalyst concentration (C) on the biodiesel yield.
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(a) 3D response surface plot (b) 2D contour plot
Fig. 6. Combined effects of methanol:oil molar ratio (M) and reaction temperature (T) on the biodiesel yield.

Table 7
Comparison of PSO methyl ester with other non-edible methyl esters.

Non-edible methyl
esters

Density (kg/
m3)

Viscosity at 40 °C,
m2 s−1

Acid value,
mg KOH/g

Cetane number
(CN)

Higher heating
value, MJ/kg

Flash point,
°C

Iodine value
(IV)

Oxidation stability
(OS), h

PSO 840.0 3.53 0.42 48.29 38.49 112 115.89 5.61
Petro diesel 827.2 3.23 0.05 48.00 45.30 68.5 38.3 39.0
Tobacco [46,48] 888.5 4.23 – 51.60 – 165.4 136 0.80
Jatropha [46] 879.5 4.80 0.40 51.60 39.23 135 104 2.30
Rapeseed [48] 882.0 4.43 – 54.40 37.00 170 – 7.60
Cottonseed [48] 875.0 4.07 0.16 54.13 40.43 150 – 1.83
Neem [46,48] 868.0 5.21 0.65 – 39.81 76 – 7.10
Karanja [46] 931.0 6.13 0.42 55.00 43.42 95 – –
Moringa [48] 883.0 5.00 0.18 67.07 – 160 74 2.30
ASTM D6751 880.0 1.9–6.0 Max. 0.5 Min. 47 – 100–170 – Min. 3
EN14214 860–900 3.5–5.0 Max. 0.5 Min. 51 35 >120 Max. 120 Min. 6

Fig. 7. GC Chromatogram of PSO methyl ester.

M. Anwar et al. Energy Conversion and Management 156 (2018) 103–112

109Chapter 4: Biodiesel production process optimisation 4-8



level (65 °C) decreased biodiesel yield significantly to 85.03%. The high
temperature and catalyst concentration may favour the triglycerides
saponification and end up forming soap which may significantly affect
biodiesel yield production [43]. From ANOVA results in Table 6, it was
observed that the interaction between KOH catalyst concentration and
reaction temperature is not significant.

3.3.3. Interaction effect of temperature and methanol:oil molar ratio
Fig. 6 shows that increase in reaction temperature decreases the

biodiesel yield. Higher temperatures (above 45 °C) decelerated the
transesterification process resulting in less biodiesel yield production.
Methanol:oil molar ratio also played an important role in increasing the
biodiesel yield. The optimum methanol:oil molar ratio was found to be
10:1 and decreasing the molar ratio (< 10) lowered the biodiesel yield.
At the lower reaction temperature (45 °C), biodiesel yield was the
highest (96.48%) with an increased molar ratio (10:1). The overall
biodiesel yield decreased significantly (85.03%) when the reaction
temperature reached 65 °C. The main reason for lower biodiesel yield is

the volatilization of methanol at 65 °C [36]. It can thus be concluded
that the reaction temperature is a significant factor in biodiesel pro-
duction. The optimum reaction temperature was identified to be 45 °C.
From ANOVA results in Table 6, it was observed that the interaction
between reaction temperature and methanol:oil molar ratio is sig-
nificant.

Methanol:oil molar ratio was the most significant process variable
that affected PSO biodiesel yield as indicated by the highest F-values in
the ANOVA results (Table 6). The optimum conditions are reaction
temperature 45 °C, KOH Catalyst concentration 1 wt% and methanol:
oil molar ratio 10:1 and optimum biodiesel yield was predicted to be
96.48%. In order to validate the predicted optimum values, experi-
ments were carried out at these optimum conditions and the experi-
mental values (96.48%) closely matches the predicted values (96.12%)
from the regression model.

3.4. Properties and qualities of PSO methyl ester

The properties of produced PSO methyl ester is compared with other
non-edible methyl esters and petro diesel according to ASTM D6751
and EN14214 standard in Table 7. The properties and qualities of PSO
methyl ester adhere with the international standards such as American
standard ASTM D6751 and European Union EN14214. American stan-
dard ASTM D6751 identifies that the parameters of the pure biodiesel
(B100) should satisfy before being used as a blend with diesel or pure
fuel. Whereas European Union EN14214 describes the minimum re-
quirements for FAME [44]. Density is one of the important property of
biodiesel that influences the efficiency of fuel atomization in airless
combustion systems [45]. According to ASTM and EN standard, density
of methyl ester at 15 °C should be between 860 and 900 kg/m3. The
density of PSO and Karanja was found to be 840 and 931 kg/m3 re-
spectively whereas petro diesel was found to be 827.2 kg/m3. Generally
methyl ester or biodiesel fuel has slightly higher density than petro
diesel fuel. The viscosity of methyl ester is ranged from 1.9 to
6.0 m2 s−1 and all methyl esters in Table 7 fulfils this requirement. Acid
values of methyl ester can be very vital as it can affect and cause cor-
rosion of internal combustion engine and some other metal parts.
Therefore both ASTM and EN standard only approves a maximum acid
value of 0.5 mg KOH/g. All methyl esters except Neem met the stan-
dards. Higher heating value is another important properties in the

Fig. 8. Fourier transform infrared (FT-IR) spectrum of PSO methyl ester.

Table 8
Wavenumber, functional group, band assignment and absorption intensity of the ab-
sorption peaks detected in the FT-IR spectrum of PSO methyl ester.

Wavenumber
(cm−1)

Group
attribution

Vibration type Absorption
intensity

2924 ]CeH Asymmetric
stretching vibration

Strong

2854 eCH2 Symmetric stretching
vibration

Strong

1742.1 eC]O Stretching Strong
1461 eCH2 Shear-type vibration Weak
1244.9 eCH3 Bending vibration Weak
1195.8 CeOeC Anti-symmetric

stretching vibration
Middling

1169.8 CeOeC Anti-symmetric
stretching vibration

Middling

1120.5 CeOeC Anti-symmetric
stretching vibration

Weak

1017.2 CeOeC Anti-symmetric
stretching vibration

Weak

722.5 eCH2 Plane rocking
vibration

Weak
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selection of any fuel. It is noticed that all methyl esters have slightly less
heating value than petro diesel although they are within the interna-
tional standards. According to ASTM standard flash point should be
100–170 °C and most of methyl esters in Table 7 met that requirement
as well. Oxidation stability is an indication of the degree of oxidation
and can determine the need for antioxidants. Low oxidation stability
can affect the quality of any biodiesel [46]. PSO methyl ester has oxi-
dation stability of 5.61 h which fall in range of both ASTM and EN
standards 3–6 h. Biodiesel with poor oxidation stability such as tobacco,
cottonseed and moringa can be easily remedied by adding antioxidants
such as butylated hydroxytoluene (BHT) and butylated hydroxyanisole
(BHA), synthetic antioxidants such as di-tertbutylhydroquinone and
poly (1,2-dihydro-2,2,4-tri methylquinoline) and natural oxidants such
as sage and thyme extracts [47].

The chromatogram of PSO methyl ester shows the presence of de-
rivatives of C16:0 (palmitic acid), C18:0 (stearic acid), C18:1 (oleic
acid), C18:2 (linoleic acid), C18:3 (linolenic acid), C20:0 (eicosenoic
acid), C22:1 (behenic acid) and C22:2 (erucic acid) as shown in Fig. 7.
The chromatogram of PSO biodiesel confirmed the formation of methyl
ester.

3.5. Fourier transform infrared analysis (FTIR)

PSO biodiesel was analysed using FT-IR to identify the characteristic
peaks of different methyl esters. The sample PSO methyl ester was
applied directly to the Attenuated Total Reflectance (ATR) window and
spectra were recorded (four scans, 4000–650 cm−1) at approximately
40% transmission. Fig. 8 shows the FT-IR spectrum of the PSO methyl
ester.

Table 8 presents the wavenumber, functional group, band assign-
ment and absorption intensity of absorption peaks detected in the FT-IR
spectrum of PSO methyl ester. This result reflects the conversion of
triglycerides to methyl ester. The peak of stretching C]O is
1742.1 cm−1 located in the region of 1800–1700 cm−1 which is
common for esters. The region of 1500–900 cm−1 is the major region of
the spectrum from PSO methyl ester (known as ‘fingerprint’) and the
peak at 1244.9 cm−1 corresponds to the bending vibration of eCH3 [5].

4. Conclusions

Papaya seed oil is a promising source of biodiesel production as it is
not currently used as edible oil. The purpose of this study was to test if
this oil can be used as an alternative source for biodiesel to optimise the
conditions needed for producing PSO biodiesel production and to
identify the optimum reaction conditions for an alkaline transester-
ification process. A response surface method based Box-Behnken design
was employed to understand the relation between the process variables
and biodiesel yield. The Box-Behnken design was used to determine the
experimental plan/matrix to optimize the papaya biodiesel conversion
process. In that design matrix, three parameters were each varied
within different ranges to predict biodiesel yield. A statistical model
was derived and used to predict optimum conditions for transester-
ification methanol: oil molar ratio, catalyst concentration, and reaction
temperature were 10:1, 1 wt% and 45 °C respectively. Conditions of
reaction time and reaction agitation speed were fixed at 60min and
600 rpm respectively. Based on these conditions, the highest biodiesel
yield was predicted at 96.12% volume of the oil. The experimental
maximum yield was obtained at 96.48% under these same parameters.
ANOVA statistics indicated that the methanol:oil molar ratio has a
significant effect on the papaya biodiesel yield. Physicochemical
properties of the papaya biodiesel meet both ASTM D6751 and
EN14214 standards. Finally, Papaya biodiesel could be used as a po-
tential alternative to diesel and is an environment-friendly fuel.
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Abstract: In this study, the production process of second-generation biodiesel from Australian
native stone fruit have been optimised using response surface methodology via an alkali catalysed
transesterification process. This process optimisation was performed varying three factors, each
at three different levels. Methanol: oil molar ratio, catalyst concentration (wt %) and reaction
temperature were the input factors in the optimisation process, while biodiesel yield was the key
model output. Both 3D surface plots and 2D contour plots were developed using MINITAB 18
to predict optimum biodiesel yield. Gas chromatography (GC) and Fourier transform infrared
(FTIR) analysis of the resulting biodiesel was also done for biodiesel characterisation. To predict
biodiesel yield a quadratic model was created and it showed an R2 of 0.98 indicating the satisfactory
performance of the model. Maximum biodiesel yield of 95.8% was obtained at a methanol: oil molar
ratio of 6:1, KOH catalyst concentration of 0.5 wt % and a reaction temperature of 55 ◦C. At these
reaction conditions, the predicted biodiesel yield was 95.9%. These results demonstrate reliable
prediction of the transesterification process by Response surface methodology (RSM). The results
also show that the properties of the synthesised Australian native stone fruit biodiesel satisfactorily
meet the ASTM D6751 and EN14214 standards. In addition, the fuel properties of Australian native
stone fruit biodiesel were found to be similar to those of conventional diesel fuel. Thus, it can be said
that Australian native stone fruit seed oil could be used as a potential second-generation biodiesel
source as well as an alternative fuel in diesel engines.

Keywords: response surface methodology; RSM; second-generation biodiesel; stone fruit; optimisation;
biodiesel testing; transesterification

1. Introduction

Global climate change and the resulting desire for renewable energy sources has generated the
interests for using biofuel in the transport sector [1]. Due to the higher production of biofuel in recent
years, it currently contributes 1.5% global transportation fuel. It has been reported that nearly 40%
of the total worldwide biofuel supply comes from emerging and developing countries. However,
the expansion of biofuel production around the world has raised major concerns, for example the
existence of several first-generation biofuels. Biofuels that are produced from edible sources are
termed first-generation biofuels [2], and these have been increasingly questioned over some concerns
such as food-fuel controversy, environmental pollution, and climate change. The increasing concern
regarding the sustainability of several first-generation biofuels has led to investigations into the
potential of producing biodiesel from non-food crops which are termed as second-generation biodiesel.
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The potential benefits offered by the second-generation biodiesels are that they consume waste oils,
make use of abandoned land and do not compete with food crops [3].

In addition, second-generation biofuel from locally available sources can play a great role
in economic development of rural and emerging region of a country [4]. Despite significant
socio-economic advantages and continuous support from government and non-government
organisations, the market for biofuel production around the world has not expanded very much
over the last few years. Many countries have announced second-generation biofuel support policies,
e.g., the United States has adopted the policies to produce 60 billion litres by 2022 and the European
Union set their target to use 20% renewable energy in the transport sector by 2020 [5]. Both the US
and EU policies could play an important role for the worldwide biofuel development because of
their market size and considerable amount of biofuel imports. In addition, the Australian Federal
Government and its State Governments have developed relevant policies to promote a sustainable
biofuel industry to ensure Australian’s long-term energy security. Leading oil companies such as
Caltex, Shell, BP, and Exxon Mobile are also coming forward in second-generation biofuel research
with more investment. A few plants with research activities are going to be established soon in
emerging countries.

Biodiesel is one of the biofuels and has proved its potential as an alternative fuel worldwide.
Biodiesel is biodegradable, renewable and environmentally friendly [6,7]. The feedstock selection of
biodiesel is very important as 75% of the total cost of biodiesel production is associated with obtaining
feedstocks alone. A high oil yield of any feedstock ensures a commercial scale biodiesel production
at reasonable prices [8]. Feedstock security of supply, feedstock cost of supply and feedstock storage
are the important factors to consider when choosing the biodiesel feedstock [9]. In addition, biodiesel
should be produced from the feedstock that is consistently available, economically viable and locally
available. Currently, the major feedstocks for biodiesel production in Australia are waste cooking oil,
animal tallow, macadamia, beauty leaf, canola and mustard oils [10]. However, stone fruit such as
Prunus armeniaca L. is widely cultivated in Australia, and it yields 22–38% of kernels which contain
up to 54.2% oil. Australia produces about 100,000 tons of summer stone-fruit from October to April
each year and, in 2008, about 16,917 tons of Prunus armeniaca L. fruit were produced from all six
mainland states in Australia. This could therefore be a potential second-generation biodiesel feedstock
in Australia. The main aim of this research was to investigate and optimise the production process
of second-generation biofuel from this Australian native feedstock as the research on it is still far
behind that into other feedstocks. This biodiesel could overcome the limitations associated with
first-generation biodiesels and be used as an alternative to conventional fossil fuels.

2. Literature Review

Stone fruit is similar to a small peach, generally 1.5–2.5 cm in diameter, with its colour varying
from yellow to orange or red. Its single seed is enclosed in a hard stony shell. During fruit processing,
the seeds are discarded due to the presence of hydro-cyanic acid [11]. To utilise this waste product,
it is important to optimise the procedures involved in oil extraction and its conversion into biodiesel.

Many researchers [12–17] have optimised the production of biodiesel from different first- and
second-generation feedstocks using various methods. For example, Saydu et al. [13] optimised the
process of biodiesel production from hazelnut and sunflower oil using single step transesterification
with methanol, and employing potassium hydroxide as a catalyst. Razack and Duraiarasan [12]
optimised the waste cooking oil biodiesel production process using response surface methodology
using encapsulated mixed enzyme as a catalyst. Dharma et al. [17] optimised the biodiesel production
process of Jatropha curcas and Ceiba pentandra oil using response surface methodology as also did
Ong et al. [16] for the Calophyllum inophyllum biodiesel production process.

A few studies have been done on the optimisation of the stone fruit oil (SFO) biodiesel production
process but none of them used any statistical modelling. For instance, Gumus et al. [18] used
alkali transesterification with methanol and potassium hydroxide catalyst for producing SFO methyl
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ester. Abdelrahman [19] produced SFO biodiesel via alkali transesterification with 0.75% potassium
hydroxide catalyst and at a methanol: oil molar ratio of 6:1. Faizan et al. [20] showed that the wild
Prunus Armeniaca L. oil can be transesterified by a single step process via the use of sodium hydroxide
catalyst at a methanol: oil molar ratio of 6:1, and reported a biodiesel yield of 93%. Ashok et al. [21]
performed single step alkali transesterification using 1% potassium hydroxide as a catalyst at 55 ◦C and
60 min reaction time with a constant stirring at 400 rpm and obtained a biodiesel yield of 96.5%. Thus,
many process parameters, including reaction temperature, catalyst type and catalyst concentration,
type of alcohol used, the oil to methanol molar ratio, reaction time and agitation speed have been
found to influence the optimum transesterification process [22–26]. From the above literature, it is
obvious that no/limited investigation has been done on the optimisation of second-generation biodiesel
production process from Prunus Armeniaca L. oil using any statistical modelling. Thus, this study
has explored optimisation of the biodiesel production processes from Australian native stone fruit oil
using response surface methodology.

3. Materials and Methods

3.1. Materials

Stone fruit (Prunus armeniaca L. species) seed oil was purchased from a local producer named
Chromium Group Pty Ltd. of Eumundi, Queensland, Australia. The chemicals used in this study
were methanol (99.9% purity), potassium hydroxide (KOH pellets, 99% purity) and sodium hydroxide
(NaOH pellets, 99% purity). All were of analytical reagent grade (AR) and were procured from the
School of Engineering and Technology, Central Queensland University, Rockhampton, Australia.
A three-neck laboratory reactor (1 L) along with a reflux condenser and a thermocouple placed on a
magnetic heater/stirrer were used in the SFO biodiesel conversion experiments. In this experiment,
methanol, KOH, NaOH and Whatman 541 grade filter paper (pore size 22 µm) were used.

3.2. Oil Extraction

The stone fruits were collected and the fleshy parts were separated manually for drying purposes.
The seeds were separated for kernel collection and oil extraction. For easy breaking of the hard shell,
seeds were softened by immersing in water for 10–20 min. The broken shell can be used as fertilizer or
firewood after the oil extraction process [27]. Kernels were separated from the broken shells and were
crushed using a pestle and mortar and sieved through a 40 mesh or 0.8 mm sieve [19,28]. The ground
kernel was placed in a Soxhlet apparatus and the oil was extracted using petroleum ether (40–60 ◦C)
over 6–8 h until the extraction was completed [19]. After oil extraction, the petroleum ether was
evaporated using a rotary evaporator at 25 ◦C [29]. The oil was placed in an oven at 60 ◦C for 60 min to
remove the remaining solvent. The oil was filtered using Whatman 541 filter paper. After filtration, the
SFO was kept in a sealed container for characterisation. The oil yield was calculated using Equation (1).

Oil Yield (%wt/wt dry kernels) =
weight of oil extracted (g)

weight of dry kernels used (g)
× 100 (1)

3.3. Biodiesel Production

The acid value of raw SFO was determined as 1.65 mg KOH/g. After transesterification using
KOH catalyst transesterification, the acid value of SFO biodiesel was found to be 0.25 mg KOH/g.
This trial experiment suggested that only the single stage alkyl catalyst transesterification process was
satisfactory for SFO biodiesel production. Thus, in each experiment, the experiment was performed by
reacting a known quantity of SFO with methanol and the catalyst.

Initially, the SFO was poured into a three-neck laboratory reactor and heated to the desired
temperature. The measured quantities (molar basis) of methanol and catalyst (KOH) were poured
into a separate beaker and stirred vigorously using a magnetic stirrer at 50 ◦C at 600 rpm for 10 min
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to produce methoxide. This solution was slowly poured into the three-neck reactor containing SFO.
The blend was agitated continuously at 600 rpm and the temperature and reaction time were varied as
per the experimental design. At the end of the transesterification reaction, the blend was transferred
into a separating funnel. Although the separation of glycerol and biodiesel occurred instantaneously,
the funnel was left undisturbed for 24 h. Two separate liquid phases were formed, with the top layer
being methyl ester (biodiesel) and the bottom layer of red viscous glycerol and impurities. The bottom
layer was drained off while the top layer was collected and washed with warm (50 ◦C) distilled water.
This moist biodiesel was then heated to 110 ◦C for 15 min to remove residual water that would have
been retained by the biodiesel during the washing process. The Whatman® qualitative Grade 1 filter
paper was used to filter the biodiesel and finally stored in an airtight container at room temperature
until its characterisation. Biodiesel yield was calculated using Equation (2) and its composition was
determined using a Gas Chromatogram [22]. The graphical illustration of the SFO production process
is shown in Figure 1.

SFO Biodiesel Yield = FAME percent from GC analysis × weight of SFO biodiesel
weight of Stone fruit oil

(2)
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3.4. Physicochemical Characterisation of SFO

This section discusses the international standards used in characterising the SFO biodiesel and its
composition via Gas Chromatography (GC) and Fourier Transform Infrared (FTIR) spectroscopy.
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3.4.1. Fuel Properties

The physicochemical properties and fatty acid compositions of crude SFO and SFO biodiesel were
tested according to ASTM and EN standards. The properties studied were density at 15 ◦C (ASTM
D1298), kinematic viscosity at 40 ◦C (ASTM D445), acid value (ASTM D664), calorific value (ASTM
D240), flash point (ASTM D93) and oxidation stability (ASTM D2274). The fatty acid compositions
were determined using a gas chromatograph according to EN 14103.

Fuel properties calculated based on the fatty acid composition of the SFO biodiesel were cetane
number (CN), saponification value (SV), iodine value (IV), long-chain saturated factor (LCSF) and
degree of unsaturation (DU). The numerical calculations were determined using the following
equations [30]:

CN = 46.3 +
(

5458
SV

)
− (0.225 × IV) (3)

SV = ∑
(560 × Ai)

MWi
(4)

IV = ∑
(254 × D × Ai)

MWi
(5)

LCSF = 0.1 × (C16 : 0 wt %) + 0.5 × (C18 : 0 wt %) + 1 × (C20 : 0 wt %)

+ 1.5 × (C22 : 0 wt %) + 2.0 × (C24 : 0 wt %)
(6)

DU = ∑ MUFA + (2 × PUFA) (7)

where D indicates the number of double bonds, Ai is the percentage of each fatty acid in the FAME,
and MWi is the molecular mass of each component. MUFA denotes monounsaturated fatty acid and
PUFA refers to polyunsaturated fatty acid. The degree of unsaturation was calculated using both
MUFA and PUFA concentrations. Fatty acids of C16:0, C18:0, C20:0, C22:0 and C24:0 stand for palmitic
acid, stearic acid, arachidic acid, behenic acid and lignoceric acid, respectively, and were used for
measuring the long chain saturated factor.

3.4.2. Gas Chromatography

According to EN14103, a gas chromatograph (GC) (Thermo Scientific Trace 1310 GC) was used to
determine the fatty acid composition of the SFO. 25 mg of the SFO biodiesel was dissolved in high
purity hexane (10 mL). Then, this solution was poured to 2 mL auto-sampler vials. The equipment
for the GC test included Thermo Scientific Trace 1310 GC with a split/split less (SSL) injector, flame
ionisation detector, and TriPlus auto-sampler. At 240 ◦C, a 1 µL sample was injected in split mode
(40:1) by maintaining a constant helium flow of 1.2 mL/min. The conditions for separating FAMEs
were: using a BPX-70 column (60 m × 250 µm × 0.25 µm film) with a temperature program: 110 ◦C
(4 min); 10 ◦C/min, 150 ◦C; 3.9 ◦C/min, 230 ◦C (5 min). In this study, SFO biodiesel individual
components were identified by retention time compared to a standard FAME mixture that had certified
concentrations, namely Supelco CRM18920 (FAME C8-C22). Chromeleon 7.2 software was used for
data acquisition and processing.

3.4.3. Fourier Transform Infrared (FTIR) Spectroscopy

The various functional groups present in the crude oil and the biodiesel sample were determined
with Fourier transform infrared (FTIR) spectroscopy. The Spectrum 100 FTIR spectrometer with a
universal Attenuated total reflectance (ATR) sampling accessory (Perkin Elmer, Melbourne, Australia)
was used to record ATR infrared spectra. SFO biodiesel samples were placed directly on the ATR
window at approximately 40% transmission to record the spectra with four scans, 4000–650 cm−1.
After ATR correction, Spectrum 6.2.0 software was used to acquire data and processing.
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3.5. Design of Experiments

Box-Behnken is one of the most commonly used responses surface methodology designs.
This design was used for designing and statistical analysis of this experiment. The Box-Behnken
design matrix was utilised to find the optimum conditions for maximum biodiesel yield production.
The experimental optimisation was achieved via analysis of variance (ANOVA) using Minitab 18
software. The effects of process factors such as methanol: oil molar ratio, KOH catalyst concentration,
and reaction temperature were tested. Using these three factors at three levels required a total of
15 runs for identifying the optimum conditions for transesterification. The coded symbols, ranges,
and levels of the investigated factors are listed in Table 1. The design matrix for the three factors was
varied at three levels, namely −1, 0 and +1. The range levels of the factors investigated were chosen by
considering the initial tests carried out on the effect of individual factors on biodiesel yield as well as
the operating limits of the biodiesel production process conditions as evidenced from the literature.

Table 1. Experimental range and levels coded for independent factors.

Factors/Variables Unit Symbol Coded
Range and Levels

−1 0 +1

Methanol: Oil ratio mol/mol M 4:1 5:1 6:1
KOH catalyst
concentration wt % C 0.5 1.00 1.5

Temperature ◦C T 45 55 65

Methanol: oil molar ratio ranged from 4:1 to 6:1, catalyst concentrations were 0.5–1.5% by weight
of oil and the reaction temperature was varied from 45 ◦C to 65 ◦C (boiling point of methanol). Once
the experiments were completed, the response factor (biodiesel yield) was applied in a full quadratic
model to correlate the response factor to the independent factors. The general form of the full quadratic
model is shown in Equation (8).

Y = P0 + P1Q1 + P2Q2 + P3Q3 + P1,2Q1Q2 + P1,3Q1Q3 + P2,3Q2Q3 + P1,1Q1
2 + P2,2Q2

2 + P3,3Q3
2 (8)

where Y is the response factor (biodiesel yield, %); P0 is a constant; P1, P2, and P3 are regression
coefficients; P1,1, P1,2, P1,3, P2,2, P2,3, and P3,3 are quadratic coefficient; and Q1, Q2, and Q3 are
independent variables.

4. Results and Discussion

This section includes the results of the characterisation of both crude SFO and SFO biodiesel,
fatty acid compositions of SFO biodiesel, optimisation of reaction conditions by response surface
methodology and response surface plots for SFO biodiesel production.

4.1. Characterisation of Crude SFO

The properties of crude stone fruit seed oil used in this study were evaluated prior to the
optimisation process. Physicochemical properties are the most important features to check the quality
of any crude oil. The SFO was characterised by viscosity, density, specific gravity, acid value, calorific
value, saponification number and iodine value. The properties of SFO from this study along with those
from other studies and those of petro diesel were compared and are presented in Table 2. The density
of the oil was found to be 910 kg/m3 which matches with that reported in the literature. Again, the acid
value of SFO was determined to be 1.65 mg KOH/g, indicating the presence of low levels of free fatty
acids in the oil. The kinematic viscosity of the oil was found to be 34.54 m2/s and the calorific value
was 38.45 MJ/kg, which is within the values found in the literature [18]. Based on above results, it is
clear that Australian native SFO oil have similar fuel properties including fatty acid, calorific value
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and viscosity with the data of other researchers, thus it is expected that Australian native SFO may
serve as a good feedstock for biodiesel production.

Table 2. Physical and chemical properties of SFO.

Properties Units SFO This Study SFO [18] SFO [21] SFO [11] Petro Diesel

Kinematic Viscosity @ 40 ◦C m2/s 34.54 34.82 20.53 26.22 3.23
Density kg/m3 910 920 913 916.6 827.2

Specific Gravity @ 15 ◦C g/cm3 0.91 0.91 0.91 0.91 0.83
Acid value mg KOH/g 1.65 2.60 0.68 0.05

Calorific value MJ/kg 38.4 39.6 31.5 45.3
Saponification number mg KOH/g 173 188 187

Iodine value mgI2/100 g 103 90 101

4.2. Properties and Qualities of SFO Biodiesel

The physical and chemical properties of SFO biodiesel from this study, along with results
from other researchers’ work on SFO biodiesel, are compared with other non-edible biodiesels and
petrodiesel in Table 3. It was found that all the properties and qualities of the SFO biodiesel fulfilled the
international standards (USA ASTM D6751 and European Union EN14214). Many researchers [31–34]
showed that densities of biodiesels do not vary considerably, as the density of methanol and oil are close
to the density of produced biodiesel, which usually varies between 850 and 900 kg/m3. The density
of SFO and papaya seed oil (PSO) was found to be 855 and 840 kg/m3 respectively, whereas that of
petrodiesel was found to be 827.2 kg/m3. Densities of other SFO biodiesels also matched with the
international standards. Karanja biodiesel has a density of 931 kg/m3, which is outside the ASTM
and EN standards specification, thus limiting its efficiency of fuel atomisation in airless combustion
systems [35]. However, other biodiesels (Table 3) have slightly higher densities than petrodiesel fuel,
but they are within the range of the international standards. The viscosity of SFO biodiesel was
determined to be 4.26 mm2/s and other biodiesels (except Karanja) ranged from 1.9–6.0 mm2/s and
also fulfil the requirements of the standards. The viscosity of SFO biodiesels of other studies was
found to be within the range as well. The acid values of biodiesels (except Neem) were also in line
with requirements of ASTM and EN biodiesel standards which are less than 0.5 mg KOH/g. Higher
acid values can cause corrosion of IC engines and internal metal parts. Cetane number is an important
fuel property for diesel engines. A higher speed diesel engine works more efficiently with a fuel with a
higher cetane number. A lower cetane number fuel has longer ignition delays providing more time
to complete the combustion process. The cetane number of biodiesel increases with an increase in
fatty acid proportion. Longer fatty acid chains and higher saturated fatty acid content will lead to
a higher cetane number [36,37]. Moringa biodiesel has the highest cetane number of 67.1 compared
with all other biodiesels in Table 3 and is within the international standard limit. All calorific values
are lower than those of petrodiesel fuel (45.3 MJ/kg). The SFO biodiesel calorific value was found to
be 39.64 MJ/kg in this study, thus meeting the minimum EN standard requirement of 35 MJ/kg. All
other SFO biodiesels have similar calorific values as well. The flashpoint of this SFO biodiesel was
found to be 105 ◦C, whereas the ASTM standard specifies 100–170 ◦C and petrodiesel fuel is 68.5 ◦C.
This suggests that SFO biodiesel fuel is safer to handle and store than petroleum diesel. The iodine
value for this SFO was recorded as 104.7 mgI2 which met the range of the EN standard. The higher
the iodine value, the more unsaturated double bonds are present in the methyl ester, leading to better
biodiesel fuel quality. Biodiesel with higher oxidation stability is preferable as low oxidation stability
can affect the quality of biodiesel [38]. This SFO biodiesel has an oxidation stability of 7.15 h, which
falls above the minimum values of both the ASTM (minimum 3 h) and EN standards (minimum 6 h).
Some biodiesels with poor oxidation stability such as Tobacco, Cottonseed, Jatropha and Moringa
biodiesel can be easily remedied by adding antioxidants.
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Table 3. Comparison of SFO biodiesel with other non-edible biodiesels.

Non-Edible
Biodiesels

Density
(kg/m3)

Viscosity
at 40 ◦C,
mm2/s

Acid Value,
mg KOH/g

Cetane
Number

(CN)

Calorific
Value,
MJ/Kg

Flash
Point, ◦C

Iodine Value
(IV) mgl2/100 g

Oxidation
Stability
(OS), h

SFO this study 855.0 4.26 0.25 50.45 39.64 105 104.70 7.15
SFO [18] 884.3 4.92 39.95 111
SFO [21] 857.0 5.20 0.32 58.70 38.93 180 100.70 6.30
SFO [11] 879.4 4.21 0.08 39.12 170 100.66

Petro diesel [39] 827.2 3.23 0.05 48.00 45.30 68.5 38.3 39.0
Tobacco [23,38] 888.5 4.23 51.60 165.4 136 0.80

PSO [39] 840.0 3.53 0.42 48.29 38.49 112 115.89 5.61
Jatropha [38] 879.5 4.80 0.40 51.60 39.23 135 104 2.30
Rapeseed [23] 882.0 4.43 54.40 37.00 170 7.60

Cottonseed [23] 875.0 4.07 0.16 54.13 40.43 150 1.83
Neem [23,38] 868.0 5.21 0.65 39.81 76 7.10
Karanja [38] 931.0 6.13 0.42 55.00 43.42 95
Moringa [23] 883.0 5.00 0.18 67.1 160 74 2.3
ASTM D6751 880.0 1.9~6.0 maximum 0.5 minimum 47 93~170 minimum 3

EN14214 860~900 3.5~5.0 maximum 0.5 minimum 51 35 >120 maximum 120 minimum 6

4.3. The Fatty Acid Composition of SFO Biodiesel

The fatty acid composition of any biodiesel feedstock is an important fuel property. The fatty
acid composition is highly dependent on the quality of the feedstock, its growth condition and the
geographic location in which the plant has grown. The chromatogram of the SFO biodiesel produced
in this study shows the existence of derivatives of C16:0 (palmitic acid), C18:0 (Stearic acid), C18:1
(oleic acid), C18:2 (linoleic acid), C18:3 (linolenic acid), and C22:1 (behenic acid) in Figure 2. GC
chromatogram of SFO biodiesel ensured the formation of methyl ester.
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Figure 2. GC Chromatogram of SFO biodiesel.

The fatty acid compositional analysis of SFO biodiesel produced in this study is shown in Table 4,
which indicates a high level (89.7%) of unsaturated fatty acids made up of both polyunsaturated
and monounsaturated fatty acids. Saturated fatty acids such as palmitic acid, stearic acid, and
behenic acid were found to be present at 5.85%, 2.51%, and 0.66%, respectively. Monounsaturated
fatty acids (MUFA) such as oleic acid were found to be the dominant fatty acids (63.84%), whereas
polyunsaturated fatty acids (PUFA) such as linoleic acid and linolenic acid were 25.34% and 0.51%,
respectively. Pedro et al. [40] indicated that the degree of unsaturation of biodiesel did not significantly
affect the engine performance and the start of injection, but it had a significant influence on combustion
characteristics and emissions. The degree of unsaturation was recorded as 115.54% in this study.
Altun [41] indicated that degree of unsaturation and cetane number of biodiesel could highly influence
NOx formation in biodiesel-fuelled diesel engines. Generally, higher degrees of saturation relate to
higher cetane numbers of biodiesel. Unsaturated biodiesel produces higher NOx and lowers HC
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emissions than saturated biodiesels [40]. Furthermore, higher degrees of unsaturation in crude oil
results in the production of less viscous biodiesel.

Table 4. The fatty acid composition of SFO.

Fatty Acids. Formula Molecular Weight Structure wt %

Palmitic C16H32O2 256 16:0 5.85
Stearic C18H36O2 284 18:0 2.51
Oleic C18H34O2 282 18:1 63.8

Linoleic C18H32O2 280 18:2 25.3
Linolenic C18H30O2 278 18:3 0.51
Behenic C22H44O2 340 22:0 0.66

Others 1.29
Total Saturated Fatty Acids (SFA) 9.02

Total Monounsaturated Fatty Acids (MUFA) 63.84
Total Polyunsaturated Fatty Acids (PUFA) 25.85

The degree of Unsaturation (DU) 115.5
Long Chain Saturated Factor (LCSF) 2.83

The distribution of the main fatty acids of some non-edible biodiesel feedstocks (including the SFO
in this study and those from other research works on SFO) are shown in Table 5. Gas chromatography
(GC) analysis of those biodiesels shows that the most abundant fatty acids are oleic acid, linoleic acid,
and palmitic acid. The SFO biodiesel produced in this study shows similar results compared with
those of previous research [18,21,28,42,43] on SFO biodiesel fuel. The presence of higher MUFA and
PUFA can contribute to lower oxidative stability. As mentioned earlier, low oxidative stability could
affect the quality of produced biodiesel. This low oxidation has a negative impact on both kinematic
viscosity and acid value [44]. However, the presence of high contents of MUFA and PUFA ensures
biodiesel with good fuel flow properties (especially in cold prone countries) compared with saturated
fatty acids (SFA).

Table 5. Variations in the main fatty acid compositions of selected biodiesel feedstocks.

Non-Edible Biodiesels
Fatty Acids (% w/w)

Ref.
C16:0 C18:0 C18:1 C18:2 C18:3 Others

SFO this study 5.85 2.51 63.84 25.34 0.51 1.95
SFO 5.62 1.27 67.31 24.68 0.08 1.04 [18]
SFO 4.20 2.32 71.00 20.15 1.20 1.13 [21]
SFO 3.87 0.92 67.21 27.12 0.11 0.77 [28]
SFO 3.79 1.01 65.23 28.92 0.14 0.91 [42]
SFO 66.20 28.20 5.60 [43]
PSO 6.07 3.13 47.73 37.25 1.78 4.04 [39]

Tobacco 8.90 3.50 14.10 70.10 1.00 2.40 [45]
Jatropha 16.20 8.20 38.40 36.80 0.40 0 [46]
Rapeseed 3.49 0.85 64.40 22.30 8.23 0.73 [47]

Cottonseed 28.70 0.90 13.00 57.40 0 0 [48]
Neem 12.00 10.00 61.00 16.00 0 1.00 [49]

Karanja 9.80 6.20 72.20 11.80 0 0 [50]
Moringa 6.50 6.00 72.20 1.0 0.65 13.65 [51]

The comparison of different non-edible biodiesels and SFO biodiesel fatty acid compositions are
shown in Figure 3. It can be seen that MUFA-oleic acid (C18:1) dominates most of the feedstocks (except
tobacco and cottonseed), followed by PUFA-linoleic acid (C18:2) and SFA-palmitic acid (C16:0). Both
tobacco and cottonseed had high proportions of PUFA and it can be seen in Table 3 that their oxidation
stabilities are very poor (0.8 h and 1.83 h, respectively). Oxidation occurs due to the presence of high
proportions of unsaturated fatty acid chains and double bonds, i.e., PUFA in the parent molecule reacts
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with oxygen as soon as it is exposed to air [23,52]. Therefore, biodiesels with high linoleic acid (C18:2)
and linolenic acids (C18:3) such as tobacco and cottonseed tend to have lower oxidation stabilities.
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Figure 3. Comparison of the fatty acid composition of SFO and other non-edible vegetable oils.

Figure 4 shows the FTIR spectrum of the SFO methyl ester produced in this study. The advantages
of using the FTIR method compared with GC is the ability to analyse whole samples, including
precipitated fractions, without any further preparation [53].
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Figure 4. Fourier transforms infrared (FTIR) spectrum of SFO biodiesel.

The most important functional groups, wave number, band assignment and absorption intensity
of absorption peaks detected in the FTIR spectrum of the SFO methyl ester are presented in Table 6.
The peak at 1435.8 cm−1 corresponds to the asymmetric stretching of –CH3 present in the SFO biodiesel
sample, which is shown in Figure 4. The peak in the region of 2800–3000 cm−1 represents the CH3

asymmetric stretching vibration. The peak of stretching of the carbonyl group (–C=O) is 1742 cm−1

located in the region of 1800–1700 cm−1 which is common for esters. The fingerprint region of
1500–900 cm−1 is the major spectrum from the SFO methyl ester which has a peak at 1244.8 cm−1,
corresponding to the bending vibration of –CH3 [5]. These results reflect the conversion of triglycerides
to methyl ester.
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Table 6. Functional groups of SFO biodiesel detected in the FTIR spectrum.

Wavenumber
(cm−1)

Group
Attribution Vibration Type Functional

Groups
Absorption

Intensity

2924 =C–H Asymmetric stretching vibration Alkyl Strong
2854 –CH2 Symmetric stretching vibration Aromatic Strong
1742 –C=O Stretching Carbonyl Strong

1460.5 –CH2 Shear-type vibration Alkanes Weak
1244.8 –CH3 Bending vibration Alkanes Weak
1195.7 C–O–C Anti-symmetric stretching vibration Ethers Middling
1169.7 C–O–C Anti-symmetric stretching vibration Ethers Middling
1120.4 C–O–C Anti-symmetric stretching vibration Ethers Weak
1017.2 C–O–C Anti-symmetric stretching vibration Ethers Weak
722.7 –CH2 Plane rocking vibration Aromatic Weak

4.4. Optimisation of Reaction Conditions by RSM

The results of the Box–Behnken design model to optimise biodiesel production process parameters
are shown in Table 7. In the transesterification experiments, the SFO biodiesel yield ranged from 75.2%
to 95.8%. This design matrix also shows the experimental run order, experimental yields and predicted
yields. These results show that the biodiesel yield varies with the production process. To avoid
systematic errors, all run orders were randomised.

Table 7. Experimental matrix and results for Box-Behnken design model. The combination in italics
shows the best combination for SFO biodiesel production.

Exp.
Number

Run
Order M C T

Methanol: Oil
(Molar Ratio)

KOH
(wt %)

Temp
(◦C)

SFO Biodiesel Yield (%)

Experimental Predicted

1 7 0 −1 −1 5 0.5 45 86.65 85.27
2 13 1 −1 0 6 0.5 55 95.75 95.89
3 14 0 0 0 5 1 55 91.65 92.98
4 12 −1 0 −1 4 1 45 80.34 80.85
5 15 1 0 −1 6 1 45 87.71 88.95
6 6 −1 −1 0 4 0.5 55 75.24 76.12
7 9 −1 1 0 4 1.5 55 82.27 82.13
8 11 0 0 0 5 1 55 93.65 92.98
9 5 0 0 0 5 1 55 93.65 92.98
10 8 0 1 −1 5 1.5 45 84.58 84.21
11 4 1 1 0 6 1.5 55 82.11 81.23
12 3 1 0 1 6 1 65 89.33 88.82
13 2 −1 1 1 4 1 65 79.30 78.06
14 1 0 −1 1 5 0.5 65 86.71 87.08
15 10 0 1 1 5 1.5 65 78.10 79.48

The predicted biodiesel yield values were generated from a quadratic regression model as obtained
from Minitab software version 18.0 through response surface methodology (RSM) statistical analysis of
the experimental data. The Minitab 18 program was used to calculate the effects of each parameter and
its interactions with other parameters. The response parameter (biodiesel yield %) was correlated with
other parameters using a full quadratic regression model shown in Equation (9). The model represents
SFO biodiesel predicted yield (Y) as a function of methanol: oil molar ratio (M), catalyst concentration
(wt %) (C) and reaction temperature (T).

Y = 92.983 + 4.719M − 2.161C − 0.730T − 4.490M2 − 4.650C2 − 4.323T2 − 5.168MC
+ 0.665MT − 1.635CT

(9)
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Figure 5a shows the line of a perfect fit with points corresponding to zero error as indicated
by the comparison of experimental and predicted biodiesel yields. Points closer to the straight line
indicate a good agreement between the experimental and predicted values. Figure 5b shows that there
is an adequate correlation between RSM predicted values and experimental values, which verifies the
acceptability of the model. The model represents a relatively good description of the experimental
data regarding the SFO yield.Energies 2018, 11, x FOR PEER REVIEW  12 of 18 
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The linear, quadratic and interaction effects of the parameters were considered to investigate the
impacts on the biodiesel yield. Table 8 displays the significance of those parameters in terms of the
probability value (p value). It also summarises the resulting regression coefficients and computed
T-values. In the model, positive coefficients M and MT showed a linear effect on biodiesel yield,
whereas quadratic terms of M2, C2, T2, MC, and CT had adverse effects that reduce the biodiesel yield.
At the 95% confidence level, the p values were less than 0.05, indicating significant effects of those
parameters. The analysis of variance (ANOVA) was used to determine the significance and fitness of
the quadratic model.

Table 8. Regression coefficient of the predicted quadratic polynomial model.

Term. Coefficients Standard Errors Computed T-Value p Value

Constant 92.983 0.893 104.17 0.000
M 4.719 0.547 8.63 0.000
C −2.161 0.547 −3.95 0.011
T −0.730 0.547 −1.34 0.239

M × M −4.490 0.805 −5.58 0.003
C × C −4.650 0.805 −5.78 0.002
T × T −4.323 0.805 −5.37 0.003
M × C −5.168 0.773 −6.69 0.001
M × T 0.665 0.773 0.86 0.429
C × T −1.635 0.773 −2.12 0.088

Table 9 shows the level of significance of individual terms and their interactions on the selected
response. The quadratic regression model has higher F value (24.76) and lower p value (0.001) than
significance level (p < 0.05), which indicates that the model is significant at the 99.9% confidence level.
The p value represents the probability of error and is used to check the significance of each regression
coefficient. The interaction effect of each cross product can be revealed through the p value. It is found,
M (methanol: oil molar ratio), C (catalyst concentration), M2 (quadratic effect of methanol amount),
C2 (quadratic effect of catalyst concentration), T2 (quadratic effect of reaction temperature) and MC
(methanol amount with catalyst) have significant effects on SFO biodiesel production. Among all other
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parameters, methanol: oil molar ratio (M) has the lowest p value (0.000) and highest F value (74.53).
These results show that M is the most important parameter in SFO biodiesel production. According
to the regression model in Equation (9), M has a positive effect and both C and reaction temperature
(T) have negative effects on SFO biodiesel yield. This implies that increasing M will increase the
speed of the transesterification process. However, increase in C and T will slow the speed of the
transesterification reaction. The square term of T2 was also significant although it has a smaller F value
compared to its corresponding linear term which indicated its weaker influence in the model. Again,
the ANOVA results showed that the linear term of T with p value was not significant (more than 0.05)
and its quadratic term T2 with p value was significant (less than 0.05). ANOVA also showed that both
C and C2 terms were significant with their F values (15.63 and 27) which indicated their medium effect
in the model. The Lack of Fit was also determined for this regression model. F value and p value of
Lack of Fit parameters were found to be 2.32 and 0.315 respectively. The p value (0.315) of the Lack of
Fit parameter is greater than 0.050, which indicated the quadratic model has an insignificant Lack of
Fit, i.e., the model sufficiently described a relationship between independent parameters such as M, C
and T, with the dependent parameter (SFO biodiesel yield). The coefficient of determination (R2) was
employed to identify the quality of the model fitness. R2 also indicates the good correlation between
the independent parameters. In this study, R2 was found to be 97.8% and the adjusted coefficient of
determination (Adj. R2) was 93.9%. This means that the model explains 97.8% of the variation in the
experimental data. In conclusion, the regression model developed for SFO biodiesel yield was valid
and showed a satisfactory experimental relationship between the response and parameters.

Table 9. ANOVA results for SFO biodiesel.

Source Sum of
Squares

Degree of
Freedom

Mean
Square F-Value p-Value Remarks

Model 532.603 9 59.178 24.76 0.001 Significant
M-Methanol 178.123 1 178.123 74.53 0.000 Highly significant
C-Catalyst 37.364 1 37.364 15.63 0.011 Significant

T-Temperature 4.263 1 4.263 1.78 0.239 Not significant
M2 74.447 1 74.447 31.15 0.003 Significant
C2 79.847 1 79.847 27.00 0.002 Significant
T2 69.004 1 69.004 28.87 0.003 Significant

MC 106.823 1 106.823 44.69 0.001 Significant
MT 1.769 1 1.769 0.74 0.429 Not significant
CT 10.693 1 10.693 4.47 0.088 Not significant

Lack of Fit 9.284 3 3.095 2.32 0.315 Not Significant
Pure Error 2.667 2 1.333

Total 544.553 14
R2 = 0.9781 Adj R2 = 0.9386

4.5. Response Surface Plots for SFO Biodiesel Production

The interactive effect of the two factors on the transesterification process for biodiesel production
is necessary for interpreting the impact of independent variables used in the optimisation process.
Figures 6–8 show both surface plots and contour plots of SFO biodiesel yield obtained by the regression
model in Equation (9). Surface plots were produced by plotting three-dimensional (3D) surface curves
against any two independent variables while keeping the other variables fixed at their medium values.
The interaction effect of the two parameters plotted while the third parameter was fixed at a medium
value in the contour plot. Contour plots can identify the variation in biodiesel yield with any change
in experimental conditions.

4.5.1. Interaction Effect of Methanol: Oil Molar Ratio and Catalyst Concentration

Figure 6a shows the 3D response surface for SFO biodiesel yield production as a function of
methanol: oil molar ratio, and KOH catalyst concentration under the current conditions of Box-Behnken
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design matrix. With an increase of methanol: oil molar ratio up to 6:1 (highest) and 0.5 wt % of catalyst
concentration (lowest), biodiesel yield percentage increases. The maximum SFO biodiesel yield of
95.8% was found for KOH 0.5 wt % (Run 13). Table 7 design matrix indicated that highest KOH
concentration at 1.5 wt % and unchanged methanol: oil ratio at 6:1 resulted in lower SFO biodiesel
yield to 82.1% (Run 4). When the methanol:oil molar ratio remains unchanged at 6:1, and the catalyst
concentration is at the highest value of 1.5 wt %, the SFO biodiesel decreases to 82.1% (Run 4). When
the methanol: oil molar ratio was reduced to 4:1 (lowest level), and with the highest value of catalyst
concentration of 1.5 wt %, the biodiesel yield was found to be 82.3% (Run 9). Again, at methanol: oil
molar ratio of 6:1, and with the mid-value of catalyst concentration of 1wt %, the yield was found to be
89.3% (Run 3). On the other hand, when the methanol: oil molar ratio was reduced to 4:1, and with
the mid-value of catalyst concentration of 1 wt %, the yield dropped to 80.3% (Run 12). Methanol: oil
molar ratio affected total biodiesel yield production. ANOVA from Table 9 confirmed that both M, C
and MC interaction were significant. The 2D contour plot with MC interaction along with biodiesel
yield is shown in Figure 6b. It is easy to identify the optimum operating conditions and the related
response values (yield) through the 2D contour plot. Therefore, both M and C are significant factors
for higher biodiesel yield. Although literature showed that higher amount of C could result in less
biodiesel yield production, and eventually produce emulsion and phase separation [54].
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4.5.2. Interaction Effect of Catalyst Concentration and the Reaction Temperature

The interaction effect of catalyst concentration, C and reaction temperature, T on the SFO biodiesel
yield in 3D surface plots is shown in Figure 7a. An increase in T to mid-level (55 ◦C), and the low-level
of C (0.5 wt %) can enhance the SFO biodiesel yield up to 95.8% (Run 13), considering M of 6:1 and
reaction time of 60 min constant, which is presented in Table 7 of the Box–Behnken design matrix.
It is found that increasing the T to 65 ◦C and C to 1 wt % resulted in the decline in biodiesel yield
to 89.3% (Run 3). Similarly, increasing C to the highest level of 1.5 wt % and increasing T to the
mid-level of 55 ◦C resulted in a stepwise decline in biodiesel yield to 82.1% (Run 11). Figure 7a displays
the interaction between C and T on biodiesel yield production up to 92%, keeping the experimental
conditions of T at 55 ◦C and C at 1 wt %. ANOVA results in Table 9 confirms that the interaction
between C and T is not significant. Moreover, the higher amount of C and higher T might induce
saponification of triglycerides as well as form soap at the end [55]. Figure 7b shows the 2D contour
plots of CT interaction, which is not significant for SFO biodiesel yield production.
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Figure 7. Interaction effect of reaction temperature (T) and catalyst concentration (C) on SFO
biodiesel yield.

4.5.3. Interaction Effect of Reaction Temperature and Methanol: Oil Molar Ratio

Figure 8a shows the 3D surface plot of reaction temperature, T and methanol: oil molar ratio,
M with SFO biodiesel yield. The T at mid-level (55 ◦C) and mid-level M of 5:1 shows the maximum
yield. Table 7 Box–Behnken design matrix shows that, at the mid-level T and mid-level M, a biodiesel
yield of 93% can be achieved. However, at mid-level T and the highest level M, biodiesel yield was
optimised and found to be 95.8%. The overall biodiesel yield decreased significantly to 89.3% when T
reached 65 ◦C (Run 3). Any change in T either by an increase or decrease from its mid-level (55 ◦C)
resulted in reduced biodiesel yield. The optimum M was found to be 6:1 and any decreasing the molar
ratio (<6) lowered the biodiesel yield. Figure 8b shows the contour plot of interaction between M
and T. It shows that, at the mid-level of both T and M, biodiesel yield is maximum. Therefore, ANOVA
results in Table 9 confirms that both T and TM are not significant in SFO biodiesel production.
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Figure 8. Interaction effect of methanol: oil molar ratio (M) and reaction temperature (T) on SFO
biodiesel yield.

From ANOVA results in Table 9, it is found that M is the only highly significant process factor
that affects the production of SFO biodiesel. Interaction of MC is also a significant process factor
for biodiesel production. Both the M and MC have higher F values of 74.5 and 44.7, respectively.
Therefore, the optimum reaction conditions are M of 6:1, KOH C of 0.5 wt % and a T of 55 ◦C and the
optimum SFO biodiesel yield is predicted to be 95.9%. To check the validity of the regression model
(Equation (9)), experiments were carried out under predicted optimum conditions. The results of the
experimental values under the optimum conditions indicated the highest (95.8%) conversion of SFO to
SFO biodiesel. This matches very closely with the predicted value (95.9%). Finally, this small degree of
error (<0.5%) indicates the high accuracy of the model.
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5. Conclusions

A response surface methodology-based Box–Behnken design matrix was employed to achieve the
optimum operating parameters for second-generation biodiesel production from SFO. Three major
parameters were varied individually within different ranges to anticipate biodiesel yield in that matrix.
Based on the results, optimum operating parameters for transesterification of stone fruit seed oil were
found to be methanol: oil molar ratio of 6:1, catalyst concentration 0.5 wt %, and a reaction temperature
of 55 ◦C, considering both reaction time and reaction agitation speed were fixed at 60 min and 600 rpm.
The maximum biodiesel yield under such conditions was 95.8%, which also confirmed the RSM model
prediction of 95.9%. ANOVA statistics of this study confirmed that methanol: oil molar ratio has the
most significant effect on the stone fruit biodiesel yield, whereas catalyst concentration and reaction
temperature does not seem to have any significant impact. The results show a significant improvement
in fuel properties of stone fruit biodiesel with kinetic viscosity 4.26 (mm2/s), density 0.855 (kg/m3),
acid value 0.25 (mg/KOH/g), flash point 105 (◦C), cloud point −4 (◦C), pour point −8 (◦C), higher
heating value 39.04 (MJ/kg), cetane number 50.45 and oxidation stability 7.15 (h), all of which meet
both the ASTM D6751 and EN14214 standards. In conclusion, stone fruit oil is a potential for biodiesel
production, and this environment-friendly biodiesel can be used as an alternative to diesel fuel.
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Abstract— This paper investigates the engine performance and 
emission characteristics of the biodiesels synthesised from 
papaya seed oil (PSO), stone fruit kernel oil (SFO) blends using 
a diesel engine. All experiments were carried out at full load 
condition with different engine speeds ranging from 1200 rpm 
to 2400 rpm at an interval of 200 rpm. Diesel (100%) and its 
four blends such as 10% biodiesel with 90% diesel (PSO10, 
SFO10), and 20% biodiesel with 80% diesel (PSO20, SFO20) 
were considered for comparative analysis. Engine performance 
results showed that the SFO biodiesel blends differed 
marginally (0.6% ▲Brake Power (BP), 0.3% ▲torque, 3% ▲
Brake thermal efficiency (BTE) and 2.3% ▼Brake specific fuel 
consumption (BSFC) from PSO biodiesel blends. However, 
SFO biodiesel blends produced higher exhaust emissions than 
PSO biodiesel blends, in the order of 2.1%▲NOx, 3%▲PM, 
10.1%▲HC, 5.4%▲CO2, and 13.3%▲CO. Both biodiesel 
blends produced considerably reduced emissions of PM (max. 
34%), HC (max. 33%), and CO (max. 31%) as compared to 
diesel, while a slight in NOx (max. 6.8%) and CO2 (max. 8.7%) 
was observed. These results demonstrate that both SFO and 
PSO could be effectively used in a diesel engine without any 
modifications. 

Keywords- Carica papaya, apricot, stone fruit, brake power, 
NOx, emission.  

I.  INTRODUCTION

Petroleum-derived fuel such as diesel is one of the most 
wanted energy sources in the modern world, and many 
countries are solely dependent on diesel fuel for their energy 
needs, especially by the transportation sector. The world has 
seen a major oil crisis in 1973, 1979, and 1981 [1]. The 
supply of petroleum-derived fuels fluctuates along with the 
price if there are any issues such as political unrest, war, 
conflict, and sanctions [2]. Furthermore, the resources 
required for producing fuel are depleting every day, and an 
alternative source of fuel is required. Burning petroleum-
derived fuel in the transportation sector results in serious 
environmental issues such as global warming, air pollution, 
changes in rainfall pattern, acid rain and changes in the 
frequency of extreme weather events [2-4]. Researchers are 
working hard to find suitable alternatives from different 
renewable sources to replace these uncertainties. Biodiesel is 

one of the renewable energy sources that can be used as a 
direct or blended source of fuel in any diesel engine. 

There are 350 oil-bearing crops that are known to act as 
biodiesel feedstocks. A sustainable feedstock should be non-
edible, locally sourced, easily accessible, economical, and 
technically viable [5, 6]. This study explores the opportunity 
of waste papaya seed and stone fruit kernel seed as potential 
biodiesel feedstocks. Papaya (Carica papaya) is mainly 
cultivated in the tropical climates of Asia, South America, 
Africa, and Polynesia. The papaya fruit can weigh up to 3 kg 
and about 15% its wet weight is discarded as non-
consumable, i.e., waste seeds. This waste seed contains 30-
34% oil [5]. Stone fruits such as apricot (Prunus armeniaca 
L.) originates from cool frost-free regions of India and 
Armenia. Each stone fruit yields 22-38% of kernels, which 
contain 54% oil [4]. It is shown that both papaya seed oil 
(PSO) and stone fruit (apricot) kernel oil (SFO) can be 
successfully converted into biodiesels using single stage 
transesterification, with an estimated conversion rate of up to 
96% and 96% respectively [2, 4]. Fuel properties of both 
biodiesels were found similar and within the limits of 
international standard. In this study, a comparison is made 
between the PSO and SFO derived biodiesels for engine 
performance (BP, torque, BET and BSFC) and emission 
characteristics (NOx, PM, HC, CO2, and CO) of a diesel 
engine using four fuel blends, viz., PSO10, PSO20, SFO10, 
SFO20 and neat diesel fuel, with the view to assessing their 
relative performances. 

II. MATERIALS AND METHODS
Diesel fuel was sourced from a local fuel station in 

Rockhampton which contained less than 10 ppm of sulphur, 
with a calorific value of 45.3 MJ/kg and cetane number of 
48. The referenced papaya seed oil biodiesel and stone fruit
kernel oil biodiesel had oleic acid (C18:1) of 47.7% and
63.8%; linoleic acid (C18:2) of 37.3% and 25.3%; cetane
number of 48.3 and 50.5; calorific values of 38.5 MJ/kg and
39.6 MJ/kg; Iodine value of 115.9 mg I2/100 g and 104.7 mg
I2/100 g respectively. The following treatments were
considered for this comparative analysis (i) diesel, (ii) diesel
with 10% PSO biodiesel (PSO10), (iii) diesel with 20% PSO
biodiesel (PSO20), (iv) diesel with 10% SFO biodiesel
(SFO10), and (v) diesel with 20% SFO biodiesel (SFO20).
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Kubota V3300 diesel engine was fuelled with those blends at 
full load condition. The engine speed was incremented at 
200 rpm from 1200 rpm to 2400 rpm. The engine was 
coupled with an eddy current dynamometer. The exhaust gas 
emissions (NOx, HC, and CO2) were measured using a 
CODA 5 gas analyser, and MAHA MPM-4M apparatus was 
used for measuring particulate matter (PM). 

III. COMPARATIVE ANALYSIS OF PSO AND SFO

A. Engine performance analysis

The variation in engine speeds with brake power (BP) for
all five treatments at full load condition is presented in 
Figure 1. BP increased steadily with an increase in engine 
speeds for all blending conditions. It was found that lower 
the biodiesel content, the higher was the BP value. At any 
given engine speed, diesel had higher BP value followed by 
SFO10, PSO10, SFO20, and PSO20. The average BP values 
of PSO10, PSO20, SFO10, SFO20, and diesel were 37.7, 
37.3, 37.9, 37.4, and 39.3 kW. The BP values of both PSO 
and SFO blends were found to be nearly identical, with 
SFO10 and SFO20 having 0.56% and 0.34% higher BP than 
PSO10 and PSO20. Average BP value reduction for PSO10, 
PSO20, SFO10, and SFO20 in comparison with diesel were 
3.9%, 5.1%, 3.4% and 4.7% owing to biodiesel blends 
having lower calorific values, higher viscosities and higher 
densities [7-9]. 

Figure 1.  Variation of engine speeds of BP. 

Figure 2 shows the relationship between the engine 
torque and variation in engine speeds at full load conditions. 
The torque increased with an increase in engine speed up to 
1400 rpm and then decreased continuously until the 
maximum speed of 2400 rpm for all five treatments. The 
reason behind this is the Kubota engine has the maximum 
rated torque recorded at 1400 rpm. This can also be 
attributed to mechanical friction loss and lower volumetric 
efficiency of the engine [7, 10, 11]. Torque decreased with 
increased concentration of biodiesel in the blends. As 
expected, diesel had the highest torque at all engine speeds 
followed by SFO10, SFO20, PSO10, and PSO20. The 
average torque values of PSO10, PSO20, SFO10, SFO20, 
and diesel were 202.7, 199.9, 203.2, and 200.5 N.m. The 
torque values of both PSO and SFO blends were found 

similar, with the SFO10 and SFO20 having 0.22% and 
0.32% higher torque than PSO10 and PSO20. Average 
torque value reduction for PSO10, PSO20, SFO10, and 
SFO20 in comparison with the diesel was 2.5%, 3.9%, 2.3% 
and 3.5%. Researchers show that lower densities and 
viscosities, and higher calorific values of the diesel result in 
diesel having higher engine torque than biodiesel [9, 11]. 

Figure 2.  Variation of engine speeds of torque. 

The variation in BTE with engine speeds for all five 
treatments at full load condition is shown in Figure 3. The 
BTE decreased with an increase in engine speed over the 
entire range. It is known that the BTE decreases at higher 
speeds due to a lack of sufficient air that causes uneven 
combustion of fuel [12]. Again, higher BTE depends on 
higher calorific value, lower density, and lower viscosity. A 
higher BTE is observed in biodiesel blends that contain 
lower proportion of biodiesel such as PSO10 and SFO10 as 
compared to PSO20 and SFO20 respectively Researchers 
show that lower viscosity and higher volatility results in 
better air-fuel mixture leading to better combustion [12, 13]. 
As expected, diesel had the highest BTE at all engine speeds 
followed by SFO10, PSO10, SFO20, and PSO20. The 
average BTE values of PSO10, PSO20, SFO10, SFO20 and 
diesel were 28.6%, 27.2%, 29.6%, 27.8% and 31.3%. Both 
SFO10 and SFO20 had a BTE of 2.96% and, this was 1.9% 
higher than that of PSO10 and PSO20 respectively. Again, 
average BTE value reduction for PSO10, PSO20, SFO10, 
and SFO20, as compared to diesel were 8.8%, 13.1%, 6%, 
and 11.4%. 
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Figure 3.  Variation of engine speeds of BTE. 

Figure 4 shows that the BSFC increases with an increase 
in engine speed. Ong et al. [13] show that friction heat losses 
occur at higher speeds, and this leads to deterioration of 
combustion, leading to higher BSFC. Other researchers show 
that the fuel injection system, density, viscosity, and calorific 
value affect the BSFC value [6, 14]. Due to the lower 
calorific value of the biodiesel, it had higher BSFC values, as 
biodiesel needed more fuel for producing the same power as 
compared to diesel. Again, diesel had the lowest BSFC at all 
engine speeds followed by SFO10, PSO10, SFO20, and 
PSO20. The average BSFC values of PSO10, PSO20, 
SFO10, SFO20, and diesel were 282.6, 300.5, 276.1, 296 and 
256.5 g/kWh. Both SFO10 and SFO20 had 2.4% and 1.5% 
lower BSFC than PSO10 and PSO20, respectively. The 
average BSFC value for PSO10, PSO20, SFO10 and SFO20, 
as compared to diesel were 10.2%, 17.1%, 7.6% and 15.4%, 
respectively. 

Figure 4.  Variation of engine speeds of BSFC. 

B. Engine emission analysis

The variation in NOx emissions with changing engine
speeds for PSO and SFO blends with diesel at full load 
conditions is shown in Figure 5. The NOx increased with the 
increase of engine speeds for all fuels due to higher 
combustion temperature and stoichiometry of the mixture 
[15]. At full load condition, the air-fuel ratio increases, and 
this resulted in higher gas temperature in the combustion 
chamber, leading to higher NOx emissions [16]. The 
increased biodiesel content in the blends produced higher 
NOx emissions where higher cetane number of a low 
biodiesel blend can initiate a short ignition delay that causes 
lower combustion temperature and pressure leading to 
reduced NOx emission [17]. The average NOx emission 
produced by PSO10, PSO20, SFO10, SFO20, and diesel is 
349.4, 354.3, 353.7, 361.7, and 337.9 ppm respectively. The 
SFO10 and SFO20 blends showed higher NOx than PSO10 
and PSO20 by 1.2% and 2.1% respectively. The average 
NOx emission for PSO10, PSO20, SFO10, and SFO20, as 
compared with diesel were 3.4%, 4.9%, 4.7%, and 7.1%, 
respectively.   

Figure 5.  Variation with engine speeds of NOx. 

Generally, PM emission is lower in biodiesel blends than 
in diesel due to lower volatility and higher oxygen content in 
the biodiesel [18]. Figure 6 shows variation in PM emissions 
over engine speeds at full load conditions for all five fuel 
blends. Lin et al. [19] demonstrate that the higher cetane 
number of biodiesel blends can cause shorter ignition delay 
and longer combustion, and this would have resulted in 
lower PM emissions. The average PM emission produced by 
the PSO10, PSO20, SFO10, SFO20, and diesel were 40.4, 
36.8, 41.3, 37.9 and 55.6 mg/m3 respectively. SFO10 and 
SFO20 blends showed higher PM as compared to PSO10 
and PSO20 by 2.3% and 3%, respectively. The average PM 
emission was reduced for PSO10, PSO20, SFO10, and 
SFO20 as compared diesel, and were 27.4%, 33.9%, 25.7%, 
and 32%, respectively. 

Figure 6.  Variation with engine speeds of PM. 

The HC emission mainly occurs due to incomplete 
combustion of the fuel, and the flame quenching happens in 
the cylinder walls and crevices. The variation in HC 
emission with engine speeds for all five blends are shown in 
Figure 7 at full load condition. HC emission decreases with 
an increase in engine speed. Kocak et al. [20] show that at 
lower engine speeds, the higher fuel density and viscosity 
critically affect the fuel atomisation and ignition in the 
combustion chamber leading to higher HC emission. The 
average HC emission for PSO10, PSO20, SFO10, SFO20, 
and diesel were 16.9, 15.1, 17.1, 16.7 and 22.6 ppm, 
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respectively. The SFO10 and SFO20 blends showed higher 
HC emission as compared to PSO10 and PSO20 at 1.7% and 
10.1% respectively. The average HC emission reduction for 
PSO10, PSO20, SFO10, and SFO20, as compared to diesel 
were 25.3%, 32.9%, 24.1%, and 26.1%.  

Figure 7.  Variation with engine speeds of HC. 

The CO2 emission is an important parameter that 
indicates the combustion efficiency of fuel, as higher CO2 
refers to better combustion. The CO2 emission over the entire 
engine speeds are shown in Figure 8. At 1400 rpm maximum 
rated torque, CO2 emission was recorded as the highest for 
all blends. It can be seen that the higher the biodiesel content 
in the blend, the higher was the CO2 emission. This is due to 
the higher oxygen content and cetane number in the biodiesel 
blends. The average CO2 emission produced by PSO10, 
PSO20, SFO10, SFO20 and diesel were 12.4%, 12.5%, 
12.9% and 13.2% respectively. The SFO10 and SFO20 
blends showed higher CO2 emission producer in comparison 
with PSO10 and PSO20 by 4.5% and 5.4% respectively. The 
average CO2 emission increase for PSO10, PSO20, SFO10, 
and SFO20, as compared to diesel were 1.8%, 3.1%, 6.4% 
and 8.7%. 

Figure 8.  Variation of engine speeds of CO2. 

Carbon monoxide (CO) is a toxic gas that can result from 
two processes of incomplete combustion, such as (i) an 
excessively lean air-fuel mixture and (ii) an excessively rich 
air-fuel mixture. CO emission directly relates to types of 
fuel, engine speed, air-fuel mixture, injection pressure, and 

injection timing [21]. Generally, biodiesel blends have 
higher O2 content and higher cetane number that enable 
complete combustion to produce lower CO emission. Figure 
9 shows the variation in CO emission over different engine 
speeds. CO emission drops drastically after 1400 rpm, with 
little change in the concentration from 1600 to 2400 rpm. 
This is due to a better air-fuel mixture that occurred at higher 
engine speeds. The average CO emission produced by 
PSO10, PSO20, SFO10, SFO20 and diesel were 0.15%, 
0.11%, 0.15%, 0.13% and 0.16% respectively. The SFO10 
and SFO20 blends showed higher CO emission in 
comparison with PSO10 and PSO20 by 4.9% and 13.3% 
respectively. Average CO emission reduction for PSO10, 
PSO20, SFO1, and SFO20 as compared to diesel were 
10.4%, 31.3%, 6.1%, and 22.2%. 

Figure 9.  Variation with engine speeds of CO. 

IV. CONCLUSION
Biodiesel produced from papaya seed oil and stone fruit 

kernel oil were evaluated in a diesel engine. Based on the 
results, the following inferences can be drawn: 

 The performance of both PSO and SFO biodiesels is
comparable with that of neat diesel fuel. The
performance of SFO biodiesel blends is slightly
better than that of PSO biodiesel blends. The BP and
torque produced by these biodiesels blends were
almost identical with a deviance of less than 0.5%.
However, the BTE of SFO biodiesel blend was 3.2%
higher than that of PSO. In contrast, the BSFC of
SFO was 2.4% lower than that of PSO.

 The SFO biodiesel blends produced higher NOx
emissions than PSO biodiesel blends by a maximum
of 2.1%. An increase in NOx emission compared
with diesel was observed for all PSO and SFO
biodiesel blend, and this ranged from 3.4% to 7.1%.

 The SFO biodiesel blends produced higher PM
emissions than PSO biodiesel blends by a maximum
of 3%. The highest reduction in PM emission was
recorded for PSO20, and this was found to be 34%
lower than diesel fuel.

 The SFO biodiesel blends produced higher HC
emissions compared with PSO blends by max. 10%.
The PSO20 can reduce the HC emission by 33%.
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 A maximum of 5.4% more CO2 emission was
produced by the SFO biodiesel blends as compared
to PSO blends. An average increase in CO2 for
PSO10, PSO20, SFO10, and SFO20, compared with
diesel was 1.8%, 3.1%, 6.5% and 8.7%, respectively

 SFO biodiesel blends produced a maximum of
13.3% higher CO emission than PSO biodiesel
blends. In comparison with the diesel fuel, the
PSO20 produced 31.3% lower CO emissions.

Although the SFO biodiesel blends have better 
performance than PSO biodiesel blends, the PSO biodiesel 
blends prove to be a better choice due to their excellent 
environmental-friendly attributes that can reduce the exhaust 
emission to a great extent. Therefore, PSO biodiesel blends 
can be used as an excellent source of alternative fuel in a 
diesel engine improve air quality via a significant reduction 
in exhaust emissions into the environment with a marginal 
reduction in the engine performance. 
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Abstract: This paper investigates the interactive relationship between three operating parameters 

(papaya seed oil (PSO) biodiesel blends, engine load, and engine speed) and four responses (brake 

power, BP; torque; brake specific fuel consumption, BSFC; and, brake thermal efficiency, BTE) for 

engine testing. A fully instrumented four cylinder four-stroke, naturally aspirated agricultural 

diesel engine was used for all experiments. Three different blends: B5 (5% PSO biodiesel +95% 

diesel), B10 (10% PSO biodiesel + 90% diesel), and B20 (20% PSO biodiesel + 80% diesel) were 

tested. Physicochemical properties of these blends and pure PSO biodiesel were characterised, and 

the engine’s performance characteristics were analysed. The results of the engine performance 

experiments showed that, in comparison with diesel, the three PSO biodiesel blends caused a slight 

reduction in BP, torque, and BTE, and an increase in BSFC. The analysis of variance and quadratic 

regression modelling showed that both load and speed were the most important parameters that 

affect engine performance, while PSO biodiesel blends had a significant effect on BSFC. 

Keywords: diesel; Carica papaya; engine performance; biodiesel; characterisation 

1. Introduction

Diesel fuel has successfully contributed to all sectors of human life, especially to transportation, 

industry, and agricultural sectors due to its availability, reliability, adaptability, higher combustion 

efficiency, and excellent handling/storage properties. However, fossil reserves (oil, gas, and coal) are 

limited, therefore, researchers have been exploring an alternative source for diesel for many years, 

and, over the last decade, biofuel (i.e., mainly biodiesel) has drawn massive attention for its excellent 

environmental and sustainability attributes [1,2]. Biodiesel is biodegradable, non-toxic, 

non-explosive, non-flammable, renewable, and an environmentally friendly (produces fewer 

emissions) fuel. Although the biodiesel energy content is about 10–12% less than diesel, it can be 

mixed with diesel at specific proportions to make the blended fuel properties close to diesel [3,4]. 

Furthermore, researchers are working hard to find suitable sustainable biodiesels and their blends, 

which can be used as fuel in unmodified diesel engines.  

Numerous researchers have explored the production of biodiesel from different feedstocks 

focusing on non-edible oil, but very few investigations [5–10] have been performed on papaya seed 

oil (PSO) biodiesel. Among these, most of the articles deal with only the biodiesel production 

process when using different catalysts and methanol: oil molar ratios. Asokan et al. [2] examined 

engine performance in a single cylinder diesel engine fuelled with a mixture of papaya seed oil and 

watermelon seed oil and found that B20 performed close to diesel. Prabhakaran et al. [11] analysed 

Chapter 5: Engine performance analysis 5-8



Energies 2018, 11, 2931 

engine performance of a single cylinder Kirloskar-TV1 diesel engine with PSO biodiesel blends and 

found B25 blend has lower BSFC than all other blends. Sundar Raj and Karthikayan [12] did diesel 

engine (single cylinder) performance analysis with PSO-diesel blends with/without additives and 

found PSO-diesel blends with additives have better combustion and emission characteristics. 

However, no other literature has been found on engine performance analysis of a fully instrumented 

four cylinder four-stroke diesel engine fuelled with PSO biodiesel. 

PSO is non-edible and converting the waste product (seeds) of the fruit into biodiesel is a 

sensible option. Carica papaya was originally native to the tropics of the Americas and it is now 

primarily grown in tropical-subtropical climates of Asia (in particular, India with 42% of world 

production), South America (mainly Brazil), Africa (Nigeria and Congo), and Polynesia [13,14]. 

Therefore, the evaluation of papaya seed oil as biodiesel feedstock will contribute to the 

development of regional communities and their overall economy. In this study, papaya seed oil was 

used as feedstock to produce biodiesel and investigate its suitability as an alternative fuel source. 

Determining the fuel properties of PSO and its various blends with diesel were also undertaken. 

Finally, interactive relationships between several operating parameters (PSO biodiesel blends, load, 

and speed) and engine performance are evaluated and discussed. 

2. Materials and method

2.1. Materials 

The raw PSO was obtained from a supplier in Eumundi, Queensland, Australia. The chemicals 

that were utilised for this study were methanol (99.9% purity), potassium hydroxide (KOH pellets, 

99% purity), and sodium hydroxide (NaOH pellets, 99% purity). All chemicals were of analytical 

reagent grade (AR) and they were procured from the School of Engineering and Technology, Central 

Queensland University. A reflux condenser and a thermocouple fitted on 0.5 L and 1 L three-neck 

laboratory reactors were used for the PSO biodiesel conversion experiments.  

2.2. Equipment List 

The PSO properties were characterised for density, viscosity, refractive index, angular rotation, 

acid value, oxidation stability, and iodine value. These properties were measured before the 

biodiesel conversion and optimisation process. Table 1 summarises the equipment used in this study 

to measure the properties of PSO, PSO biodiesel, and the biodiesel-diesel blends, and the relevant 

standards applied. The properties studied were density at 15 °C, kinematic viscosity at 40 °C, acid 

value, calorific value, flash point, and oxidation stability. A gas chromatograph was used to 

determine the fatty acid compositions by EN 14103. 

Table 1. Equipment used for measuring properties of papaya seed oil (PSO) and related products in 

this study. 

Property Equipment 
Standard 

Applied 
Accuracy 

Kinematic viscosity NVB classic (Normalab, France) ASTM D445 ±0.01 mm2/s 

Density 
DM40 LiquiPhysicsTM density meter (Mettler 

Toledo, Switzerland) 
ASTM D1298 ±0.1 kg/m3 

Flash point 
NPM 440 Pensky-Martens flash point tester 

(Normalab, France) 
ASTM D93 ±0.1 °C 

Acid value 
Automation titration Rondo 20 (Mettler Toledo, 

Switzerland) 
ASTM D664 

±0.001 mg 

KOH/g 

Calorific value 6100EF semi-auto bomb calorimeter (Perr, USA) ASTM D240 ±0.001 MJ/kg 

Oxidation stability 

at 110 °C 
873 Rancimat (Metrohm, Switzerland) ASTM D2274 ±0.01 h 

Refractive index RM 40 Refractometer - ±0.0001
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2.3. Biodiesel Production 

The acid value of raw PSO was determined to be 0.98 mg KOH/g. After transesterification using 

the KOH catalyst, the acid value of PSO biodiesel was found to be 0.42 mg KOH/g. This trial 

experiment suggested that only the single-stage alkyl catalyst transesterification process was 

necessary for satisfactory PSO biodiesel production. Further, only a few researchers [6–10] have 

found that the single-stage transesterification process was sufficient for PSO biodiesel conversion. 

Based on these researches and the trial experiment, it was decided to use single-stage alkaline 

transesterification for biodiesel production. Thus, in each experiment, the conversion was performed 

by reacting a known quantity of PSO with methanol and the catalyst.  

In each of these experiments, PSO was poured into a three-neck laboratory reactor and was 

heated to the preferred temperature. The catalyst (KOH) was dissolved in methanol in a separate 

beaker, and a magnetic stirrer was used to provide vigorous agitation at 600 rpm for 10 min at 50 °C 

to produce methoxide. This solution was then poured into the reactor that contained heated PSO to 

allow the transesterification reaction at a constant speed of agitation of 600 rpm. Other reaction 

conditions, such as temperature and time, were adjusted as per the individual experimental designs 

determined from the optimisation process of PSO biodiesel [14]. At the end of the transesterification 

reaction, the blend was poured into a separating funnel and left to settle 24 h for layer separation. 

Under gravity, two distinct liquid phases were formed; the upper layer was methyl ester (biodiesel), 

and the bottom dark brown layer consisted of glycerol and impurities. The glycerol and impurities 

were drawn off, whence the methyl ester layer was collected and washed with warm (50 °C) distilled 

water. The methyl ester was then heated to 110°C for 15 min to remove any water that would have 

been retained from the washing process. A Whatman® qualitative Grade 1 filter paper was used to 

filter the methyl ester (i.e., biodiesel) and was stored at laboratory temperature for characterisation. 

Figure 1 shows the PSO production process. 

Figure 1. PSO biodiesel production. 
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PSO biodiesel yield was calculated using Equation (1). 

PSO Biodiesel Yield = FAME percent (from GC analysis)  ×  
weight of PSO biodiesel

weight of PSO
(1) 

2.4. Fatty Acid Composition 

Fatty acids with a double bond are known as unsaturated fatty acids, while those without a 

double bond are called saturated fatty acids. High unsaturated fatty acid levels make biodiesel prone 

to autoxidation [14]. However, high unsaturated fatty acid levels do ensure good flow properties as 

compared with saturated fatty acids. The major drawback of high saturated fatty acid levels in 

biodiesel is its poor fuel filterability, particularly in cold weather conditions. The PSO biodiesel fatty 

acid composition was determined using a gas chromatograph (GC), (Thermo Trace 1310 GC) 

according to EN14103. Table 2 shows the operating condition details of the GC.  

Table 2. Gas chromatograph (GC) operating conditions. 

Property Details 

Brand, model Thermo Scientific Trace 1310 GC 

Carrier gas Helium 

Flow rates Air: 350 mL/min, H2: 35 mL/min, N2: 30 mL/min 

Detector temperature 240 °C 

Column dimensions 60 m × 250 µm × 0.25 µm 

Column head pressure 23.8 psi 

Injector 
Split injector, 40:1 ratio, split flow 48 mL/min, constant flow 1.2 mL/min, 1 µL 

injection volume 

Temperature ramp 1 110 °C hold for 4 min 

Temperature ramp 2 10 °C/min to 230 °C, hold for 3 min 

The compositional analysis that is detailed in Table 3 shows that PSO biodiesel contains a high 

level (87.5%) of unsaturated fatty acid methyl esters (FAME) made up of polyunsaturated fatty acid 

(PUFA) at 39.03% and monounsaturated fatty acid (MUFA) at 48.49%. Amongst these, the dominant 

fatty acids were found to be oleic acid (C18:1) at 47.7% and linoleic acid (C18:2) at 37.3%. The 

saturated fatty acids included palmitic acid (C16:0) at 6%. 

Table 3. PSO biodiesel fatty acid composition. 

Fatty Acids Formula Molecular Weight Structure wt% 

Palmitic C16H32O2 256 16:0 6.07 

Stearic C18H36O2 284 18:0 3.13 

Oleic C18H34O2 282 18:1 47.73 

Linoleic C18H32O2 280 18:2 37.25 

Linolenic C18H30O2 278 18:3 1.78 

Eicosenoic C20H38O2 310 20:1 0.76 

Behenic C22H44O2 340 22:0 0.68 

Erucic C22H42O2 338 22:1 1.51 

Others 1.09 

Total Saturated Fatty Acids (SFA) 9.88 

Total Monounsaturated Fatty Acids (MUFA) 48.49 

Total Polyunsaturated Fatty Acids (PUFA) 39.03 

Degree of Unsaturation (DU) 126.55 

Long Chain Saturated Factor (LCSF) 3.19 
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2.5. Properties Analysis 

The properties of the produced PSO methyl ester (i.e., pure biodiesel or B100) are compared 

with those of diesel (B0) and PSO biodiesel-diesel blends (B5, B10, and B20) in Table 4. The 

properties and qualities of PSO biodiesel and the diesel blends comply with the requirements of 

international standards ASTM D6751 and EN14214. The USA’s ASTM D6751 ensures that the 

parameters of any pure biodiesel (B100) satisfy the standard before being used as a blend with diesel 

or pure fuel, whereas the European Union’s EN14214 defines the minimum standards for FAME 

[14,15]. The PSO biodiesel was found to comply with both standards. 

Table 4. Comparison of PSO biodiesel and blends with diesel. 

Properties Units PSO B100 B20 B10 B5 B0 
ASTM 

D6751-2 
EN14214-03 

Density Kg/m3 885 840 829.76 828.48 827.84 827.2 870–890 860–900 

Viscosity at 40 °C mm2/s 27.3 3.53 3.29 3.26 3.25 3.23 1.9–6.0 3.5–5.0 

Acid value 
mg 

KOH/g 
0.98 0.42 0.12 0.09 0.07 0.05 max. 1 0.5 max. 0.5 

Cetane number 

(CN) 
- - 48.29 48.06 48.03 48.01 48.00 min. 2 47 min. 51 

Calorific value MJ/kg - 38.49 43.94 44.62 44.96 45.30 - 35.00

Flash point (°C) - 112 77.20 72.85 70.68 68.50 min. 93 >120

Iodine value (IV) - 79.95 115.89 53.82 46.06 42.18 38.30 - max. 120

Oxidation 

stability (OS) 
Hour 77.97 5.61 32.32 35.66 37.33 39 min. 3 min. 6

1 max. = maximum; 2 min. = minimum. 

2.6. Fourier Transform Infrared (FTIR) Analysis 

The various functional groups that are present in the pure PSO biodiesel sample were 

determined with FTIR spectroscopy. In this study, a Spectrum 100 series FTIR spectrometer with a 

universal Attenuated total reflectance (ATR) sampling accessory was used. Samples of the PSO 

biodiesel were inserted directly on the ATR window to record the spectra over the frequency range 

of 4000–650 cm-1 with four scans at approximately 40% transmission. Spectrum analysis program 

(Spectrum version 6.2.0, Perkin-Elmer Life and Analytical Sciences, Bridgeport, CT, USA) was used 

to acquire data and for processing. Figure 2 shows the FTIR spectrum of the pure PSO biodiesel 

(B100). 
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Figure 2. PSO methyl ester investigation Fourier Transform Infrared (FTIR) spectrum. 

2.7. Blending of Biodiesel 

The pure PSO biodiesel (B100) was mixed with pure diesel (B0) to prepare various blends. 

Those blends comprised homogeneous mixtures of 5% vol. of biodiesel with 95% vol. of diesel 

denoted by B5, 10% vol. of biodiesel with 90% vol. of diesel indicated by B10 and 20% vol. of 

biodiesel with 80% vol. of diesel meant by B20. The blends were prepared in a 2 L flask and were 

agitated at 2000 rpm with a magnetic stirrer for 60 min. 

2.8. Experimental Setup for Engine Testing 

This experimental investigation was carried out using pure diesel (B0) and PSO biodiesel-diesel 

blends (B5, B10, and B20) in an agricultural tractor four-stroke diesel engine with four cylinders 

(model: Kubota V3300) coupled with an eddy current dynamometer. Table 5 details the engine 

specification. This tractor engine was used for testing PSO biodiesel-diesel blends with regard to 

engine performance and characteristics of exhaust emissions. The engine performance and 

emissions data were collected under full load (100%) condition, keeping the throttle 100% wide open 

and varying speeds in the range from 1200 to 2400 rpm with an increment of 200 rpm. A photograph 

of the engine and test bed and a schematic of the setup of the engine along with the data acquisition 

system are shown in Figure 3. The engine is connected with the test bed along with instrumentation 

consoles that measure engine speed, torque, air, and fuel consumption and temperature. A Dynolog 

data acquisition system was used to convert the console-measured data to a display in the computer 

monitor. The exhaust gas emissions of NOx and HC in ppm, and CO and CO2 in vol. %, were 

measured with a CODA 5 gas analyser (CODA Products Pty Ltd., Hamilton NSW 2303, Australia). 

For measuring Particulate Matter (PM) emissions, a PM meter (MPM-4M) (MAHA Maschinenbau 

Haldenwang GmbH & Co. KG, Haldenwang, Germany) was used. Table 6 shows the specification of 

the gas analyser and PM meter. Before taking any data from the diesel engine, it was run with pure 

diesel (B0) for 20 min at full load to ensure that the engine was warmed up. The biodiesel-diesel 

blend (B5, B10, and B20) was then fuelled into the engine for analysis and data acquisition. At the 

end of any test or experiment with blended fuel, the engine was again flushed out with pure diesel to 

clear the fuel line of blended fuel and the injection system. All of the tests were repeated three times 

to minimise any possible error. 
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(a) Photograph of test bed and diesel engine

(b) Schematic of test procedure setup

Figure 3. Test engine set up.

Table 5. Details of the test engine. 

Property Apparatus, Model 

Engine Model Kubota V3300 Indirect injection 

Type  Vertical, 4 cycle liquid cooled diesel 

Number of cylinders 4 

Total displacement (L) 3.318 

Bore × Stroke (mm)  98 × 110 
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Combustion system Spherical type (E-TVCS) (three vortex combustion system) 

Intake system  Natural aspired 

Rated power output (KW/rpm) 53.9/2600 

Rated torque (Nm/rpm) 230/1400 

Compression ratio 22.6 

Emissions certification Tier 2 

Table 6. Exhaust gas analyser, PM meter specification, and error analysis. 

Measured Gas 
Measurement 

Range Resolution Accuracy 

HC 0–30,000 ppm (n-hexane) 1 ppm ±1 ppm 

CO 0–15% 0.001% ±0.02% 

CO2 0–20% 0.001% ±0.3% 

NOx 0–5000 ppm 1 ppm ±1 ppm 

Meter Particle Size Particle Concentration Range Resolution 

Particulate Matter <100 nm to >10 µm 0.1 to >700 mg/m3 ±0.1 mg/m3 

Measurements Accuracy Relative Uncertainty (%) Average Reading for B0 

BP ±0.41 kW 0.0105 39.20 

BSFC ±5 g/kWh 0.0195 256 

There are a large number of studies available in literatures on different biodiesels, and their 

engine performance and emission characteristics, but a very few researchers have analysed the 

engine performance or emission characteristics in terms of multivariate analysis. This study focuses 

on the multivariate analysis of PSO biodiesel blends and their interactive effect on engine 

performance. 

3. Results and discussion

3.1. Characterisation of PSO Biodiesel-Diesel Blends 

While the engine performance experiments in this study investigated B5, B10, and B20 biodiesel 

blends, the characteristics of a much broader series of PSO biodiesel-diesel blends has been 

investigated. A total of 10 PSO biodiesel-diesel blends (from B5-B90) were prepared, and their 

individual fuel properties of density, viscosity, flash point, calorific value, and oxidation stability 

have been analysed and are presented in Figure 4a–e. 

Density is one of the vital properties of biodiesel that affects fuel atomisation efficiency in an 

airless combustion system [16]. According to relevant ASTM and EN standards, the density of 

biodiesel at 15 °C should be in the range of 860–900 kg/m3. The densities of B5 (827.84 kg/m3), B10 

(828.48 kg/m3), and B20 (829.76 kg/m3) were very close to that of B0 diesel (827.20 kg/m3). Generally, 

biodiesel has a slightly higher density than diesel. In addition, density increased as the percentage of 

PSO biodiesel in the blends increased (Figure 4a). 

Some vegetable oils have a higher viscosity, which causes poor fuel flow. Raw PSO has a 

viscosity of 27.3 mm2/s, which is 8–9 times higher than diesel (B0). However, after the 

transesterification process, the viscosity of PSO drops to an acceptable limit. Generally, the viscosity 

of biodiesel ranges from 1.9–6.0 mm2/s, and all PSO biodiesel-diesel blends in Figure 4b fulfill this 

requirement. However, the viscosity of B5 (3.25 mm2/s), B10 (3.26 mm2/s), B20 (3.29 mm2/s), and B30 

(3.32 mm2/s) were very close to B0 (3.23 mm2/s). Therefore, those blends (B10–B30) can be used as a 

diesel engine fuel without any modifications to the engine.  

According to ASTM D6751, the flashpoint should be 100–170 °C, and all of the biodiesel-diesel 

blends met that requirement as well. The flash point of B0 was recorded as 68.50 °C, whereas B5, B10, 

and B20 were found to be 70.68 °C, 72.85 °C, and 77.20 °C, respectively. Biodiesel tends to a higher 

flash point than diesel, and Figure 4c shows the pattern of the increased flash point with increased 

biodiesel blends. The more the flashpoint is above 66 °C is indicative of a safer fuel with better 
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storage ability [1,17]. From that perspective, all PSO biodiesel-diesel blends can be stored safely and 

they can be used to fuel a diesel engine without any modifications. 

Calorific value is another important property in the selection of any fuel. Figure 4d shows that 

pure PSO biodiesel and all of its blends have slightly lower calorific values than diesel although they 

are within the requirements of international standards. Biodiesel has nearly 10% more oxygen 

content than diesel, and less hydrogen-carbon content hence will produce less thermal energy [17]. 

Calorific values of B5 (44.96 MJ/kg), B10 (44.62 MJ/kg), and B20 (43.94 MJ/kg) blends are very close to 

B0 (45.30 MJ/kg). 

Another vital fuel property is oxidation stability (OS), as it indicates the degree of oxidation that 

occurs during prolonged storage. Hasni et al. [18] mentioned that lower oxidation stability could 

adversely affect fuel quality. The higher the oxidation stability, the better the fuel quality. As the 

PSO biodiesel (unsaturated fatty acid) percentage increases, the OS decreases, which is shown in 

Figure 4e. As per European standard EN 590, the minimum OS of any fuel should be 20 h (indicated 

by the red line on the Figure 4e). PSO biodiesel-diesel blends B5 to B50 meet that standard. B5 has an 

OS value of 37.33 h and B50 is 22.31 h, while B0 has an OS value of 39 h. According to ASTM D6751 

and EN14214, the minimum OS values are 3 and 6 h respectively. This study found the 100% PSO 

biodiesel has an OS value of 5.61 h, which falls within the ASTM and close to EN standards.  

(a) (b) 

(c) (d) 
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(e) 

Figure 4. PSO biodiesel-diesel blending effects on: (a) density, (b) kinematic viscosity, (c) flash point, 

(d) calorific value, and (e) oxidation stability.

3.2. Analysis of Engine Performance 

3.2.1. Brake Power (BP) 

The brake power (BP) outputs from the diesel engine fuelled with diesel (B0) and PSO B5, B10, 

and B20 blends are shown in Figure 5a. It can be seen that the BP gradually increases with the 

increase of engine speed. Maximum BP was observed at 2400 rpm and was 45.9 kW, 45.4 kW, 45.08 

kW, and 48.34 kW for B5, B10, B20, and B0, respectively. Several factors, such as calorific value and 

viscosity, can have the effect of uneven combustion that results in lowering the BP value. In this 

study, the viscosity of diesel (B0) and PSO biodiesel-diesel blends were very close. Only the 

difference in calorific values of blends and diesel caused the variations in BP values. Average BP 

value reductions for B5, B10, and B20 in comparison with B0 were 2.88%, 3.87%, and 5.13%, 

respectively. 

(a) 
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(b) 

(c) 

(d) 

Figure 5. Variation of: (a) brake power, (b) torque, (c) brake specific fuel consumption (BSFC), and 

(d) brake thermal efficiency (BTE) for all PSO biodiesel-diesel blends and diesel with respect to

engine speed at full load condition.
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3.2.2. Torque 

Figure 5b shows that torque increases initially with speed increase up to 1400 rpm when the 

maximum level is achieved and then decreases continuously until the maximum speed of 2400 rpm 

for all biodiesel blends and B0. B5 had the highest torque among the biodiesel blends due to its 

higher calorific value and lower density and viscosity. As expected, B0 (diesel) had the highest 

torque followed by B5, B10, and B20. The maximum torques were recorded at 1400 rpm, and these 

were 225 Nm, 221 Nm, 220 Nm, and 218 Nm for B0, B5, B10, and B20, respectively. The average 

torque reduction for B5, B10, and B20 as compared with B0 was 1.37%, 2.47%, and 3.85%, 

respectively.  

3.2.3. Brake Specific Fuel Consumption (BSFC) 

Brake specific fuel consumption (BSFC) is the ratio of fuel flow rate and brake power. 

According to Mofijur et al. [17], BSFC values depend on the relationship between the fuel injection 

system, fuel density, calorific value, and viscosity. Figure 5c shows the variation of BSFC for all PSO 

biodiesel-diesel blends and diesel with respect to engine speed. It is found that diesel has the lowest 

BSFC value in comparison with PSO biodiesel-diesel blends (B5, B10, and B20). The average BSFC 

value of B0 was measured as 256.5 g/kWh, whereas those for blends of B5, B10, and B20 were 265 

g/kWh, 282.6 g/kWh, and 300.4 g/kWh, respectively. As mentioned earlier, the combined effects of 

fuel properties, such as density, viscosity, and calorific values of biodiesel may result in higher 

BSFC. Besides, biodiesel needs more fuel for producing the same power due to its lower calorific 

value in comparison with diesel. The average increase in BSFC values for B5, B10, and B20 as 

compared with B0 (diesel) were 3.35%, 10.16%, and 17.13%, respectively. 

3.2.4. Brake Thermal Efficiency (BTE) 

Brake thermal efficiency (BTE) is the ratio of the brake power and heat energy that is produced 

by fuel. Figure 5d shows that BTE decreases with the increase of biodiesel in the blends from B5 to 

B20. A higher BTE value (%) depends on some specific fuel properties such as higher calorific value, 

and lower density and viscosity. When compared with other blends, the properties of B5 were 

matched closely with diesel. The average BTE value of B5 was measured as 30.35%, whereas diesel 

was recorded as 31.33%. The lower calorific values and higher fuel consumptions of both B10 and 

B20 resulted in BTE values of 28.59% and 27.23%, respectively. The average reduction in BTE values 

for B5, B10, and B20 as compared with B0 (diesel) were 3.1%, 8.76%, and 13.1%, respectively. 

3.3. Interaction Effects of Operating Parameters on PSO Engine Performance 

The complex interaction effects of operating parameters, such as biodiesel blends, load, and 

speed, on each engine output response (BP, torque, BSFC, and BTE) could not be analysed 

independently. The significance of each of the various parameters in the model was obtained via 

analysis of variance (ANOVA). The experiments were carried out by use of the Box-Behnken 

response surface design. Minitab 18 was used to carry out the statistical analysis. Table 7 shows the 

factors and the range and levels of the investigated variables. 

Table 7. Experimental range and levels coded for analysis of variance (ANOVA). 

Factors Unit Symbol Coded 
Range and Levels

–1 0 1 

Biodiesel blends % BL 0 10 20 

Load % LD 0 50 100 

Speed rpm SP 1200 1800 2400 

Once the experiments were completed, a full quadratic model was applied for the correlation of 

the response variable to the independent variables. The form of the full quadratic model is shown in 

Equation (2). 

Chapter 5: Engine performance analysis 5-19



Energies 2018, 11, 2931 

R = P0 + P1Q1 + P2Q2 + P3Q3 + P1,2Q1Q2 + P1,3 Q1Q3 + P2,3Q2Q3 + P1,1Q12 + P2,2Q22 + P3,3Q32 (2) 

where R is the response factor; P0 is a constant; P1, P2, P3 are regression coefficients, P1,1, P1,2, P1,3, P2,2, P2,3, 

and P3,3 are quadratic coefficient; and, Q1, Q2, and Q3 are independent variables. 

Consideration was given to the linear, quadratic and combined effects of operating parameters 

to identify their impacts on the response. Each parameter’s the significance was evaluated by the 

probability value (p-value) from ANOVA. At the 95% confidence level, the p-values less than 0.05 

indicate a ‘significant’ effect of those parameters on the response. In other words, p-values more than 

5% or 0.05 indicate ‘not-significant’ effects of those parameters on the response. 

3.3.1. Effects of Biodiesel Blends, Load and Speed on Brake Power (BP) 

The relationships between brake power and three operating parameters of biodiesel blends, 

load, and speed were analysed. A quadratic regression model based on the coded parameters with 

determined coefficients for statistical prediction as defined by Equation (3) was developed using 

Minitab 18 to predict BP (kW) as a function of biodiesel blends (BL), load (LD), and speed (SP). 

BP = 20 − 0.018BL + 17.945 LD + 4.41 SP + 0.501 BL2 − 0.324 LD2 − 0.799 SP2 − 0.267 BL 

× LD − 2.177 BL × SP + 4.093 LD × SP 
(3) 

p-values from Table 8 show that the model is highly significant with an insignificant lack of fit.

When considering the linear, quadratic, and combined effects, BL is not significant as a linear 

parameter; also, none of the quadratic terms is significant. Only the combined effects of LD and SP 

are highly significant, whereas BL and SP have a significant effect on BP. The ANOVA results in 

Table 8 also show that both LD and SP have the lowest p-values (<0.0001 each) and highest F-values 

(3307.29 and 199.74). According to the quadratic Equation (3), both LD and SP have positive effects 

on BP. This means that increasing the LD and SP will increase BP as well. The coefficient of 

determination (R2) and the adjusted coefficient of determination (adj. R2) were 99.86% and 99.61%, 

respectively, which indicates a high accuracy for the model. 

Table 8. ANOVA results of the interactive effect of biodiesel blends, load, and speed on brake power. 

Source DF Adj. SS Adj. MS F-Value p-Value Significant

Model 9 2821.89 313.54 402.53 <0.0001 Highly 

Biodiesel blends (BL) 1 0.00 0.00 0.00 0.957 No 

Load (LD) 1 2576.18 2576.18 3307.29 <0.0001 Highly 

Speed (SP) 1 155.58 155.58 199.74 <0.0001 Highly 

BL×BL 1 0.93 0.93 1.19 0.325 No 

LD×LD 1 0.39 0.39 0.50 0.512 No 

SP×SP 1 2.36 2.36 3.02 0.143 No 

BL×LD 1 0.29 0.29 0.37 0.571 No 

BL×SP 1 18.97 18.97 24.35 0.004 Yes 

LD×SP 1 66.99 66.99 86.01 <0.0001 Highly 

Lack-of-Fit 3 3.58 1.19 7.71 0.117 No 

Pure Error 2 0.31 0.15 - - - 

Total 14 2825.79 - - - - 

R2 = 0.9986 Adj. R2 = 0.9961 - 

The ANOVA results in Table 8 for both LD × SP, and BL × SP interaction effects on BP are 

shown graphically in Figure 6. The three-dimensional (3D) surface plot and two-dimensional (2D) 

contour plot of LD and SP effects on BP are presented in Figure 6a,b respectively. BP (kW) increases 

with the increase of LD up to 100% and exceeds 40 kW with SP of 2000 rpm onwards. The maximum 

BP was found to be 45 kW at 2400 rpm. At 50% LD, the average BP value was recorded at about 20 
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kW with minimum effects from SP. However, the combined effects of LD and SP on BP are more 

significant with an increase of LD above 50%. Figure 6c,d present the 3D surface plot and 2D contour 

plot, respectively, which show only minor influences of changes of BL and SP on BP. It is therefore 

concluded that BL has a slight effect on BP, irrespective of SP changes. 

(a) Three-dimensional (3D) surface plot of load

and speed on brake power (BP)

(b) Two-dimensional (2D) contour plot of load and

speed on BP

(c) 3D surface plot of biodiesel blends and speed on BP (d) 2D contour plot of biodiesel blends and speed on BP

Figure 6. Combined effects of biodiesel blends, load, and speed on BP (kW). 

3.3.2. Effects of Biodiesel Blends, Load, and Speed on Torque 

The relationships between torque and three operating parameters of biodiesel blend, load, and 

speed were analysed. Based on the coded parameters, a quadratic regression model with determined 

coefficients for statistical prediction, as defined by Equation (4), was developed using Minitab 18 to 

predict torque (N.m) as a function of biodiesel blend (BL), load (LD), and speed (SP). 

T = 137.47 + 4.596BL + 95.884 LD − 8.105 SP − 16.6 BL2 − 15.06 LD2 − 18.13 SP2 − 0.53 BL × 

LD − 11.42 BL × SP − 12 LD × SP 
(4) 

p-values from Table 9 show that the model is highly significant with an insignificant lack of fit.

When considering the linear, quadratic, and combined effects, only the combined effects of BL and 

LD are not significant. The ANOVA results in Table 9 show that LD is not significant, as it has the 

lowest p-value and highest F-value, while BL is found to be significant and all other parameters are 

highly significant. According to the quadratic Equation (4), both LD and BL have positive effects on 

torque. This means that increasing the LD and BL will increase torque as well. The coefficient of 

determination (R2) and the adjusted coefficient of determination (adj. R2) were 99.96% and 99.89%, 

respectively, which indicates the high accuracy of the model. 
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Table 9. ANOVA results of the interactive effect of biodiesel blends, load, and speed on torque. 

Source DF Adj. SS Adj. MS F-Value p-Value Significant 

Model 9 78,005.7 8667.3 1352.54 <0.0001 Highly 

BL 1 169.0 169.0 26.37 0.004 Yes 

LD 1 73,549.5 73,549.5 11,477.45 <0.0001 Highly 

SP 1 525.5 525.5 82.01 <0.0001 Highly 

BL × BL 1 1017.2 1017.2 158.73 <0.0001 Highly 

LD × LD 1 837.8 837.8 130.73 <0.0001 Highly 

SP × SP 1 1213.7 1213.7 189.40 <0.0001 Highly 

BL × LD 1 1.1 1.1 0.18 0.691 No 

BL × SP 1 521.7 521.7 81.41 <0.0001 Highly 

LD × SP 1 575.5 575.5 89.81 <0.0001 Highly 

Lack-of-Fit 3 30.4 10.1 12.13 0.077 No 

Pure Error 2 1.7 0.8 - - - 

Total 14 78,037.7 - - - - 

R2 = 0.9996 Adj. R2 = 0.9989 

The ANOVA results in Table 9 for LD × SP, and BL × SP interaction effects on torque are shown 

graphically in Figure 7. The 3D surface plot and 2D contour plot of LD and SP effects on torque are 

presented in Figure 7a,b, respectively. Torque (Nm) decreases with the increase of SP at 100% LD. 

The maximum torque was found to be 220 Nm at 1400 rpm. At 50% LD, the average torque was 

recorded as about 120 Nm with minimum effects from SP. However, the combined effects of LD and 

SP on torque are more significant with an increase of LD above 50%. Figure 7c,d present the 3D surface 

plot and 2D contour plot, respectively, which show only minor influences of changes of BL and SP on 

torque. It is therefore concluded that BL has a slight effect on torque, irrespective of SP changes. 

(a) 3D surface plot of load and speed on torque (b) 2D contour plot of load and speed on torque

(c) 3D surface plot of biodiesel blends and

speed on torque.

(d) 2D contour plot of biodiesel blends and

speed on torque.

Figure 7. Combined effects of biodiesel blends, load, and speed on torque (Nm). 
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3.3.3. Effects of Biodiesel Blends, Load, and Speed on Brake Specific Fuel Consumption (BSFC) 

The relationships between three operating parameters of biodiesel blend, load, and speed with 

brake specific fuel consumption (BSFC) were analysed. Based on the coded parameters, a quadratic 

regression model with determined coefficients for statistical prediction, as defined by Equation (5), 

was developed using Minitab 18 to predict BSFC (gm/kWh) as a function of biodiesel blends (BL), 

load (LD), and speed (SP). 

BSFC = 252.17 + 138.13 BL − 526.25 LD − 30.43 SP + 62.5 BL2 + 488.88 LD2 + 71.66 SP2 − 

125.71 BL × LD − 38.55 BL × SP + 78.67 LD × SP 
(5) 

p-values in Table 10 show that the model is highly significant with an insignificant lack of fit.

When considering the linear, quadratic, and combined effects, all of the parameters are highly 

significant. Among all parameters, LD is the parameter with the lowest p-value and highest F-value 

(20,429.23). According to the quadratic Equation (5), both LD and SP have a negative effect on BSFC. 

This means that increasing the LD will decrease BSFC, whereas decreasing the LD will increase 

BSFC. The SD parameter has less influence in changing BSFC. The coefficient of determination (R2) 

and the adjusted coefficient of determination (adj. R2) were 99.98% and 99.95%, respectively, which 

indicates the high accuracy of the model. 

Table 10. ANOVA results of the interactive effect of biodiesel blends, load and speed on brake 

specific fuel consumption (BSFC). 

Source DF Adj. SS Adj. MS F-Value p-Value Significant 

Model 9 3,358,105 373,123 3440.61 <0.0001 Highly 

BL 1 152,631 152,631 1407.43 <0.0001 Highly 

LD 1 2,215,481 2,215,481 20,429.23 <0.0001 Highly 

SP 1 7408 7408 68.31 <0.0001 Highly 

BL × BL 1 14,424 14,424 133.00 <0.0001 Highly 

LD × LD 1 882,480 882,480 8137.45 <0.0001 Highly 

SP × SP 1 18,960 18,960 174.83 <0.0001 Highly 

BL × LD 1 63,215 63,215 582.91 <0.0001 Highly 

BL × SP 1 5944 5944 54.81 0.001 Highly 

LD × SP 1 24,756 24,756 228.28 <0.0001 Highly 

Lack-of-Fit 3 521 174 16.38 0.058 No 

Pure Error 2 21 11 - - - 

Total 14 3,358,647 - - - - 

R2 = 0.9998 Adj. R2 = 0.9995 

The ANOVA results in Table 10 for LD × SP, BL × LD, and BL × SP interaction effects on BSFC 

are shown graphically in Figure 8. The 3D surface plot and 2D contour plot of LD and SP effects on 

BSFC are presented in Figure 8a,b respectively. BSFC decreases with the increase of LD, irrespective 

of SP. The maximum BSFC was found to be 1450 gm/kWh at 0% LD and 1200 rpm SP. At 50% LD, 

the average BSFC was recorded at about 400 gm/kWh with almost no effect from changes in SP 

(rpm). Figure 8c,d present the 3D surface plot and 2D contour plot, respectively, of BL and LD effects 

on BSFC. At 0% LD, BL has a significant effect on BSFC. The 20% biodiesel blend (BL20) shows the 

maximum BSFC of 1450 gm/kWh at 0% LD. BSFC values decrease with the increase of LD, 

irrespective of BL. From Figure 8d, it can be seen that, at 36% LD, the 0–10% biodiesel blends (BL0, 

BL5, and BL10) have low BSFC values whereas, at 60% LD, BL20 also has achieved a lower BSFC. It 

is therefore concluded that BL has a minor effect on BSFC, irrespective of SP changes. Figure 8e,f 

show the 3D surface plot and 2D contour plot respectively of BL and SP effects on BSFC. BSFC 

values for BL0 have recorded for SP values in the range of 1200 to 2400 rpm and found to be less than 

400 gm/kWh. Changes in both BL and SP influence BSFC values. From Figure 8f, it can be seen that 
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both BL at 5% and BL at 10% have low BSFC for SP values in the range of 1600 to 2000 rpm. Higher 

BL percentages with higher SP values (up to 2000 rpm) result in higher values of BSFC. 

(a) 3D surface plot of load and speed on BSFC (b) 2D contour plot of load and speed on BSFC

(c) 3D surface plot of biodiesel blends and load on BSFC (d) 2D contour plot of biodiesel blends and load on BSFC

(e) 3D surface plot of biodiesel blends and speed on BSFC (f) 2D contour plot of biodiesel blends and speed on BSFC

Figure 8. Combined effects of biodiesel blends, load, and speed on BSFC (gm/kWh). 

3.3.4. Effects of Biodiesel Blends, Load, and Speed on Brake Thermal Efficiency (BTE) 

The relationships between brake thermal efficiency (BTE) and three operating parameters of 

biodiesel blends, load, and speed were analysed. Based on the coded parameters, a quadratic 

regression model with determined coefficients for statistical prediction, as defined by Equation (6), 

was developed using Minitab 18 to predict BTE (%) as a function of biodiesel blends (BL), load (LD), 

and speed (SP). 

BTE = 32.283 − 1.36 BL + 11.752 LD − 1.71 SP − 2.795 BL2 − 12.05 LD2 − 1.9 SP2 + 1.038 BL 

× LD + 0.267 BL × SP − 2.097 LD × SP 
(6) 

p-values in Table 11 show that the model is highly significant with an insignificant lack of fit.

When considering the linear, quadratic, and combined effects, only the BL × LD and BL × SP 

Chapter 5: Engine performance analysis 5-24



Energies 2018, 11, 2931 

combined parameters are not significant; all other parameters are significant. Only the combined 

effects of LD × SP are significant, whereas the quadratic terms LD × LD, BL × BL, and SP × SP were all 

found to have significant effects on BTE. The ANOVA results in Table 11 also show that LD has both 

the lowest p-values (<0.0001) and highest F-value (940.76). According to the quadratic Equation (6), 

only LD has a positive effect on BTE. This means that increasing the LD will increase BTE as well. 

The coefficient of determination (R2) and the adjusted coefficient of determination (adj. R2) were 

99.66% and 99.05%, respectively, which indicates the high accuracy of the model. 

Table 11. ANOVA results of the interactive effect of biodiesel blends, load, and speed on brake 

thermal efficiency (BTE). 

Source DF Adj. SS Adj. MS F-Value p-Value Significant 

Model 9 1717.12 190.79 162.44 <0.0001 Highly 

BL 1 14.80 14.80 12.60 0.016 Yes 

LD 1 1104.97 1104.97 940.76 <0.0001 Highly 

SP 1 23.39 23.39 19.92 0.007 Yes 

BL × BL 1 28.85 28.85 24.57 0.004 Yes 

LD × LD 1 536.17 536.17 456.49 <0.0001 Highly 

SP × SP 1 13.34 13.34 11.35 0.020 Yes 

BL × LD 1 4.31 4.31 3.67 0.114 Not 

BL × SP 1 0.29 0.29 0.24 0.642 No 

LD × SP 1 17.60 17.60 14.98 0.012 Yes 

Lack-of-Fit 3 5.48 1.83 9.26 0.099 No 

Pure Error 2 0.39 0.20 - - - 

Total 14 1722.99 - - - - 

R2 = 0.9966 Adj. R2 = 0.9905 

The ANOVA results in Table 11 for LD × SP interaction effects on BTE are shown graphically in 

Figure 9. The 3D surface plot and 2D contour plot of LD and SP effects on BTE are presented in 

Figure 9a,b, respectively. BTE increases with the increase of LD with minimum impacts from SP. The 

maximum BTE was found to be 33.43% at 1200 rpm. However, the combined effects of LD and SP on 

BTE are affected by an increase of LD above 50%. It is therefore concluded that SP has a minor 

impact on BTE, irrespective of LD changes. 

(a) 3D surface plot of load and speed on BTE (b) 2D contour plot of load and speed on BTE

Figure 9. Combined effects of biodiesel blends, load, and speed on BTE (%). 

4. Conclusions

This study investigated the effect of papaya seed oil (PSO) biodiesel in an agricultural diesel 

engine with various biodiesel-diesel blends and the resulting engine performance outcomes as 
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compared with those from the use of a reference diesel. A response surface methodology was 

introduced to analyse and describe the performance of this engine. The results of this investigation 

can be summarised, as follows: 

 PSO biodiesel-diesel blends (B5–B50) meet the European standard EN 590 for having minimum

oxidation stability of 20 h.

 Over the entire speed range of 1200 to 2400 rpm, the average BP value reductions for B5, B10,

and B20 in comparison with B0 were 2.88%, 3.87%, and 5.13%, respectively.

 The average torque reductions for B5, B10, and B20 in comparison with B0 were 1.37%, 2.47%,

and 3.85%, respectively.

 The average increase in BSFC values for B5, B10, and B20 in comparison with B0 were 3.35%,

10.16%, and 17.13%, respectively.

 The average BTE value of B5 was measured as 30.35%, whereas B0 (diesel) was recorded as

31.33%.

 The interactive relationships between three operating parameters (biodiesel blends, load, and

speed) and four responses (BP, torque, BSFC, and BTE) were analysed. ANOVA and a statistical

regression model show that load and speed were the two most important parameters that affect

all four responses. The biodiesel blends parameter had a significant effect on BSFC.

These results show that B5 and B10 PSO biodiesel-diesel blends can be used to fuel diesel

engines without further engine modification. Therefore, it can be concluded that papaya seed oil can 

be considered as a promising source of biodiesel production. However, before recommending as a 

future alternative energy source in commercial scale, further research needs to be conducted in 

terms of engine emissions, in-cylinder pressure, burn rate data, combustion analysis, and 

tribological performance analysis. 
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A B S T R A C T

This paper explores the impact of non-edible biodiesel blends on emission characteristics under various loading
conditions in a naturally aspirated four-strokes multi-cylinder diesel engine. A comparative analysis of the
emissions characteristics of four non-edible biodiesel (beauty leaf biodiesel, papaya seed biodiesel, stone fruit
biodiesel and tomato seed biodiesel) blends (20% vol. = B20) and diesel was performed by varying engine loads
(0, 50 and 100%) and speeds (1200, 1800 and 2400 rpm). The aim was to optimise operating parameters such as
biodiesel blends, engine loads and speed on engine emissions such as nitrogen oxide (NOx), carbon dioxide
(CO2), hydrocarbon (HC), particulate matter (PM), carbon monoxide (CO) and exhaust gas temperature (EGT). A
statistical model and analysis of variance (ANOVA) were used to optimise various parameters. At full load
condition and 2400 rpm, the minimum and maximum increase in NOx and CO2 emissions were found to be 4.1%
to 23.6% and 1.7% to 19% for papaya seed biodiesel PB20 and beauty leaf biodiesel BTL20 respectively. The
results reveal that the engine load and speed were the two most imperative parameters that affected emissions
(NOx, HC, PM and CO). Both biodiesel blend and the load were responsible for changing the EGT and NOx
emissions. While NOx emissions were unaffected by variations in biodiesel blends, load or speed, the CO2
emissions were not affected by the operating parameters. To conclude, papaya seed oil can be a plausible bio-
diesel feedstock and its diesel blends with varying engine speeds, and loads can provide optimal engine testing
characteristics for negotiating NOx, CO2, HC, PM, CO, and EGT concentration.

1. Introduction

Both outdoor and household air pollution levels remain seriously
elevated in many parts of the world, leading to a shocking death toll of
7 million people every year. Outdoor air pollution itself accounts for 4.2
million deaths every year due to stroke, chronic respiratory diseases,
heart diseases and lung cancer [1]. One of the major causes of this
mortality is the exposure to small particulate matter (PM) of 2.5 µm or
less in diameter. The sources that are responsible for this outdoor air
pollution are manufacturing industries, power generation, municipal
and agricultural wastes, and transportation. There are many sub-
sources of transportation air pollution such as light/heavy duty vehicles
and motorcycles representing on-road causes, whereas aircraft, diesel
equipment, marine engine/ocean vessels, locomotives, and recreation
vehicles and lawn mower are non-road contributors. Both on-road and
non-road transportation sources are mostly accountable for air quality
deterioration. Ready availability and easy affordability of fossil fuels
such as the fuel derived from petroleum sources has triggered the rapid

growth of the transportation industry, and resulted in substantial in-
creases in air pollution, i.e., exhaust gas emissions. These exhaust gas
emissions are not only adversely affecting our clean environment and
human health but can increase the rate of global warming. The fifth
assessment report of the United Nations Intergovernmental panel on
climate change (IPCC) indicated that the transport sector produced 7.0
Gigatonnes of equivalent carbon dioxide (GtCO2eq) of direct green-
house gas emissions including non-CO2 gases in 2010. Vehicle emis-
sions could increase at a rate faster than any other emissions generating
sectors and reach around 12 GtCO2eq per year by 2050 [2]. The
greenhouse gas emissions of the transport sector has grown 250% from
2.8 GtCO2eq in 1970 to 7.0 GtCO2eq in 2010 [2]. The most common
vehicle power units, i.e., compression ignition (CI) engines, emit NOx,
CO, HC, formaldehyde (HCHO), PM and non-methane organic gases
(NMOG) as well.

The consequences of excessive use of fossil fuel greatly affect the
whole planet’s health and quality of living. Apart from global warming,
other results include that NOx emissions lead to ground level ozone
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formation which is severely harmful to human beings and animal life as
well as for vegetation; CO2 and CO cause ozone layer depletion; sul-
phuric oxides and NOx trigger acidification; heart and nervous system
disorders are caused by CO; unburnt HC can cause serious coughing,
eye irritation and drowsiness; and NOx and PM cause respiratory pro-
blem, asthma and lung cancer [3–6]. However, biofuel or biodiesel can
be used as alternatives to fossil fuel in CI engines to reduce their HC,
smoke and CO emissions [7,8]. As biodiesels are considered to be
oxygenated fuels, the excess oxygen content in biodiesel ensures com-
plete combustion, resulting in higher exhaust gas temperature as well as
higher NOx formation. Nabi et al. [9] reported that PM generation from
biodiesel combustion is significantly reduced due to the higher oxygen
content and absence of aromatics in the fuel.

In recent decades, many researchers have been investigating alter-
native biodiesels and their blends on engine performance and technical
feasibility. Sathiyamoorthi et al. [10] investigated palmarosa oil bio-
diesel at different blends with diesel, and found lower CO, HC, smoke
emissions and slightly higher NOx emissions generation in all biodiesel
blends compared with pure diesel. Castor biodiesel can reduce CO and
HC by 9% and 8.8% respectively. In addition, a considerable reduction
in oxides of nitrogen was claimed by Arunkumar et al. [11]. They also
mentioned the increase in BSFC by 4% and decrease in BTE by 2.2%.
Patel et al. [12] reported that waste cooking oil biodiesel exhibited a
slightly higher heat release rate than diesel at 1500 rpm speed. They
found HC and NOx emissions were lower for waste cooking, karanja and
jatropha biodiesels compared to diesel, while CO emissions were
higher. Roy et al. [13] used canola oil biodiesel at different blends and
found there was no increase in NOx emissions as well as lower CO and
HC emissions at 5% biodiesel blend. Uyumaz [14] investigated mustard
seed oil biodiesel and found remarkable reductions in CO and smoke
emissions at 30% biodiesel blend, whereas NOx emissions were in-
creased by 22.1%. They also showed that, for a 10% biodiesel blend, the
indicated thermal efficiency decreased 6.8% while BSFC increased
4.8%. Kakati and Gogoi [15] produced biodiesel from kutkura and
found the engine performance of 10% and 20% biodiesel blends gave
almost similar fuel consumption rates with diesel. They found that BTE
was higher while smoke was recorded lower at all biodiesel blends.
Rashed et al. [16] investigated palm, jatropha and moringa oil biodiesel
and found palm biodiesel was better in terms of engine performance
and minimum emissions compared with jatropha and moringa biodiesel
fuel. Sanjid et al. [17] mixed two non-edible feedstocks, kapok and
moringa, and found average NOx and CO2 emissions for that mixed
blends were 14–17% and 1–3% higher respectively than for diesel.
Again, for the mixed blends, the average HC and CO emissions were
found to be 23–38% and 16–31% lower respectively than for diesel.

However, very limited literature is available on emissions studies of
papaya seed oil (PSO) biodiesel. Researchers have mixed PSO biodiesel
with other biodiesels, but none have done engine emissions analysis in
a full instrumented four stroke, multi-cylinder engine. For example,
Asokan et al. [18] reported that the emissions characteristics of mixed
watermelon and papaya seed biodiesel (20% vol. = B20) were found to

be better than diesel, as the emissions of CO, HC, and smoke were
27.3%, 23.8%, and 8.3% less for B20 than diesel. Prabhakaran et al.
[19] recommended PSO B25 to be an acceptable biodiesel blend, for the
intent of lower emissions of CO and NOx emissions. Sundar Raj et al.
[20] and Anwar et al. [21] concluded that PSO biodiesel-diesel blends
with additives have better combustion and emissions characteristics,
with lower smoke density and reductions in NOx. Mohan and Sen [22]
used biodiesel mix blends (20% vol. of papaya biodiesel with 80% vol.
of chicken biodiesel) and found a marginal increase in NOx emissions
while CO, HC and smoke were reduced compared with diesel.

The literature search provided no clear understanding of the influ-
ence of PSO biodiesel blends, engine loads and speeds on the NOx, CO2,
HC, CO and PM emissions and EGT of a CI engine. Therefore, this work
aims to determine the optimum level of biodiesel blends, engine loads
and speeds using papaya biodiesel blends and assessing their con-
tribution on a fully instrumented four stroke, four cylinder diesel engine
using mathematical modeling and ANOVA methods in achieving lower
emissions. The main objective is to gain a detailed understanding of the
PSO biodiesel blends’ emissions characteristics under varied engine
load conditions (0–100%) and engine speed (1200 rpm), engine mid
speed (1800 rpm) and engine high speed (2400 rpm).

2. Materials and methods

2.1. Biodiesel production

PSO was supplied from an approved local supplier (The Reliable
Convenience Store) of vegetable oils in Central Queensland, Australia.
The transesterification method was used to convert the oil to biodiesel.
Anwar et al. [23,24] discussed the optimisation process and biodiesel
conversion techniques in details. In the transesterification reaction,
potassium hydroxide (KOH pellets, 99% purity) was used as a catalyst
and methanol (99.9% purity) was chosen as the alcohol. KOH was
dissolved in methanol at 50 °C to produce methoxide. This methoxide
was then poured into a three-neck laboratory reactor that contained
pre-heated PSO for performing the transesterification reaction. Reac-
tion time, temperature and agitation speed were controlled as per the
experimental design from the optimisation process. At the end of the
reaction, the mixture was moved to a separation funnel to separate the
phase and held for one day. Impurities and glycerol formed at the
bottom and drained away. The upper layer (biodiesel) was transferred
into a beaker and heated for 15 min at 110 °C to remove any methanol
and water content. Before stored at laboratory environment, biodiesel
was filtered through Whatman® qualitative Grade 1 filter paper (pore
size: 11 µm). Three PSO biodiesel blends were prepared comprising
homogeneous mixtures of 5%, 10% and 20% vol. of biodiesel with 95%,
90% and 80% vol. of diesel respectively, denoted by PB5, PB10 and
PB20. Several ASTM standards and equipment were used to identify
different fuel properties such as kinematic viscosity (ASTM D445) with
NVB classic equipment (accuracy ± 0.01 mm2/s); density (ASTM
D1298) with DM40 LiquiPhysics™ density meter (accuracy ± 0.1 kg/

Nomenclature

ANOVA Analysis of variance
B20 20% Biodiesel + 80% diesel
BTL20 20% Beauty leaf biodiesel + 80% diesel
CO Carbon monoxide
EGT Exhaust gas temperature
HC Hydrocarbon
NOx Nitrogen oxide
PB10 10% Papaya seed biodiesel + 90% diesel
PM Particulate matter
SFO20 20% Stone fruit biodiesel + 80% diesel

TMT20 20% Tomato seed biodiesel + 80% diesel
B0 100% diesel
BL Biodiesel blends
CI Compression Ignition
CO2 Carbon dioxide
GtCO2eq Gigatonnes of equivalent carbon dioxide
LD Engine Load
PB5 5% Papaya seed biodiesel + 95% diesel
PB20 20% Papaya seed biodiesel + 80% diesel
PSO Papaya seed oil
SP Engine Speed
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m3); flash point (ASTM D93) with NPM 440 Pensky-Martens flash point
tester (accuracy ± 0.1 °C); acid value (ASTM D664) with Automation
titration Rondo 20 (accuracy ± 0.001 mg KOH/g); calorific value
(ASTM D240) with 6100EF semi-auto bomb calorimeter (accuracy ±
0.001 MJ/kg) and oxidation stability (ASTM D2274) with 873 Ran-
cimat (accuracy ± 0.01 h). Table 1 shows the physico-chemical
properties of raw PSO, pure PSO biodiesel (PB100) and PB20 that were
used in this study.

2.2. Experimental engine setup

Four-cylinder, four stroke indirect injection Kubota V3300 series
diesel engine was fuelled with PSO biodiesel blends (PB5, PB10 and
PB20) and reference pure diesel fuel (B0). The detail engine technical
specifications are listed in Table 2. The engine emissions data using the
PSO biodiesel blends and pure diesel were collected under different
load (25–100%) conditions and at 1400 rpm (maximum rated torque).
A comparative emissions analysis of different non-edible biodiesels and
PSO biodiesel was performed under different load conditions (0–100%)
and at different speeds (1200, 1800 and 2400 rpm). Fig. 1 shows the
schematic of the engine along with its data acquisition system. Exhaust
gas emissions such as, NOx (ppm), HC (ppm), CO (vol.%) and CO2 (vol.
%) were measured using a CODA5 gas analyzer. The gas analyzer uses a
non-dispersive infrared sensor for measuring exhaust gas emissions. A
MPM-4M branded particulate matter (PM) meter was used for mea-
suring PM (mg/m3) emissions. The engine was warmed up prior to
every test by running with pure diesel (B0) at full load. For technical
analysis and acquisition of data, the desired biodiesel blend was fuelled
on the engine. The engine was flushed with pure diesel immediately
following each test to prevent contamination with other biodiesel
blends.

Experimental error and uncertainty could arise in several ways
while tests were conducted. Some possible ways to minimize errors are
proper planning, condition monitoring, right instrument selection,
reading and observing, calibration and controlled experimental en-
vironment. Table 3 provides technical information about gas analyser,
PM meter and error tolerances.

3. Results and discussion

The viscosity, density, acid value, IV and CN of PSO biodiesel are
higher than diesel. PSO biodiesel has higher oxygen content that re-
sulted in a reduced (15% less than diesel) calorific value of the fuel.
Such intrinsic attributes of PSO biodiesel influence significantly the
emission characteristics of the engine. This section presents a detailed
emissions analysis of PSO biodiesel and its comparison with other non-
edible biodiesels (beauty leaf, stone fruit oil, tomato oil biodiesel).
Interactive effects of engine parameters such as PSO biodiesel blend
concentration, engine load and speed on emissions characteristics are
also presented in this section.

3.1. Engine emissions analysis

3.1.1. Nitrogen oxide (NOx) emissions
In the combustion chamber, high temperatures break down the ni-

trogen molecular bonds and cause a sequence of oxygen reactions to
create nitrogen oxide (NOx). Yatish et al. [25] mentioned that several
factors in the flame front and post-flame zone, including the content of
oxygen, in-cylinder temperature and residence time, are responsible for
NOx formation. The variation in NOx emissions with changes in load for
PSO biodiesel and diesel at 1400 rpm is shown in Fig. 2(a). It has been

Table 1
Physico-chemical properties of PSO biodiesel (PB100), PB20 with diesel (B0).

Properties Units PSO PB100 PB20 B0 ASTM D6751-2 EN14214-03 Australian Fuel Standard (Biodiesel)

Density kg/m3 885 840 829.76 827.2 870–890 860–900 860–890
Viscosity at 40 °C mm2/s 27.3 3.53 3.29 3.23 1.9–6.0 3.5–5.0 3.5–5.0
Acid value mg KOH/g 0.98 0.42 0.12 0.05 Maximum 0.5 Maximum 0.5 Maximum 0.8
Cetane number (CN) – – 48.29 48.06 48.00 Minimum 47 Minimum 51 –
Calorific value MJ/kg – 38.49 43.94 45.30 – 35.00 –
Flash point (°C) – 112 77.20 68.50 Minimum 93 >120 –
Iodine value (IV) – 79.95 115.89 53.82 38.30 – Maximum 120 Maximum 120
Oxidation stability (OS) Hour 77.97 5.61 32.32 39 Minimum 3 Minimum 6 Minimum 6

Table 2
Specification of the diesel engine.

Items Unit Specifications

Model Kubota V3300, Indirect injection
Type – Vertical, 4 cycle liquid cooled diesel
No. of cylinders – 4
Total displacement L 3.318
Bore × Stroke mm 98 × 110
Combustion type – Spherical type [E-TVCS (Three vortex

combustion system)]
Intake system – Natural aspired
Rated power output kW/rpm 53.9/2600
Rated torque Nm/rpm 230/1400
Compression ratio – 22.6:1
Fuel injection timing – 16° before TDC
Injection pressure MPa 13.73
Emissions certification – Tier 2

Fig. 1. The test engine schematic.
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found that the NOx emissions rise as load rises for all fuels. Devan et al.
[26] and Abed et al. [27] reported that increased combustion tem-
peratures and the stoichiometry of mixtures resulted in higher NOx
emissions with load changes. Godiganur et al. [28] indicated that the
air-fuel ratio increases with the increase in engine load, resulting in a
higher combustion chamber gas temperature and producing higher NOx
emissions. Under all loading conditions, PB5, PB10 and PB20 produced
higher NOx emissions than diesel. The greater the biodiesel content in
the biodiesel blends, the higher the levels of NOx produced. Some

researchers found that the higher cetane numbers for a lower biodiesel
blend could lead to a short delay in ignition leading to lower combus-
tion temperature and pressure, which resulted in reduced NOx emis-
sions [29,30]. The average NOx increases of PB5, PB10 and PB20 was
1.7%, respectively 3.47% and 6% compared to diesel.

3.1.2. Carbon dioxide (CO2) emissions
CO2 emissions increased as engine loads increased for all biodiesel

blends and pure diesel (Fig. 2(b)). At all load conditions, the higher the

Table 3
Exhaust gas analyser, PM meter specification and error tolerances [23].

Measured gas Measurement

Range Resolution Accuracy Relative uncertainty Average reading for B0

HC 0–30,000 ppm (n-hexane) 1 ppm ±1 ppm abs. (± 1/22.57) = 0.044 22.57
CO 0–15% 0.001% ±0.02% abs. (± 0.02/0.2) = 0.1 0.2
CO2 0–20% 0.001% ±0.3% abs. (± 0.3/12.28) = 0.024 12.28
NOx 0–5000 ppm 1 ppm ±1 ppm abs. (± 1/354) = 0.0028 354

Meter Particle size Particle concentration range Resolution
Particulate Matter < 100 nm to > 10 µm 0.1 to > 700 mg/m3 ±0.1 mg/m3 (± 0.1/55.2) = 0.0018 55.2

Fig. 2. Variation in: (a) NOx, (b) CO2, (c) HC, (d) PM, (e) CO, and (f) EGT with changing load for PSO biodiesel blends and pure diesel at 1400 rpm.
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biodiesel content in the biodiesel blends from PB5 to PB20, the higher
the CO2 emissions produced. Imdadul et al. [31] mentioned that CO is
converted into CO2 with the reaction being facilitated by an oxidising
agent, hydroxyl radical (OH), when adequate O2 is available. Mofijur

et al. [32] indicated that CO2 emissions increased due to the higher O2
content and higher cetane number of biodiesel blends. PB20 shows the
highest CO2 emissions under all loads compared with other biodiesel
blends and diesel due to the higher O2 content in its chemical structure

(a) Engine loads and speed vs NOx.

(b) Engine loads and speed vs CO2.
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Fig. 3. Variation of emissions with different engine loads and speeds.
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which assists in completing combustion. The average CO2 increases for
PB5, PB10 and PB20 were 4.5%, 6.3%, and 9% respectively in com-
parison to Diesel.

3.1.3. Hydrocarbon emissions (HC)
Fig. 2(c) shows the variation in hydrocarbon (HC) emissions over

the whole load ranges at 1400 rpm. With the increase in engine load for
all PSO biodiesel blends and diesel, HC emissions are rising. Nantha

(d) Engine loads and speed vs PM.

(e) Engine loads and speed vs CO.
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Fig. 3. (continued)
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Gopal et al. [33] reported that the fuel mass entering into the cylinder
greater at higher engine loads, hence fuel to air ratio increases. Other
researchers have testified to similar outcomes that confirm HC emis-
sions increase as engine loads increase [27,34–36]. Higher HC emis-
sions at low engine speeds are obtained by high fuel density and visc-
osity that affect the atomisation and ignition of fuel in the combustion
chamber [37,38]. Imdadul et al. [31] also mentioned that fuel being
trapped in the crevice volumes of the combustion chamber may con-
tribute to higher HC emissions. Vijay Kumar et al. [39] mentioned that
higher levels of oxygen and cetane number can reduce HC emissions.
Relative to diesel, the average HC decreases are 9.3%, 15.6% and
19.3%, respectively in PB5, PB10 and PB20.

3.1.4. Particulate matter emission (PM)
Fig. 2(d) shows particulate matter (PM) emissions variation with

engine load changes for both PSO biodiesel blends and diesel at
1400 rpm. A significant increase in PM occurred with an increase in
engine load from 75% to 100%. Generally, biodiesel has lower PM
emissions in comparison with diesel. Tse et al. [40] mentioned that the
lower volatility and higher oxygen content of biodiesel led to lower PM
emissions. Lin et al. [41] mentioned that lower PM emissions can be
obtained using biodiesel with a higher cetane number due to the shorter
ignition delay and longer combustion. Imdadul et al. [31] also

mentioned that PM emissions increase significantly at higher engine
load as fuel burns in diffusion mode due to the high fuel quantity being
injected in a combustion chamber to provide soot oxidation with less
combustion time. Conversely, few researchers [40,42] stated that the
lower PM emissions at lower engine load may be attributed to the
premixed fuel consumption which requires more combustion time for
soot oxidation. At 100% full load, PB5, PB10 and PB20 decreases in PM
values are 19.5%, 31.4% and 34.9%, respectively, compared with
diesel.

3.1.5. Carbon monoxide emissions (CO)
Incomplete combustion is the main reason for elevated carbon

monoxide (CO) in the exhaust emissions. Both excessively lean and rich
air-fuel ratio blends can cause CO in the engine cylinder. Inadequate or
low air fuel in a rich combustion mix may also cause high CO emissions.
Ong et al. [43] mentioned that CO forms in the rich blend of air-fuel
mixture regions due to lack of accessibility to oxygen (O2) needed to
oxidise all CO in the fuel. CO emissions are determined by the air-fuel
ratio, engine speed, injection timing, pressure and fuel types
[32,34,43,44]. Fig. 2(e) shows the variation in CO emissions by PSO
biodiesel blends and diesel over the whole load ranges. The CO emis-
sions increase with an increase in the load from 75% to 100% for all
biodiesel blends and diesel. Over the entire range of loads, CO emis-
sions were highest at 100% full load. Biodiesel generally contains 12%
greater oxygen content than pure diesel [45]. The higher the O2 content
(i.e., the greater the biodiesel concentration in the biodiesel diesel
blend), the lower the CO emissions. Improved combustion occurred due
to increase in O2 content in the air-fuel mixture in the biodiesel blends
[13,46,47]. Murillo et al. [48] noted that CO emissions from biodiesel
blends are lower because they have greater oxidation than pure diesel.
At 100% full load, CO levels of PB5, PB10, and PB20 decreased by
11.1%, 22.2% and 29.6%, respectively, compared to diesel.

Table 4
Overall emissions generation and EGTs of biodiesel (BD) blends over B0 at full load on different engine speeds.

Emissions Generation and EGT Full load (100%) Comparison of BD with B0
1200 rpm 1800 rpm 2400 rpm Min. / (%) Max. / (%)

NOx emissions BD > B0 BD > B0 BD > B0 PB20 ( 4.1%) BTL20 ( 23.6%)
CO2 emissions BD > B0 BD > B0 BD > B0 PB20 ( 1.7%) BTL20 ( 19%)
HC emissions B0 > BD B0 > BD B0 > BD BTL20 ( 1.3%) PB20 ( 28.2%)
PM emissions B0 > BD B0 > BD B0 > BD BTL20 ( 2.7%) PB20 ( 13.7%)
CO emissions B0 > BD – – BTL20 ( 8.8%) PB20 ( 31.6%)
EGT BD > B0 BD > B0 BD > B0 PB20 ( 5.4%) BTL20 ( 8.7%)

Note: = increase and = decrease.

Table 5
Experimental range and levels of operating parameters.

Operating parameters Symbol coded Range and Levels

−1 0 1

Biodiesel blends (%) BL 0 10 20
Load (%) LD 0 50 100
Speed (rpm) SP 1200 1800 2400

Table 6
Experimental matrix and results for the model of response values for Box-Behnken.

Operating parameters Experimental response values Predicted response values

Run no BL (vol.
%)

LD (%) SP (rpm) NOx
(ppm)

CO2 (vol.
%)

HC (ppm) PM (mg/
m3)

CO (vol.
%)

EGT (°C) NOx
(ppm)

CO2 (vol.
%)

HC (ppm) PM (mg/
m3)

CO (vol.%) EGT (°C)

1 20 50 2400 223.0 5.75 16.50 0.20 0.000 343 226.0 5.78 16.25 0.20 0.003 404
2 20 100 1800 353.0 12.15 15.00 12.0 0.010 589 235.0 12.15 15.00 12.0 0.010 540
3 10 50 1800 317.0 5.17 15.00 0.20 0.000 298 316.0 5.25 15.25 0.10 0.000 311
4 10 50 1800 313.0 5.23 15.33 0.20 0.000 287 323.0 5.13 15.45 0.20 0.000 300
5 20 50 1200 221.0 5.44 16.50 0.10 0.000 276 291.4 5.43 17.00 0.10 0.000 269
6 0 100 1800 335.0 11.65 22.00 27.4 0.010 576 178.0 11.65 20.00 27.4 0.010 528
7 10 100 2400 429.0 12.42 15.00 6.50 0.010 624 338.0 12.42 15.00 6.50 0.010 612
8 10 50 1800 314.0 5.14 16.00 0.20 0.000 292 327.0 5.55 15.75 0.20 0.000 283
9 10 100 1200 255.0 12.57 20.00 130.0 0.770 537 192.0 12.57 20.50 130.0 0.4876 505
10 10 0 1200 369.0 5.63 16.00 0.10 0.000 153 294.0 5.43 16.55 0.1 0.000 148
11 0 50 2400 214.0 4.45 20.00 0.12 0.010 346 333.6 5.45 21.00 0.1 0.000 329
12 0 0 1800 192.0 3.85 18.67 0.01 0.010 159 178.0 4.07 19.00 0.0 0.010 156
13 0 50 1200 187.0 4.31 19.50 0.55 0.000 257 144.0 4.82 22.00 0.7 0.000 220
14 20 0 1800 193.0 5.38 15.00 0.30 0.010 267 164.0 4.00 14.25 0.2 0.000 249
15 10 0 2400 145.0 3.92 13.00 54.0 0.200 253 140.0 3.96 16.25 56.5 0.2954 250
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3.1.6. Exhaust gas temperature (EGT)
Fig. 2(f) demonstrates EGT variations for PSO biodiesel blends as

well as diesel for the entire range of engine loads. Devan et al. [26]
mentioned that EGT depends significantly on the fuel injection rate in
the combustion chamber. Ong et al. [43] again found that EGT in-
creases due to the heat energy generated in the combustion chamber
increasing with the increase in engine speed with increasing load for all
biodiesel blends and diesel. Low biodiesel concentration in the biodiesel
diesel blend such as for PB5 results in a higher cetane number, so the
oxygenated fuel mixture it produced assisted in improving combustion
[49]. In contrast, lower calorific value and higher viscosity of the PB10

and PB20 lead to poor atomisation and incomplete combustion, re-
sulting in higher EGTs [50]. Ong et al. [43] state that diesel generally
has higher heating values and shorter combustion phases, resulting in
lower EGTs compared to all biodiesel blends. Some researchers also
found that a higher EGT of biodiesel can result from lower volatility of
biodiesel blends that affect spray formation in the combustion chamber,
leading to slower combustion [26,51]. A higher EGT suggests a bio-
diesel-fuelled engine’s poor performance. The EGT values for PB5, PB10
or PB20 increased on average as compared to diesel by 1.2% by 2% and
3.7% respectively.

(c) Design matrix for mean HC emissions.

(a) Design matrix for mean NOx emissions.

(b) Design matrix for mean CO2 emissions.

Fig. 4. Output responses of Box-Behnken design matrix for mean emissions.
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3.2. Comparative analysis of engine emissions from PSO and other non-
edible biodiesels

Fig. 3 shows the comparative analysis of diesel (B0), PSO biodiesel
engine emission characteristics and three other non-edible biodiesels
related to NOx, CO2, HC, PM, CO and EGT. Three engine loads (0, 50
and 100%) were tested at three engine speeds (1200, 1800 and
2400 rpm) to investigate emissions characteristics. Biodiesel content of
20% vol. (B20) of all four biodiesel blends (beauty leaf biodiesel-BTL20,
papaya seed biodiesel-PB20, stone fruit biodiesel-SFO20 and tomato
seed biodiesel-TMT20) were considered in this analysis.

Fig. 3(a) compares the NOx emissions characteristics of pure diesel

(B0) and four 20% biodiesel blend concentrations (B20) with varying
engine loads and speeds. NOx emissions increased with increases in
engine loads and speeds due to higher biodiesel oxygen content, which
increases the combustion temperature, leading to better combustion
[26,47]. Over the entire engine speed range (1200, 1800 and
2400 rpm), CO2 emissions for all B20 biodiesel blends increased with
each load increase (0%, 50% and 100%) (Fig. 3(b)). PB20 was found to
emit the minimum NOx and CO2 emissions at any combination of load
condition and engine speed, followed by SFO20, TMT20 and BTL20.
Again, at all load conditions, both NOx and CO2 emissions of all bio-
diesel blends are higher than those of B0.

Fig. 3(c) demonstrates B0 and B20 biodiesel emissions of HC with

(d) Design matrix for mean PM emissions.

(e) Design matrix for mean CO emissions.

(f) Design matrix for mean EGTs.

Fig. 4. (continued)
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increasing engine loads and speeds. Godiganur et al. [28] reported that
lower HC emissions from biodiesel blends were found due to better
combustion of the blends. Over the whole range of engine speeds (1200,
1800 and 2400 rpm), the HC emissions of PB20 were found to be lowest
at any of the tested load conditions (0%, 50% and 100%). Fig. 3(d)
shows the PM emissions decreased with engine speed up to 2400 rpm.
Some literature has shown that PM is higher at lower speeds because of
incomplete combustion and intense lubricating oil burning [52,53].
However, PM emissions decrease drastically in biodiesel blends at
higher engine speeds because of better combustion in oxygenated fuels
[54,55]. Again, the absence of aromatic content in biodiesel can reduce
PM emission. At all loads, both the HC and PM emissions of all biodiesel
blends are lower than those of B0. The lowermost HC and PM emitters
were found to be PB20, followed by SFO20, TMT20 and BTL20 at any
combination of engine loading conditions and speeds.

Fig. 3(e) shows that incomplete combustion at lower engine speed
(1200 rpm) and higher engine load (100%) causes higher CO emissions
generation for all biodiesels and B0. CO emissions have been reduced as
engine loads and speeds have increased. Higher oxygen content and
cetane number of biodiesel blends led to total combustion. This finding
is compatible with the research available [32,56]. PB20 was found to
produce the lowest CO emissions, followed by SFO20, TMT20 and
BTL20.

With increasing engine loads and speeds in B0 and with all biodiesel
blends, the exhaust gas temperature (EGT) increases as shown in
Fig. 3(f). Lower calorific values and increased viscosity of biodiesels
lead to poor atomisation and incomplete combustion, leading to more
EGTs [49,51]. The B0, PB20, followed by SFO20, TMT20 and BTL20,
are found to produce the lowest EGT. With a full load (100%) and
2400 rpm, the highest EGT was obtained.

Table 4 describes the overall scenarios of emissions generation and
EGT of biodiesel blends (BD) compared with pure diesel (B0) at full
engine load conditions at different speeds. The minimum and maximum
increase in NOx and CO2 emissions were found to be 4.1% and 1.7% for
PB20, and 23.6% and 19% for BTL20 respectively, compared with B0 at
full load (100%) condition and 2400 rpm. The highest and lowest de-
crease in HC, PM and CO emissions were found to be PB20 (28.2%,
13.7% and 31.6%) and BTL20 (1.3%, 2.7% and 8.8%) respectively.
Moreover, the minimum and maximum increases in EGT were found to
be 5.4% for PB20 and 8.7% for BTL20 respectively.

3.3. Interactive effects of PSO biodiesel on emissions

3.3.1. Design of experiments
The intricate relationships of operating parameters such as PSO

biodiesel blends, engine load and engine speed on the output responses,
i.e., exhaust gas emissions (NOx, CO2, HC, PM, CO and EGT), could not
be explored individually. Anwar et al. [23] have shown the interaction
effects of operating parameters with engine performance using PSO
biodiesel. However, no research is available on the correlation between
the operational parameters (biodiesel blends, load and engine speed),

Table 7
Variation of output responses of Box-Behnken design matrix for mean emissions
generation.

Mean emissions generation and
EGT

Optimum parameter level

Biodiesel blends
(vol.%)

Load (%) Speed (rpm)

NOx emissions PB20 50 2400
CO2 emissions PB20 50 2400
HC emissions PB20 50 2400
PM emissions PB20 50 1800
CO emissions PB20 50 1800
EGT PB10 0 1200
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and the output responses (exhaust gas emissions) of PSO biodiesel
blends. This study focuses on the interactive relationships between
three operational parameters (PSO biodiesel blends, load and engine
speed) and six responses (NOx, CO2, HC, PM, CO and EGT). The Minitab
18 software package was used for statistical analysis. A response surface
design based on the Box-Behnken module was used in all experiments.
The operating parameters and the ranges and levels used in this study
are listed in Table 5.

To compare the response variable with the operating parameters, a
complete quadratic model was developed. Eq. (1) shows the form of this
model.

= + + +
= = = = +

R P P Q P Q P Q Q2
i

n

i i
i

n

ii i
i

n

j i

n

ij i j0
1 1 1

1

1 (1)

where R is the predicted response factor; P0 is a constant; Pi is the linear
effect; Pii is the quadratic effect; Pij is the interaction effect of Qi (the ith

(a) 3D surface plot of load and biodiesel
blends on NOx (ppm).

(b) 2D contour plot of load and biodiesel
blends on NOx (ppm).

(c) 3D surface plot of biodiesel blends and
speed on NOx (ppm).

(d) 2D contour plot of biodiesel blends and
speed on NOx (ppm).

(e) 3D surface plot of load and speed on
NOx (ppm).

(f) 2D contour plot of load and speed on
NOx (ppm).

Fig. 5. Interactive effects of biodiesel blends, engine load, and speed on NOx (ppm).
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operating parameter) and Qj (the jth operating parameter).
For investigating the relationships between the six responses of NOx,

CO2, HC, PM, CO emissions and EGT and the three operating para-
meters of biodiesel blend, load and speed, these were fitted by a re-
gression quadratic model. Based on the coded parameters, as shown in
the following equations, this model was developed to predict individual
responses as a function of biodiesel blend (BL), load (LD) and speed
(SP):

= + +
+ +

NO 322 0.9BL 25.87LD 8.28SP 74BL 69.25LD
11.75SP 27.75BL LD 76.25BL SP 75LD SP

x
2 2

2 (2)

= + + +
+ + +

CO 5.31 0.17BL 3.92LD 0.08SP 0.28BL 2.94LD
0.34SP 0.14BL LD 0.07BL SP 0.33LD SP

2
2 2

2 (3)

= + +
+ +

HC 15.48 2.44BL 0.56LD 0.94SP 1.78BL 0.2LD
1.8SP 0.06BL LD 0.06BL SP 1.3LD SP

2 2

2 (4)

= + +
+ +

PM 2.5 1.96BL 14.89LD 8.45SP 20.3BL 27.7LD
18.07SP 3.9BL LD 0.17BL SP 44.97LD SP

2 2

2 (5)

= + +
+ +

CO 0.0265LD 0.0224SP 0.095BL 0.1025LD 0.0958SP
0.0025BL LD 0.0007BL SP 0.1932LD SP

2 2 2

(6)

= + + + +
+ + +

°EGT BL LD SP BL LD
SP BL LD BL SP LD SP

( C) 298 28.63 172.75 56.63 1.5 71.75
9 20.25 6.5 1.25

2 2

2 (7)

To identify the impact of operating parameters on the response, the
linear, quadratic and combined effects have been considered on oper-
ating parameters. The probability value (P-value) is utilized as a tool to
evaluate the significance of each parameter from the analysis of var-
iance (ANOVA). P-values lower than 0.05 are known at the confidence
level of 95% as a ‘significant’ impact of these parameters on the re-
sponse. P-values above 0.05 suggest that these parameters have a ‘non-
significant’ effect on response. The effects of the Box-Behnken devel-
opment method for predicting response values are shown in Table 6.

Fig. 4 shows the variation of output responses in accordance with
Box-Behnken design matrix for mean NOx, CO2, HC, PM and CO
emissions and EGT. The lowering of all emissions is better for the global
environment. From the response shown in Fig. 4(a), it is found that the
theoretical parameter levels of biodiesel blends (PB20) with 0% engine
load at 2400 rpm can generate minimum NOx emissions after diesel
(B0). NOx emissions are inversely proportional to biodiesel blends and
speeds. With an increase in both biodiesel blend (PB10 to PB20) and
speed (1800 rpm to 2400 rpm), NOx drops drastically. However, engine
load has a consistent trend in its effect on NOx emissions generation as
the higher the engine load, the higher are the NOx emissions. The op-
timum parameter levels to minimise NOx emissions would be PB20 with

50% engine load at 2400 rpm speed. Fig. 4(b) shows the theoretical
parameter levels that can produce minimum CO2 emissions after diesel
(B0) are biodiesel blend (PB10) with 0% engine load at 2400 rpm.
However, the change in CO2 value is insignificant by varying biodiesel
blends PB10 to PB20 as well as increasing engine load 0% to 50%.
Engine load increases from 50% to 100% caused a peak rise in CO2
generation. The other significant factor that affects CO2 emissions for
PSO biodiesel blends is engine speed. With the increase of engine speed
from 1800 rpm to 2400 rpm, CO2 emission dropped by 4.4%. Fig. 4(c)
shows the variation in biodiesel blends between PB10 and PB20 does
not have any significant effect on HC emissions level changes. HC
emissions are inversely proportional with engine speed. With an in-
crease in speed (1800 rpm to 2400 rpm), HC drops drastically. Never-
theless, engine load has a positive effect on HC emissions generation as
the higher the engine load, the higher are the HC emissions. Again, the
optimum parameter level would be PB20 with 50% engine load at
2400 rpm speed, whereas the theoretical parameter levels are biodiesel
blends (PB10 or PB20) with 0% engine load at 2400 rpm. PM emissions
are inversely proportional with biodiesel blends as shown in Fig. 4(d).
With an increase in biodiesel content in the blends (PB10 to PB20), PM
drops drastically. However, both engine load and speed have mixed
effects on PM emissions generation as PM drops with the increase of
load (0% to 50%) and speed (1200 rpm to 1800 rpm). Any increase in
load and speed caused higher PM emissions. Fig. 4(e) shows that the CO
emissions level was found to be the same at B0 and PB20. Both engine
load and speed have mixed effects on CO emissions generation as CO
drops with the increase of load (0% to 50%) and speed (1200 rpm to
1800 rpm). Any increase in engine load and speed caused higher CO
emissions. However, engine load (50% to 100%) has a significant effect
on increasing CO emissions. Biodiesel has a higher oxygen content that
ensures better combustion, which resulted in generating higher EGTs.
At higher engine loads and speeds, the EGT was found to be higher.
Biodiesel content in the blends, engine loads and speeds are propor-
tional in changes in EGT, as expected. From the response shown in
Fig. 4(f), it is found that the optimum parameter levels are biodiesel
blends (PB20) with 0% engine load at 1200 rpm.

The optimum parameter levels of biodiesel blends, engine load and
speed are summarized in Table 7. All mean emissions were found to be
optimum at PB20 biodiesel blends with 50% load while keeping the
speed at 2400 rpm or 1800 rpm. However, EGT was found to be lowest
at PB10 blends with 0% loading condition and the lower speed of
1200 rpm. A change in biodiesel blends (PB10 to PB20) and speed
(1200 to 2400 rpm) will incur 5.6% and 28% increases in EGT re-
spectively.

(a) 3D surface plot of speed and loads on
HC (ppm)

(b) 2D contour plot of speed and loads on HC
(ppm)

Fig. 6. Interactive effects of biodiesel blends, load, and speed on HC (ppm).
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3.3.2. Interactive effects of operating parameters on responses
The P-values of the model’s ANOVA results are highly significant, as

shown in Table 8. The linear effect of LD, quadratic effect of BL2 and
LD2, and all combined effects except BL*LD are found to be highly
significant, whereas BL*LD is found significant. Both BL*LD and LD*SP
have the lowest P-value (< 0.0001) and higher F-values of 121.57 and
117.62 respectively. According to quadratic equation (2), LD, SP,
BL*LD and LD*SP have positive effects on NOx. BL*SP has a negative
effect on NOx emissions generation, which indicates that, at lower BL
and higher SP, NOx emissions will be higher. The coefficient of de-
termination (R2) and adjusted coefficient of determination (adj. R2)
were found to be 98.95% and 97.05% respectively which indicates the
moderate accuracy of the model.

Fig. 5 shows the results of ANOVA in Table 8 for BL*LD, BL*SP and
LD*SP interaction effects on NOx. It can be seen from Fig. 5(a) and (b)
that NOx rises with an increase in LD regardless of any biodiesel blends.
Fig. 5(c) and (d) show that 1800 rpm SP and B10 blend cause the
maximum generation of NOx emissions. With the increase of SP, the
NOx generation reduces. Fig. 5(e) and (f) show that, at lower SP and
lower LD, the NOx emissions are higher, whereas a higher SP with
higher LD can generate higher NOx as well. The maximum NOx was
found to be 429 ppm at 2400 rpm SP and 100% LD.

The CO2 model presented in Table 8 shows as highly significant due
to lower P-values of ANOVA results indicating an insignificant lack of
fit. Only the LD linear parameter and LD2 quadratic terms are found to
be highly significant. There are no significant other parameters and
combined effects. LD has the lowest P-value (< 0.0001) and highest F-
value (630.36). In accordance with the quadratic equation (3), LD,
BL*LD and LD*SP have positive effects on CO2. BL*SP has a negative
effect on CO2 emissions generation, which indicates that, at lower SP
and higher BL, CO2 emissions will be higher. The R2 and adj. R2 were
99.38% and 98.27%, indicate an excellent accuracy of the model. The
ANOVA results in Table 8 show that there are no significant effects
between the operating parameters on CO2 emissions generation.

The HC model is found highly significant due to lower P-values of
ANOVA results from Table 8. It also shows an insignificant lack of fit.
Both the BL and SP of the linear parameters are found to be significant,
and the BL2 and SP2 quadratic terms are highly significant. Only the
LD*SP combined effect is found to be significant in this model. LD*SP
has the lowest P-value (0.012) and a high F-value (14.76). According to
quadratic equation (4), only LD and BL*SP have very little positive
effect on HC emissions. This indicates that, at lower SP and higher LD,
HC emissions will be higher. Again, R2 and adj. R2 were found to be
97.43% and 92.79% respectively that shows the model's reasonable
accuracy.

The LD*SP combined interaction effects on HC from the ANOVA
results (Table 8) is graphically presented in Fig. 6. The 3D surface plot
of LD and SP impact on HC (Fig. 6(a)) and 2D contour plot (Fig. 6(b))
are shown. For increased LD for limited SP impacts, HC increases. The
maximum HC at 1200 rpm and 100% LD was found to be 20 ppm.
Nevertheless, it was found that LD*SP's combined effects on HC were
found to be minimum at 50% LD at 1800 rpm SP.

Table 9 P-values of the ANOVA results show that the model is highly
significant. It is found that only the combined effect of LD and SP is
highly significant and all quadratic terms are significant. LD of the
linear parameter is found significant in this model. LD*SP has the
lowest P-value (0.001) and highest F-value (49.24). According to
quadratic equation (5), LD and BL*SP have positive effects on PM.
LD*SP has a negative effect on PM emissions generation, which in-
dicates that, at lower SP and higher LD, PM emissions will be higher.
The model showed an insignificant lack of fit, whereas R2 and adj. R2

were found to be 95.22% and 86.62%, which indicate the reasonable
accuracy of the model.

Fig. 7 demonstrates the combined effect of LD*SP on PM from
ANOVA results in Table 9. The 3D surface plot (Fig. 7(a)) and 2D
contour plot of BL and LD (Fig. 7(b)) present the effects on PM. With theTa
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increase of SP, PM decreases regardless of loading conditions. The
maximum PM was found to be 130 mg/m3 at 1200 rpm SP and 100%
LD.

The lower P-values of ANOVA results from Table 9 reveals a very
critical model with negligible lack of fit. Only LD and SP of the

combined effects is found to be highly significant, and all quadratic
terms are highly significant. None of the linear parameters are sig-
nificant in this model. LD*SP has the lowest P-value (< 0.0001) and
highest F-value (83.68). Based on the quadratic equation (6), BL*LD as
well as BL*SP have slight positive effects on CO. LD*SP has an adverse

(a) 3D surface plot of load and speed on PM
(mg/m3).

(b) 2D contour plot of load and speed on
PM (mg/m3).

Fig. 7. Interactive effects of biodiesel blends, load, and speed on PM (mg/m3).

(a) 3D surface plot of speed and loads on
CO (vol.%)

(b) 2D contour plot of speed and loads on CO
(vol.%)

Fig. 8. Interactive effects of biodiesel blends, load, and speed on CO (vol.%).

(a) 3D surface plot of biodiesel blends and
loads on EGT

(b) 2D contour plot of biodiesel blends and loads
on EGT

Fig. 9. Interactive effects of biodiesel blends, load, and speed on EGT (°C).
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effect on CO emissions generation, which indicates that, at lower SP
and higher LD, CO emissions will be higher. The R2 and adj. R2 were
96.81% and 91.07% respectively, which shows the model’s moderate
accuracy.

The ANOVA results in Table 9 for LD*SP interaction effects on CO is
shown graphically in Fig. 8. Fig. 8(a) shows the 3D surface plot and
Fig. 8(b) shows the 2D contour plot of LD and SP effects on CO. CO
decreases with the increase of SP from 1200 rpm to 1800 rpm irre-
spective of any loading conditions. However, a slight increase in CO
was observed at 2400 rpm at 0% LD. The maximum CO was found to be
0.44 vol% at 1200 rpm and 100% LD.

Table 9 reveals that with an insignificant lack of fit the model's P-
value is highly significant. All linear parameters and the LD2 quadratic
term are highly significant. Even BL*LD’s combined effects are sig-
nificant, while others are not significant. The findings of ANOVA in
Table 9 also indicate that LD and SP both have the lowest P-values
(< 0.0001 each) and the highest F-values (1207.9 and 129.78). BL has
a low P-value (0.002) and moderate F-value (33.17). All three operating
parameters have strong positive effects on EGT as per quadratic equa-
tion (7). Other terms in the model such as LD2, SP2, BL*SP and LD*SP
also have positive effects that can change the EGT value positively.
However, the combined effect of BL*LD has a strong negative influence
on EGT. The R2 and adj. R2 were 99.66% and 99.06% respectively,
showing the model’s excellent accuracy.

The interaction effects of BL*LD on EGT are shown graphically in
Fig. 9. Fig. 9(a) shows the 3D surface plot and Fig. 9(b) shows the 2D
contour plot of BL and LD effects on EGT. With any increase in BL and
LD, EGT (°C) increases. The average EGT was found to be 600 °C at
100% LD and 20% BL.

4. Conclusions and recommendations

This study evaluated the effects of blending PSO biodiesel, three
other non-edible biodiesels and diesel on engine emissions character-
istics of a diesel engine. The comparative analysis of emissions char-
acteristics of all tested fuels showed that the minimum and maximum
increase in NOx and CO2 emissions were 4.1% to 23.6% and 1.7% to
19% for papaya seed biodiesel PB20, and beauty leaf biodiesel BTL20
respectively, compared with diesel at 2400 rpm engine speed with full
load condition. The highest and lowest decrease in HC, PM and CO
emissions were found to be PB20 (28.2%, 13.7% and 31.6%) and BTL20
(1.3%, 2.7% and 8.8%) respectively. In order to analyse and describe
the emission characteristics of this engine, a surface response metho-
dology was introduced. The emissions characteristics of the engine with
various loads at 1400 rpm (most rated torque) can be summarized, as
follows:

• NOx values of PB5, PB10 and PB20 were increased in compared with
diesel by 1.7%, 3.47% and 6% respectively.
• Compared with diesel, the average increase in CO2 values for PB5,
PB10 and PB20 were 4.5%, 6.3% and 9% respectively.
• The average decrease in HC values for PB5, PB10 and PB20 was
9.3%, 15.6% and 19.3% respectively, compared to diesel.
• PM values of PB5, PB10 and PB20 were reduced by 19.5%, 31.4%
and 34.9% respectively in compared with diesel at 100% full load
condition.
• A maximum reduction of CO value was observed for P20 at full load
condition of 100% compared to diesel. Other biodiesel blends such
as PB5 and PB10 11.1% and 22.2% lower than diesel.
• About 3.7% increase in EGT value was observed for PB20 compared
with diesel. EGT values of PB5 and PB10 were found to be 1.2% and
2% higher than diesel.

Lastly, ANOVA and a statistical regression model were used to assess
interactive effects between three operating parameters (biodiesel
blends, load, and speed) and six (NOx, CO2, HC, PM, CO and EGT)

responses. The engine load and engine speed were found to be the two
most significant parameters influencing four of the responses (NOx, HC,
PM and CO). Furthermore, biodiesel blends and load were influential
for EGT and NOx emissions generation. NOx was continued to be gen-
erated irrespective of any variation in biodiesel blends, load and speed.
Likewise, CO2 generation was not influenced by the biodiesel blends at
various operating parameters. Hence, PSO could be a probable biodiesel
feedstock and its diesel blends along with varying engine speeds, and
loads can give optimum engine test characteristics for minimizing
emissions concentration. It can, therefore, be inferred that papaya
biodiesel blends will substitute diesel fuel in unmodified diesel engines
in order to reduce global energy demand and exhaust emissions into the
atmosphere. Further investigation of the effects of oxygenated additives
on papaya biodiesel blends to control NOx and CO2 emissions genera-
tion is recommended.
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Abstract. In this study, an overview of combustion characteristics of an agricultural diesel 
engine fuelled with papaya seed oil (PSO) biodiesel and diesel is presented. A naturally aspirated 
four-cylinder four-stroke tractor engine was used for all experiments. Various PSO blends (5%, 
10%, and 20%) were tested and compared with diesel at speeds of 1400 rpm and 2400 rpm at 
full load condition. The combustion characteristics such as in-cylinder pressure, heat release rate, 
ignition delay, mass fraction burned, ignition duration and cylinder temperature were tested. The 
results show that PSO blends have some excellent attributes as fuel in regard to combustion 
characteristics. All PSO biodiesel blends have higher in-cylinder pressure; for example, PSO20 
has 2.4% more than diesel. Heat release rate values of all PSO biodiesel blends were found to be 
lower than diesel due to the shorter ignition delay and lower calorific values of biodiesel. PSO20 
biodiesel shows faster combustion than diesel by about 11.92% at 1400 rpm and 7.93% at 2400 
rpm. The maximum cylinder temperature of all PSO biodiesel blends are also higher than that of 
diesel, such as PSO20 at 1400 rpm by 3.17% and at 2400 rpm by 3.73%. 

1. Introduction
Recently many research studies have been conducted on biodiesels and their amazing environmental
attributes over traditional fossil fuel, i.e., diesel. Numerous vegetable oils have been investigated as
alternative fuel sources. Some researchers are concerned over the classical debate on “food vs. fuel” due
to excessive usage of food/grain based biodiesel as an energy source. However, animal fats and non-
edible vegetable based oils have been proved as renewable sources of energy and have largely solved
this debate. Among more than 350 biodiesel feedstocks, waste seed based fruits/crops are drawing
attention these days. Some of the popular waste seed based non-edible feedstocks are beauty leaf, rubber
seed, jatropha, rapeseed, cottonseed, moringa, neem, pongamia seed, stone fruit seed, and papaya seed.
This paper examines the potentiality of papaya seed oil (PSO) biodiesel from papaya seed waste.
Over the years, few researchers have investigated the opportunities of PSO biodiesel as a replacement
of fossil fuel, i.e., diesel. Most of the researchers have worked on the papaya seed oil extraction
techniques [1-3], optimisation of the PSO biodiesel conversion process [4], the effects of PSO biodiesel
on diesel engine performance, and analysis of the emission parameters [5-7]. Anwar et al. [8] have
optimised the biodiesel production process and obtained a 96.48% biodiesel yield. In another study,
Anwar et al. [9] showed that PSO blends caused a slight reduction in brake power (2.88%-5.13%),
torque (1.37%-3.85%), and brake thermal efficiency (3.1%-13.1%) and a slight increase in brake
specific fuel consumption (3.35%-17.13%). A very few researchers have gone through the complete
combustion process using PSO biodiesel over a fully instrumented multi-cylinder diesel engine. Instead,
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most have used a single cylinder diesel engine. For example, Prabhakaran et al. [10] investigated a single 
cylinder engine’s combustion characteristics using PSO biodiesel and reported that PSO has peak in-
cylinder pressure due to the higher cetane number and oxygen contents of the biodiesel. Again, they 
found that the HRR of PSO blends were lower than that of diesel. Sundar Raj and Karthikayan [11] 
reported that PSO biodiesel blends ignited earlier and finished combustion earlier than diesel. However, 
the above studies and other literatures do not report on analysis of combustion characteristics of a fully 
instrumented four cylinder 4-stroke diesel engine fuelled with PSO biodiesel. In this study, three blends 
of PSO biodiesel are compared with diesel and investigated in this type of diesel engine to analyse the 
overall combustion characteristics.  

2. Methodology
The experiment was conducted at the School of Engineering and Technology of Central Queensland
University, Rockhampton, Australia. An agricultural tractor four-stroke diesel engine with four-
cylinders (Kubota model V3300) was coupled with an eddy current dynamometer. The schematic of the
experimental setup of the engine is shown in Figure 1. This tractor engine was used for testing both
diesel and PSO biodiesel blends regarding engine performance, exhaust emissions, and combustion
characteristics. A piezoelectric pressure transducer and crank angle encoder were used to monitor the
combustion characteristics. Heat release rate (HRR) is an important combustion parameter that can be
used for measuring ignition delay, start of injection, start of combustion, end of combustion and
combustion duration [12]. HRR at different crank angles can be calculated using equation (1) derived
from the first law of thermodynamics [13].

     𝑄ሶ ൌ ቀ
ఊ

ሺఊିଵሻ
ቁ ൈ 𝑃 ൈ ௗ௏

ௗఏ
൅ ଵ

ሺఊିଵሻ
ൈ 𝑉 ൈ ௗ௉

ௗఏ
      (1) 

where 𝑄ሶ  is HRR (J/° CA), P is the cylinder gas pressure (kPa), γ is the ratio of specific heat (air), hence 
஼೛
஼ೡ

 = 1.4, and V is the instantaneous volume of the cylinder (m3). 

Figure 1. Schematic of the experimental setup of the engine. 

The Kubota V3300 used in this experiment is an indirect injection tractor engine with a spherical 
combustion chamber, i.e., three vortex type combustion system. A detailed engine specification is 
presented in Table 1. A detailed engine performance analysis was performed in a separate experiment 
using the same engine and has been well documented in Anwar et al. [9]. 

Table 1. Specification of the diesel engine. 

Items Unit Specifications
Model Kubota V3300, Indirect injection 
Type  - Vertical, 4 cycle liquid cooled diesel
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No. of cylinders - 4
Total displacement   L 3.318 
Bore × Stroke   mm 98 × 110 
Combustion type - Spherical type [E-TVCS (Three vortex combustion system)]
Intake system  - Naturally aspirated
Rated power output  kW/rpm 53.9/2600 
Rated torque  Nm/rpm 230/1400 
Compression ratio - 22.6:1
Fuel injection timing  - 16° before TDC
Injection pressure MPa 13.73 
Emissions certification  - Tier 2

PSO Biodiesel blends of 5% biodiesel with 95% diesel (denoted as PSO5), 10% biodiesel with 90% 
diesel (PSO10), and 20% biodiesel with 80% diesel (PSO20) along with pure diesel (B0) were tested in 
the engine. Before these fuels were tested, a thorough fuel properties characterisation has been 
conducted, and Table 2 presents the relevant information. Various PSO blends and diesel were tested at 
full load conditions for an engine speed of 1400 rpm (max. rated torque) and 2400 rpm (near max. rated 
power output). 

Table 2. Basic fuel properties of B0, refined papaya seed oil (PSO), pure PSO biodiesel (PSO100), 
PSO5, PSO10, and PSO20. 

Fuel Density 
(kg/m3) 

Viscosity 
at 40°C, 
mm2/s 

Acid 
Value, 

mg 
KOH/g 

Cetane 
number 
(CN) 

Calorific 
value, 
MJ/kg 

Flash 
Point, 

°C 

Iodine 
Value (IV) 
mg.I2/100g 

Oxidation 
stability 
(OS), h 

B0 827.2 3.23 0.05 48.00 45.30 68.5 38.3 39.0 
Refined PSO 885.0 27.3 0.98 40.23 79.95 77.97 
PSO100 840.0 3.53 0.42 48.29 38.49 112 115.89 5.61 
PSO20 829.76 3.29 0.12 48.06 43.94 77.20 53.82 32.32
PSO10 828.48 3.26 0.09 48.03 44.62 72.85 46.06 35.66
PSO5 827.84 3.25 0.07 48.01 44.96 70.68 42.18 37.33
ASTM 
D6751-2 

870-
890.0 

1.9-6.0 max 
0.5 

min. 47 - min.
93

- min. 3

3. Results and discussion

3.1. In-cylinder pressure 
The variation of in-cylinder pressure (CP) with the crank angle (CA) for diesel and PSO blends at 1400, 
and 2400 rpm at full engine load conditions are presented in Figure 2(a) and 2(b). At 1400 rpm speed, 
PSO20 has a peak CP of 66.15 bar at 3° CA, followed by 64.5 bar at 3° CA for PSO10, 64.29 bar at 3° 
CA for PSO5 and 64.07 bar at 3° CA for diesel. At the higher speed and load, the temperature increases 
with the increase of pressure that resulted in a higher evaporation rate and better combustion. At 2400 
rpm, peak CP was recorded at 0° CA for diesel and all PSO blends. PSO20 was found to be 67.33 bar 
while PSO10, PSO5, and diesel were 66.29 bar, 65.93 bar, and 65.75 bar respectively. CP of biodiesel 
blends were found to be higher than diesel due to the higher density of biodiesel being injected for the 
same injection duration compared with diesel [14, 15]. At full load and 2400 rpm speed, the maximum 
CPs of PSO5, PSO10, and PSO20 were found to be 0.27%, 0.82%, and 2.4% higher than diesel. All 
graphs trends are similar and in line with previous researcher Prabhakaran et al.[10]. 
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(a) 1400 rpm (b) 2400 rpm

Figure 2. The differences of in-cylinder pressure for PSO blends and diesel under full load at 
speeds of: (a) 1400 rpm, and (b) 2400 rpm. 

3.2. Heat release rate  
Heat release rate (HRR) of PSO biodiesel blends and diesel are shown in Figure 3(a) and (b). At 1400 
rpm with full load condition, the maximum HRR was recorded as 201.78 J/°CA at 16° CA with diesel, 
192.42 J/°CA at 16° CA with PSO20, 186.78 J/°CA at 16° CA with PSO10, and 176.22 J/°CA at 16° 
CA with PSO5. Several fuel characteristics such as calorific value, cetane number, fuel-air mixing rates, 
cetane number, ignition number and ignition timings can affect HRR [12, 16]. At 2400 rpm and full load 
condition, the maximum HRR was found to be  250.59 J/°CA at 15° CA with diesel, 237.15 J/°CA at 
15° CA with PSO20, 240.34 J/°CA at 15° CA with PSO10, and 244.56 J/°CA at 15° CA with PSO5. 
The maximum HRRs at 2400 rpm of PSO20, PSO10, and PSO5 were found to be 5.36%, 4.1%, and 
2.40% lower than diesel. PSO biodiesel blends have lower calorific values and lower ignition delay that 
resulted in lower HRR values than diesel. Again, diesel has longer ignition delay that retarded the start 
of combustion led to higher HRR [17]. Some researchers also mentioned that diesel has higher HRR 
values due to its higher calorific value [12, 14, 18]. 

(a) 1400 rpm (b) 2400 rpm

Figure 3. The differences of heat release rate for PSO blends and diesel under full load at speeds of: 
(a) 1400 rpm, and (b) 2400 rpm.

3.3. Ignition delay 
The time difference between the start of injection and combustion of a diesel engine is the Ignition delay 
(ID). Fuel quality, engine speed, load, air temperature, and fuel-air mixing ratio affect ID [12]. ID also 
represents the fuel quality as well as being a measure of the ignition quality (cetane number) and 
knocking tendency of the fuel [19]. The PSO biodiesel blends have higher cetane numbers than diesel, 
and Figure 4 shows that all blends have a lower ID period compared with diesel. The ID (MS) decreases 
with the increase of engine speed. Higher oxygen content, i.e., the higher level of biodiesel blends, 

Chapter 7: Combustion analysis 7-5



PSO20, resulted in lower ID (8.5 °CA at 1400 rpm and 9.5 °CA at 2400 rpm) at full load condition 
compared with that of diesel (11 °CA at 1400 rpm and 13 °CA at 2400 rpm).  

Figure 4. Ignition delay of diesel and PSO biodiesel blends at full load condition. 

3.4. Mass fraction burned 
The variation of the mass fraction burned (MFB) with the crank angle for PSO biodiesel blends and 
diesel at 1400 rpm and 2400 rpm engine speed at full loading condition are compared in Figure 5(a) and 
(b). Biodiesel blends and diesel showed similar trend and the MFB for biodiesel blends were found 
earlier than that of diesel at full load condition. From Figure 5(a) at 1400 rpm, 90% of the PSO20 
biodiesel blend was burnt at 41.5 °CA after TDC, and the same amount of diesel was burnt at 47.2° CA. 
Again, from Figure 5(b) at 2400 rpm, the same amounts (90%) of PSO20 biodiesel blend and diesel 
were burnt at 40° CA, and 43° CA respectively.   

(a) 1400 rpm (b) 2400 rpm

Figure 5. The differences of mass fraction burned (%) for PSO blends and diesel under full load at 
speeds of: (a) 1400 rpm, and (b) 2400 rpm. 

Combustion duration is affected by several factors such as engine speed, load, ignition delay, and fuel 
characteristics. The higher the engine speed, the lower the combustion duration. Table 3 presents the 
MFB data for both speeds of 1400 and 2400 rpm at full load condition. PSO20 biodiesel shows faster 
combustion of about 11.92% at 1400 rpm and 7.93% at 2400 rpm compared to diesel. The fact that 
biodiesel has a higher content of oxygen than diesel is the primary cause for the shorter combustion 
duration.  
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Table 3. Mass fraction burned at full load condition for 1400 rpm and 2400 rpm. 

Fuel Speed Crank angle (°ATDC) for mass fraction burned (%) 
10% 

(°CA) 
50% 

(°CA) 
90% 

(°CA) 
Combustion duration 

(°CA) 
Diesel 1400 8.6 21.7 47.2 38.6
PSO5 1400 8.6 21.2 47.1 38.5
PSO10 1400 8 20 42.5 34.5
PSO20 1400 7.5 19.5 41.5 34
Diesel 2400 11.5 23.1 43 31.5
PSO5 2400 11.5 22.5 42.8 31.3
PSO10 2400 11.5 22.5 42.5 31
PSO20 2400 11 22.5 40 29

3.5. In-cylinder temperature 
In-cylinder temperature can be derived from HRR, in-cylinder pressure and fuel injection. The variation 
of in-cylinder temperature with crank angle for PSO biodiesel blends and diesel are shown in Figure 
6(a) and (b). At both engine speeds of 1400 rpm and 2400 rpm, PSO biodiesel blends have higher 
cylinder temperature compared with diesel. It can be seen that, at full load conditions, all cylinder 
temperature trends of biodiesel blends and diesel are similar. At the start of combustion, the cylinder 
temperature increases to the maximum temperature corresponding to the peak cylinder pressure during 
the diffusion combustion phase. As the combustion finished, the cylinder temperature slowly decreased. 
At 1400 rpm, PSO20 gives the maximum cylinder temperature of 1642 °C at 30 °CA. However, at 2400 
rpm, PSO20 gives the maximum cylinder temperature of 1880 °C at 30 °CA. The maximum cylinder 
temperature of PSO20, PSO10, and PSO5 blends are higher than that of diesel by 3.17%, 2.75% and 
0.31% at 1400 rpm; and 3.73%, 1.86% and 0.39% at 2400 rpm. Biodiesel has a higher oxygen content 
that increases cylinder pressure as well as cylinder temperature during the transition from compression 
phase to the combustion phase. 

(a) 1400 rpm (b) 2400 rpm

Figure 6. The differences of in-cylinder temperature for PSO blends and diesel under full load at 
speeds of: (a) 1400 rpm, and (b) 2400 rpm. 

4. Conclusion
This study investigated the combustion characteristics of papaya seed oil (PSO) biodiesel in an
agricultural diesel engine. Various PSO biodiesel blends and their effects on cylinder pressure, heat
release rate, ignition delay, mass fraction burned, combustion duration and cylinder temperature at full
load condition at 1400 rpm and 2400 rpm has analysed as well. The results of this investigation can be
summarised, as follows:
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 In-cylinder peak pressure for PSO biodiesels is higher than that of diesel irrespective of engine
speed. At 2400 rpm and full load conditions, the peak cylinder pressure for PSO5, PSO10, and
PSO20 were found to be 0.27%, 0.82%, and 2.4% higher than diesel.

 HRR values of PSO biodiesel blends, PSO5, PSO10, and PSO20, were found to be 2.40%,
4.1% and 5.36% lower than diesel due to the lower ignition delay and lower calorific values of
biodiesel.

 PSO biodiesel blends have a shorter ignition delay period compared with diesel.
 The mass fraction burned for PSO biodiesel blends is slightly faster than diesel. PSO20

biodiesel shows faster combustion by about 11.92% at 1400 rpm and 7.93% at 2400 rpm than
diesel.

 The maximum cylinder temperatures of PSO5, PSO10, and PSO20 blends are higher than that
of diesel by 0.31%, 2.75% and 3.17% at 1400 rpm, and by 0.39%, 1.86% and 3.73% at 2400
rpm.

Therefore, it is evident that all PSO biodiesel blends have excellent fuel attributes to be considered as 
an alternative fuel for agricultural diesel engines. However, a tribology test should be conducted in the 
future to identify the lubricity behavior of PSO biodiesel blends. 
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Abstract— A comparative study of the combustion 
characteristics of an agricultural diesel engine fuelled with 
papaya seed oil (PSO) biodiesel and stone fruit kernel oil 
(SFO) biodiesel along with diesel was performed. A 3.3 L heavy 
duty tractor diesel engine with four-cylinder 4-stroke, EURO 
II standard was used for the comparison. Two binary blends of 
each of the biodiesels were prepared with 10% and 20% by 
volume, with the remaining volume made up of petro diesel. 
All fuel samples were tested at 1400 rpm (rated torque) and 
2400 rpm (near rated power output) at full engine load 
condition. The experimental investigations were conducted to 
evaluate the effects of binary blends on engine combustion 
characteristics such as in-cylinder pressure, heat release rate, 
ignition delay, mass fraction burned, and ignition duration. 
The results show that all PSO biodiesel blends had higher in-
cylinder pressure; for instance, PSO20 had 2.4% and 1.4% 
higher peak pressure compared to diesel and SFO20. Heat 
release rate (HRR) values of both PSO and SFO biodiesel 
blends were found lower than diesel due to shorter ignition 
delay and lower calorific values of the biodiesel. The maximum 
HRRs at 2400 rpm of PSO10, PSO20, SFO10, and SFO20 were 
found to be 4.1%, 5.4%, 11.1%, and 11.8% lower than that of 
diesel. PSO and SFO blends were found to have lower ignition 
delay period compared with the diesel. Again, both biodiesel 
blends show faster combustion than diesel. However, SFO20 
showed 7.1% and 6.5% slower than PSO20 at 1400 rpm and 
2400 rpm respectively. Overall, PSO blends performed better 
than SFO blends in all combustions. 

Keywords- Carica papaya, combustion, cylinder pressure, 
HRR, apricot, stone fruit, diesel.  

I.  INTRODUCTION

Ongoing concerns of the energy crisis, excessive usage of 
traditional fossil fuel and its environmental impact pushed 
the research on clean alternative fuels for internal 
combustion engines i.e., diesel engine. Biodiesel is an 
excellent choice for researchers due to its abundant sources, 
biodegradation and amazing environmental attributes over 
traditional fossil fuel, i.e. diesel [1]. It is drawing the 
attention of policymakers of many countries as an alternative 
for diesel engine as well as its potential to be a part of the 
sustainable energy mix [2]. Biodiesel can be produced from 
a renewable plant source or animal fat (tallow) using a 

chemical reaction called transesterification. Present day’s 
most popular biodiesel feedstock is from non-edible oilseed 
source. Some of the popular seed based non-edible 
feedstocks are beauty leaf tree, rubber, jatropha, rapeseed, 
cottonseed, moringa, neem, pongamia, stone fruit, and 
papaya. This paper reports the testing of papaya seed oil 
(PSO) and stone fruit kernel oil (SFO) biodiesel. 

Papaya is a tropical fruit that grows well in sub-tropical 
regions. Papaya fruit contains seeds which constitute up to 
15% of fruit weight. These seeds discarded. The dried seeds 
contain 30-34% oil which can be utilized for biodiesel 
synthesis [3]. Stone fruit, particularly apricot is cultivated in 
the cool frost-free region. Apricot fruit contains kernels 
which make up 22-38% of the fruit weight. These kernels 
contain up to 54.2% of oil. Since these seeds are discarded 
due to the presence of hydrocyanic acid, they can be utilized 
as biodiesel feedstock [4]. A few researchers have explored 
the use of papaya seed for oil extraction [5-7]; biodiesel 
production [8]; analysis of diesel engine performance, and 
their emission characteristics [9-11]. However, no researcher 
has gone through the complete combustion process using 
papaya seed oil biodiesel over a fully instrumented diesel 
engine. The researchers who performed combustion test used 
a single cylinder engine which is not adequate for evaluating 
the PSO biodiesel [12, 13]. On the other hand, very few 
researchers have investigated SFO biodiesel, especially on 
apricot kernel oil biodiesel [13-17]. While some researchers 
have performed biodiesel process optimization [18, 19], 
Gumus et al. [14] and kumar et al. [20] have carried out 
engine performance and emission analysis using apricot 
biodiesel. However, the above studies do not report engine 
combustion characteristics using SFO biodiesel. In the 
current study, two blends each of PSO and SFO biodiesel 
blends were evaluated along with diesel using a diesel engine 
to analyze its overall combustion characteristics. The 
ultimate aim of the study was to identify a better blend of 
biodiesel for an agricultural tractor diesel engine. 

II. EXPERIMENTAL SETUP AND METHOD

A four-cylinder, 4-stroke and liquid-cooled agricultural 
tractor diesel engine was used in the evaluation. All 
experiments were conducted at the thermodynamics 
laboratory of the School of Engineering at Central 
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Queensland University, Rockhampton, Australia. Figure 1(a) 
shows the actual setup of the test engine and Figure 1(b) 
shows the schematic of the setup. Kubota V3300 model 
tractor engine with three vortex type combustion system was 
coupled with an eddy current dynamometer. A detailed list 
of engine specification and operating conditions, as well as 
engine performance analysis, has been described in Anwar et 
al. [21]. Combustion characteristics parameters such as 
cylinder pressure, heat release rate (HRR), ignition delay 
(ID), mass fraction burnt (MFB) and ignition duration were 
measured. A piezoelectric pressure transducer and crank 
angle encoder were used to measure cylinder pressure. The 
HRR was calculated based on the cylinder gas pressure data. 
HRR can be obtained from the first law thermodynamics 
measured by equation (1), disregarding the cylinder wall heat 
loss [22]. HRR was also used for calculating ID, beginning 
of injection, beginning of combustion, end of combustion 
and combustion duration [23]. 

 (1)    

Where,  is HRR per crank angle (J/° CA), is the 
crank angle, P is the cylinder gas pressure (kPa),  is the 
ratio of specific heat (air), and V is cylinder volume (m3). 

(a) Engine test bed 

(b) Schematic of the test setup
Figure 1.  Experimental setup for engine testing. 

III. BIODIESEL-DIESEL BLENDS

Two types of non-edible feedstocks were selected for this 
study, and they included papaya seed oil and stone fruit oil. 
Details of the biodiesel production process can be found in 
Anwar et al. [3, 4]. Biodiesel blends with diesel was 
prepared at different ratios (10-20% by volume), and the 
mixture was mixed thoroughly using a magnetic stirrer and a 
shaker. Biodiesel blends of 10% biodiesel with 90% diesel 
(PSO10, SFO10) and 20% biodiesel with 80% diesel 
(PSO20, SFO20) were used in this test. The PSO100 and 
SFO100 stand for 100% biodiesel content, whereas B0 is 
denoted as pure diesel. All biodiesel blends and diesel were 
characterized before they were tested in an engine (Table 1). 
All fuel samples were tested at full load conditions for an 
engine speed of 1400 rpm (rated torque) and 2400 rpm (near 
rated power output). 

TABLE I. PROPERTIES OF FUEL SAMPLES USED.  

IV. RESULTS AND DISCUSSION

A. In-Cylinder pressure

The variation in in-cylinder pressure (CP) with the crank
angle (CA) for diesel and PSO and SFO blends at 1400, and 
2400 rpm at full engine load conditions are presented in 
Figure 2(a) and 2(b). At 1400 rpm speed and 3° CA, PSO20 
had a peak CP of 66.2 bar followed by 64.5 bar for PSO10, 
64.4 bar for SFO20, 64.2 bar for SFO10, and 64.1 bar for 
diesel. At 2400 rpm, peak CP was recorded at 0° CA for 
diesel and all biodiesel blends. PSO20 was found at 67.3 bar 
where as PSO10, SFO10, SFO20, and diesel were 66.3 bar, 
65.9 bar, 66.4 bar and 65.8 bar respectively. Cylinder 
temperature and pressure increased with the increase of 
engine speed and load leading to higher evaporation rate i.e., 
better combustion [10]. CP of biodiesel blends was found to 
be higher than that of diesel due to higher density of 
biodiesel being injected for the same injection duration 
compared with diesel [24, 25]. Other reason for higher CP 
can be shorter ignition delay and fuel fraction burnt in the 
premixed combustion phase [26]. Other factors such as 
cetane number, volatility characteristics, oxygen content, 
will influence CP variations. The peak CP occurs just at top 
dead centre (TDC) for biodiesel blends due to their higher 
cetane number that enabled an earlier beginning of 
combustion [26]. At the full load and 2400 rpm speed, the 

Fuel Density 
(kg/m3) 

Viscosity 
at 40°C, 
mm2/s 

Acid 
Value, 

mg 
KOH/g 

Cetane 
number 
(CN) 

Calorific 
value, 
MJ/kg 

Flash 
Point, 

°C 

Iodine 
Value (IV) 
mg.I2/100g 

Oxidation 
stability 
(OS), h 

B0 827.2 3.23 0.05 48.00 45.30 68.5 38.3 39.0 
Refined 
PSO 

885.0 27.3 0.98 40.23 79.95 77.97 

PSO100 840.0 3.53 0.42 48.29 38.49 112 115.89 5.61 
PSO20 829.76 3.29 0.12 48.06 43.94 77.20 53.82 32.32 
PSO10 828.48 3.26 0.09 48.03 44.62 72.85 46.06 35.66 
Refined 
SFO 

910.0 34.54 1.65 38.4 103 

SFO100 855 4.26 0.25 50.45 39.64 105 104.70 7.15 
SFO20 832.76 3.44 0.09 48.49 44.17 75.80 51.58 32.63 
SFO10 829.98 3.33 0.07 48.25 44.73 72.15 44.94 35.82 

ASTM 
D6751-

2 

870-
890.0 

1.9-6.0 max 
0.5 

min. 47 - min. 
93 

- min. 3 
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maximum CPs of PSO10, PSO20, SFO10 and SFO20 were 
found to be 0.82%, 2.4%, 0.17%, and 0.99%, higher than 
diesel. 

(a) 1400 rpm 

(b) 2400 rpm 
Figure 2.  In-cylinder pressure comparison between PSO, SFO biodiesel 

blends and diesel at full load. 

B. Heat release rate

Heat release rate (HRR) of PSO, SFO biodiesel blends
and diesel are shown in Figure 3(a) and (b). It can be seen 
that at the beginning there is a negtive HRR value and after 
the combustion was initiated, a positive HRR value is 
observed due to vaporisation of fuel accumulated during the 
ignition delay period [26]. At 1400 rpm and 16° CA, 
maximum HRR of 201.8 J/°CA was recorded for diesel, 
186.78 J/°CA for PSO10, 192.42 J/°CA for PSO20, 175.77 
J/°CA with SFO10, and 189.82 J/°CA with SFO20. HRR in 
the diesel engine combustion depends on fuel characteristics 
such as calorific value, cetane number, fuel-air mixing rates, 
cetane number, ignition number and ignition timings [23, 
27]. At 2400 rpm and 15° CA, the maximum HRR was 
recorded at 250.6 J/°CA with diesel, 240.34 J/°CA with 
PSO10, 237.15 J/°CA with PSO20, 222.85 J/°CA with 
SFO10, and 221.10 J/°CA with SFO20. The maximum 
HRRs at 2400 rpm of PSO10, PSO20, SFO10 and SFO20 
were found to be 4.1%, 5.4%, 11.1 % and 11.8% lower than 
diesel. The lower the biodiesel content i.e., PSO10 and 
SFO10, the higher the HRR due to the good mixing rate of 
fuel-air and Heywood [22] mentioned that is the main 
affecting parameter of HRR. Again, generally biodiesel has 
lower calorific values and lower ignition delay that cause 

lower HRR values. Researchers found longer ignition delay, 
retardation of start of combustion and higher calorific values 
effect leading to higher HRR of diesel [23, 24, 28, 29]. 
Furthermore, the higher viscosities of PSO and SFO 
biodiesel blends resulted in relatively inferior atomization 
that led to slower burning, as compared to the diesel. 

(a) 1400 rpm 

(b) 2400 rpm 
Figure 3.  Heat release rate comparison between PSO, SFO biodiesel 

blends and diesel at full load. 

C. Ignition delay

Ignition delay (ID) shows the time gap between the
beginning of injection and the beginning of combustion in a 
diesel engine. It is the most important parameter used in 
analyzing combustion performance. Some factors such as 
fuel quality, engine load and speed, fuel-air mixing ratio and 
air temperature can influence the ID. Both PSO and SFO 
biodiesel blends have higher cetane number, and Figure 4 
shows that all blends have a lower ID period compared with 
the diesel. The ID (MS) decreases with an increase of engine 
speed. Higher oxygen content, i.e., higher biodiesel blends 
(PSO20) resulted in lower ID (8.5 °CA at 1400 rpm and 9 
°CA at 2400 rpm) at full load condition compared to diesel 
(11 °CA at 1400 rpm and 13 °CA at 2400 rpm). SFO20 
biodiesel blends resulted in a bit higher ID than PSO20 and 
recorded as 10° CA at 1400 rpm and 11° CA at 2400 rpm. 
Although, SFO biodiesel has higher cetane number than PSO 
biodiesel and diesel, its higher viscosity and density would 
have prolonged the ID after PSO biodiesel. 
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Figure 4.  Ignition delay comparison between PSO, SFO biodiesel blends 
and diesel at full load. 

D. Mass fraction burned

Mass fraction burned is the fraction (%) of fuel burned in
each cycle during the combustion process. Figure 5 shows 
the differences of mass fraction burned (MFB) with the 
crank angle for PSO and SFO biodiesels and diesel at full 
load condition. All biodiesels and diesel show similar trends 
and start of combustion for biodiesels are earlier than those 
of diesel irrespective of any loading conditions. As shown in 
Figure 5(a) at 1400 rpm, 90% of the PSO20 biodiesel blends 
was burnt at 41.5 °CA after TDC. The SFO20 biodiesel 
blends were burnt at 49° CA and same amount of diesel was 
burnt at 47.2° CA. Again, from the Figure 5(b) at 2400 rpm, 
the same amount (90%) of PSO20, SFO20 biodiesel blends 
and diesel was burnt at 40° CA, 42.5° CA and 43° CA 
respectively. A higher rate of fuel burning was observed 
irrespective of engine speeds for PSO20 as compared to both 
SFO20 and diesel. The reason could be higher oxygen 
content and higher cetane number of biodiesel that initiate 
earlier combustion and enable completing burning of fuel 
earlier than diesel. SFO biodiesel blends show slower rate of 
fuel burning due to higher density and higher viscosities in 
comparison with PSO blends. PSO20 biodiesel shows faster 
combustion than diesel by 11.9% and 7.9% at 1400 rpm and 
2400 rpm respectively. Whereas, SFO20 biodiesel shows a 
faster combustion than diesel by 5.2 % and 1.6 % at 1400 
rpm and 2400 rpm respectively. 

(a) 1400 rpm.

(b) 2400 rpm 
Figure 5.  Mass fraction burned (%) comparison between PSO, SFO 

biodiesel blends at full load. 

The MFB data for all biodiesel blends and diesel are 
presented in Table 2. The crank angle duration from 10% 
mass fraction burned to 90% mass fraction burned has been 
considered as combustion duration (° CA).  

TABLE II. MASS FRACTION BURNED AT FULL LOAD CONDITION FOR 
1400 RPM AND 2400 RPM.  

Fuel Speed Crank angle (°ATDC) for mass fraction 
burned (%) 

10% 
(°CA) 

50% 
(°CA) 

90% 
(°CA) 

Combustion 
duration (°CA) 

Diesel 1400 8.6 21.7 47.2 38.6 
PSO10 1400 8 20 42.5 34.5 
PSO20 1400 7.5 19.5 41.5 34 
SFO10 1400 8 22 49 41 
SFO20 1400 8.4 21 45 36.6 
Diesel 2400 11.5 23.1 43 31.5 
PSO10 2400 11.5 22.5 42.5 31 
PSO20 2400 11 22.5 40 29 
SFO10 2400 11.7 23.2 47 35.3 
SFO20 2400 11.5 23.1 42.5 31 

Figure 6 compares the ignition duration of all fuel 
samples, and the patterns of the changes were similar for all 
samples. The higher the engine speed from 1400 rpm to 2400 
rpm, the lower the combustion duration. Combustion 
duration is affected by several factors such as engine speed, 
load, ignition delay, and fuel characteristics. 
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Figure 6.  Ignition duration comparison between PSO, SFO biodiesel 
blends and diesel at full load. 
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V. CONCLUSION

In this paper, an experimental study of combustion 
characteristics of an agricultural diesel engine fueled with 
PSO and SFO biodiesels and diesel was carried out. Based 
on the combustion parameter measured, the results of this 
investigation can be summarised, as follows: 

 Biodiesel blends show higher in-cylinder peak
pressure than diesel, irrespective of the engine
speed. At full load and 2400 rpm speed, the
maximum CPs of PSO10, PSO20, SFO10 and
SFO20 were found to be 0.82%, 2.4%, 0.17%, and
0.99%, higher than diesel.

 The maximum HRRs at 2400 rpm of PSO10,
PSO20, SFO10 and SFO20 were found to be
4.1%, 5.7%, 11.1 % and 11.8% lower than diesel
due to lower ignition delay and lower calorific
values of the biodiesels.

 Biodiesel blends have a shorter ignition delay
period compared with diesel.

 Both PSO and SFO biodiesel blends burnt slightly
faster than diesel. PSO20 biodiesel shows faster
combustion than diesel by 11.2% and 7.9% at
1400 rpm and 2400 rpm respectively. Whereas,
SFO20 biodiesel shows a faster combustion than
diesel by 5.2% and 1.6 %, at 1400 rpm and 2400
rpm respectively.

Based on this study, it is concluded that both PSO and 
SFO biodiesel blends can be the potential alternative fuel for 
agricultural diesel engines. Amongst the two biodiesels 
tested, the PSO blends performed better than those of SFO 
blends in all combustion characteristics. 
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G R A P H I C A L A B S T R A C T A T :

Experimental setup for engine testing with PSO binary and ternary blends.

A R T I C L E I N F O
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A B S T R A C T

In this study, engine performance, exhaust emissions and combustion behaviour of a four-cylinder, four stroke
indirect injection diesel engine was tested using papaya seed oil (PSO) biodiesel binary and ternary blends. The
results were compared with those of diesel fuel under a range of engine speeds from 1200 rpm to 2400 rpm, and
for different engine load conditions of 25% to 100%. The PSO biodiesel of 20% v/v with 80% v/v diesel was
considered as the binary blend (P20). Two ternary fuel blends of 5% v/v of oxygenated additives (diglyme and n-
butanol) with P20 biodiesel and 75% v/v of diesel which are referred to as P20DG5 (diglyme) and P20BT5 (n-
butanol). Another ternary blend made of 10% v/v of PSO biodiesel with 80% v/v diesel and 10% v/v stone fruit
oil (SFO) biodiesel referred to as PSFO20 is used to compare the overall results. The average brake specific fuel
consumption (BSFC) value and brake thermal efficiency (BTE) of P20DG5 was found to be 0.50% lower and
3.30% higher than diesel respectively. The P20DG5 produced about 0.64% less NOx emissions compared with
diesel and had the shortest ignition delay period. As a conclusion, P20DG5 proved to be an excellent choice for
mitigating the environmental problems without compromising the engine performance and enhanced better
combustion. The P20DG5 ternary blend is recommended to use in diesel engine without any need for physical
modification.

1. Introduction

The demand for petroleum-derived fuels (oils, natural gas, and coal)

is increasing rapidly due to their extensive dependence, access, and
affordability. These petro fuels play a prominent role in the manu-
facturing, transportation and electricity supply sectors. Oil
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consumption in 2018 grew by an average of 1.40 million barrels per day
or 1.50% that forced the production of a global total of 2.20 million
barrels per day, i.e., a 2.40% annual growth in 2018 [1]. A consistent
and sustainable supply of petro fuel is essential to any nation’s devel-
opment. However, due to the severe political unrest in the crude oil
producing countries and prolonged economic embargoes on certain
counties, the world is facing extreme challenges to keep the fuel supply
chain economically sustainable. World leaders, politicians and policy-
makers are giving emphasis not only to solving these geopolitical si-
tuations but also pushing hard for research and development for finding
alternative fuel sources that are locally available, cost-effective and
sustainable.

Again, the increasing demand for petro fuel not only causes rising
prices but its growing exhaust emissions have adverse effects on en-
vironmental problems such as glacial melting, loss of biodiversity, cli-
mate change, and global warming [2–4]. A study has shown that, by
2030, the greenhouse gas (GHG) emissions would increase by 39% if no
actions are taken now [5]. Norhasyima et al. [6] mentioned that the
average global temperature would increase by 2 °C by 2050 if the CO2

emissions are not controlled by 50%. As the transportation and power
generation sectors are the major offenders for emitting higher GHG
emissions, there is a need for finding alternative fuel sources that can
mitigate environmental concerns. Since 2010, research studies on re-
newable energy sources are growing rapidly with the mission of redu-
cing air pollution as well as dependency on petro fuel [7,8]. Biodiesel is
a popular renewable energy source that can be used as an alternative
fuel in diesel engines. Researchers show that biodiesel is a much cleaner
fuel than diesel and has excellent environmental-friendly attributes
[9–14].

Biodiesel is generally produced from vegetable oils, recycled/waste
cooking oils and animal fats. Biodiesel is a renewable, non-explosive,
biodegradable, non-flammable and non-toxic fuel that has similar
combustion characteristics to diesel fuel [15–22]. It can be mixed with
diesel as a blend or fed directly into the diesel engine. However, the
lower calorific value, higher viscosity, density and pour point, poor cold
flow property, lower volatility, higher brake specific fuel consumption
(BSFC), lower brake thermal efficiency (BTE), and its generation of
higher NOx, CO2 emissions and EGT limit the use of biodiesel over
diesel fuel [2,23–25]. Research works show that incorporating various
additives and alcohols in the biodiesel blend can reduce engine exhaust
emissions as well as overcome some of the above-mentioned limitations
[26–29]. Table 1 shows the performance parameters and emissions
characteristics of a selection of non-edible biodiesel ternary blends with
various additives and alcohols.

There have been a few research publications on the binary blends of
PSO biodiesel and these reported slight reductions of NOx and CO
emissions [48–50]. However, no literature is available on the engine
performance and emissions characteristics of ternary blends of PSO
biodiesel using any alcohol or additive. Butan-1-ol, i.e., n-butyl alcohol,
which is popularly known as n-butanol has a higher cetane number
compared with other alcohols like ethanol and methanol. It is a col-
ourless and clear alcohol that can be better used as an oxygenated
additive due to its high miscibility with diesel and less corrosion effect
of engine particles [2,51,52]. Butanol has a higher calorific value and
lower solubility in water than other alcohols like ethanol and methanol
[53]. Butanol has a lower latent heat of vaporisation compared with
ethanol and methanol that minimises the percentage of wasted energy.
Moreover, the ignition temperature of butanol is lower than both
ethanol and methanol. Researchers have shown that butanol can be
added to minimise exhaust emissions such as CO, HC and soot emissions
compared with other alcohols [54,55].

Bis (2-methoxyethyl) ether, i.e., Diethylene glycol dimethyl ether,
commonly known as diglyme, is a clear, colourless oxygenated liquid
with an ethereal odour. Diglyme is miscible with water, alcohols, die-
thyl ether and hydrocarbon solvents. Researchers have shown that di-
glyme could be effective when used as oxygenated additives due to its

combustion performance and soot reduction [56,57]. Diglyme has a
higher cetane number that affects the overall engine performance and
emissions characteristics. Again, a higher cetane number can improve
the ignition quality and reduce the ignition delay, resulting in reducing
the fraction of injected fuel that is burnt under premixed conditions
[58].

No researchers other than Asokan et al. [59] have made a PSO
ternary blend by mixing PSO biodiesel (10% vol) with watermelon
biodiesel (10% vol). They reported that the emissions of CO, HC, and
smoke were 27.30%, 23.80%, and 8.30% less than for diesel. In another
study, Anwar et al. [60] have compared PSO biodiesel blends with SFO
biodiesel and found SFO blends have better engine performance while
emitting higher exhaust emissions. A 10% biodiesel mix of each PSO
and SFO biodiesel with diesel can be an interesting ternary blend to
analyse. To the best knowledge of the authors, no other literature has
yet been initiated by any researcher to investigate the effects of PSO-
SFO-diesel (PSFO20) ternary blends on a diesel engine.

Over the last decade, researchers have been trying tirelessly to im-
prove engine performance, combustion efficiency and exhaust emis-
sions by adding various alcohols and additives in their biodiesel blends.
Fig. 1(i) shows that more than 300 journal articles/year based on bio-
diesel-ethanol ternary blends were published for the last 10 years,
noting that biodiesel-butanol ternary blends are comparatively less
explored. Biodiesel with additives have also been gaining in popularity
over the last few years. Various nanoparticles additives were used in the
biodiesel blends, whereas diglyme oxygenated additives are still quite
new to explore. Fig. 1(ii) presents the publication status of biodiesel-
additive ternary blends. Since there is no literature found on the engine
performance, emissions analysis and combustion characteristics of
ternary blends of PSO biodiesel using any alcohol or additive. In this
present study, the effects of papaya seed oil (PSO) biodiesel with one
binary blend (PSO biodiesel-diesel) and three ternary blends (PSO
biodiesel-diesel-butanol, PSO biodiesel-diesel-diglyme, PSO biodiesel-
diesel-SFO biodiesel) on a diesel engine are critically evaluated ex-
perimentally.

2. Materials and methods

2.1. Biodiesel preparation

The waste seed oil of papaya (Carica papaya) was purchased from a
local supplier in Eumundi, Queensland, Australia. Biodiesel was pro-
duced from papaya seed oil (PSO) via a single stage transesterification
process over a reflux condenser with a thermocouple fitted on a small-
scale three-neck laboratory reactor. Methanol (99.90% purity), po-
tassium hydroxide (KOH pellets, 99% purity), diglyme and n-butanol
(99.90% purity) were used in this study. All chemicals were analytical
reagent grade (AR) as procured from the School of Engineering and
Technology of Central Queensland University, Rockhampton, Australia.
Anwar et al. [10] have shown the optimisation of the PSO biodiesel
production process (96.50% yield) through a single stage transester-
ification using KOH catalyst and methanol with an oil molar ratio of
10:1. The reference diesel was purchased from a local Caltex fuel sta-
tion in Rockhampton.

2.2. Binary and ternary blend preparation for experimental investigation

The experimental investigation was carried out using five fuel
samples including the reference diesel and papaya biodiesel blends
(binary and ternary). The binary blend was made of 20% vol of PSO
biodiesel with 80% vol. of diesel and referred to here as P20. Ternary
blends were made with P20 with two oxygenated additives (diglyme
and butanol) of 5% vol each and 75% vol of diesel denoted as P20DG5
and P20BT5 respectively. Another ternary blend was prepared using
10% vol of PSO biodiesel with 10% vol of SFO biodiesel and 80% vol
diesel, referred to as PSFO20. A magnetic stirrer was used to agitate the
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Table 1
Recent research publications on non-edible biodiesel ternary blends with various additives and alcohols.

Biodiesel blends (vol. %) Additives/Alcohols (vol. %) Performance parameters Exhaust emissions Ref.

Jatropha (10–20%)+Diesel (50–70%) - Ethanol (20–40%) BSFC ,BTE NOx and CO [30]
Castor (5%)+Diesel (80%) - Ethanol (15%) – NOx and CO [31]
Calophyllum inophyllum (10–20%)+Diesel (50%) - Decanol (30–40%)

- Hexanol (30–40%)
BSFC ,BTE NOx and CO [32]

Calophyllum inophyllum (10–40%)+Diesel (50%) - Hexanol (10–40%) BSFC ,BTE NOx and CO2 [33]
Calophyllum inophyllum (10–20%)+Diesel (50%) - Decanol (10–40%) BSFC ,BTE NOx and CO [34]
Calophyllum inophyllum (40–60%) - 1-pentanol (40–60%)

- 1-butanol (40–60%)
BSFC ,BTE NOx , HC and CO [35]

Calophyllum inophyllum (20%)+Diesel (80%) - N, N-diphenyl-1, 4-phenylenediamine
(1000 ppm)

- N-phenyl-a, 4-phenylenediamine (1000 ppm)
- 2-ethylhexyl nitrate (1000 ppm)

BP , BTE , BSFC NOx , HC and CO [36]

Cottonseed (20%)+Diesel (70%) - Butanol (10%)
- Ethanol (10%)
- Methanol (10%)

BSFC NOx and CO [17]

Cottonseed (5%)+Diesel (95%) - Ethanol (20%) BP , BSFC NOx and CO [37]
Safflower biodiesel (40–45%)+Diesel (40–45%) - Butanol (5–20%) BTE ,BSFC NOx and CO [38]
Jojoba (20–50%)+Diesel (40–70%) - n-butanol (10%) NOx , HC and CO [39]
Waste cooking oil (40–45%)+Diesel (40–45%) - Butanol (10–20%) No significant difference NOx [40]
Waste cooking oil (20–40%)+Diesel (60–80%) - Butylated hydroxytoluene (BHT) (2000 ppm)

- n-butanol (20%)
BTE , BSFC - NOx , EGT and

CO
- NOx , EGT and
CO

[41]

Waste cooking oil (20–100%)+Diesel - Titanium dioxide (0.1689 g/2L B20)
- n-butanol (10%)

BP , T , BSFC , CP , HRR - NOx and CO2

- NOx and CO2

[2]

Waste cooking oil (85–100%) - Ethanol (5–15%)
- Butanol (5–15%)

BP , BTE , BSFC , HRR NOx , HC and CO [18]

Azadirachta indica (100%) - Ethanol (5–20%)
- Dimethyl carbonate (5–20%)
- Diglyme (5–20%)

BTE , CP BTE , CP BTE
, CP

- NOx , HC and
CO

- NOx , HC and
CO

- NOx , HC and
CO

[42]

Rubber seed oil (50%)+ babassu oil (50%) - Diglyme (20%) BTE NOx , HC and CO [43]
Karanja biodiesel (80–100%) - n-butanol (5–20%) BTE , CP NOx and CO [19]
Microalgae biodiesel (20%)+Diesel (60–70%) - Butanol (10–20%) BP , T NOx and CO [44]
Alexandrian laurel oil (15–20%)+Diesel

(60–70%)
- Pentanol (15–20%)
- n-butanol (15–20%)

BP , BSFC NOx , HC and CO [45]

Tall oil biodiesel (60%)+Diesel (40%) - MgO (4, 8, 12 µmol/l)
- MoO2 (4, 8, 12 µmol/l)

No significant difference NOx , HC and CO [46]

Mango seed oil biodiesel (20–100%)+Diesel
(0–80%)

- Pyridoxine Hydro Chloride (100, 250, 500 and
1000 ppm)

- Tert-butylhydroquinone (100, 250, 500 and
1000 ppm)

- Di-Ethyl Amine (100, 250, 500 and 1000 ppm)

BTE , BSFC NOx , HC and CO [47]

where represents increase and decrease.

(i) Publications based on biodiesel and
alcohols

(ii) Publications based on biodiesel and
additives

Fig. 1. Recent publications based on ternary blends of biodiesel using alcohols and additives. (Scopus database using<biodiesel-alcohol, biodiesel-additive,
etc. > as keywords).
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binary and ternary blends at 600 rpm for 60min. No phase change was
observed from any blends. Finally, all blends were stored in a dark
coloured gas bottle with screw caps for further characterisation.

2.3. Property of the prepared blends

The equipment used in this study to measure the properties of PSO
blends and the relevant standard applied are shown in Table 2. The
fatty acid composition was determined using a gas chromatograph in
accordance with EN14103.

A few literatures mentioned about the physico-chemical properties
of PSO biodiesel. The density of PSO biodiesel ranges from 880.20-
920.30 kg/m3, kinematic viscosity 4.52–36.47mm2/s, flash point
147–295 °C, calorific value 38.97–42.46MJ/kg, cetane number
53–63.75 [48,49,59,61]. Table 3 shows the physico-chemical properties
of PSO biodiesel and its blends, SFO biodiesel, diesel, diglyme and
butanol used in this experiment. Diglyme has the highest cetane
number of 126 whereas butanol was found to be only 25. However, the
density of diglyme was the highest of 945 kg/m3 and butanol was re-
corded as 808 kg/m3. On the other hand, the viscosities of diglyme and
butanol were recorded as 1.09 and 2.63mm2/s respectively. The flash
point of diglyme (67 °C) was closely matched with diesel (68.50 °C) and
nearly double that of butanol (35 °C). The calorific value of the diglyme
was recorded as the lowest (24.50MJ/kg) among all the other additives
in this experiment. All the binary and ternary blends were found to be
homogenous and no phase separation was observed even after 48 h.

2.4. Experimental setup

All experiments were carried out on a four stroke, four cylinder
naturally aspirated diesel engine. Detailed technical specifications and
the schematic diagram of the engine are presented in Table 4 and Fig. 2
respectively. Diesel with four alternative PSO biodiesel blends men-
tioned above, were tested at different engine load (25–100%) condi-
tions by varying engine speeds from 1200 rpm to 2400 rpm, at intervals
of 200 rpm. The engine was coupled with an eddy current dynam-
ometer. A control system was available for adjusting the engine speeds
and engine loads. The engine exhaust gas emissions of NOx (ppm), HC
(ppm), CO (vol %) and CO2 (vol %) were measured at the different
engine loads with a CODA 5 gas analyser. A non-dispersive infrared
(NDIR) sensor in the gas analyser was used for measuring exhaust gas
emissions. PM (mg/m3) emissions were measured with a MPM-4M
particulate matter (PM) meter. A piezoelectric pressure transducer and

crank angle encoder were used to monitor the combustion character-
istics. At the beginning of each experiment, the engine was operated
with the tested fuel for sufficient time to ensure total clean out of the
remaining tested fuel (from previous experiment) from the engine fuel
systems. Every set of data was repeated three times to avoid any pos-
sible error. The engine was flushed with diesel soon after each experi-
ment was conducted.

Experimental error and uncertainty analysis determined the accu-
racy of the experiment. Errors may occur in several ways such as test
planning, reading and observing, instrument selection, condition
monitoring, calibration and changes in the experimental environment
while the test was conducted. All of the equipment, instruments and
sensors were not made and installed by the same manufacturer.
Therefore, uncertainty may occur due to random or fixed errors. The
technical details of the gas analyser, PM meter and error analysis are
shown in Table 5.

3. Performance characteristics

The variations of engine speeds with brake power (BP) for all PSO
blends and diesel at full load condition are presented in Fig. 3(i). The BP
increased steadily with the increase of engine speeds for all blending
conditions. At any given engine speed, diesel had the highest BP value
followed by P20DG5, P20BT5, PSFO20 and P20. The average BP values
of diesel, P20DG5, P20BT5, PSFO20 and P20 were 39.30, 38.60, 38.10,
38 and 37.30 kW. P20DG5, P20BT5 and PSFO20 had 3.30%, 2.20% and

Table 2
Equipment used for measuring properties of prepared blends in this study.

Fuel Properties Equipment Standard applied Accuracy

Kinematic viscosity NVB classic (Normalab, France) ASTM D445 ±0.01mm2/s
Density DM40 LiquiPhysicsTM density meter (Mettler Toledo, Switzerland) ASTM D1298 ±0.1 kg/m3

Flash point NPM 440 Pensky-Martens flash point tester (Normalab, France) ASTM D93 ±0.1 °C
Acid value Automation titration Rondo 20 (Mettler Toledo, Switzerland) ASTM D664 ±0.001mg KOH/g
Calorific value 6100EF semi-auto bomb calorimeter (Perr, USA) ASTM D240 ±0.001MJ/kg
Oxidation stability at 110 °C 873 Rancimat (Metrohm, Switzerland) ASTM D2274 ±0.01 h

Table 3
Properties of diesel, diglyme, butanol and blended fuels.

Property Diesel Diglyme Butanol PSO biodiesel SFO biodiesel P20 P20 DG5 P20 BT5 PSFO20

Density (kg/m3) 827.20 945 808 840 855 829.80 835.70 828.80 831.30
Viscosity at 40 °C (mm2/s) 3.23 1.09 2.63 3.53 4.26 3.29 3.18 3.26 3.36
Cetane number (CN) 48.00 126 25.00 48.29 50.45 48.06 51.96 46.91 48.27
Calorific value (MJ/kg) 45.30 24.50 33.10 38.49 39.64 43.94 42.90 43.33 44.05
Flash point (°C) 68.50 67.00 35.00 112 105 77.20 77.13 75.53 76.50
Acid value (mg KOH/g) 0.05 – – 0.42 0.25 0.12 – – 0.11
Oxidation stability (h) 39.00 – – 5.61 7.15 32.32 – – 32.48

Table 4
Test engine specifications.

Items Specifications

Model Kubota V3300, Indirect injection
Type Vertical, 4 cycle liquid cooled diesel
No. of cylinders 4
Total displacement (L) 3.318
Bore× Stroke (mm) 98×110
Combustion type Spherical type [E-TVCS (Three vortex

combustion system)]
Intake system Naturally aspirated
Rated power output (kW/rpm) 53.90/2600
Rated torque (Nm/rpm) 230/1400
Compression ratio 22.60:1
Fuel injection timing 16° before TDC
Injection pressure (MPa) 13.73
Emissions certification Tier 2
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1.80% higher BP values than P20. Average BP value reductions for
P20DG5, P20BT5, PSFO20 and P20 in comparison with diesel were
1.80%, 2.90%, 3.20%, and 5%. The reduction in BP of P20 biodiesel
blend due to its lower calorific values, higher viscosities and higher
densities is supported by the literature [55,62,63].

Fig. 3(ii) shows the relationship between the engine torque and
variation of engine speeds at full load condition. Torque increased with
the increase of engine speed up to 1400 rpm and then decreased con-
tinuously until the maximum speed of 2400 rpm for all PSO blends and
diesel. The reason behind this is that the Kubota engine has its max-
imum rated torque recorded at 1400 rpm. A further factor is the me-
chanical friction loss and lower volumetric efficiency of the engine as
supported by researchers [11,62,64]. Torque decreased with the in-
crease of biodiesel content in the blends. As expected, diesel had the
highest torque at all engine speeds followed by P20DG5, P20BT5,
PSFO20 and P20. The average torque values of P20DG5, P20BT5,
PSFO20, P20 and diesel were 205.40, 204.10, 202.50, 199.90 and
207.90 N.m. P20DG5, P20BT5 and PSFO20 had 2.70%, 2.10% and
1.30% higher torque than P20. Average torque value reductions for
P20DG5, P20BT5, PSFO20, and P20 in comparison with diesel were
1.20%, 1.80%, 2.60%, and 3.90%. Rahman et al. [55] and Liaquat et al.

[64]mentioned that the lower densities and lower viscosities and higher
calorific values of the diesel resulted in its higher engine torque.

Fig. 3(iii) shows that BSFC increases with the increase of engine
speed. Ong et al. [65] mentioned that friction heat losses occur at
higher speeds and combustion deteriorates, resulting in higher BSFC.
Other researchers mentioned that the fuel injection system, and fuel
density, viscosity and calorific value affect BSFC values [66,67]. Due to
the lower calorific value of biodiesel, it was observed to have higher
BSFC values as biodiesel needed more fuel for producing the same
power as that produced by diesel. Silitonga et al. [68] mentioned that
lower kinetic viscosity of biodiesel blend can lead to lower BSFC. Again,
both diesel and P20DG5 had the lowest BSFCs at all engine speeds
(except for diesel at 2200 rpm) followed by P20BT5, PSFO20 and P20.
The average BSFC values of P20DG5, P20BT5, PSFO20, P20 and diesel
were 255.30, 264.60, 272.90, 300.50 and 256.50 g/kWh. P20DG5,
P20BT5 and PSFO20 had 17.70%, 13.60% and 10.10% lower BSFC
values than P20. Again, average BSFC value increases for P20BT5,
PSFO20, and P20 in comparison with diesel were 3.10%, 6.40% and
17.10%. However, the average BSFC value of P20DG5 was found to be
0.50% lower than diesel.

The variation in BTE with engine speed for all PSO blends and diesel
at full load condition is shown in Fig. 3(iv). BTE decreases with the
increase of engine speed over the entire range. Researchers mentioned
that, at higher engine speeds, BTE decreases due to lack of sufficient air
that caused uneven combustion of fuel [69]. Again, higher BTE depends
on higher calorific value, lower density and lower viscosity. Some re-
searchers mentioned that lower viscosity and higher volatility ensures a
better air-fuel mixture that resulted in better combustion [65,69].
P20DG5 had the highest BTE at all engine speeds followed by diesel,
P20BT5, PSFO20 and P20. The average BTE values of P20DG5, P20BT5,
PSFO20, P20 and diesel were 32.4%, 30.60%, 30.20%, 27.20% and
31.30%. P20DG5, P20BT5 and PSFO20 had 15.80%, 11.10% and 9.80%
higher BTE values than P20. Again, average BTE value reductions for
P20BT5, PSFO20, and P20 in comparison with diesel were 2.30%,
3.60% and 13.10%. However, the average BTE value of P20DG5 was
found to be 3.25% higher than diesel.

4. Comparative engine performance analysis of PSO and other
ternary biodiesel blends

The comparative analysis of engine performance of diesel and four
PSO biodiesel blends on the basis of BP, torque, BSFC and BTE are

Fig. 2. Experimental setup for engine testing.

Table 5
Uncertainty, range and accuracy of exhaust gas analyser and PM meter.

Exhaust emissions Measurement

Range Resolution Accuracy

HC (ppm) 0–30,000 1.00 ± 1.00
CO (%) 0–15 0.001 ± 0.02
CO2 (%) 0–20 0.001 ± 0.30
NOx (ppm) 0–5000 1.00 ± 1.00

Meter Particle size Particle
concentration
range

Resolution

PM (mg/m3) < 100 nm to
> 10 µm

0.10 to > 700 ±0.10

Measurements Accuracy Relative
Uncertainty (%)

Average Reading
for (diesel)

BP ±0.41 kW 0.0105 39.30
BSFC ±5 g/kWh 0.0195 256.50
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(iii) )vi(CFSB BTE
Fig. 3. Variations of engine performance parameters for all PSO biodiesel-diesel-additives blends with respect to engine speed at full load condition.
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shown in Fig. 4. Four engine loads (25, 50, 75 and 100%) were varied at
two engine speeds (1400 rpm- max. rated torque and 2400 rpm- near
max. rated power) to investigate engine performance. Diesel, papaya
biodiesel content of 20% vol (P20), papaya biodiesel (P20) with 5%
Diglyme additives (P20DG5), papaya biodiesel (P20) with 5% butanol
additives (P20BT5), and papaya-stone fruit biodiesel with 20% vol
(PSFO20) were used in this analysis.

Fig. 4(i) compares the BP characteristics of PSO biodiesels (P20)
with oxygenated additives (DG and BT), PSO-SFO biodiesel blends
(PSFO20) and diesel with changing engine loads and speeds. This trend
shows an agreement with the results of previous studies about biodiesel
brake power [70,71]. For all test samples, BP increased with an increase
in engine load. The lower calorific value and higher viscosity of bio-
diesel can cause uneven combustion which results in lowering the BP
value [63,65,72,73]. However, Anwar et al. [11] have found that the
viscosity of diesel and PSO biodiesel-diesel blends were close. Thus, it
can be concluded that the difference in higher calorific values of PSO
blends and diesel would have contributed to the the variations in BP. At
all load conditions and speeds, diesel had a higher BP followed by
P20DG5, P20BT5, PSFO20 and P20.

The variations in torque with four engine loads for PSO biodiesel
blends and diesel at 1400 rpm and 2400 rpm are shown in Fig. 4(ii). As
expected, the torque increased with an increase in engine load condi-
tion and speed. At all load conditions and speeds, diesel produced
higher torque followed by P20DG5, P20BT5, PSFO20 and P20.

Brake specific fuel consumption (BSFC) measures the amount of fuel
consumed to generate one unit of power. It is the ratio of fuel flow rate
and brake power. Many factors influence BSFC values, such as the fuel
injection system, fuel density, calorific value and viscosity [66]. The
variations between BSFC and different engine loads at 1400 and
2400 rpm for all PSO biodiesel blends and diesel are shown in
Fig. 4(iii). P20DG5 had the lowest BSFC in comparison with P20BT5,
PSFO20, P20 and diesel. The BSFC values decreased with an increase in
engine load at 1400 rpm for all tested fuels. However, at full load
condition and 2400 rpm, a slight increase in BSFC was observed. Since
biodiesel has a lower heating value compared to diesel, the engine re-
quires more fuel for producing the same amount of power leading to
increased BSFC for PSO biodiesel blends. Asokan et al. [59] and Yatish
et al. [74] have also showed an increase in BSFC for biodiesel blends.

BTE indicates how efficiently the combustion heat is converted into
mechanical work. A higher BTE is expected from any fuel that depends
on some specific fuel properties such as a higher heating value with
lower density and viscosity. Fig. 4(iv) shows the variation in BTE with
changing engine loads for PSO biodiesel and its blends and diesel at
1400 rpm and 2400 rpm. It can be seen that the BTE increased with
engine loads. An et al. [75] mentioned that the fuel injection pressure
reached its maximum value at full load condition and caused a negli-
gible effect of viscosity leading to better combustion eventually leading
to increased BTE. The lower heating values and higher fuel consump-
tions of both P20 and PSFO20 resulted in lower BTE values of 6.20%
and 1.70% respectively, as compared to diesel. Other researchers have
also found reduced BTE when the biodiesel blends were tested against
diesel fuel [59,74]. In contrast, using diglyme and butanol additives in
the P20 biodiesel, the BTE values of P20DG5 and P20BT5 significantly
improved, and were found to be 6.30% and 0.90% higher than those of
diesel, respectively.

The overall scenarios of engine performance of PSO biodiesel blends
and diesel at full engine loading conditions with different speeds are
presented in Table 6. At 100% full load condition and 2400 rpm, the
minimum and maximum increases in BP were found to be 0.14% for
P20DG5 and 6.70% for P20, and for torque were 1.80% for P20DG5 and
3.20% for P20 respectively, as compared to diesel (D). However, the
BSFC of diesel was slightly higher than that of P20DG5 by 0.60% to
0.80%. Again, the P20DG5 had the highest BTE compared to diesel by
3.30% to 6.40%.

5. Exhaust emissions parameters

Fig. 5(i) shows variations in hydrocarbon (HC) emissions of the four
PSO biodiesel blends and diesel over the entire range of engine speeds
ranging from 1200 rpm to 2400 rpm at intervals of 200 rpm. HC emis-
sions decrease with the increase in engine speeds. At low engine speed,
HC emissions were found to be higher due to higher fuel density and
viscosity that affect fuel atomisation as well as ignition in the com-
bustion chamber [76]. Fuel trapped into the crevice volume of the
combustion chamber may also have resulted in higher HC emissions
[77]. The average HC values were recorded for P20DG5, P20BT5,
PSFO20, P20 and diesel were 15.10, 15.60, 16.70, 15.90 and
22.40 ppm. The average reduction in HC for P20DG5, P20BT5, PSFO20
and P20 as compared to diesel were 32.40%, 30.40%, 25.40% and
28.80%, respectively. With the inclusion of additives in P20 blends, HC
emissions reduced noticeably by 5.40% and 2.30% for P20DG5 and
P20BT5 respectively. Both oxygenated additives enhanced the fuel
atomisation and improved spray formation leading to better combus-
tion and reduced HC emissions [18].

Several factors contribute to an increase in carbon monoxide (CO)
emissions. These include incomplete combustion, excessively lean
blend of air-fuel ratio, rich blend of air-fuel ratio and insufficient or low
air-fuel ratio in rich combustion mixture [78]. Other factors that affect
CO emissions are air-fuel ratio, engine speed, injection timing, pressure,
and fuel types [72,78,79]. Fig. 5(ii) shows variations in CO emissions by
PSO biodiesel blends and diesel. At 100% full load, the CO emissions
dropped significantly with an increase in the speed from 1200 rpm.
These values were found to be the lowest at 2400 rpm. It is known that
the biodiesel contains 12% more oxygen than diesel fuel [80]. In-
corporation of oxygenated additives such as diglyme and butanol into
biodiesel can increase the oxygen content of the blend significantly. The
higher the O2 content (i.e., biodiesel binary blends-P20, ternary blend-
PSFO20 and ternary blends with additives-P20DG5 and P20BT5), the
lower the CO emissions. Research shows that higher O2 content can
improve combustion leading to lower CO emission [81–83]. CO emis-
sions from biodiesel blends are lower than those in diesel engines due to
their higher oxidation stability as compared with diesel [84]. The
average CO recorded for P20DG5, P20BT5, PSFO20, P20 and diesel
were 0.08%, 0.10%, 0.11%, 0.14% and 0.20%, respectively. The
average reduction in CO emission for P20DG5, P20BT5, PSFO20 and
P20, as compared to diesel were 61%, 52%, 46% and 32%. With the
inclusion of additives in P20 blends, the CO emissions reduced sig-
nificantly by 75% and 42% for P20DG5 and P20BT5, respectively.

The variations in nitrogen oxide (NOx) emissions with changing
engine speed for the PSO biodiesels and diesel at full load condition are
shown in Fig. 5(iii). The NOx levels increase with the increase of speeds
for all fuels due to higher combustion temperatures and stoichiometry
of the fuel mixtures [85]. Factors that affect NOx emissions are O2

content, in-cylinder temperature and the residence time [74]. Higher
engine loads with a high air-fuel ratio produces higher gas temperatures

Table 6
Overall performance of biodiesel (BD) blends over diesel at full load on dif-
ferent engine speeds.

Performance
parameter

Full load (100%) Comparison between biodiesel
(BD) with diesel (D)

1400 rpm 2400 rpm Min. /
(%)

Max. /
(%)

BP D > BD D > BD P20DG5
( 0.14%)

P20
( 6.70%)

Torque D > BD D > BD P20DG5
( 1.80%)

P20
( 3.20%)

BSFC P20DG5 < D P20DG5 < D D ( 0.60%) D ( 0.80%)
BTE P20DG5 > D P20DG5 > D D ( 3.30%) D ( 6.40%)

where increase and = decrease.
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in the combustion chamber and cause higher NOx emissions [86]. All
tested fuels except P20DG5 produced higher NOx emissions than diesel
at any given engine speed. P20DG5 produced about 0.64% less NOx

emissions on average, compared to diesel. The higher cetane number of
fuels such as the P20DG5 blend can initiate a shorter ignition delay that
results in lower combustion temperatures and pressures that lead to the
production of less NOx [87,88]. The average increase in NOx for
P20BT5, PSFO20, and P20 compared to diesel were 3.50%, 6.50% and
4.10% respectively. With the inclusion of additives in P20 blends, NOx

emission reduced by 4.80% and 0.60% for P20DG5 and P20BT5, re-
spectively.

Fig. 5(iv) shows variations in particulate matter (PM) emissions in
response to changes in engine speeds for the PSO biodiesels and diesel
at full load condition. The PM emissions decreased significantly with an
increase in engine speed for both PSO biodiesel blends and diesel. The
higher O2 content and lower volatility of biodiesel causes lower PM
emissions than diesel [89]. Again, the higher cetane number of a bio-
diesel blend such as P20DG5 can cause a shorter ignition delay and

(i) )ii(CH CO

(iii) NOx )vi( PM

(v) CO2 )iv( EGT
Fig. 5. Variations of exhaust gas emissions for all PSO biodiesel-diesel-additives blends with respect to engine speed at full load condition.
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longer combustion which results in low PM emissions [90]. The average
PM values for P20DG5, P20BT5, PSFO20, P20 and diesel were recorded
as 29.50, 33.40, 35.30, 36.80 and 56.20mg/m3. The average reduction
in PM values for P20DG5, P20BT5, PSFO20 and P20 compared with
diesel were 47.40%, 40.60%, 31.20% and 34.60%. With the inclusion
of additives in P20 blends, PM emissions reduced significantly by
24.40% and 10.10% for P20DG5 and P20BT5, respectively.

Emissions of CO2 increased with an increase in engine speed in-
itially and recorded the highest values at 1400 rpm at which the max-
imum torque of the engine occurs. The variations in CO2 emissions with
speed are shown in Fig. 5(v). It can be seen that biodiesel blends such as
P20 and PSFO20 have generated higher CO2 emissions at any given
speed. Mofijur et al. [72] reported that higher O2 content and cetane
number in the biodiesel blends may result in increased production of
CO2. PSFO20 and P20 have generated slightly higher CO2 emission at
all engine speeds compared with the other biodiesel blends with ad-
ditives and diesel. The average CO2 values for P20DG5, P20BT5,
PSFO20, P20 and diesel were recorded as 12.30%, 12.30%, 12.70%,
12.50% and 11.97%, respectively. The average increase in CO2 values
for P20DG5, P20BT5, PSFO20 and P20, as compared to diesel were
2.80%, 3.10%, 6.10% and 4.50%. With the inclusion of additives in P20
blends, CO2 emission was reduced by 1.70% and 1.40% for P20DG5
and P20BT5, respectively.

Fig. 5(vi) shows variations in EGT for the PSO biodiesel blends and
diesel over the range of engine speeds. EGT increases with increase in
speeds for all tested fuels. Ong et al. [78] found that the EGT of bio-
diesel increases due to the higher fuel quantity that is needed per unit of
time to produce higher heat energy in the combustion chamber at
higher engine speeds. In contrast, the lower the biodiesel content in the
blend, the lower is the EGT. Again, fuel with a higher cetane number
such as the P20DG5 blend produces an oxygenated fuel mixture that
assists in improving combustion leading to lower EGT [65]. Again, P20
and PSFO20 have lower heating values and higher viscosity, and this
would have caused poor atomisation and incomplete combustion, thus
contributing to higher EGTs. Ong et al. [78] reported that diesel has a
lower EGT compared to all tested fuels due to its higher heating value
and shorter combustion phase. The average EGT values for P20DG5,
P20BT5, PSFO20, P20 and diesel were recorded as 567.30, 575.30,
578.10, 590.70 and 572.60 °C. The average increase in EGT values for
P20BT5, PSFO20 and P20 compared with diesel were 0.47%, 0.97%
and 3.20%. However, a slight reduction in EGT of 0.90% was recorded
for P20DG5 compared with diesel. With the inclusion of additives in
P20 blends, the EGT values were reduced by 4.10% and 2.70% for
P20DG5 and P20BT5 respectively.

6. Comparative engine emissions analysis of PSO and other
ternary biodiesel blends

The comparative analyses of engine emission characteristics of PSO
biodiesel blends (binary-P20, ternary- PSFO20, P20DG5, and P20BT5)
and diesel on the basis of HC, CO, NOx, PM, CO2 emissions and EGT are
shown in Fig. 6. Four engine loads (25, 50, 75 and 100%) were varied at
two engine speeds (1400 rpm- max. rated torque and 2400 rpm- near
max. rated power) to investigate emission characteristics.

Fig. 6(i) shows the HC emissions of the biodiesel blends and diesel,
with changing engine loads and speeds. At the lower engine speed of
1400 rpm, HC emissions increased with increase in load (25%, 50%,
75% and 100%) for all blends. At 2400 rpm, HC increased with the
engine load until 75%, then it declined slightly at full load. This in-
dicates that, at higher speed and full load condition, the increased O2

content in the air-fuel mixture of the biodiesel blend assisted in im-
proving combustion which resulted in lower HC emissions. Fig. 6(ii)
shows the CO emissions of biodiesel blends and diesel with changing
engine loads and speeds. At 100% full load condition and 1400 rpm, the
highest amounts of CO emissions were recorded for all biodiesel blends
and diesel which is due to incomplete combustion. A significant

reduction in CO emissions were observed with an increase in engine
load and speed. Higher cetane number and O2 content in the biodiesel
blends resulted in complete combustion that led to production of lower
CO emissions. These trends are consistent with the published literature
[72,91]. In this study, the P20DG5 was found to produce the lowest CO
emission followed by P20BT5, PSFO20, P20 and diesel.

Fig. 6(iii) shows comparison between NOx emissions characteristics
of the biodiesel blends and diesel in response to changing engine loads
and speeds. P20DG5 has higher cetane number that may initiate a
shorter ignition delay. This results in lower combustion temperatures
and pressures, which contribute to lowest NOx emissions, as compared
other biodiesel blends and diesel. Fig. 6(iv) shows that PM emissions
decreased as the engine speed increased up to 2400 rpm. The PM
emissions were higher at lower speed due to incomplete combustion as
well as the burning of heavy lubricating oil. In contrast, the PM reduced
significantly at higher engine speed due to better combustion with
oxygenated fuels [92–95]. At full load condition and 1400 rpm,
P20DG5 was found to produce the lowest PM emissions followed by
P20, PSFO20, P20BT5 and diesel. This is due to higher oxygen content
in the biodiesel increasing combustion temperature leading to im-
proved combustion [82,85].

CO2 emissions of biodiesels and diesel at varying engine loads and
speeds are presented in Fig. 6(v). Over the entire range of engine speed
(1400 and 2400 rpm), CO2 emissions increased with an increase in load
(0%, 50%, 75% and 100%) for all biodiesel blends. At any load con-
dition and engine speed, diesel was found to emit the lowest CO2 fol-
lowed by P20DG5, P20BT5, P20 and PSFO20. The exhaust gas tem-
perature (EGT) increased with the increase in load and speed for all
biodiesel blends and diesel, as shown in Fig. 6(vi). Higher viscosity and
lower heating values of biodiesel blends can cause poor atomisation and
incomplete combustion that results higher EGT. After P20DG5, diesel
was found to have recorded the lowest EGT followed by P20BT5,
PSFO20 and P20. The highest EGT was recorded at 100% full load
condition and 2400 rpm.

The overall scenarios of emissions generation of biodiesel blends
(P20, P20DG5, P20BT5, and PSFO20) and diesel (D) at full engine
loading conditions with two engine speeds (1400 rpm and 2400 rpm)
are presented in Table 7. At 100% full load, the maximum decreases in
HC and CO emissions were found to be 28.20% and 63% for P20DG5,
and the minimum decreases were 20.90% for PSFO20 and 29.60% for
P20 respectively, compared with diesel (D). The lowest decrease in NOx
(0.60%) was recorded for P20DG5 and the highest (6.50%) was for
PSFO20. P20BT5 generated 31.30% lower PM emissions compared with
diesel, while P20DG5 emitted 38.80% less than diesel. P20DG5 gen-
erated 0.23% more CO2 while PSFO20 also recorded 5.2% higher PM.
The lowest EGT was recorded for P20DG5 at 0.20% below that for
diesel, and P20 was found to have the highest at 5.40% above that for
diesel.

7. Combustion parameters

The variation of in-cylinder pressures (CP) with the crank angle
(CA) for diesel and the PSO biodiesel binary and ternary blends at 1400,
and 2400 rpm at full engine load condition are presented in Fig. 7(i)
and (ii). At 1400 rpm speed, P20DG5 had a peak cylinder pressure of
67.41 bar at 11° CA, followed by 66.63 bar at 11° CA for P20BT5,
66.02 bar at 11° CA for PSFO20, 66.15 bar at 3° CA for P20 and
64.07 bar at 3° CA for diesel. The cylinder temperature increases with
an increase in pressure that contributed to a higher evaporation rate
and better combustion at higher speed and engine load. At 2400 rpm,
peak cylinder pressure was recorded at 0° CA for diesel and all PSO
blends. P20DG5 had 67.51 bar while P20BT5, PSFO20, P20 and diesel
were 66.46 bar, 66.81 bar, 67.33 bar, and 65.75 bar respectively. The
cylinder pressures of the biodiesel ternary blends were found to be
higher than those of diesel due to higher density of biodiesel being
injected for the same injection duration compared with diesel [12,96].
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CP depends on the fraction of fuel burnt in the premixed combustion
phase. Other factors such as cetane number, volatility characteristics
and oxygen content also influence CP variations. At full load and
2400 rpm speed, the maximum CPs of P20DG5, P20BT5, PSFO20 and
P20 were found to be 2.67%, 1.08%, 1.61% and 2.40% higher than
diesel. However, all trends of the graphs are similar and well supported
by Prabhakaran et al. [97].

Heat release rates (HRR) of PSO biodiesel binary and ternary blends
along with diesel are shown in Fig. 8(i) and 8(ii). At 1400 rpm with full
load condition, the maximum HRR was recorded as 201.78 J/°CA at 16°
CA with diesel, 192.42 J/°CA at 16° CA with P20, 191.95 J/°CA at 16°

CA with P20DG5, 194.25 J/°CA at 16° CA with P20BT5 and 198.25 J/
°CA at 16° CA with PSFO20. HRR in the combustion of a diesel engine
depends on fuel characteristics such as calorific value, cetane number,
fuel-air mixing rates, cetane number, ignition number and ignition
timings [55,98]. At 2400 rpm and full load condition, the maximum
HRR was found to be 250.6 J/°CA at 15° CA with diesel, 237.15 J/°CA
at 15° CA with PSO20, 235.15 J/°CA at 15° CA with P20DG5, 242.50 J/
°CA at 15° CA with P20BT5 and 245.85 J/°CA at 15° CA with PSFO20.
The maximum HRRs at 2400 rpm of P20, P20DG5, P20BT5 and PSFO20
were found to be 5.36%, 6.16%, 3.23% and 1.90% lower than diesel.
HRR values of all biodiesel blends were found to be lower than diesel
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Fig. 6. Variations of emissions of PSO biodiesel-diesel-additives blends with different engine loads and speeds.

Table 7
Overall performance of biodiesel blends (BD) over diesel (D) at full load on different engine speeds.

Emissions generation Full load (100%) Comparison between BD with D

1400 rpm 2400 rpm Min. / (%) Max. / (%)

HC emission D > BD D > BD PSFO20 ( 20.90%) P20DG5 ( 28.20%)
CO emission D > BD D > BD P20 ( 29.60%) P20DG5 ( 63.00%)
NOx emission P20DG5 < D P20DG5 < D P20DG5 ( 0.64%) PSFO20 ( 6.50%)
PM emission D > BD D > BD P20BT5 ( 31.30%) P20DG5 ( 38.80%)
CO2 emission BD > D BD > D P20DG5 ( 0.23%) PSFO20 ( 5.20%)
EGT value P20DG5 < D P20DG5 < D P20DG5 ( 0.20%) P20 ( 5.40%)

where increase and =decrease.
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due to the lower ignition delay and lower calorific values of biodiesel.
Further higher viscosities of PSO biodiesel blends resulted in relatively
inferior atomisation that led to slower burning compared with diesel.
Again, the higher HRR of diesel can be explained due to longer ignition
delay, retardation of the start of combustion [99], and higher calorific
values as supported by other researchers [12,55,94].

Ignition delay (ID) is the time interval between the start of injection
and start of combustion in a diesel engine. ID represents the fuel quality
as well as being a measure of the ignition quality (cetane number) and
knocking tendency of the fuel [100]. Cetane number has a significant
impact on ID as fuels with higher cetane number ignite quickly, re-
sulting in lower ID. The PSO binary and ternary biodiesel blends have
higher cetane numbers than diesel, and Fig. 9 shows that all blends
have a lower ID period compared with diesel. The ID decreases with the
increase of engine speed. Higher oxygen content, i.e., oxygenated ad-
ditives in the blends (P20DG5 and P20BT5) and the higher level of
biodiesel blends (P20 and PSFO20) resulted in lower IDs than for diesel.
At full load condition and lower speed of 1400 rpm, the IDs recorded for
diesel, P20, P20DG5, P20BT5 and PSFO20 were 11 °CA, 8.50 °CA,
7.70 °CA, 8 °CA, and 7.80 °CA respectively. With the increase of engine
speed to 2400 rpm, the ID values changed to 13 °CA, 9.50 °CA, 7.90 °CA,
8.20 °CA, and 8 °CA. Oxygenated fuel blends of P20DG5 showed the
lowest ID period compared with the other fuel blends and diesel. Other
factors that affect ID are fuel quality, engine speed, load, air tempera-
ture, and fuel-air mixing ratio [55]. As discussed in the earlier section,
the longer ID leads to delaying fuel-air mixing time, resulting in higher

HRR.
The variation of the mass fraction burned (MFB) with the crank

angle for PSO biodiesel blends and diesel at 1400 rpm and 2400 rpm
engine speed at full loading conditions are compared in Fig. 10(i) and
(ii). It can be seen from both these figures that the MFB for biodiesel
blends were earlier than that of diesel at full load condition. However,
all biodiesel blends and diesel show similar trends. From Fig. 10(i) at
1400 rpm, 90% of the P20DG5, PSFO20, P20BT5, and P20 biodiesel

(i) CP vs CA at 1400 rpm (ii) CP vs CA at 2400 rpm
Fig. 7. The differences of in-cylinder pressure for PSO blends and diesel under full load at speeds of: (i) 1400 rpm, and (ii) 2400 rpm.

(i) HRR vs CA at 1400 rpm (ii) HRR vs CA at 2400 rpm
Fig. 8. The differences of heat release rate for PSO blends and diesel under full load at speeds of: (i) 1400 rpm, and (ii) 2400 rpm.

Fig. 9. Ignition delay of diesel and PSO biodiesel blends at full load at speeds of
1400 rpm and 2400 rpm.
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blends were burnt at 32.30 °CA, 32.50 °CA, 32.70 °CA and 41.50 °CA
respectively after TDC, and the same amount of diesel was burnt at
47.2° CA. Again, from Fig. 10(ii) at 2400 rpm, the same amounts (90%)
of P20DG5, PSFO20, P20BT5, P20 biodiesel blend and diesel were
burnt at 32.50 °CA, 32.60 °CA, 33 °CA, 40 °CA, and 43° CA respectively.

8. Summary of findings

The effect of papaya seed oil biodiesel blended with diglyme, bu-
tanol, and stone fruit biodiesel on engine performance, exhaust emis-
sions and combustion are analysed. Engine performance, exhaust
emissions characteristics and combustion analysis were noted at a series
of engine speeds from 1200 rpm to 2400 rpm at intervals of 200 rpm
along with varying engine loads from 25% to 100%. At 100% full load
condition and 2400 rpm, compared to diesel, the minimum and max-
imum increases in BP were found to be 0.14% for P20DG5 and 6.70%
for P20, and for torque were 1.80% for P20DG5 and 3.20% for P20
respectively, whereas the BSFC of diesel was slightly higher than
P20DG5 by 0.60–0.80%. Again, P20DG5 had the highest BTE compared
with diesel by 3.30–6.40%. The results of the engine performance can
be summarised as follows:

• The average BP value reductions for P20DG5, P20BT5, PSFO20 and
P20 compared with diesel were 1.80%, 2.90%, 3.20%, and 5% re-
spectively. Adding oxygenated additives such as diglyme (P20DG5)
and butanol (P20BT5) increased the BP values by 3.30% and 2.20%
compared with P20.

• The average torque value reductions for P20DG5, P20BT5, PSFO20
and P20 compared with diesel were 1.20%, 1.80%, 2.60% and
3.80% respectively. Both P20DG5 and P20BT5 have 2.70% and
2.10% higher torque compared with P20.

• The average BSFC value of P20DG5 was found to be 0.50% lower
than diesel. However, BSFC values of the P20BT5, PSFO20, and P20
blends were recorded as 3.10%, 6.40% and 17.10% higher than
diesel respectively. Again, both P20DG5 and P20BT5 have 17.70%
and 13.60% lower BSFC compared with P20.

• The average BTE value of P20DG5 was found to be 3.30% higher
than diesel. The average BTE value reductions of P20BT5, PSFO20
and P20 were measured as 2.3%, 3.60% and 13.10% respectively.
Again, both P20DG5 and P20BT5 have 15.80% and 11.10% higher
BTE compared with P20.

At 2400 rpm with full load condition, the lowest decrease in NOx
was recorded for P20DG5 at 0.64% and the highest was for PSFO20 at
6.50% compared with diesel. P20BT5 generated 31.30% lower PM
emissions compared with diesel while P20DG5 emitted 38.80% less

than that of diesel. The emission characteristics of the engine at various
speeds and loads can be summarised as follows:

• The average reduction in HC values for P20DG5, P20BT5, PSFO20
and P20 compared with diesel were 32.40%, 30.40%, 25.40% and
28.80% respectively. Both P20DG5 and P20BT5 have reduced the
HC emissions by 5.4% and 2.3% compared with P20.

• The average reduction in CO values for P20DG5, P20BT5, PSFO20
and P20, compared with diesel were 61%, 52.20%, 45.75% and
31.90% respectively. Both P20DG5 and P20BT5 have reduced CO
emissions noticeably by 74.60% and 42.40% compared with P20.

• P20DG5 produced about 0.64% less NOx emissions compared with
diesel as an average. The average increase in NOx values for
P20BT5, PSFO20, and P20 compared with diesel were 3.50%, 6.50%
and 4.1% respectively. Both P20DG5 and P20BT5 have reduced NOx
emissions by 4.80% and 0.60% compared with P20.

• The average reduction in PM values for P20DG5, P20BT5, PSFO20
and P20, compared with diesel were 47.40%, 40.60%, 31.20% and
34.60% respectively. Both P20DG5 and P20BT5 have reduced PM
emissions by 24.40% and 10.10% compared with P20.

• The average increase in CO2 values for P20DG5, P20BT5, PSFO20
and P20, compared with diesel were 2.80%, 3.10%, 6.10% and
4.50% respectively. Both P20DG5 and P20BT5 have reduced CO2

emissions by 1.70% and 1.40% respectively compared with P20.

• The average EGT values recorded for P20DG5, P20BT5, PSFO20,
P20 and diesel were 567.30, 575.30, 578.10, 590.70 and 572.60 °C
respectively. The average increase in EGT values for P20BT5,
PSFO20 and P20 compared with diesel were 0.50%, 1.00% and
3.20% respectively while a slight reduction of 0.90% was noticed for
P20DG5. Both P20DG5 and P20BT5 have reduced their EGT values
by 4.10% and 2.70% compared with P20.

Various PSO biodiesel blends and their effects on cylinder pressure,
heat release rate, ignition delay, mass fraction burned, and combustion
duration at full load condition at 1400 rpm and 2400 rpm have been
analysed. The results of this investigation can be summarised as fol-
lows:

• In-cylinder peak pressures for all PSO biodiesel blends were higher
than that of diesel irrespective of engine speed. At 2400 rpm and full
load condition, the peak cylinder pressures for P20DG5, P20BT5,
PSFO20 and P20 were found to be 2.67%, 1.08%, 1.61% and 2.40%
higher than diesel respectively.

• HRR values of the PSO biodiesel blends P20DG5, P20BT5, PSFO20
and P20, were found to be maximum at 2400 rpm and were re-
corded as 6.16%, 3.23%, 1.90% and 5.36% lower than diesel

(i) )ii(mpr0041 2400 rpm
Fig. 10. The differences of mass fraction burned (%) for PSO blends and diesel under full load at speeds of: (i) 1400 rpm, and (ii) 2400 rpm.

M. Anwar, et al. Fuel 256 (2019) 115980

Chapter 8: Synergistic effects of binary and ternary biodiesel blends 8-13



respectively due to the lower ignition delay and lower calorific va-
lues of biodiesel.

• P20DG5 had a shorter ignition delay period compared with the
other PSO biodiesel blends and diesel.

• The mass fraction burned for all PSO biodiesel blends indicated
slightly faster combustion than for diesel. P20DG5, P20BT5, PSFO20
and P20 biodiesel blends showed faster combustion than diesel by
about 28.5%, 26.94%, 27.20% and 11.92% at 1400 rpm and
20.95%, 19.68%, 20.32% and 7.93% at 2400 rpm respectively.

9. Conclusion

The above discussions show that the insertion of oxygenated ad-
ditives in biodiesel binary blend can be a promising technique for using
biodiesel blends in a diesel engine efficiently. Adding diglyme additive
in PSO20 binary blend performed better in terms of engine perfor-
mance, emissions and combustion than lone binary blend. Diglyme
ternary blend (P20DG5) produced about 0.64% less NOx emissions
compared with diesel as an average. The BTE value of P20DG5 was
found to be 3.30% higher than diesel, whereas BSFC was found to be
0.50% lower. P20DG5 had a shorter ignition delay period compared to
diesel and other blends. In-cylinder peak pressure was found to be
2.67% higher than diesel. P20DG5 proved to be better than other
ternary blends as well. However, further research on tribological per-
formance analysis needs to be conducted to recommend this ternary
blend as a future alternative energy source on a commercial scale.
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Chapter 9: Conclusions and Recommendations 
 

9.1 Introduction 

The research presented in this thesis investigated the potential of non-edible biodiesel 

feedstocks as alternative sources of transport fuel in Australia. Multiple-criteria decision matrix 

was used to initially identify the two most suitable (PSO and SFO) biodiesel feedstocks 

amongst the six tested feedstocks. These oils of the selected biodiesel feedstocks were analysed 

and converted into biodiesel by optimising process parameters using the response surface 

methodology (RSM) statistical tool. The derived biodiesels of the selected feedstocks were 

tested in a diesel engine for engine performance, emission parameters and combustion 

characteristics. A four-cylinder, four stroke indirect injection, naturally aspirated water-cooled 

diesel engine was tested in this test. The biodiesel was blended with the petroleum diesel at 5 

to 20% (v/v) biodiesel binary and ternary blends. The biodiesel blends were tested for a range 

of engine speeds (1200 rpm to 2400 rpm), and for different engine load conditions (25% to 

100%). The engine performance parameters of BP, torque, BSFC, and BTE along with the 

measured emissions such as HC, CO, NOx, PM, CO2 emissions and EGT were analysed. A 

comparative study of the combustion characteristics of the diesel engine fuelled with PSO and 

SFO blends was performed. All fuel samples were tested at 1400 rpm (rated torque) and 2400 

rpm (near rated power output) at full engine load. The experimental investigations were 

conducted to evaluate the effects of binary and ternary blends on engine combustion 

characteristics of in-cylinder pressure, heat release rate, ignition delay, mass fraction burned, 

and ignition duration. The summary of the main findings and recommendation for future 

studies are presented below. 

9.2 Conclusions and summary of findings 

The major findings are summarised under 6 sub-heading/groups in this section, as follows.  

9.2.1 Biodiesel feedstock selection 

Six primarily non-edible biodiesel feedstocks sources were used for screening. Physico-

chemical and compositional properties of all the biodiesels produced from these feedstocks met 

the ASTM, EU and AU standards. Two biodiesel feedstocks were selected using four multiple 

criteria decision analysis (MCDA) methods, namely PROMETHEE GAIA, WSM, WPM, and 

TOPSIS. Twelve fuel properties of KV, density, HHV, OS, AV, FP, CFPP, CN, IV, MUFA, 
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PUFA, and LCSF were selected as criteria, while all six biodiesel feedstocks were the 

alternatives. Three different weightage (%) determination methods of EQUAL, CRITIC and 

ENTROPY were used to emphasise the relative importance of each criterion.  

The PROMETHEE GAIA MCDA method, when utilised in combination with all three 

weightage methods, indicated that PSO biodiesel ranked at the top of the list for producing 

biodiesel, while SFO came as the second. SFO was found to rank first and PSO came second 

when combining all weightage methods with the WSM MCDA method. Both EQUAL 

weightage and CRITIC weightage methods showed an exact match of the rankings of all 

biodiesel feedstocks, whereas ENTROPY weightage showed slightly different lower rankings. 

WPM indicated PSO as the third-best (all weightage methods), while SFO was second-best 

under the EQUAL weightage method and first under the CRITIC and ENTROPY methods. 

However, both CRITIC weightage and ENTROPY weightage methods showed an exact match 

of all rankings of biodiesel feedstocks, whereas EQUAL weightage showed different first and 

second rankings. TOPSIS ranked SFO first and PSO second for all different weightage 

methods. Both EQUAL weightage and CRITIC weightage methods showed an exact match of 

all biodiesel feedstocks rankings, whereas ENTROPY weightage showed slightly different 

lower rankings. The average ranking shows that the SFO ranked first and PSO second, followed 

by BLT, RSB, JBD, and WCB. The mode ranking indicated that SFO was the first choice 

followed by PSO, RSB, and BLT. Both JBD and WCB were found to be equal lowest in the 

list as a tie. Finally, the overall results show that SFO was ranked as the best performer amongst 

the six biodiesel feedstocks examined in this study, PSO came out as the second-best, and the 

WCB biodiesel feedstock was identified as the worst performer.  

The physicochemical and compositional properties of biodiesels produced from all studied 

feedstocks were analysed and it was found that they met the international standards. Properties 

of both PSO and SFO biodiesels were found to be better than those produced from the other 

feedstocks (RSB, BLT, JBD, and WCB) in terms of density, KV, HHV, OS, CFPP, and IV. 

The total saturated fatty acid content of PSO and SFO biodiesels was found to be lower than 

that of other feedstocks as well. The lowest LCSFs were recorded for SFO (2.83) and PSO 

(3.19), whereas the highest was found for BLT biodiesel (10.96). The fuel properties of PSO 

and SFO biodiesels played a vital role in the feedstock selection process using MCDA methods.  
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9.2.2 Biodiesel production process optimisation and characterisation 

The purpose of this study was to test if papaya seed oil (PSO) and stone fruit kernel oil (SFO) 

can be used as alternative sources for biodiesel and investigate how to optimise the conditions 

for producing biodiesel and to identify the optimum reaction conditions for an alkaline 

transesterification process. A response surface method based Box-Behnken design was 

employed to understand the relation between the process variables and biodiesel yield. The 

Box-Behnken design was used to determine the experimental plan/matrix to optimise both PSO 

and SFO biodiesel conversion processes. In that design matrix, three parameters were each 

varied within different ranges used to predict biodiesel yield.  

A quadratic model was created to predict the biodiesel yield where the R2 value was found to 

be 0.99 which indicates the satisfactory accuracy of the model. The optimum process 

parameters for transesterification of the papaya seed oil mixture at an agitation speed of 600 

rpm over a period of 60 min were found to be a methanol:oil molar ratio of 10:1, KOH catalyst 

concentration of 1wt% and a reaction temperature of 45°C. At these reaction conditions, the 

predicted and experimental biodiesel yields were 96.12% and 96.48% respectively which 

shows less than 0.5% variation. Physicochemical properties of the papaya biodiesel meet both 

ASTM D6751 and EN14214 standards. A quadratic model showed an R2 of 0.98 indicating the 

satisfactory performance of the model. Maximum biodiesel yield of 95.8% was obtained at a 

methanol: oil molar ratio of 6:1, KOH catalyst concentration of 0.5 wt% and a reaction 

temperature of 55°C. At these reaction conditions, the predicted biodiesel yield was 95.9%. 

The results also show that the properties of the synthesised SFO biodiesel satisfactorily meet 

the ASTM D6751 and EN14214 standards. Finally, both PSO and SFO were found to be 

promising feedstock for second-generation biodiesel production and can be used as alternative 

fuels in diesel engines. 

9.2.3 Comparative analysis of engine performance and emissions behaviour of 

PSO and SFO biodiesel 

Biodiesel produced from papaya seed oil and stone fruit kernel oil, selected as the two most 

suitable feedstocks for biodiesel production, were evaluated in a diesel engine. The 

performance of SFO biodiesel blends was slightly better than that of PSO biodiesel blends. The 

BP and torque produced by these biodiesel blends were almost identical with a deviation of 

less than 0.5%. However, the BTE of SFO biodiesel blend was 3.2% higher than that of PSO. 
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In contrast, the BSFC of SFO was 2.4% lower than that of PSO. The SFO biodiesel blends 

produced higher NOx emissions than PSO biodiesel blends by a maximum of 2.1%. An increase 

in NOx emissions compared with diesel was observed for all PSO and SFO biodiesel blends, 

and this ranged from 3.4% to 7.1%. The SFO biodiesel blends produced higher PM emissions 

than PSO biodiesel blends by a maximum of 3%. The highest reduction in PM emissions was 

recorded for PSO20, and this was found to be 34% lower than diesel fuel. The SFO biodiesel 

blends produced higher HC emissions compared with PSO blends by a maximum of 10%. The 

PSO20 can reduce the HC emissions by 33%. A maximum of 5.4% more CO2 emissions were 

produced by the SFO biodiesel blends as compared to PSO blends. The average increases in 

CO2 for PSO10, PSO20, SFO10, and SFO20, compared with diesel were 1.8%, 3.1%, 6.5% 

and 8.7%, respectively. SFO biodiesel blends produced a maximum of 13.3% higher CO 

emissions than PSO biodiesel blends. In comparison with the diesel fuel, the PSO20 produced 

31.3% lower CO emissions. Although the SFO biodiesel blends have better engine 

performance than PSO biodiesel blends, the PSO biodiesel blends prove to be a better overall 

choice due to their excellent environmentally friendly attributes that can reduce the exhaust 

emissions to a great extent. 

The variation of physicochemical properties of the studied PSO and SFO biodiesels reflected 

on the engine performance and emission behaviours of the diesel engine. All fuel properties 

such as density, KV, CN, HHV, FP, and OS of SFO biodiesel were found to be higher than for 

PSO biodiesel. Higher CN and HHV properties of SFO ensured a better engine performance. 

However, a significant increase in viscosity (20.7%) and density (1.8%) of SFO biodiesel 

compared with the PSO biodiesel may result in higher emissions from the SFO product. In 

conclusion, as indicated earlier, using PSO biodiesel can reduce exhaust emissions 

significantly while sacrificing the slightly better engine performance of SFO biodiesel.   

9.2.4 Interactive effects of operating parameters of PSO biodiesel on engine 

performance and emissions behaviour 

This study investigated the interactive relationships between three operating parameters 

(papaya seed oil (PSO) biodiesel blends, engine load, and engine speed) and four responses 

(brake power, BP; torque; brake specific fuel consumption, BSFC; and, brake thermal 

efficiency, BTE) for engine testing. A response surface methodology (RSM) was introduced 

to analyse and describe the performance of this engine. PSO biodiesel-diesel blends (B5–B50) 

meet the European standard EN 590 for having a minimum oxidation stability of 20 h. ANOVA 
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and a statistical regression model show that load and speed were the two most important 

parameters that affect all four responses. The biodiesel blends parameter had a significant effect 

on BSFC. 

A comparative analysis of the emission characteristics of four non-edible biodiesel blends and 

petrodiesel was performed by varying engine loads and speeds. The aim was to optimise 

operating parameters such as biodiesel blends, engine loads and speed on engine exhaust 

emissions of nitrogen oxide (NOx), carbon dioxide (CO2), hydrocarbon (HC), particulate matter 

(PM), carbon monoxide (CO) and exhaust gas temperature (EGT). A statistical model and 

analysis of variance (ANOVA) were used to optimise various parameters. The engine load and 

engine speed were the two most important parameters that affect four of the responses (NOx, 

HC, PM and CO). Furthermore, biodiesel blends and load were influential for EGT and NOx 

emissions generation. NOx continued to be generated irrespective of any variation in biodiesel 

blends, load and speed. CO2 generation was not influenced by the biodiesel blends at the 

various operating parameters. 

9.2.5 Combustion characteristics of PSO biodiesel blends 

Various PSO biodiesel blends and their effects on cylinder pressure, heat release rate, ignition 

delay, mass fraction burned, combustion duration and cylinder temperature at full load 

conditions at 1400 rpm and 2400 rpm has analysed as well.  

In-cylinder peak pressure for PSO biodiesels was higher than that of diesel irrespective of 

engine speed. At 2400 rpm and full load conditions, the peak cylinder pressure for PSO5, 

PSO10, and PSO20 were found to be 0.27%, 0.82%, and 2.4% higher than diesel. HRR values 

of PSO biodiesel blends, PSO5, PSO10, and PSO20, were found to be 2.40%, 4.1% and 5.36% 

lower than diesel due to the lower ignition delay and lower calorific values of biodiesel. PSO 

biodiesel blends have a shorter ignition delay period compared with diesel. The mass fraction 

burned for PSO biodiesel blends was slightly faster than diesel. PSO20 biodiesel shows faster 

combustion by about 11.92% at 1400 rpm and 7.93% at 2400 rpm than diesel. The maximum 

cylinder temperatures of PSO5, PSO10, and PSO20 blends were higher than that of diesel by 

0.31%, 2.75% and 3.17% at 1400 rpm, and by 0.39%, 1.86% and 3.73% at 2400 rpm. 

Therefore, it is evident that all PSO biodiesel blends have excellent fuel attributes to be 

considered as the preferred alternative fuel for diesel engines. 
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9.2.6 Synergistic effects of binary and ternary biodiesel blends   

The effect of PSO biodiesel blended with diglyme, butanol, and stone fruit biodiesel on engine 

performance, exhaust emissions and combustion were analysed. Engine performance, exhaust 

emissions characteristics and combustion analysis were noted at a series of engine speeds from 

1200 rpm to 2400 rpm at intervals of 200 rpm along with varying engine loads from 25% to 

100%.  Adding oxygenated additives such as diglyme (P20DG5) and butanol (P20BT5) 

increased the BP values by 3.30% and 2.20% respectively compared with PSO20. Both 

P20DG5 and P20BT5 have 2.70% and 2.10% higher torque compared with PSO20. The 

average BSFC value of P20DG5 was found to be 0.50% lower than diesel. The average BTE 

value of P20DG5 was found to be 3.30% higher than diesel. 

Both P20DG5 and P20BT5 have reduced the HC emissions by 5.4% and 2.3% compared with 

PSO20. The average reduction in HC values for P20DG5, P20BT5, PSFO20 and PSO20 

compared with diesel were 32.40%, 30.40%, 25.40% and 28.80% respectively. The average 

reduction in CO values for P20DG5, P20BT5, PSFO20 and PSO20, compared with diesel were 

61%, 52.20%, 45.75% and 31.90% respectively. P20DG5 produced about 0.64% less NOx 

emissions compared with diesel on average. The average increase in NOx values for P20BT5, 

PSFO20, and PSO20 compared with diesel were 3.50%, 6.50% and 4.1% respectively. The 

average reduction in PM values for P20DG5, P20BT5, PSFO20 and PSO20, compared with 

diesel were 47.40%, 40.60%, 31.20% and 34.60% respectively. The average increase in CO2 

values for P20DG5, P20BT5, PSFO20 and PSO20, compared with diesel were 2.80%, 3.10%, 

6.10% and 4.50% respectively. The average increase in EGT values for P20BT5, PSFO20 and 

PSO20 compared with diesel were 0.50%, 1.00% and 3.20% respectively while a slight 

reduction of 0.90% was noticed for P20DG5. 

Various PSO biodiesel blends and their effects on cylinder pressure, heat release rate, ignition 

delay, mass fraction burned, and combustion duration at full load conditions at 1400 rpm and 

2400 rpm have been analysed. In-cylinder peak pressures for all PSO biodiesel blends were 

higher than that of diesel irrespective of engine speed. HRR values of the PSO biodiesel blends 

P20DG5, P20BT5, PSFO20 and PSO20, were found to be maximum at 2400 rpm and were 

recorded as 6.16%, 3.23%, 1.90% and 5.36% lower than diesel respectively due to the lower 

ignition delay and lower calorific values of biodiesel. P20DG5 had a shorter ignition delay 

period compared with the other PSO biodiesel blends and diesel. P20DG5, P20BT5, PSFO20 

and PSO20 biodiesel blends showed faster combustion than diesel by about 28.5%, 26.94%, 
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27.20% and 11.92% at 1400 rpm and 20.95%, 19.68%, 20.32% and 7.93% at 2400 rpm 

respectively. 

The performance of any fuel can be improved by adding additives that produce better 

physicochemical properties. The addition of diglyme to PSO biodiesel blends increases the CN 

and reduced the KV. In some cases, the mixing of two average performing fuel can perform 

better, for instance, in this study PSFO20 performed better than the individual P20 and SFO20, 

and some of the properties (CN and HHV) were found to be closely related to diesel. The CN 

of diglyme was found to be higher (126) than that of both butanol (25) and diesel (48). Again, 

KV of diglyme was found to be the lowest (1.09 mm2/s), whereas that of butanol and diesel 

were 2.63 and 3.23 mm2/s respectively. The fuel properties of the P20DG5 ternary blend were 

found to be better than all other ternary blends in this study. 

The novelty of this study was to explore how the engine performance can be increased and how 

the reduction of engine emissions of the engine fuelled with 2nd generation biodiesels, can be 

maximised. This study achieved that by introducing oxygenated additives in biodiesel binary 

blends. As articulated earlier, adding diglyme additive in the PSO20 binary blend performed 

better in terms of engine performance, exhaust emissions and combustion than the binary blend 

PSO20 itself. Again, P20DG5 proved to be better than other ternary blends such as P20BT5 

and PSFO20.   

9.3 Recommendations for future study 

During this study, several topics were identified that deserve further investigation. Each 

recommendation is a significant work, which was outside the scope of the thesis. These are 

listed below: 

 Bio-oil extraction by mechanical extraction and chemical extraction to be assessed, 

although this study used the oil that was purchased from commercial suppliers. 

 In this study, all biodiesel blends were prepared up to a maximum of 20% by volume. 

It would be beneficial to evaluate higher ratio blends by using higher biodiesel 

percentages (more than 20%) for engine performance, emissions behaviour and 

combustion characteristics.  

 Investigation of the corrosion, tribo-corrosion, long-term engine durability testing and 

tribological performance analysis of the studied biodiesel blends must be a useful 
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future study. However, those tests need specialist equipment and involve substantial 

costs. These analyses will be significant as an extension of the presented work. 

 Computational modeling of diesel engine performance, emissions behaviour and 

combustion characteristics using binary and ternary (with additives) blend warrants 

further studies. Computational modelling is a big task and that can be a separate PhD 

topic. 

 Effects of several additives (oxygenated and antioxidant and by volume variation) with 

biodiesel blends on fuel spray formation and combustion duration can be done in the 

future. Investigation of several additives on fuel spray formation and combustion 

duration is also a big task and that can be a separate PhD topic. 
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