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ABSTRACT 

 India’s economy is essentially diesel driven, and diesel consumption is almost four 

to five times higher than that of gasoline. So, biodiesel has proved its utility as a promising 

renewable and sustainable alternative to the petroleum diesel in the last two decades. One of 

the main barriers for commercialization of biodiesel is the cost of biodiesel as it is commonly 

derived from vegetable oils. Hence, the use of low-cost oils as biodiesel feedstocks is very 

much essential. In this context, Government of India approved the National Policy on 

Biofuels in December 2009 to substitute 20% of mineral diesel consumption by biodiesel 

from non-edible oils. However, the ambitious plan of producing sufficient biodiesel to meet 

the mandate of 20 percent diesel substitution by the year 2017 has not been realized. 

Excessive reliance on Jatropha curcas as the only feedstock and the inability to produce 

sufficient quantity has been one of the major reasons for not attaining the mandate. In the 

light of the above, the present research deals with the comprehensive study of other potential 

alternative tree borne oil seeds; Sal (Shorea robusta) and Kusum (Schleichera oleosa) for 

biodiesel production. In India, both feedstocks are potentially available and grossly 

unexplored for biodiesel production. The main objective of this research work is to produce 

Sal methyl ester (SME) and Kusum methyl ester (KME) and carry out combustion, 

performance and emission studies in a small capacity diesel engine with these biodiesel.  

The research work has been divided into four major sections. In the first part, 

production of biodiesel (fatty acid methyl ester) from Sal oil and Kusum oil using either 

single-stage or two-stage transesterification was carried. A four factor central composite 

design (CCD) based on response surface methodology was employed for both single stage 

(esterification) and second stage(transesterification) processes to produce biodiesel from the 

high free fatty acid (FFA) vegetable oil. The process parameters like catalyst concentration, 
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reaction time, reaction temperature and methanol to oil molar ratio were taken as factors in 

the design. Based on the CCD designed test matrix, the experiments were carried out and the 

results were analysed. Kusum oil has high FFA content (approx 8%) therefore two stage 

transesterification was used whereas Sal oil has less than 2 % FFA, so single stage 

transesterification was employed. The optimum conditions for the acid catalysed 

esterification of Kusum biodiesel were 0.927 % catalyst concentration, 62.11°C reaction 

temperature, 67.82 minutes reaction time and 6.4 molar ratio. For the alkaline stage, 1.13 % 

catalyst, 63.18°C temperature, 79.2 minutes reaction time and 8.16 methanol/oil molar ratio; 

resulted in an optimal yield of 97.41% biodiesel. Based upon the optimum conditions, the 

confirmation tests were conducted and biodiesel yield achieved was 96.92% for Sal biodiesel 

and 96.5% Kusum biodiesel. 

In the second stage of the research work, fatty acid profile and various physico-

chemical properties of SME and KME were experimentally evaluated. The results of the Gas 

chromatography–mass spectrometry (GC-MS) study indicated that  SME  composition laid 

down between C-16 to C-20, where 61% saturated and 39% unsaturated of the total mixture 

whereas KME composed of C-16 to C-22 and it has 31% saturated and 69% unsaturated fatty 

acids. Properties like viscosity, density, calorific value, flash point, etc. were measured and 

found to be within the limits of ASTM standards. Presence of 61% saturated compounds of 

SME makes it highly susceptible to poor cold flow properties. On the other hand, KME has 

significant portion of unsaturated acids like oleic acid (C18:1) and eicosenoic acid (20:1). So 

Kusum biodiesel has poor oxidation stability. 

The third stage of the study is related to the evaluation of cold flow properties and 

oxidation stability of both biodiesel using additives. The chemical additives for the 

improvement in cold flow properties are synonymously referred to as pour point depressants 
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(PDD). Application of the PPDs showed improved cold filter plugging point (CFPP) for all 

the test fuels. Among all additives, CRISTOL showed best results for both biodiesels. Storage 

stability for one year has suggested that some of the physico-chemical properties of both the 

biodiesel (SME and KME) changed slightly with time.  The rate of change of different 

physico-chemical properties was found to be lower for both the biodiesel with an additive. 

The fourth stage of the study comprised of fuel blend preparation, test rig development 

and study of the engine performance, exhaust emissions and combustion characteristics with 

biodiesel-diesel blends up to 40% and comparison of results with baseline diesel (D100). 

Various test fuels for the engine trials were Sal biodiesel (SME10, SME20, SME30 and 

SME40) and Kusum biodiesel (KME10, KME20, KME30 and KME40) with 10%, 20%, 30% 

and 40% volume wise substitution of D100 with biodiesel. The results indicated higher engine 

performance up to 20% blending of biodiesel in diesel as compared to baseline diesel. Other 

higher blends showed a marginal reduction in engine performance. Both biodiesel blends 

exhibited lower emissions of carbon monoxide (up to 63.77%), total hydrocarbon (up to 

33.39%) and smoke opacity (up to 48%). However, emissions of oxides of nitrogen were 

increased with increase in biodiesel volume fraction in the test fuel. A notable observations 

of both the biodiesel were noticed in the combustion study that the trend of in-cylinder gas 

pressure and heat release rate (70.71 J/̊CA for KME 20)increases with increase in biodiesel 

volume fraction up to 20% volume of biodiesel. Further increase in volume fraction of 

biodiesel showed diminishing trends for both SME and KME biodiesel. At the same time 

decrease in pressure rise rate (13.5%) and ignition delay period was observed (25%)with 

increasing biodiesel content up 40 % in biodiesel-diesel blends as compared to the baseline 

results. With increase in volume fraction of SME and KME in the blend, ignition delay was 

reduced from 11°CA for D100 to 8.2°CA for SME40 and 8.3°CA for KME40. Another 



 

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page ix 

 

notable observation was that cumulative heat release of SME10 and KME 10 were higher 

than other test fuels.  

As an outcome of an exhaustive engine trial and the subsequent analyses, it may be 

stated that Sal methyl ester and Kusum methyl ester are an excellent diesel engine fuel. Up to 

20% blend of SME and KME with diesel may be used in any unmodified diesel engine with 

improved performance, emission (except NOx) and combustion characteristics. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation   

The issues of climate change and energy security are considered most important in the 

present scenario, and a quest for sustainable energy sources in the light of the environmental 

problems and fluctuating energy prices has always been given utmost attention. Diesel 

engines are considered work horse in the Indian economy and have proven their utility in 

transportation, agriculture and power sectors, etc. Therefore, the diesel consumption in India 

is four to five times than that of petrol, so biodiesel as a substitute for diesel fuel will be an 

economically better option for a developing country like India. Biodiesel is a promising 

alternative fuel for diesel engines and the interest for utilizing biodiesel in the engine has 

increased substantially. The present work aims at exploring and developing indigenous fuels 

from existing sustainable energy resources of India as a substitute for mineral diesel for 

mitigating climate change.   

1.2  Energy Scenario of India 

Energy is one of the key drivers for socio-economic development, and most of the 

energy produced nowadays is derived from petroleum based fuels. The issues of climate 

change and energy security have become much higher priorities in modern times and the quest 

for sustainable energy sources in light of the environmental problems and escalating energy 

prices. This has resulted in increase global support for biofuels production as an alternative 

source of energy in Asian countries. Several alternative technologies are available as a 

solution to environmental and energy problems: biofuels, alcohols, compressed natural gas 

or hydrogen-fuelled vehicles. However, uncertainties about long term supplies of these fuels, 

price volatility and environmental degradation due to an indiscriminate burning of these fuels 

are some areas of concerns[1]. 
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Among these alternative technologies, the use of bioenergy is proving to be 

particularly attractive and viable and, therefore, is receiving desirable consideration. The 

simplicity of production and use and price advantages, liquid biofuels appear to have a head 

start in this race. The current energy situation has stimulated active research interest in non-

petroleum based, renewable, and non-polluting fuels. The quest of biofuels around the world 

is spurred largely by energy security and environmental concerns and a wide range of market 

mechanisms, incentives and subsidies have been put in place to facilitate their 

commercialization [2]. 

The domestic crude oil production in India has almost stagnated and not keeping pace 

with either burgeoning population or increase in energy requirement. India has 17% of the 

world’s population and just 0.8% of the world’s known oil and natural gas reserves [2]. 

Moreover, concerns about global warming (Post-Kyoto Protocol) due to emissions produced 

during combustion of fossil fuels also require improved engine technologies or use of 

environmental friendly fuels [3]. 

India’s crude oil requirement in 2014-15 was 228.4 million tonnes whereas production 

was only about 20 % of total need. As India does not have a huge petroleum reserve, 

dependence on the import of crude petroleum is seriously affecting India’s economy and has 

been the main reason for foreign exchange outflow. The expenditure for importing crude oil 

is rising considerably each year, and the country spent $112.748 billion (Rs 6.88 lakh crore) 

in 2014-2015 [4,5]. Figure 1.1 highlights the India’s crude oil production and demand in last 

five years which clearly suggests that self-reliance is decreasing almost every year. 

India is growing at a faster rate and consuming more energy than it ever did in its 

millennium civilization. Therefore, India needs abundant and sustainable energy supply in 

the foreseen future to maintain the momentum for economic growth and progressive social 

transformation, without jeopardizing the environment. Unfortunately, it is not able to 

diversify into new energy sources to ensure sustainability and to tackle issues concerning 



Chapter: 1- Introduction 

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page 3 
 

environment. This can simply explain the reliability of the Indian energy sector on non-

renewable energy resources such as fossil fuels [5- 7].  

 

Figure 1.1: India’s Crude Oil Production and Demand in last Five Years[4] 

Diesel engines play significant roles in the Indian economy as they are used in heavy 

trucks, city transport buses, locomotives, electric generators, farm equipment and 

underground mining equipment [7]. Consequently, diesel consumption in India is nearly 4-5 

times greater than that of gasoline [8]. However, such engines are also contributors towards 

harmful emissions, and there is an urgent need to search for alternatives to petroleum-derived 

diesel to reduce these harmful emissions in the environment [9]. 

1.3 Environmental Issues 
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combustion engines exhaust gasses [10,11]. The absence of sulphur results in the reduction 

of acid rain formation by sulphate emissions which generate sulphuric acid in the atmosphere. 

The reduced sulphur in the blend also decreases the levels of corrosive sulphuric acid 

accumulating in the engine crankcase oil over time [12]. 

Emission tests from I.C. Engines have shown the presence of environmentally 

degrading components from a variety of renewable fuels such as hydrogen, alcohols, biogas, 

producer gas and biodiesel. However, in the Indian context, the biofuels such as alcohols, 

vegetable oils, biodiesel and biogas can contribute significantly towards these twin problems 

of fuel crises and environmental degradation [2,13,14]. The use of biodiesel in a conventional 

diesel engine substantially reduces emissions of unburned hydrocarbons, sulphates, 

polycyclic aromatic hydrocarbons, nitrated polycyclic aromatic hydrocarbons, and particulate 

matter [15–17].   

Biofuels are very promising as these are essentially non-petroleum based fuels and 

result in energy security and environmental benefits. Biofuels in recent times have emerged 

as the most viable and sustainable fuels for reducing air pollution and providing sustainable 

energy supplies[18,19]. Nowadays, biofuels are increasingly used in providing affordable and 

inexhaustible energy in rural communities in line with the Sustainable Development [20].  

Interest in biodiesel is continuing to increase in the world. This impetus is due to 

concerns about greenhouse gas (GHG) emissions and global climate change, an interest for 

renewable and sustainable energy sources and a strong desire to develop domestic and more 

secured fuel supplies. In recent years, several countries have embarked on legislative or 

regulatory pathways that encourage increased use of biodiesel using both incentives and 

prescriptive volumetric requirements [21].  

1.4 Biodiesel Scenario in India 

The Government of India (GOI) had launched the National Biodiesel Mission (NBM) 

identifying Jatropha as the most suitable non-edible oilseed for biodiesel production.  
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The Planning Commission of India had set an ambitious target of planting 11.2 to 13.4 

million hectares to Jatropha by the end of 11th round of Five-Year Plan (2011-12). The central 

government and several state governments provide fiscal incentives for supporting planting 

of Jatropha and other inedible oilseeds. Several public institutions, government departments, 

state biofuel boards, state agricultural universities and cooperative sectors are also supporting 

the biofuel mission in various capacities. 

India imports more than 40% of its edible oils requirement; hence non-edible oils are 

used for biodiesel. India as an agrarian nation and has rich plant biodiversity which can 

support the development of biodiesel. India also has a vast geographical area with agricultural 

lands as well as wastelands on which oil bearing plants can be planted. Indigenous non-edible 

oil bearing plants and trees include Jatropha, Karanja, Mahua, Neem, Kusum, etc. The oil 

yields from these species at present are insufficient to meet the demand for raw material on 

large scale production of biodiesel. Hence, there has been government initiatives and interest 

from few private firms to enhance the production and distribution facilities of biodiesel 

throughout the country.  

For example, the Petroleum Ministry has set a target for biodiesel to meet 20% of 

India’s diesel demand. Government’s initiative has resulted in large scale plantation of 

Jatropha curcas in the state of Andhra Pradesh. Oil and Natural Gas Corporation (ONGC) has 

planned to build an export oriented refinery at Kakinada in Andhra Pradesh with an annual 

production capacity of 5.5–7.5 million tones.  

As noted above, Jatropha production never achieved the desired level of 

commercialization and production of Jatropha-based biodiesel has failed. As a result, 

researchers are gradually shifted their focus to produce biodiesel from tree-borne oilseeds 

such as Karanja (Pongamia pinnata), Neem (Azadirachta indica), Kusum (Schleichera 

oleosa), Mahua (Madhuca indica), as well as waste edible oils and multiple feedstocks.  
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According to Global Agricultural Information Network report [22], India has six large 

capacity production plants (10,000 to 250,000 MT per year) with the installed capacity to 

produce 115-130 million liters of biodiesel from multiple feedstocks such as vegetable oils, 

waste cooking oils, animal fats and others as shown in Table 1.1.   

 

Table 1.1: India's Biodiesel production from multiple feedstocks (million liters) [22] 

Calendar Year 2010 2011 2012 2013 2014 2015 

Beginning Stocks 45 38 42 45 45 50 

Production  90 102 115 120 130 135 

Imports 0 0 0 0 0 0 

Exports 0 0 0 0 0 0 

Consumption 52 60 70 75 80 90 

Ending Stocks 38 42 45 45 50 45 

Production Capacity 

Number of Bio-refineries 5 5 5 6 6 6 

Capacity 450 450 460 465 480 480 

Capacity Use (%) 20.00% 22.70% 25.00% 25.80% 27.10% 28.10% 

Feedstock Use (1000 MT)* 

Used Cooking Oil 38 42 48 49 50 50 

Animal Fats and Tallow's 6 6 7 7 6 5 

Other Oils 50 58 65 70 75 85 
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Market Penetration 

Biodiesel, on road use 26 30 35 38 40 45 

Diesel, on road use 42625 45520 49343 49354 49605 53284 

Blend Rate (%) 0.06 0.07 0.07 0.08 0.08 0.08 

Diesel, total use 71041 75866 82238 82256 82674 88807 

Footnote: * Used cooking oil includes vegetable oils such as rice bran oil, palm stearine, cotton seed oil and 

fatty acid oils while ‘other oils’ include tree oils, palm sludge etc. 

Currently, researchers investigated several topics such as policy drivers, biodiesel 

feedstocks, production technologies, fuel properties and specifications, storage stability, 

engine applications, combustion, performance, emissions impacts, and life-cycle analyses. A 

search in the Elsevier database at the end of 2015 with the term ‘biodiesel’ returned more 

than 3500 papers that contain this word in the article’s keywords. Figure 1.2 presents the last 

ten years database taken for research in particularly on diesel engine. 

 

 

Figure 1.2: Year wise research publications  
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Biodiesel can also be used in its pure form (B100), but may require certain engine 

modifications to avoid maintenance and performance problems. The most investigated 

biodiesel blends are B20 as shown in Figure 1.3 [23]. Biodiesel has higher cetane number as 

compared to petroleum diesel. This exhibits its ability to improve diesel combustion.  

Blends of 20 percent biodiesel with 80 percent petroleum diesel (B20) can generally 

be used in unmodified diesel engines. Diesel-biodiesel blend (B20) also has superior lubricity, 

which reduces wear in the engine and can increase the life of fuel injection systems as well 

as the other engine components. 

 

Figure 1.3: Roll of biodiesel/diesel blends on reported investigations (%) 
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Therefore, use of other potential non-edible oil feedstocks for biodiesel production 

and integrated research and development to address the multifaceted challenges of biodiesel 

production and usage may supplement government’s biofuel policy and also increase the 

feedstock availability substantially [33]. 

In this context, the present research work focuses on biodiesel production from tree 

borne non-edible oilseeds known as Sal (Shorea robusta) and Kusum (Schleichera oleosa) to 

evaluate their potential as alternatives fuels in the diesel engines.  

1.5  Organization of Thesis 

The thesis entitled, “Performance, emission and combustion characteristics of a 

biodiesel fuelled diesel engine” gives an outline of the utilization of sal biodiesel and kusum 

biodiesel in single cylinder four stroke diesel engine.This thesis is made up of five chapters. 

The organization of the chapters is as follows:  

CHAPTER 1: INTRODUCTION -This chapter gives the background of the research. It 

starts by giving the motivations of the research and subsequently an introduction into the 

energy scenario of India and environmental issues associated with the application of 

biodiesel. Also, its heights the recent biodiesel scenario of India and finally, the chapter 

outlined the organization of thesis. 

CHAPTER 2: LITERATURE REVIEW- This chapter highlighted general review of the 

roles of the diesel engine in India and reported the recent emerging sources of biodiesel fuels. 

In addition, the chapter reviewed the biodiesel feedstocks in India as well as the production 

technologies for biodiesel production, biodiesel standards and characterization, properties of 

biodiesel and its blends. This chapter also enumerated the performance, emission and 

combustion potentials of different feedstocks of Indian origin. The outcome of the exhaustive 

literature reviewed is also highlighted in the chapter. Finally, the research gap, problem 

statement and objectives of the research are outlined. 
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CHAPTER 3: SYSTEM DEVELOPMENT AND METHODOLOGY – It explains the 

procedure for biodiesel production of both Sal and Kusum oils and the methods for the 

evaluation of their physico-chemical properties. Detailed procedure for the biodiesel 

production, including its optimization using response surface methodology (RSM) and long 

term storage stability are discussed. Also, the system development for the engine trials has 

been described in details. The chapter also described the procedures for the calculations of 

heat release rate, mass friction burnt, and the exhaustive engine trials. Finally, the accuracy 

and uncertainties of measurements are also reported in this chapter.  

CHAPTER 4: RESULTS AND DISCUSSION – This chapter discussed all the results 

obtained from the experimental work and statistical calculations, and presented the findings 

of the study followed by detailed argument and analysis of these findings besides comparing 

them with the existing results included in the literature. Results herein are presented in tables, 

graphs, and plates as the case may be. 

CHAPTER 5: CONCLUSION –It provides a summary of the key findings in the light of 

the research and put logical conclusions supported by facts and figures obtained in this 

research. Finally, some recommendations for the future studies have been included in this 

chapter. 

Lastly, the thesis also contained detailed references, appendices, and list of publications.  
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Introduction 

This chapter highlighted general review of the roles of the diesel engine in India and reported 

the recent emerging sources of biodiesel fuels. In addition, the chapter reviewed the biodiesel 

feedstocks in India as well as the production technologies for biodiesel production, biodiesel 

standards and characterization, properties of biodiesel and its blends. This chapter also 

enumerated the performance, emission and combustion potentials of different feedstocks. The 

outcome of the exhaustive literature reviewed is also highlighted in the chapter. Finally, the 

research gap, problem statement and objectives of the research are outlined. 

2.2 Role of diesel engine in India 

Diesel engines have been widely used in agriculture machinery, automobiles, railway 

locomotives and shipping power equipment due to their excellent performance and economy.  

In India, almost all irrigation pumps, farm implements, mechanized farm machinery and 

heavy transportation vehicle are powered by diesel engines. The diesel engine continues to 

dominate the agriculture sector in India and have always been preferred widely because of 

power developed, specific fuel consumption and durability. India is an agriculture based 

economy and agriculture is an energy transformation process as energy is produced and 

consumed in it. Figure 2.1 shows a glimpse of the diesel consumption in sectors where diesel 

is used as a primary input to run the prime mover. Road constituted 48% of the diesel 

consumption, while agriculture constituted 18%. The dual problem of fast depletion of 

petroleum based fuels and air pollution can be judiciously handled by switching from fossil 

fuel based economy to renewable source of energy.  
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Figure 2.1: Percentage share of Diesel Consumption [8] 
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Biodiesel is defined as mono-alkyl esters of long chain fatty acids derived from vegetable 

oils or animal fats and alcohol with or without catalyst [35–37]. Compared to diesel fuel, 

biodiesel produces less sulphur, carbon dioxide, carbon monoxide, particulate matters, smoke 

and hydrocarbons emission and more oxygen. More free oxygen leads to the complete 

combustion and reduced emission [38,39]. 

Biodiesel has been in use in many countries such as United States of America, Argentina, 

Indonesia, Brazil, China, Thailand and other European countries as shown in Figure 2.2. 

However, the potential for its production and application is much more. It has potential to be 

part of a sustainable energy mix in the future. 

 

Figure 2.2: Biodiesel share of different countries 
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diesel for transport is expected to grow from 46.9 billion litres in 2010 to 155.7 billion litres 

in 2030. Figure 2.3 shows projected biodiesel production and blending share (%) at present 
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biodiesel estimate as well as Figure 2.4 shows biodiesel demand for the three different 

blending targets in the near future. Biodiesel demand for 20 % blending targets is expected 

to grow 19.8 and 31.1 billion litres in 2020 and 2030, respectively. 

 

Figure 2.3: Projected biodiesel production and blending share (%)[41]. 

 

Figure 2.4: Biodiesel demand with blending targets (%) in India [41]. 

2.3.2 Advantages and limitations of biodiesel 

Advantages: 

 Biodiesel has 10-11% of oxygen; this makes biodiesel a fuel with good combustion 

characteristics [42]. 
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 Biodiesel reduces net carbon-dioxide emission by 78% on a lifecycle basis and 

reduces smoke due to free soot when compared to conventional diesel fuel [42]. 

 Biodiesel is renewable, non-toxic, non-flammable, portable, readily available, 

biodegradable, sustainable, eco-friendly, sulphur free and aromatic content, this 

makes it an ideal fuel for heavily polluted cities. Biodiesel also reduces particular 

matter content in the ambient air and hence reduces air toxicity. It provides a 90% 

reduction in cancer risks and neonatal defects due to less polluting combustion [16]. 

 Biodiesel helps rural development to restore degraded lands over a period. 

Moreover, it has good potential for rural employment generation [43]. 

 Biodiesel serves as climatic neutral in view of the climatic change that is presently 

an important element of energy use and development. 

 Biodiesel has higher cetane number (about 55 to 65 depending on the vegetable oil) 

than petroleum diesel (47 to 53) which reduces the ignition delay [2]. 

 Production can be raised easily and is less time consuming [44]. 

 No need for drilling, transportation, or refining like petroleum diesel. Therefore, 

each country has the ability to produce biodiesel as a locally produced fuel. 

Moreover, there is no need to pay tariffs or similar taxes to the countries from which 

oil and petroleum diesel is imported [42]. 

 Biodiesel has superior lubricity properties. This improves lubrication in fuel pumps 

and injector units, which decreases engine wear, tear and increases engine 

efficiency [45]. 

 Biodiesel is safe for transportation, handling, distribution, utilization and storage 

due to its higher flash point (above 100-170°C) than petroleum diesel (60-80°C) 

[44]. 



Chapter: 2- Literature Review  

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page 16 

 Biodiesel reduces the environmental effect of waste product and can be made out 

of used cooking oils and lards [2]. 

 Transesterification process is less expensive (cost of fuel increases), these oils 

require expensive fatty acid separation or use of less effective (or expensive acid 

catalysts) [46]. 

Limitations: 

 Biodiesel has 12% lower energy content than diesel, this leads to an increase in fuel 

consumption of about 2-10%. Moreover, biodiesel has higher cloud point and pour 

point, higher nitrogen oxide emissions than diesel. It has lower volatilities that cause 

the formation of deposits in engines due to incomplete combustion characteristics 

[47]. 

 Biodiesel causes excessive carbon deposition and gum formation (polymerization) 

in engines and the oil gets contaminated and suffers from flow problem. It has 

relatively higher viscosity (11-18 times diesel) and lower volatility than diesel and 

thus needs higher injector pressure [48]. 

 Oxidation stability of biodiesel is lower than that of diesel. It can be oxidized into 

fatty acids in the presence of air and causes corrosion of fuel tank, pipe and injector 

[49]. 

 Due to the high oxygen content in biodiesel, advances in fuel injection and timing 

and earlier start of combustion, biodiesel produces relatively higher NOx levels than 

diesel in the range of 10-14% during combustion [16]. 

 Biodiesel can cause corrosion in vehicle material (cooper and brass) such as fuel 

system blockage, seal failures, filter clogging and deposits at injection pumps [50]. 
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 Use of biodiesel in internal combustion engine may lead to engine durability 

problems including injector cocking, filter plugging and piston ring sticking etc 

[51]. 

 As more than 95% of biodiesel is made from edible oil, there have been many claims 

that this may give rise to further economic problems. By converting edible oils into 

biodiesel, food resources are being used as automotive fuels. It is believed that 

large-scale production of biodiesel from edible oils may bring about a global 

imbalance in the food supply-and-demand market [2]. 

 Lower engine speed and power, high price, high engine wear, engine 

compatibility[52]. 

 The transesterification  has some environmental effects such as waste disposal and 

water requirement for washing, soap formation, etc [53]. 

2.4 Biodiesel feedstock: India 

Globally, there are more than 350 oil-bearing crops identified as potential sources for 

biodiesel production. Biodiesel feedstocks are regionally diversified [54]. There are wide 

range of available feedstocks for biodiesel. The availability of feedstock for producing 

biodiesel depends on the regional climate, geographical locations, soil conditions and 

agricultural practices of any country [55,56]. From literature, feedstock alone represents 75% 

of the overall biodiesel production cost [57,58] as shown in Figure 2.5. Therefore, selecting 

the low-priced feedstock is vital to ensure low production cost of biodiesel.  

In general, biodiesel feedstock can be divided into four main categories [36,57,59] as 

shown Table 2.1 and potential feedstocks of India which depicted the impact on the literature 

as shown in Table 2.2. 



Chapter: 2- Literature Review  

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page 18 

 

Figure 2.5: General cost breakdown for production of biodiesel [57,58] 

Table 2.1: Types of feedstocks of biodiesel production [38] 

Edible oils Non-edible oils Animal Fats Other Sources 

Soybeans Jatropha curcas   Pork lard  Bacteria  

Rapeseed  Mahua (Madhuca indica) Beef tallow  Algae  (Cyanobacteria) 

Safflower Karanja (Pongamia)  Poultry Fat  Microalgae  

Rice bran oil  Kusum  Fish oil  Tarpenes  

Barley  Cotton seed  Chicken fat Poplar 

Sesame  Castor  
 

Switchgrass 

Groundnut  Polanga (Calophyllum) 
 

Miscanthus 

Sorghum  Sal (Shorea robusta) 
 

Latexes  

Wheat  Neem  
 

Fungi 

Corn Jojoba 
 

Chlorellavulgaris 

Coconut Rubber seed tree 
  

Canola Moringa  
  

Palm and palm kernel Waste cooking oil 
  

Sunflower  Soapnut 
  

Oil feedstock ; 

75%

Chemicals; 

12%

Depreciation ; 

7%

Labour; 3%

Energy; 2%

Overhead; 1%
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Table 2.2: Potential tree borne non edible feedstocks of India 

Tree borne Non-edible 

vegetable source 

Plant 

part 

Oil content Uses 

 Seed 

(wt%) 

Kernel 

(wt%) 

Jatropha curcas L. seed, 

kernel 

20-60 40-60 oil-Illuminant (burns without soot), 

lubricant, biodiesel   

Pongamia pinnata 

(Karanja) 

seed, 

kernel 

25-50 30-50 oil-illuminant, timber, firewood, 

biodiesel 

Ricinus communis 

(Castor) 

seed 45-50 - seed oil-fuel, lubrication and 

illumination  

Madhuca indica 

(Mahua) 

seed, 

kernel 

35-50 50 firewood, biodiesel 

Azadirachta indica 

(Neem) 

seed, 

kernel 

20-30 25-45 oil-illuminant, timber, firewood, 

biodiesel 

Shorea robusta (Sal)  seed, 

kernel 

30-35 30-40 oil-illuminant, timber, firewood, 

soap making, fodder for cattle 

Schleichera oleosa 

(Kusum) 

seed 30-40   Lac hosting, hair dressing, 

firewood 

Calophyllum 

inophyllum L.  

(Polanga) 

seed, 

kernel 

65 22 oil-used for burning, timber  

Hevea brasiliensis 

(Rubber) 

seed 40-60 40-50 surface coatings, paints, printing 

inks, rubber/plastic processing 

Aphanamixis 

piolystachya wall. 

(Parker) 

kernel - 35 oil-illuminant  

Cerbera odollam  

(Sea mango) 

seed, 

kernel 

40-50 45-55 illuminant (release thick smoke) 

Guizotia abyssinica L. 

(Niger) 

seed 50-60 - Commercial oil, biodiesel 

Linum usitatissimum 

(Linseed) 

seed 35-45 - oil for wall paint and floor oil, 

biodiesel resin, fibre, surface 

coating  
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Michela chaampaca 

(Champa) 

seed 40-45 - oil, biodiesel 

Mesua ferrea 

(Nagkesar) 

seed 35-50 - soaps, lubricants, illumination 

Nicotiana tabacum 

(Tobacco) 

seed, 

kernel 

36-41 40-45 oil, ethnomedicinal 

Sapium sebifeum L. 

Roxb (Stillingia) 

seed, 

kernel 

13-32 53-64 fatty oil known as strillengia oil, 

drying oil 

Sapindus mukorossi 

(Soapnut) 

seed, 

kernel 

45-50 - oil, biodiesel 

 

To consider any feedstock as a biodiesel source, the oil percentage and the yield per 

hectare are important parameters. Edible oil resources such as soybeans, palm oil, sunflower, 

safflower, rapeseed, coconut and peanut are considered as the first generation of biodiesel 

feedstock for biodiesel production. However, their use raised many concerns such as food 

versus fuel crisis and major environmental problems such as destruction of soil resources, 

deforestation and usage of much of the available arable land. Moreover, in the last ten years 

the prices of vegetable oil have increased dramatically; which will affect the economic 

viability of biodiesel industry [60–62]. Furthermore, the use of such edible oils to produce 

biodiesel is not feasible in the long-term because of the growing gap between demand and 

supply of such oils in many countries.  

In India, the main sources for biodiesel production from non-edible oils are Jatropha 

(Jatropha curcas), Karanja or Honge (Pongamia pinnata), Polanga (Calophyllum 

inophyllum), Rubber seed tree (Hevca brasiliensis), Rice bran, Sea mango (Cerbera odollam), 

Neem (Azadirachta indica), Mahua (Madhuca indica), Tobacco seed (Nicotiana tabacum L.), 

Sal (Shorea robusta) and Kusum (Schleichera oleosa) [2]. 

Non-edible oils are regarded as the second generation of biodiesel feedstocks. Animal 

fats such as beef tallow, poultry fat and pork lard, waste oils and grease are also considered 
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second generation feedstocks [63]. However, it has been reported that second generation 

feedstocks may not be enough to satisfy the global energy demand. Moreover, biodiesel 

derived from saturated vegetable oils and animal fats has a relatively poor performance in 

cold weather [36]. Furthermore, for many animal fats the transesterification process is 

difficult because they contain high amount of saturated fatty acids. In case of waste cooking 

oil [64], collection and logistics could be hurdles as the sources are generally scattered 

[36,57]. 

Recent comprehensive reviews on biodiesel production from various feedstocks 

showed the advantages of non-edible oils over edible oils. Production of biodiesel from non-

edible oils feedstocks can overcome the problems of food verse fuel, environmental and 

economic issues related to edible vegetable [65]. Moreover, Non-edible biodiesel crops are 

expected to use lands that are largely unproductive and those that are located in poverty-

stricken areas and in degraded forests. They can also be planted on cultivators’ field 

boundaries, fallow lands, and in public land such as along railways, roads and irrigation 

canals. Non-edible biodiesel production could become a major poverty alleviation program 

for the rural poor apart from providing energy security in general and to rural areas in 

particular and upgrading the rural non-farm sector. Many researchers have concluded that 

non-edible feedstocks of biodiesel should be considered as sustainable and alternative fuels 

[30,57]. 

Non-edible oils plants are well adapted to arid, semi-arid conditions and require low fertility 

and moisture demand to grow [2]. Moreover they are commonly propagated through seed or 

cuttings. Since these plants do not compete with food, seed cake after oil expelling may be 

used as fertilizer for soil enrichment [66]. Several potential tree borne oilseeds (TBOs) and 

non-edible crop source have been identified as suitable feedstock for biodiesel [67]. In 

subsequent subsection potential feedstocks of India are discussed. 
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Jatropha curcas  

Jatropha curcas is a small tree or large shrub, up to 5-7m tall, belonging to the 

Euphorbiaceae family [30,60]. It is a drought-resistant plant capable of surviving in 

abandoned and fallowed agricultural lands [68–70]. It is a tropical plant that able to thrive in 

a number of climatic zones with rainfall of 250-1200 mm. It is well adapted in arid and semi-

arid conditions and has low fertility and moisture demand.  

It can also grow on moderately sodic and saline, degraded and eroded soils [71]. The ideal 

density of plants per hectare is 2500. It produces seeds after 12 months and reaches its 

maximum productivity by five years and can live 30 to 50 years. Seed production ranges from 

0.1 tone/(hectare year) to more than 8 tone/(hectare year) depending on the soil conditions 

[66]. Depending on variety, the decorticated seed of Jatropha contain 43-59 % oil content 

[72]. 

Pongamia pinnata L. (Karanja) 

Pongamia pinnata (L.) Pierre, (karanja or honge) an arboreal legume is a medium sized 

evergreen tree belongs to the family (Legumnosae; Pappilonaceae), more specifically the 

Millettieae tribe, which grows in Indian subcontinent and south-east Asia. A single tree is 

said to yield 9-90 kg seeds, indicating a yield potential of 900-9000 kg seed/ha (assuming 100 

trees/ha) [73]. It is one of the few nitrogen fixing trees (NFTS) that produce seeds with a 

significant oil content. The plant is fast growing, drought resistant, moderately frost hardy 

and highly tolerant of salinity [65]. It can be regenerated through direct sowing, transplanting 

and root or shoot cutting. Its maturity comes after 4-7 years. Historically, this plant has been 

used in Indian and neighbouring regions as a source of traditional medicines, animal fodder, 

green manure, timber, water-paint binder, pesticide, fish poison and fuel [74].  

Recently, Pongamia pinnata has been recognized as a viable source of oil for the 

burgeoning biofuel industry. The oil is reddish brown and rich in unsaponifiable matter and 
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oleic acid [51,74]. Karanja oil mainly contains oleic acid (44.5–71.3%), followed by linoleic 

(10.8–18.3%) and stearic acids (2.4–8.9%) [75]. 

Ricinus communis (Castor) 

Ricinus communis belongs to the Eurphorbiaceae family and also called castor beans. It 

is non-edible oilseed crop that is easily grown and resistant to drought [76,77]. The tree is 

grown in many countries such as United States, India, China, Central Africa, Brazil and 

Australia with different cultivation cultures [65,78,79]. Its oil is viscous, slightly odour, pale 

yellow, non-volatile and non-drying oil with a bland taste and is sometimes used as a 

purgative. On the average, the seeds contain about 46-55% oil [80].  

Calophyllum inophyllum L. (Polanga) 

Calophyllum inophyllum L. commonly known as Polanga or Honne, is a non-edible 

oilseed belongs to the Clusiaceae family. The tree supports a dense canopy of glossy, green 

and lustrous elliptical leaves and branched stem. The tree yields 100–200 fruits/kg. In each 

fruit, one large brown seed2–4cm (0.8–1.6 in.) in diameter is found. Oil yield per unit land 

area has been reported at 2000 kg/ha. The seed oil has very high oil content (65–75%) [42,81–

83]. It contains mainly unsaturated fatty acids, that is, approximately 34.09– 37.57% oleic 

acid and 26.33–38.26% linoleic acid. Saturated acids, such as stearic (12.95–19.96%) and 

palmitic (12.01–14.6%) acids, can also be found in this oil [75]. 

Madhuca indica (Mahua) 

Madhuca indica is mainly found in central part of India [84]. It belongs to the Sapotaceae 

family and grows quickly to approximately 20 m in height, possesses evergreen or semi-

evergreen foliage, and is adapted to arid environments [85,86]. Madhuca indica is one of the 

forest based tree-borne non-edible oils with large production potential of about 60 million 

tons per annum in India. Its seed contains about 35-40% of Madhuca indica [87,88]. 
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 Mahua oil contains approximately 41–51% oleic acid. Other fatty acids are also present 

in the oil, such as stearic (20.0–25.1%), palmitic (16.0– 28.2%), and linoleic acids (8.9–

18.3%) [75]. 

Azadirachta indica (Neem) 

Azadirachta indica (Neem) tree belongs to the Meliaceae family. It is native to India. It 

reaches maximum productivity after 15 years and has a life span of 150-200 years. Planting 

is usually done at a density of 400 plants per hectare. The productivity of Neem oil mainly 

varies from 2-4 ton/(ha.year) and a mature Neem tree produces 30-50 kg fruit. The seed of 

the fruit contains 20-30 wt% oil and kernels contain 40-50% of an acrid green to brown 

colored oil [66,89,90]. Neem oil has high-unsaturated constituents, such as linoleic acid (6–

16%) and oleic (25–54%) acid, and saturated oil like stearic acid (9–24%) [58,91]. 

Hevea brasiliensis (Rubber seed) 

Hevea brasiliensis tree, commonly referred to Rubber tree, belongs to the family 

Euphorbiaceae. Moreover, the tree’s sap-like extract (known as latex) can be collected and 

used in various applications, growing up to 34 m in height. On an average, a healthy tree can 

give about 5 kg of useful seeds during a normal year and this works out to an estimated 

availability of 150 kg of seeds per hectare [92]. Rubber seed oil is non-edible oil, which 

contain 50-60wt% oil and kernel contain 40-50wt% of brown colour oil. The oil is high in 

unsaturated constituents such as linoleic (39.6 wt.%), oleic (24.6 wt.%), and linolenic (16.3 

wt.%) acids. Other fatty acids found in rubber seed oil include saturated species such as 

palmitic (10.2 wt.%) and stearic (8.7 wt.%) acids [89,92,93].  

Nicotiana tabacum (Tobacco) 

Nicotiana tabacum, commonly referred to Tobacco, is a by-product that contains 

significant amount of oil. The oil extracted from tobacco seed is non-edible with physical, 

chemical and thermal properties that conferred favorably with other vegetable oils and have 

the potential to be considered as a interesting feedstock for biodiesel production [94,95].The 
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seed contains approximately 35–49 w% oil with fatty acid composition of 69.49–75.58% of 

linoleic acid [75]. 

Shorea robusta (Sal) 

Sal is a tree-borne product available in states like Odisha, Chhatishgarah, Madhya 

Pradesh, east Maharashtra etc, all in India. The annual estimated production of sal seeds is 

around 1.5 million tonnes and the sal seed oil or fat production is around 0.18 million tonnes 

annually. Sal is the source of one of timbers which are used for railway sleeper, beams, dyeing 

vats, beer, oil casks and tanning materials [96,97]. Sal fruit content 66.4% of kernel and pod, 

reaming 33.6% is shell and calyx. Sal seeds are processed mainly for its fat or oil [98]. 

Schleichera oleosa (Kusum) 

Schleichera oleosa is belonging to Sapindaceae family and also known as Kusum fruit. It 

is widely found in the sub-Himalayan region, throughout central and Southern India, Burma, 

Ceylon, Java and Timor. The oil obtained from Kusum or Macassar, is used for the cure of 

itch, acne and burns [9,10]. The seeds are brown, irregularly elliptic, slightly compressed, 

oily, enclosed in a succulent aril. The oil content of the seed is around 59–72% with yellowish 

green color [99,100]. 

2.4.1 Advantages of non-edible oils 

Preliminary evaluation of several non-edible oilseed crops for their growth, feedstock and 

adaptability showed that these feedstocks have the following advantages [89,101]: 

(1) The adaptability of cultivating non-edible oil feedstocks in marginal land and non-

agricultural areas with low fertility and moisture demand [50]. 

(2) They can be grown in arid zones (20 cm rainfall) as well as in higher rainfall zones and 

even on land with their soil cover. Moreover, they can be propagated through seed or 

cuttings. 

(3) They have huge potential to restore degraded lands, create rural employment generation 

and fixing of up to 10 ton/ha/year CO2 emissions [102]. 
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(4) They do not compete with existing agricultural resources.  

(5) They eliminate competition for food and feed. Non-edible oils are not suitable for human 

food due to the presence of some toxic components in the oils. 

(6) They are more efficient and more environmentally friendly than the first generation 

feedstocks. Conversion of non-edible oil into biodiesel is comparable to conversion of 

edible oils in terms of production and quality [63]. 

(7) Less farmland is required and a mixture of crops can be used. Non-edible oil crops can be 

grown in poor and wastelands that are not suitable for food crops. 

(8) Non edible feedstock can produce useful by-products during the conversion process, 

which can be used in other chemical processes or burned for heat and power generation. 

For instance, the seed cakes after oil expelling can be used as fertilizers for soil enrichment 

[103]. 

(9) The main advantages of non-edible oils are their availability, renewability, higher heat 

content, lower sulphur content, lower aromatic content and biodegradability [101]. 

2.4.2 Problems in exploitation of non-edible oils 

The use of non-edible oilseed as alternative biodiesel feedstock in the transportation sector 

is critical towards achieving higher self-reliance energy security. This situation offered 

challenges as well as opportunities as replacement of fossil fuels with economic and 

environmental benefits [48,101]. 

(1) Collection, high dormancy and problems in picking and harvesting in avenue and forest 

plantations. 

(2) Non-availability of quality planting material or seed, limited period of availability, 

unreliable and improper marketing channels. 

(3) Lack of post-harvest technologies and their processing, non-remunerative prices, wide 

gap between potential and actual production, absence of state incentives promoting bio-

diesel as fuel, and economics and cost-benefit ratio. 
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2.4.3 Fatty acid compositions of potential feedstocks  

Fatty acid composition is an important property for any biodiesel feedstock as it determines 

the efficiency process to produce biodiesel. The percentage and type of fatty acids 

composition relies mainly on the plant species and their growth conditions [104]. The fatty 

acids composition of some feedstocks are generally aliphatic compounds with a carboxyl 

group at the end of a straight-chain. The most common fatty acids are C14 to C20 acids [105]. 

However, some feedstocks contain significant amounts of fatty acids other than the typical 

C16 and C18 acids [42,106]. Table 2.3 shows the chemical structures of common fatty acids. 

Table 2.4 shows the fatty acid composition of non-edible feedstocks that were found suitable 

for production of biodiesel. Moreover, more fatty acid compositions can also be found in 

references [66,75,101,107,108]. 

Table 2.3: The chemical structures of common fatty acids [101]. 

Fatty acid Structure  Systematic name Chemical structure 

Lauric  (12:0) Dodecanoic CH3(CH2)10COOH 

Myristic (14:0) Tetradecanoic CH3(CH2)12COOH 

Palmitic (16:0) Hexadecanoic CH3(CH2)14COOH 

Stearic (18:0) Octadecanoic CH3(CH2)16COOH 

Oleic (18:1) cis-9-Octadecenoic CH3(CH2)7CH=CH(CH2)7COOH 

Linoleic (18:2) cis-9-cis-12-

Octadecadienoic 

CH3(CH2)4CH=CHCH2CH=CH 

(CH2)7COOH 

Linolenic (18:3) cis-9-cis-12, CH3CH2CH=CHCH2CH=CHCH2 

CH=CH(CH2)7COOH 

Arachidic (20:0) Eicosanoic CH3(CH2)18COOH 

Behenic (22:0) Docosanoic CH3(CH2)20COOH 

Erucic (22:1) cis-13-Docosenoic CH3(CH2)7CH=CH(CH2)11COOH 

Lignoceric (24:0) Tetracosanoic CH3(CH2)22COOH 

2.4.4 Challenges and potential solutions of using non edible oils 

The direct use of vegetable oils or blends has generally been considered to be impractical 

for both direct and indirect diesel engines. The high viscosity, low volatility, acid 
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composition, free fatty acid and moisture content, gum formation due to oxidation and 

polymerization during storage [53,65]. In addition, poor combustion, poor cold engine start-

up, misfire, ignition delay, incomplete combustion, carbon deposition around the nozzle 

orifice, ring sticking, injector choking in engine and lubricating oil thickening are the major 

problems of using vegetable oils [35]. 

 In general, the problems associated with using straight vegetable oil in diesel engines are 

classified into short term and long term. Table 2.5 highlights the problems, probable causes 

and the potential solutions.  

Table 2.4: Fatty acid composition of Indian non-edible feedstocks [101,109] 
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Calophyllum 

inophyllum L.   
0.09 14.6 2.5 19.96 37.57 26.33 0.27 0.94 0.72 - 2.6  

Rubber 2.2 10.2 - 8.7 24.6 39.6 16 - - - -  
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- 4.4 0.3 3.8 20.7 15.9 54.6 0.2 - 0.3 0.1  

Madhuca indica 

(Mahua) 
- 

16.0-

28.2 
- 

20.0-

25.1 

41.0-

51.0 

8.9-

13.7 
- 3.3 - - -  

Nicotiana 

T.(tobacco) 
0.09 10.96 0.2 3.34 14.54 69.49 0.69 0.25 0.13 0.12 0.4  

Pongamia p. 

(Karanja) 
- 

3.7-

7.9 
- 

2.4-

8.9 

44.5-

71.3 

10.8-

18.3 
- 4.1 2.4 5.3 3.5  

Ricinus 

communis 

(Castor) 

- 1.1 0 3.1 4.9 1.3 0.6 0.7 - -  90a 

Shorea robusta 

(Sal) 
 4-7  41-47 37-43 0-4  3-9     

Schleichera 

oleosa (Kusum) 
 1.6 3.1 10.1 52.5   19.7  4   

aRicinoleic acid (C18H34O3);  
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Table 2.5: Reported problems, probable cause and potential solutions for using straight 

vegetable oil in diesel engines [101,110] 

Problem Probable cause Potential solution 

Short-term     

1. Cold weather starting  High viscosity, low cetane 

number and high flash point 

of vegetable oils. 

 Preheat fuel prior to injection.  

2. Plugging and 

gumming of filters, 

lines and injectors 

 Natural gums in vegetable 

oil.  

 Other ash. 

 Refine the oil partially to 

remove gums.  

3. Engine knocking  Low cetane numbers. 

Improper injection timing. 

 Adjust injection timing.  

 Use higher compression 

engines. Preheat fuel prior to 

injection and use its ester. 

Long term 
  

4. Cooking of injector 

on piston and engine 

head 

 High viscosity of vegetable 

oil. 

 Incomplete combustion of 

fuel.  

 Poor combustion at part 

loads with vegetable oils. 

 Heating fuel prior to injection.  

 Switch engine to diesel fuel 

when operating at part loads. 

 Chemically alter the vegetable 

oil to an ester. 

5. Carbon deposits on 

piston and head of 

engine 

 High viscosity of vegetable 

oil.  

 Incomplete combustion of 

fuel and poor combustion at 

 Heat fuel prior to injection. 

Switch engine to diesel fuel 

when operation at part loads. 
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part load with vegetable 

oils. 

Chemically alter the vegetable 

oil to an ester. 

6. Excessive engine 

wear 

 High viscosity of vegetable 

oil, incomplete combustion 

of fuel.  

 Poor combustion at part 

loads and free fatty acids in 

vegetable oil.  

 Dilution of engine 

lubricating oil due to blow-

by of vegetable oil. 

 Heat fuel prior to injection.  

 Switch engine to diesel fuel 

when operation at part loads. 

 Chemically alter the vegetable 

oil to an ester. Increase motor 

oil changes.  

 Motor oil additives to inhibit 

oxidation. 

7. Failure of engine 

lubricating oil due to 

polymerization 

  

 Collection of poly-

unsaturated vegetable oil 

blow-by in crankcase to the 

point where polymerization 

occurs. 

 Heat fuel prior to injection.  

 Switch engine to diesel fuel 

when operation at part loads.  

 Chemically alter the vegetable 

oil to an ester.  

 Motor oil additives to inhibit 

oxidation. 

 

2.5 Biodiesel Production Technologies 

Globally, there are many efforts towards improving vegetable oil properties in order to 

enhance the properties of diesel fuel. Viscosity is the problem in directly using vegetable oils 

in conventional diesel engines. These problems can be overcome by four methods; pyrolysis 

[35], dilution with hydrocarbons blending [48], Micro-emulsion, and transesterification [111] 

conduct a comparison between different biodiesel production technologies. This comparison 

is given in Table 2.6. 
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Table 2.6: Comparison of main biodiesel production technologies [48,111,112]. 

Technologies Advantage Disadvantage 

Dilution (direst 

blending or micro- 

emulsion 

 Simple process  High viscosity 

 Poor volatility 

 Poor stability 

 

Pyrolysis 

 Simple process 

 No-polluting 

 High temperature is required 

 Equipment is expensive 

 Low purity 

 

Transesterification 

 Fuel properties are 

closer to diesel 

 High conversion 

Efficiency 

 Low cost 

 It is suitable for 

industrialized 

production 

 Low free fatty acid and water 

content are required (for base 

catalyst) 

 Waste water is produced because 

products must be neutralized and 

washed 

 Accompanied by side reactions 

 Difficult reaction products 

separation 

 

Supercritical 

methanol 

 No catalyst 

 Short reaction Time 

 High conversion 

 Good adaptability 

 High temperature and pressure 

are required 

 Equipment cost is high 

 High energy consumption 

 

2.5.1 Pyrolysis (Thermal cracking) 

Pyrolysis is the thermal decomposition of the organic matters by heat in the absence of 

oxygen and in presence of a catalyst. The paralyzed material can be vegetable oils, animal 
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fats, natural fatty acids or methyl esters of fatty acids. Many investigators have studied the 

pyrolysis of triglycerides to obtain suitable fuels for diesel engine. Thermal decomposition of 

triglycerides produces alkanes, alkenes, alkadienes, carboxylic acids, aromatics and small 

amounts of gaseous products [113].  

The liquid fractions of the thermally decomposed vegetable oils are likely to approach 

diesel fuels. The pyrolyzate had lower viscosity, flash point, and pour point than diesel fuel 

and equivalent calorific values. However, cetane number of the pyrolyzate was lower 

compared to diesel fuel[114]. The pyrolyzed vegetable oils contain acceptable amounts of 

sulphur, water content, copper corrosion values and sediments but unacceptable ash, carbon 

residual and pour point. It has been observed that pyrolysis process is effective, simple, waste 

less and pollution free [35,63]. 

2.5.2 Dilution 

Mainly, vegetable oils are diluted with diesel to reduce the viscosity and improve the 

performance of the engine. This method does not require any chemical process [115]. It has 

been reported earlier that substitution of 100% vegetable oil for diesel fuel is not practical. 

Therefore, blending of 10-25% vegetable oil to diesel has been considered to achieve good 

results for diesel engine [7,61,112,115]. Generally, direct use of vegetable oils and their 

blends have been considered to be difficult to use in both direct and indirect diesel engines 

[110,115,116]. 

2.5.3 Micro-emulsion 

A micro-emulsion is defined as a colloidal dispersion of optically isotropic fluid with 

dimensions ranging into 1–150 nm. It is formed from two immiscible liquids and one and 

more ionic or more ionic amphiphiles. Vegetable oils micro emulsion can be formed with an 

ester and dispersant (co solvent), or of vegetable oils, and alcohol such as ethanol, ethanol, 

butanol, hexanol and a surfactant and a cetane improver, with or without diesel fuels [35]. 

Micro-emulsion has met the minimum viscosity requirement for diesel fuel. It has been 
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demonstrated that short-term performances of both ionic and non-ionic micro-emulsions of 

aqueous ethanol in soybean oil are close to that of No.2 diesel fuel [7,61,112,115,117]. 

2.5.4 Transesterification  

Transesterification is regarded as the best method due to its low cost, high yields and 

simplicity [35,63,109,118]. Transesterification or alcoholysis is defined as the chemical 

reaction of alcohol with vegetable oils. One mole of fat or oil are reacts with three moles of a 

short chain alcohol in the presence of catalyst to produce one mole of glycerine and three 

moles of alkyl esters [119]. The triglycerides are converted step wise into diglycerides, 

monoglyceride and finally glycerol which are easily separated by gravity into biodiesel and 

glycerol layers. Glycerol is an important by-product in the cosmetic industry. In this reaction, 

methanol and ethanol are the two main light alcohols used in transesterification process due 

to their relatively low cost. However, propanol, isopropanol, tert-butanol, n-butanol, branched 

alcohols and octanol could also be employed but their cost is much higher.  

Generally, transesterification process includes two main processes; catalytic and non-

catalytic methods. The catalyst enhances the solubility of alcohol and thus increases the 

reaction rate. The most frequently used process is the catalytic transesterification process. 

Alkaline catalytic method is the fast and economical. An alkaline catalyst proceeds at around 

4000 times faster than with the same amount of acid catalyst [101,120]. Moreover, this 

method can achieve high yield and purity of biodiesel product in a short time (30-60min). 

The widely reported alkaline catalysts include NaOH, KOH, NaOCH3 and KOCH3. 

Researchers have reported that both sodium and potassium hydroxide perform equally well. 

Sodium and potassium methoxides favored high yields than other base catalysts but they are 

costly.  

However, in using alkaline catalysts, free fatty acid (FFA) level should be below a 

desired limit (ranging from less than 0.5% to less than 3%). Beyond this limit the reaction 

proceeds with difficulty and challenges such as soap formation and reduced esters yields 
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[121]. In addition to this, the reaction has several drawbacks; it is energy intensive; recovery 

of glycerol is difficult; the catalyst has to be removed from the product; alkaline wastewater 

requires treatment and the level of free fatty acids and water greatly interfere with the reaction 

[56,109]. 

Acid catalysts include sulphuric acid, hydrochloric acid, ferric sulphate acid, 

phosphoric acid, para toluene sulfonic acid (PTSA) and Lewis acids (AlCl3 or ZnCl2). 

Researchers have shown that acid catalysts are more tolerant than alkaline catalysts for 

vegetable oils having high FFA and water. Therefore, acid catalyst is used to reduce the free 

fatty acids contents to a level enough for alkaline transesterification which is preferred over 

the acid catalyst after the acid value is reduced to the desired limit. It has been reported that 

acid-catalyzed reaction gives very high yield in esters. However, the reaction is slow (3-48h). 

It has been reported that the homogeneous transesterification consumes large amount of water 

for wet washing to remove the excess salt from the neutralization process, and the residual 

acid or base catalyst [122]. Nevertheless, this technology has relatively low energy use, high 

conversion efficiency and cost effective reactants and catalyst [56,109]. 

The catalytic transesterification has some challenges such as; long reaction time, poor 

catalysts solubility and poor separation of the products. Furthermore, the wastewater 

generated during biodiesel purification is not environment friendly. To overcome these 

challenges, other faster methods such as supercritical fluids method have been developed. For 

example, during supercritical esterification, reaction completes in a very short time (2-4 min) 

compared to catalytic transesterification.  

Further, since no catalyst is used, the purification of biodiesel and the recovery of 

glycerol are much easier, trouble free and environment friendly [56,112,123]. However, the 

method has high cost in reactor and operation (due to high pressures and high temperatures) 

and high methanol consumption (e.g. high methanol/crude-oil molar ratio of 40/1) [124–126]. 



Chapter: 2- Literature Review  

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page 35 

 Transesterification reaction is affected by various parameters depending upon the reaction 

conditions. The reaction is either incomplete or the yield is reduced to a significant extent if 

the parameters are not optimized. The most important parameters that affect the 

transesterification process reported include molar ratio, reaction temperature, reaction time, 

catalyst concentration and stirring speed [61,109]. 

2.6 Review on optimization of biodiesel production  

 The need for process optimization has been emphasized by Gandure et al. [127] 

reported the importance of process optimization including; development of reaction kinetics, 

large scaling of production, reactor design, reduced production cost, and predicting yields, 

among others [128,129]. Researchers optimized the conversion of biodiesel. For example, 

Kilic et. al.[128] investigated the optimization of biodiesel production from castor oil using 

full factorial design. Effects of temperature, methanol/oil molar ratio and catalyst 

concentration were optimized according to the 24 full factorial central composite designs 

(CCD). Second order model was obtained to predict biodiesel yield as a function of these 

variables.  

 Accordingly, other researchers reported the average yield of more than 90%. The 

catalyst concentration and its nature play significant roles. For example, Lee et. al. [130] 

employed CaO–MgO mixed oxide catalyst in transesterification of non-edible Jatropha 

curcas oil into biodiesel. Response surface methodology (RSM) using central composite 

design (CCD) was employed to statistically evaluate and optimize the biodiesel production 

process. It was found that the production of biodiesel achieved an optimum level of 93.55% 

yield at the following reaction conditions: 1) Methanol/oil molar ratio: 38.67; 2) Reaction 

time: 3.44 h; 3) Catalyst amount: 3.70 wt.%; and 4) Reaction temperature: 115.87 °C.  

 Economically, transesterification of Jatropha curcas oil using heterogeneous catalyst 

CaO–MgO mixed oxide required less energy which contributed to high production cost in 

biodiesel production. Wu et. al. [131] carried out an optimization study on the production of 
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biodiesel from Camelina seed oil using alkaline transesterification. The optimization was 

based on sixteen well-planned orthogonal experiments. Parameters including methanol ratio, 

reaction time, temperature and catalyst concentration were investigated. It was found that the 

order of significant factors for biodiesel production was reaction temperature > catalyst 

concentration > methanol to oil ratio > reaction time. Based on the results of the range 

analysis and analysis of variance (ANOVA), the maximum biodiesel yield was found at a 

molar ratio of methanol to oil of 8:1, a reaction time of 70 min, a reaction temperature of 

50°C, and a catalyst concentration of 1 wt.%. The product and FAME yields of biodiesel 

under this optimal conditions reached 95.8% and 98.4%, respectively.  

 Enzymes as catalysts have also been very effective catalysts in biodiesel production. 

Yucel [132] immobilized microbial lipase from T. lanuginosus supported on poly-glutar 

aldehyde activated olive Pomace powder. The support was used to produce biodiesel with 

Pomace oil and methanol. RSM using CCD was used to optimize the biodiesel production 

parameters. The predicted Pomace oil methyl ester yield was 92.87% under the optimal 

conditions. Verification experiment yield was 91.81%, confirmed the validity by suggested 

model. Biodiesel yield reached 93.73% by adding water (1% w/w) in reaction medium under 

the optimal conditions.  

 Also, Uzun et. al.[128] carried out alkali-catalysed transesterification of waste frying 

oils (WFO) in various conditions to investigate the effects of catalyst concentration, reaction 

time, methanol/oil molar ratio, reaction temperature, catalyst type (hydroxides, methoxides 

and ethoxides), and purification type (such as washing with hot water, purification with silica 

gel and dowex) on the biodiesel yields. The optimum conditions were 0.5% wt. of NaOH, 30 

min reaction time, 50°C reaction temperature, 7.5 methanol to oil ratio and purification with 

hot distilled water. A 96% biodiesel yield was obtained, and the activation energy was found 

to be as 11741 J mol-1. The determined specifications of obtained biodiesel according to 

ASTM D 6751 and EN 14214 standards were in accordance with the required limits.  
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 In the light of the above review, it may be stated that production of biodiesel from sal 

oil and kusum oil with optimized process parameters and the subsequent compliance with the 

corresponding international standards may prove the suitability of this vegetable oil as a true 

alternative to mineral diesel and outline its economic potentials. 

2.7 Biodiesel Standards  

The quality of biodiesel fuel can be influenced by various factors include: the quality 

of feedstock, fatty acid composition of the feedstock, type of production and refining process 

employed and post production parameters. Since biodiesel is produced from quite differently 

scaled plants of varying origins and qualities, it is necessary to develop standards for fuel 

quality to guarantee an engine performance without any difficulties. 

The establishment of standard for biodiesel depends on country’s standards and 

specifications. It’s utilized to protect both consumers and producers as well as to support the 

development of biodiesel industries. These specifications include the American Standards for 

Testing Materials (ASTM 6751) or the European Union (EN 14214) Standards [42,55]. 

However, India has own standard (IS 15607) [133,134]. These standards describe the physical 

and chemical characteristics including; caloric value (MJ/kg), cetane number, density 

(kg/m3), viscosity (mm2/s), cloud and pour points (°C), flash point (°C), acid value (mg KOH 

per g-oil), ash content (%), copper corrosion, carbon residue, water content and sediment, 

sulphur content, glycerine (% m/m), phosphorus (mg/kg) and oxidation stability [42,55]. 

Table 2.7 gives a summary of some important properties of biodiesel. Table 2.8 gives ASTM 

6751, EN 14214 and IS15607 specifications of biodiesel beside ASTM D975 for diesel fuel. 
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Table 2.7: Summary of some important properties of biodiesel [42,135] 

Fuel 

characteristic 

Effects 

Cetane number (i) An ignition quality of diesel fuels 

(ii) High cetane number implies short ignition delay 

(iii) Higher molecular weight n-alkanes have high cetane numbers 

(iv) It influences both gaseous and particulate emissions 

(v) The cetane index which is very close to cetane number is calculated 

based on 10, 50, 90% distillation temperatures and specific gravity 

(vi) The fuels with high auto ignition temperatures are more likely to cause 

engine  knock 

Distillation range (i) It affects fuel performance and safety 

(ii) It is important to an engine's start and warm up 

(iii) Presence of high-boiling components affect the degree of formation of 

solid combustion deposits 

(iv) It is needed in the estimation of cetane index 

Specific gravity (i) It is required for the conversion of measured volumes to volumes at 

standard temperature of 15 °C 

(ii) It is used in the calculation of cetane index 

Heat of 

combustion 

(i) A measure of energy available in a fuel 

(ii)   A critical property of fuel intended for use in weight-limited vehicles 

Flash point (i)  It indicates the presence of highly volatile and flammable materials 

(ii)  To measures the tendency of oil to form a flammable mixture with air 

(iii)  It is used to assess the overall flammability hazard of a material 

Viscosity (i)  Proper viscosity of fuel required for proper operation of an engine 

(ii)   Important for  flow of oil through pipelines, injector nozzles and 

orifices 

(iii)  Effective atomization of fuel in the cylinder requires limited range of 

viscosity of the fuel to avoid excessive pumping pressures 
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Contamination 

(water/sediment) 

(i)  It causes corrosion of equipment 

(ii)  It causes problems in processing 

(i) It is required to accurately measure net volumes of actual fuel in sales, 

taxation, exchanges and custody transfer 

Copper-strip 

corrosion 

(i)  To measure to assess relative degree of corrosively 

(ii)  It is indicates the presence of sulphur compounds 

Cloud point, pour 

point cold-filter 

plugging point 

(i)   To measure the performance of fuels under cold temperature conditions 

(ii)  It is used as quality control specification or low temperature handling  

       Indicators for large storage tanks and pipelines at refineries. 

Carbon residue (i) It correlates with the amount of carbonaceous deposits in the 

combustion chamber 

(ii)   Greater carbon deposits expected for higher values of carbon residue 

Particulate matter (i)    It indicates the potential of emission of particulate matter 

(ii)   It contains primarily carbon particles 

(iii) The Soot (carbonaceous particulates formed from gas-phase processes) 

particles absorb and carry carcinogenic materials into environment as 

emission and can cause an ill effect on human health. Excessive soot 

particles might clog the exhaust valves 

Sulphur (i)   It is controlled to minimize corrosion, wear and tear 

(ii)  It causes environmental pollution from their combustion products 

(iii) It is corrosive in nature and causes physical problems to engine parts 

Ash (i) Results from oil, water-soluble metallic compounds or extraneous 

solids, such as dirt and rust 

(ii)  It can be used to decide product's suitability for a given application 
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Table 2.8: Reported ASTM D975 of diesel, and ASTM 6751, EN 14214 and IS 15607 specifications of biodiesel fuels [38]. 

Property 

specification 

(Unit) 

Diesel 

ASTM D975 

Biodiesel 

ASTM D6751  EN 14214 IS 15607 

Test method Limits Limits Test Method Limits Test Method Limits  Test methods 

Flash point (°C) ASTM D975  60 to 80 

130 

minimum 

ASTM D93 

101 

minimum 

EN ISO 

3679 

120 IS 1448 

Cloud point (°C) ASTM D975  -15 to 5 -3 to -12 ASTM 2500 - -  IS 1448 

Pour point (°C) ASTM D975  -35 to -15 -15 to -16 ASTM 97 - -  IS 1448 

Cold filter plugging 

point (°C) 

EN 590 -8 Max +5 

ASTM 

D6371 

- EN 14214   

Cetane number 

ASTM D4737, 

EN 590 

46  47 minimum ASTM D613 

51 

minimum 

EN ISO 

5165 

51 ISO 5156 

Density at 15oC 

(kg/m3) 

ASTM D1298 820-860  880 D1298 860-900 

EN ISO 

3675/12185 

860-900 ISO 3675 

Kinematic viscosity at 

40oC (mm2/s) 

ASTM D445 2.0 to 4.5  1.9-6.0 ASTM D445 3.5-5.0 

EN ISO 

3104 

2.5-6.0 ISO 3104 
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Iodine number            

(g I2/100 g) 

- - - - 120 EN 14111 120 EN 14111 

Acid number (mg 

KOH/g) 

- - 

0.5 

maximum 

ASTM D664 

0.5 

maximum 

EN 14104 

0.5 

maximum 

EN 14104 

Oxidation stability ASTM D2274 

25 mg/L 

maximum 

- - 

3 hours 

minimum 

EN 14112 

3 hours 

minimum 

EN 14112 

Carbon residue (% 

m/m) 

ASTM D4530 

0.2 

maximum 

0.050 

maximum 

ASTM 

D4530 

0.3 

maximum 

EN ISO 

10370 

  

Copper corrosion  ASTM D130 Class 1 max 

No.3 

maximum 

ASTM D130 class 1 

EN ISO 

2160 

class 1 

EN ISO 

2160 

Distillation 

temperature  (°C) 

ASTM D86 

370 

maximum 

360 

ASTM 

D1160 

- - 360 

ASTM 

D1160 

Lubricity  (HFRR) IP 450 

0.460 mm 

(max)  

520 

maximum 

ASTM 

D6079 

- - 

520 

maximum 

ASTM 

D6079 

Sulphated ash content 

(%mass) 

- - 

0.002 

maximum 

ASTM D874 

0.02 

maximum 

EN ISO 

3987 
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Water and sediment  ASTM D2709 

0.05 

maximum 

0.005 %v  

maximum 

ASTM 

D2709 

500 

mg/kg 

maximum 

EN ISO 

12937 

0.005 %v  

maximum 

ASTM 

D2709 

Moisture (wt %) - - - - 

0.05 

maximum 

EN 1412 - - 

Monoglycerides 

(%mass) 

- - - - 

0.8 

maximum 

EN 14105 - - 

Diglycerides (%mass) - - - - 

0.2 

maximum 

EN 14105 - - 

Triglycerides (%mass) - - - - 

0.2 

maximum 

EN 14106 - - 

Free glycerine 

(%mass) 

- - 

0.02 

maximum 

ASTM 

D6584 

0.02 

maximum 

EN 

1405/14016 

0.02 

maximum 

ASTM 

D6584 

Total glycerine 

(%mass) 

- - 0.24 

ASTM 

D6548 

0.25 EN 14105 0.24 

ASTM 

D6548 
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Phosphorous (%mass) - - 

0.001 

maximum 

ASTM 

D4951 

0.001 

maximum 

EN 14107 

0.001 

maximum 

ASTM 

D4951 

Sulphur (S 15 grade) 

(ppm) 

- ASTM 

D5453 

-10 

maximum 

150  

maximum 

ASTM 

D5453 

- - 

150  

maximum 

ASTM 

D5453 

Sulphur (S 50 grade) ASTM D5453 

50 

maximum 

- - - - - - 

Sulphur (S 500 grade) ASTM D5453 

500  

maximum 

500  

maximum 

ASTM 

D5453 

- - 

500  

maximum 

ASTM 

D5453 

Carbon  ASTM D975 87 77 

ASTM PS 

121 

- - 77 

ASTM PS 

121 

Hydrogen ASTM D975 13 12 

ASTM PS 

121 

- - - - 

Oxygen ASTM D975 0 11 

ASTM PS 

121 

- - - - 

Sodium and potassium - - - - 

5 

maximum 

EN 14108, 

EN 14109 

- - 
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Methanol content - - - - 

0.2 

maximum 

EN 14110 - - 

Ester content - - - - 

96.5 

minimum 

EN 14103 - - 

Linolenic acid methyl 

ester 

- - - - 

12 

maximum 

EN 14103 - - 

Polyunsaturated 

(double bonds) methyl 

esters 

- - - - 

1 

maximum 

EN 14104 - - 

Alkaline metals (Na+ 

K) 

- - - - 

5 

maximum 

EN 14108, 

EN 14109,  

- - 

Alkaline metals (Ca+ 

Mg) 

- - - - 

5 

maximum 

 EN 14538 - - 

Total contamination - - 24 

ASTM D 

5452 

24 EN 12662 - - 
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2.8 Review of Biodiesel Properties  

The properties of biodiesel are characterized by physico-chemical properties. Some of these 

properties include; cetane number, density (kg/m3), viscosity (mm2/s), cloud and pour points 

(°C), flash point (°C), acid value (mg KOH/g-oil), ash content (%), copper corrosion, carbon 

residue, water content and sediment, sulphur content, glycerine (% m/m), phosphorus (mg/kg) 

and oxidation stability. The physical and chemical fuel properties of biodiesel basically depend 

on the type of feedstock and their fatty acids composition [42,55,136]. A summary of 

physicochemical properties of biodiesel produced from different feedstock, ASTM 6751-3 and 

EN 14214 specifications are shown in Table 2.9. The following section gives explanations of 

some general properties of biodiesel. 

2.8.1 Kinematic viscosity/ Viscosity index 

Viscosity is defined as the resistance of liquid to flow. It therefore affects the operation 

of fuel injection equipment, particularly at low temperatures when an increase in viscosity 

affects the fluidity of the fuel [112]. In some cases; at low temperatures biodiesel becomes 

viscous or even solidified. Some literature thought that, higher viscosity of biodiesel can affect 

the volume flow and injection spray characteristics in the engine [137]. At low temperature it 

may even compromise the mechanical integrity of the injection pump drive systems. The 

maximum limit according to ASTM D445 ranges are (1.9-6.0 mm2s-1) and (3.5-5.0 mm2s-1) in 

EN ISO 3104 [60,61]. 

The viscosity index is an arbitrary number indicating the effect of change of 

temperature on the kinematic viscosity of oil. A high viscosity index signifies a relatively small 

change in kinematic viscosity with temperature.  The viscosity index of oil is calculated from 

its viscosities at 40 and 100°C. The procedure for the calculation is given in ASTM Method D 

2270-74 for calculating viscosity Index from Kinematic Viscosity. 
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Table 2.9: Physico-chemical properties of selected biodiesel 

Fuel Properties Jatropha 

Biodiesel 

[69] 

Calophyllum 

Biodiesel 

[42] 

Mahua 

Biodiesel 

[86] 

Karanja 

Biodiesel 

[74] 

Neem 

Biodiesel 

[138] 

Tobacco 

Biodiesel 

[75] 

Density 15°C 

(kg/m3) 

879.5 888.6 874 931 868 888.5 

Viscosity at 40°C 

(cSt) 

4.8g 7.724 3.98 6.13 5.213 g 4.23g 

Cetane number 51.6 51.9 65 55 - 51.6 

Iodine number   

(mg equ./g) 

104 85 - - - 136 

Calorific value 

(MJ/kg) 

39.23 - 36.8 43.42 39.81 - 

Acid value          

(mg KOH/g) 

0.4 0.76 0.41 0.42 0.649 0.3 

Pour point (°C) 2 - 6 3 2 - 

Flash point (°C) 135 151 208 95 76 165.4 

Cloud point (°C) 2.7 38 - 7 9 - 

CFPP (°C) 0 1 4 -1 11 -5 

Copper strip 

corrosion  (3h at 

50 ̊C) 

1a 1b 1b 1b 1b 1a 

Water and 

sediment content 

(%vol) 

˂0.005 ˂0.005 ˂0.005 ˂0.005 < 0.005 354.09b 

Ash content % 

(m/m,) 

0.012 0.026 0.01 0.001 - - 

Sulphur % 

(m/m) 

1.2a 16a 164.8a 50a 473.8a - 

Sulphated ash % 

(m/m) 

0.009 - - - <0.005 0.0004 
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Phosphorus 

content 

<0.1 0.223a - - <0.1a 4b 

Free glycerin % 

(m/m) 

0.006 - - 0.015 0 0.002 

Total glycerin % 

(m/m) 

0.1 0.232 - 0.0797 0.158 0.23 

Monoglyceride 

% (m/m) 

0.291 - - - 0.338 0.54 

Diglyceride % 

(m/m) 

0.104 - - - 0.474 0.13 

Triglyceride % 

(m/m) 

0.022 - - - 0 0.17 

CCR 100%          

(% mass) 

0.025  0.434 0.02 0.781 0.105 0.29 

Oxidation 

stability (hrs, 

110°C) 

2.3 1.1 2.6 3.6 7.1 0.8 

 

2.8.2 Density/ Specific gravity/API gravity 

Density (g/cm3 or kg/m3) is important because it gives an indication of the delay 

between the injection (ignition quality) and combustion (specific energy) of the fuel in a diesel 

engine. This can influence the efficiency of the fuel atomization for airless combustion systems 

[42,139]. The ASTM D1298 and EN ISO 3675/12185 Standard test methods are used to 

measure the density of the biodiesel. According to these standards, density should be tested at 

the temperature reference of 15°C [140]. Specific gravity which is nothing more than the ratio 

of its density to that of water (density of the oil/density of water). API gravity inverted scale 

for denoting the 'lightness' or 'heaviness' of crude oils and other liquid hydrocarbons. Calibrated 

in API degrees (or degrees API), it is used universally to expresses a crude's relative density in 

an inverse measure lighter the crude, higher the API gravity, and vice versa. The American 
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Petroleum Institute gravity, or API gravity, is a measure of how heavy or light petroleum liquid 

is compared to water:  

𝐴𝐏𝐈 𝐆𝐫𝐚𝐯𝐢𝐭𝐲 =
𝟏𝟒𝟏.𝟓

𝐒𝐩𝐞𝐜𝐢𝐟𝐢𝐜 𝐆𝐫𝐚𝐯𝐢𝐭𝐲 
–  𝟏𝟑𝟏. 𝟓     2.1 

2.8.3 Flash point  

Flash point is the temperature at which fuel will ignite when exposed to a flame or a 

spark. Flash point varies inversely with the fuel’s volatility [141]. The flash point of biodiesel 

is higher than the prescribed limit of diesel fossil fuel, which is safe for transport, handling and 

storage purpose [55,136,140]. Usually biodiesel has a flash point more than 120°C, while 

conventional diesel fuel has a flash point of 55-66°C [42]. Demirbas [112] stated that the flash 

point values of fatty acid methyl esters are significantly lower than those of vegetable oils. The 

limit of flash point ranges in ASTM D93 is 93°C and EN ISO 3679 is 120°C. 

2.8.4 Cetane number  

The cetane number (CN) is one of the most important parameters which are considered 

during the selection of biodiesel. It is the indication of ignition characteristics or ability of fuel 

to auto-ignite quickly after being injected. Cetane number provides information on ignition 

delay (ID) time when injected into the combustion chamber. Better ignition quality of the fuel 

is always associated with higher CN value [60,142]. Cetane number increases with increasing 

chain length of fatty acids and increasing saturation. A higher CN indicates shorter time 

between ignition and initiation into the combustion chamber [143]. Fuels with low CN tend to 

cause diesel knocking and showed increased gaseous and particulate exhaust emissions due to 

incomplete combustion [60]. CN is based on two compounds which are hexadecane with a CN 

of 100 and hepta-methylnonane with a CN of 15 [112,144,145]. Generally, biodiesel has higher 

CN than conventional diesel fuel, which results in higher combustion efficiency [145]. The CN 

of diesel, specified by ASTM D613 is 47 (minimum) and EN ISO 5165 is 51.0 (minimum). 
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2.8.5 Acid number  

The acid number is a measure of the amount of carboxylic acid groups in a chemical 

compound, such as a fatty acid, or in  a mixture of compounds [66]. The FFA defines the 

saturated or unsaturated mono-carboxylic acids that occur in fats, oils or greases glycerol 

backbones. Fatty acids contained carbon chain length and number of unsaturated bonds (double 

bonds). The structures of common fatty acids are given in Table 2.4. Higher amount of free 

fatty acids leads to higher acid value. Higher acid content causes severe corrosion in fuel supply 

system of an engine. The acid value is determined using the ASTM D664 and EN 14104. Both 

standards approved a maximum acid value for biodiesel of 0.50 mg KOH/g [35,109]. 

2.8.6 Free glycerol/Total glycerol 

Free glycerol refers to the amount of glycerol that is left in the biodiesel. The content 

of free glycerol in biodiesel depends on the production process. The high yield of glycerol in 

biodiesel may be resulted from insufficient separation during ester washing. Glycerol is 

essentially insoluble in biodiesel so almost all of the glycerol is easily removed by settling or 

centrifugation. Free glycerol may remain either as suspended droplets or as the very small 

amount that is dissolved in the biodiesel. High free glycerol causes injector coking and damage 

to the fuel injection [146]. The ASTM specification required that the total glycerol be less than 

0.24% of the final biodiesel product as measured using a gas chromatographic method 

described in ASTM D6584 and EN 14105/14106 has limit Max. 0.02% [147]. 

Total glycerine is a measurement of how much triglyceride remains unconverted into 

methyl esters. Total glycerine is calculated from the amount of free glycerine, monoglycerides, 

diglycerides, and triglycerides [129,148]. The reaction is presented below: 
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If the reaction is incomplete, then there will be triglycerides, diglycerides, and 

monoglycerides left in the reaction mixture. Each contains glycerol molecule that has not been 

released. The glycerol portion of these compounds is referred to as bound glycerol. When the 

bound glycerol is added to the free glycerol, the sum is known as the total glycerol. The ASTM 

specification requires that the total glycerol be less than 0.24% of the final biodiesel product as 

measured using a gas chromatographic method described in ASTM D 6584 and 0.25% in EN 

14105. Fuels that do not meet these specifications are prone to coking; thus,  may cause the 

formation of deposits on the injector nozzles, pistons and valves [149]. 

2.8.7 Water content and sediment 

Water and sediment contamination are basically storage issues for biodiesel. Water 

exists in either dissolved water or suspended water droplets. While biodiesel is generally 

considered to be insoluble in water, it actually takes up considerably more water than diesel 

fuel [150]. Water droplets in the fuel cause corrosion of fuel pumps, injector pumps, fuel tubes, 

etc. Water become acidic with time, resulting acid corrosion on fuel storage tanks, contribute 

to microbial growth and filter plugging [151]. Moreover, high water content contributes to 

hydrolysis reaction that converts biodiesel to free fatty acids which is also linked to fuel filter 

blockage. 

Sediment consist of suspended rust and dirt particles or may originate from the fuel as 

insoluble compounds formed during fuel oxidation [149,150]. If the water and sediment level 

is below 0.005 % volume, the result is reported as <0.005 % volume [152]. The standard of 

water content and sediment for biodiesel in ASTM D2709 and EN ISO 12937 specifications is 

0.05 (%v) max [152,153]. 
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2.8.8 Sulphur content 

Combustion of fuel containing sulphur causes emissions of sulphur oxides. In spite of 

the fact that; vegetable oils and animal fat-based biodiesel have low levels of sulphur contents, 

specifying this parameter is important for engine operability [55,61,63].  

2.8.9 Carbon residue 

Carbon residue test is used to indicate the extent of deposits resulting from the 

combustion of fuel. Carbon residue which is formed by decomposition and subsequent 

pyrolysis of the fuel components clogs the fuel injectors due to presence of free fatty acids, 

glycerides, soaps, polymers, higher unsaturated fatty acids and inorganic impurities 

[55,151,154]. Although this residue is not solely composed of carbon, the term carbon residue 

is found in all standards because it has long been commonly used. The range of limit standard 

ASTM D4530 is Max 0.050% (m/m) and EN ISO10370 is Max. 0.30% (m/m) [55,61,63]. 

2.8.10 Copper strip corrosion 

The copper corrosion test measures the corrosion tendency of fuel when used with 

copper, brass, or bronze parts. A copper strip is heated to 50°C in a fuel bath for three hours 

followed by comparison with a standard strips to determine the degree of corrosion. Corrosion 

resulting from biodiesel might be induced by some sulphur in acids; hence this parameter is 

correlated with acid number. The ASTM D130 standard mentions that the samples can have 

class 3 and EN ISO 2160 [55,61,63]. 

2.8.11 Phosphorous, calcium and magnesium content 

Phosphorous, calcium, and magnesium are minor components typically associated with 

phospholipids and gums that may act as emulsifiers or cause sediment, lowering yields during 

the transesterification process [123]. The specification from ASTM D6751 states that 

phosphorous content in biodiesel must be less than 10 ppm, and calcium and magnesium 
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combined must be less than 5 ppm. Phosphorous is determined using ASTM D4951 and 

EN14107, Calcium and Magnesium are determined using EN Standard 14538 [155].  

2.8.12 Iodine number 

The iodine number is an index of the number of double bonds in biodiesel which 

determines the unsaturation degree of the biodiesel. This property influences the oxidation 

stability and polymerization of glycerides, leading to the formation of deposits in diesel engines 

injectors. Iodine value is directly correlated to biodiesel viscosity, cetane number and cold flow 

characteristics (cold filter plugging point). The iodine number is set to a maximum value of 

120 mgI2/g according to EN 14111 [66,156]. 

2.8.13 Saponification number 

Saponification number expressed by potassium hydroxide in milligrams required 

to saponify one gram of fat or oil. It depends on the type of fatty acid contained in the oil. Fatty 

acid alkyl esters saponification is an undesired reaction during alkali-catalysed 

transesterification, as it hinders the separation process, reduces yield and reduces the quality of 

the raw biodiesel product [157]. Vegetable oils and fats may contain small amounts of water 

and free fatty acids (FFA). For an alkali-catalyzed transesterification, the alkali catalyst that is 

used will react with the FFA to form soap. Eqn. (2.2) shows the saponification reaction of the 

catalyst (sodium hydroxide) and the FFA (R1-COOH), forming soap (R1-COONa) and water. 

In addition, it binds with the catalyst meaning that more catalyst will be needed and hence the 

process will involve a higher cost [53]. 

OHCOONaRNaOHCOOHR 211      2.2 

2.9 Biodiesel Storage Stability/Oxidation Stability  

The oxidative stability of the fatty acids in biodiesel under various storage conditions 

were evaluated by Leung et al. [158], who found that oxidative instability increases the 

kinematic viscosity, peroxide value, and acid value of biodiesel. However, no long-term 
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evaluations of the influence of oxidative variables on the burning characteristics of biodiesel 

have been reported in the literature. 

Oxidation stability is an indication of the degree of oxidation, potential reactivity with 

air. Oxidation occurs due to the presence of unsaturated fatty acid double bond(s) in the parent 

molecule, which immediately react with the oxygen as soon as it is being exposed to air 

[55,159]. The chemical composition of biodiesel fuels make it more susceptible to oxidative 

degradation than fossil diesel fuel. The Rancimat method (EN ISO 14112) is listed as the 

oxidative stability specification in ASTM D6751 and EN 14214. A minimum IP (110 °C) of 3 

h is required for ASTM D6751, whereas a more stringent limit of 6 hours or greater is specified 

in EN 14214 [160–162]. 

Oxidation produces hydroperoxides, aldehydes, ketones and acids that change the fuel’s 

properties. As biodiesel oxidizes, it becomes more viscous. The hydroperoxide induced 

polymerization and form insoluble gums and sediments [151]. Oxidation and formation of 

sediments and gum can cause fuel filter plugging. In the presence of oxygen, chain reactions 

occur simultaneously. Oxidative reactions occur in a series of initiation, propagation, and 

termination steps as shown in Figure 2.6. 

Initiation: 

RH → 𝑅− + H+ 

Propagation: 

𝑅− + O2 → ROO− 

ROO− + RH → ROOH + 𝑅− 

Termination: 

𝑅− + 𝑅− → R − R 

ROO− + ROO− → Stable Product 

Figure 2.6: Scheme for chain reaction mechanism of oxidation [163] 
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The initial step involves an abstraction of hydrogen from unsaturated fatty acid to form 

free radical (R-) followed by an attack of molecular oxygen to these locations to form peroxide 

radicals (ROO-). The propagation phase involves intermolecular interactions, whereby the 

peroxide radical abstracts hydrogen from an adjacent molecule, which gives rise to 

hydroperoxides (ROOH) and a new free radical. C-H bond dissociation energies of fatty acid 

are lowest at bisallylic followed by allylic positions as shown in Figure 2.7. 

 

 

 

 

Figure 2.7: Carbon hydrogen bond position in fatty acids [164] 

It is reported that lower bond energies for bisallylic and allylic hydrogens are 75 and 

88 kcal/mol, respectively while those of methylene hydrogens are 100 kcal/mol [165–167]. 

Once formed, hydroperoxides tend to proceed toward further oxidation degradation leading to 

secondary oxidation derivatives such as aldehydes, acids, and other oxygenates [164]. 

 

Figure 2.8: Common fatty acid methyl ester molecules[168] 

When compared to diesel fuel, the unsaturation accounts for biodiesel instability. As 

the unsaturation in the fatty acid chain portion increases, the biodiesel becomes more unstable. 

R - CH2 – CH2 – CH = CH- CH2 – CH = CH – R’ 

alkyl 
bisallylic 

allylic 
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In Figure 2.8, the positions in the oleic acid, linoleic acid and linolenic acid (most common 

unsaturated acids present in the oils or fats and thus in the biodiesel) that are vulnerable to 

oxidation are highlighted by a circle. The allylic and bisallylic methylene moieties are the most 

susceptible to oxidation as a result of the radical chain reaction [168].  Other fuel properties 

are also reported to be increasing with storage time.   

Accordingly, Canacki et al [169] reported increasing peroxide value, acid number and 

viscosity of oxidized biodiesel without anti-oxidants. Similarly, Wang et al. [170] reported 

increase in peroxide value, acid value, density, viscosity for stored rapeseed methyl and ethyl 

esters over a storage period of two years. However, they concluded that decrease in calorific 

value of biodiesel with storage time.  

Bondioli et al. [171] investigated long term storage behaviour of 11 biodiesel samples 

for 1 year.  The peroxide value and kinematic viscosity of all the biodiesel samples were found 

to be increasing with storage time. Since biodiesel physico-chemical properties change with 

storage period, it is expected that the performance and emission characteristics of such 

deteriorated biodiesel would change [172]. Agarwal et al.[163] investigated the effect of 

oxidized biodiesel on engine performance and emission parameters; such biodiesel produced 

15 and 16 % lower exhaust carbon monoxide and hydrocarbons respectively and reported 

decrease in Smoke, HC and CO emission levels with oxidized biodiesel as compared to base 

line diesel results.  

Conventionally, using anti-oxidants such as tert-butylhydroquinone (TBHQ), 

ECOTIVE, 2,5-Di-tert-butylhydroquinone (DTBHQ), butylated hydroxyanisole (BHA), 

butylated hydroxytoluene (BHT), propyl gallate (PrG) , Ionox  75 (2,6-di-tert-butylphenol 

75%) and tocopherol have been reported by various researchers to reduce the impact of 

biodiesel degradation and improved oxidation stability [120-121]. 
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2.10 Cold Flow Property of Biodiesel 

The behaviour of biodiesel at low temperature is an important quality criterion. This is 

because partial or full solidification of the fuel may cause blockage of the fuel lines and filters, 

starting problems, and engine damage. The cloud point (CP) and pour point (PP) are important 

for low-temperature applications for fuel. The cloud point is the temperature at which wax 

crystals first becomes visible when the fuel is cooled under controlled conditions during a 

standard test. Pour point is the temperature at which the amount of wax out of solution is 

sufficient to gel the fuel, thus it is the lowest temperature at which the fuel can flow 

[42,112,173]. Cloud and pour points are measured using ASTM D2500 EN ISO 23015 and 

D97 procedures [141].  

Cold filter plugging point (CFFP) is used as indicator of low temperature operability of 

fuels. It refers to the temperature at which the test filter starts to plug due to fuel components 

that have started to gel or crystallize [151]. CFPP defines the fuels limit of filterability, having 

a better correlation than cloud point for biodiesel as well as petro diesel. CFPP is measured 

using ASTM D6371 [136,174]. Crystallization of the saturated fatty acid methyl ester increase 

with decreasing temperature and the pour point is the lowest temperature at which it will cease 

to flow defined the cloud point and pour point of biodiesel [151,175]. Several approaches exist 

to improving biodiesel CFPP including the use of additive, esters of other seed oils, and 

winterization [151,176]. Inherent genetic modification of the fatty acid profile offers the best 

possibility of addressing several or all fuel property issues simultaneously. 

2.11 Engine Performance, Emissions and Combustion Characteristics of Potential 

Feedstocks of the India 

2.11.1 Jatropha curcas biodiesel 

Chauhan et al. [177] evaluated the performance and exhaust emissions using Jatropha 

biodiesel blends with diesel fuel on an unmodified diesel engine. In case of all fuel blends, 
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brake thermal efficiency, HC, CO, CO2 and smoke density were lower while BSFC and NOx 

were higher than that of diesel. Other  similar studies Rashed et al. [178], Nalgundwar et al. 

[179]  and Huang et al. [180] showed similar results for Jatropha biodiesel. According to the 

Bari et al. [181] combustion characteristics of 20% jatropha biodiesel (B20) blend and D100 

were also found to be very similar with B20 having 4.8̊CA more combustion duration than 

D100 due to low volatility and presence of heavier molecules in biodiesel. The authors 

concluded that biodiesel derived from Jatropha and its blends could be used in a conventional 

diesel engine without any modification up to B20.  

Similarly, Ganapathy et al. [182] conducted experiments using full factorial design 

consisting of (33) with 27 runs for each fuel, diesel and Jatropha biodiesel. The effect of 

variation of above three parameters on brake specific fuel consumption (BSFC), brake thermal 

efficiency (BTE), peak cylinder pressure (Pmax), maximum heat release rate (HRRmax), CO, 

HC, NO emissions and smoke density were investigated. It has been observed that advance in 

injection timing caused reduction in BSFC, CO, HC and smoke levels and increase in BTE, 

Pmax, HRRmax and NO emission with Jatropha biodiesel operation. Increase in volume fraction 

showed increase in BTE, Pmax, HRRmax and NO emission at this injection timing, load and 

speed were 5.3%, 1.8%, 26% and 20% respectively. 

Mofijur et al. [183] studied the feasibility of Jatropha as a potential biodiesel feedstock in 

Malaysia. Interestingly, only B10 and B20 have been used to evaluate engine performance and 

emission and compared to B0, the average reduction in brake power (BP) is 4.67% for B10 and 

8.86% for B20. It was observed that BSFC increased as the percentage of biodiesel increase. 

In comparison to B0 (D100), reduction in hydrocarbon (HC) emission of 3.84% and 10.25% 

and carbon monoxide (CO) emission of 16% and 25% was reported using B10 and B20. 

However, the blends give higher nitrogen oxides (NOx) emission of 3% and 6% using B10 and 

B20. As a conclusion, B10 and B20 can be used in a diesel engine without any modifications. 
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2.11.2 Karanja biodiesel 

Dhar et al. [184] investigated performance, emissions and combustion characteristics of 

Karanja biodiesel and its blends on engine with varying engine speed and load. Maximum 

torque attained by 10% and 20% biodiesel blends were higher than diesel, while higher 

biodiesel blends produced slightly lower torque. BSFC of biodiesel blends was comparable to 

diesel however BSFC increased for higher biodiesel blends.  

The CO, HC and smoke emissions of Karanja biodiesel blends were lower than mineral 

diesel but NOx emissions were slightly higher. Comparative investigation of performance, 

emissions and combustion characteristics of Karanja biodiesel blends and mineral diesel 

showed that up to 20% Karanja biodiesel blend can be utilized in an unmodified diesel engine. 

Similar outcomes found by Raheman et al. [185]. Nabi et al. [74] produced karanja methyl 

ester (KME), engine result showed reduced engine emissions including carbon monoxide (CO), 

smoke and engine noise, but increased oxides of nitrogen (NOx). Compared to DF, B100 

reduced CO, and smoke emissions by 50 and 43%, while a 15% increase in NOx emission was 

observed with the B100. 

Chauhan et. al.[186] conducted transesterification Karanja oil and found the properties 

within acceptable limits of relevant standards. The performance studied included brake thermal 

efficiency of Karanja biodiesel with different compositions at 5%, 10%, 20%, 30% and 100% 

with diesel. BTE was about 3-5% lower with Karanja biodiesel and its blends with respect to 

diesel. Also, emissions parameters revealed UBHC, CO, CO2 and smoke were lower with 

Karanja biodiesel fuel. However, NOx emissions of Karanja biodiesel and its blend were higher 

than diesel. The peak cylinder pressure and heat release rate was lower for Karanja biodiesel. 

The results suggested that biodiesel from Karanja and its blends with diesel could be a potential 

fuel for diesel engine and play a vital role in the near future especially for small and medium 

energy production. 
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2.11.3 Polanga (Calophyllum inophyllum) biodiesel 

Sahoo et al. [187]evaluated the performance and emission of Polanga oil methyl ester 

(POME) blends (0-100%) in a single cylinder diesel engine at different loads (0-100%). 

Findings demonstrated that the performance of biodiesel-fuelled engine was improved than 

diesel-fuelled engine regarding thermal efficiency, brake specific energy consumption (BSEC), 

smoke opacity, and exhaust emissions including NOx emission for the entire range of 

operations. The 100% biodiesel was found to be the best, which improved the thermal 

efficiency of the engine by 0.1%. Similar trend was shown by the BSEC and the exhaust 

emissions which were reduced. Smoke emissions also reduced by 35% for B60 as compared to 

neat petro-diesel. Decrease in the exhaust temperature of biodiesel-fuelled engine led to 

approximately 4% decrease in NOx emissions for B100 biodiesel at full load. However long 

term endurance test and other tribological studies need to be carried out before suggesting long 

term application of polanga oil based biodiesel. 

Sahoo et al. [188] tested the applications of biodiesel in a single cylinder diesel engine 

and discovered that; neat biodiesel from Jatropha, Karanja and Polanga; and their blends (20 

and 50 by v%) were used for conducting combustion tests at varying loads (0, 50 and 100%). 

The engine combustion parameters such as peak pressure and its occurrence time, heat release 

rate and ignition delay were computed. Combustion analysis revealed that B20 Polanga 

biodiesel had maximum peak cylinder pressure. The ignition delays were consistently shorter 

for neat Jatropha biodiesel, varying between 5.9° and 4.2° crank angles lower than diesel with 

the difference increasing with the load. Similarly, ignition delays were shorter for neat Karanja 

and Polanga biodiesel when compared with diesel. 

2.11.4 Mahua (Madhuca Indica) biodiesel 

Raheman et al. [85] reported the performance of biodiesel obtained from Mahua 

biodiesel and its blend. The tested properties were found to be comparable to diesel and within 
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standards. Engine performance (BSFC, BTE and exhaust gas temperature) got reduced in 

exhaust emissions and BSFC with increase brake power, BTE was impressive when B20 was 

used. Equally, emissions (CO, smoke density and NOx) reduced. Godiganur et. al. [189]  

assessed the performance of methyl ester of mahua oil biodiesel and its blends at constant speed 

of 1500 rpm under variable load conditions. The volumetric blending ratios of biodiesel with 

conventional diesel fuel were set at 0, 20, 40, 60, and 100. Engine performance and emissions 

evaluated indicated the increasing biodiesel in the blends CO, HC got reduced significantly, 

fuel consumption and NOx emission of biodiesel increased slightly compared with diesel. 

BSEC decreased and thermal efficiency of engine slightly increased when operating on 20% 

biodiesel than that operating on diesel. 

Puhan et al. [87] performed analysis of Mahua methyl ester with diesel fuel in a single 

cylinder direct injection CI engine and showed decrease (13%) in thermal efficiency. In the 

continuing the work, Puhan et al. [190] tested Mahua oil ethyl ester and showed the comparable 

thermal efficiency with diesel fuel. According to Puhan et al [87,190], exhaust emissions of 

CO, HC, NOx and smoke number were reduced around 58%, 63%, 12% and 70% respectively 

in case of MOEE and 30, 35, 4 and 11% respectively, compared to diesel. The amount of NOx 

produced for neat biodiesel of Mahua oil was 50 ppm. Similarly, its biodiesel performance tests 

showed that power loss was around 13% combined with 20% increase and emissions such as 

CO and HC were lower for MO biodiesel compared to diesel by 26% and 20% respectively. 

However, it was observed that NOx emission was lesser by 4% for MO biodiesel compared to 

diesel was tested on a single cylinder CI engine by Saravanan et al. [191].  

2.11.5 Neem biodiesel 

Dhar et al.[138] evaluated neem oil biodiesel regarding its performance, emission and 

combustion characteristics and its various blends with diesel were compared with baseline data. 

The BSFC for biodiesel and its blends was higher than diesel and brake thermal efficiency of 
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all biodiesel blends was found to be higher than diesel. CO and HC emissions were lower than 

diesel but NOx emissions were higher for biodiesel blends.  

Detailed combustion characterization revealed that combustion started earlier for 

higher biodiesel blends but was slightly delayed for lower blends of biodiesel in comparison 

with diesel. Rate of heat release remained unchanged. Combustion duration for biodiesel 

blends was found to be shorter than diesel; suggesting that neem oil biodiesel was marginally 

inferior compared to diesel. 

2.11.6 Sal (Shorea robusta) biodiesel 

Hajra et al, [192] produce biodiesel from  Sal oil (Shorea robusta) using  the 

transesterification. The studies sal biodiesel emissions such as CO, HC and NOx are reduced 

by 25%, 45% and 12%, respectively compared to diesel without significant difference in 

thermal efficiency. Based on this study it is concluded that the SME can be used as fuel without 

any modifications in the engine and hence this biodiesel can be a potential substitute to standard 

diesel fuel. Chhibber et al. [193] carried out engine trials for 25% sal biodiesel and results 

exhibited comparable performance and lowered emissions.  

2.11.7 Kusum (Schleichera oleosa) biodiesel 

Sharma et al. [100] produced biodiesel using Kusum (Schleichera triguga), and found 

various physical and chemical parameters of the fatty acid methyl esters derived have confirm 

its suitability as a biodiesel fuel. One another study Silitonga et al. [99] found that Schleichera 

oleosa possesses the potential as a feedstock for biodiesel production.  

2.11.8 Waste cooking oil biodiesel 

Muralidharan et al. [194] carried out experiments to estimate the performance, 

emission and combustion characteristics of a single cylinder; four stroke variable compression 

ratio multi fuel engine fuelled with waste cooking oil methyl ester and its blends with diesel. 

Tests has been conducted using 20%, 40%, 60% and 80% biodiesel blends, with an engine 
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speed of 1500 rpm, fixed compression ratio 21 and at different loading conditions. The 

performance parameters elucidated included brake thermal efficiency, specific fuel 

consumption, brake power, indicated mean effective pressure, mechanical efficiency and 

exhaust gas temperature. The exhaust gas emission was found to contain carbon monoxide, 

hydrocarbon, nitrogen oxides and carbon dioxide. The results of the experiment was compared 

and analyzed with diesel and it confirmed considerable improvement in the performance 

parameters as well as exhaust emissions. The blends when used as fuel results in the reduction 

of carbon monoxide, hydrocarbon, carbon dioxide at the expense of nitrogen oxides emissions. 

It has deduced that the combustion characteristics of waste cooking oil methyl ester and its 

diesel blends closely followed diesel. 

2.12 Outcomes of Literature Review 

As an outcome of the elaborative review of existing technical literatures regarding the 

engine trial results of biodiesels derived from a wide range of vegetable oil feedstocks and its 

blends, the following conclusions are made.  

An exhaustive literature review has been carried out to study the biodiesel production 

and its utilization in diesel engine. As an outcome of review of literature, the following major 

findings can be made; 

1. The vegetable oils are promising as diesel engine fuel, however, there are many 

difficulties associated with its use which include; poor atomization, incomplete 

combustion, ring sticking, fuel system clogging, polymerization and carbon deposits. 

High viscosity of vegetable oils contributes these difficulties which can be addressed 

by transesterification, pyrolysis and catalytic cracking, preparation of emulsions and 

dilution with diesel fuel. However, transesterification is the most preferred for reduction 

of viscosity of vegetable oils. 
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2. With some exceptions, most of the non-edible oils have high free fatty acid contents 

leading to a two stage process (esterification followed by transesterification) to produce 

biodiesel [107,138,195–198]. 

3. The energy consumption in two stage transesterification is higher. Therefore, 

optimization of process parameters is required in high FFA non-edible oil seeds for 

commercial scale production [165,199,200].  

4. Response surface methodology using central composite design method had been used 

by many researchers as an effective process optimization technique during biodiesel 

production from a wide range of feedstocks [130,201–203]. 

5. In some of the literature, the biodiesel sample produced did not fulfil the designated 

standards of ASTM/EN/IS etc. [121,204,205] resulting in further addition of additives 

and post-processing [117,133,163,168,173,176,206,207].   

6. Depending upon the feedstocks, some of the biodiesel samples showed improved brake 

thermal efficiency and reduced BSEC with increased biodiesel volume fraction in the 

test fuel [208–212] whereas some others exhibited exactly opposite trend [213–215].  

Therefore, engine performance using biodiesel directly depends upon the property of 

the corresponding feedstock [42,45,103,209,216] and the efficiency of the conversion 

process [61,92,199,217]. 

7. Most of the literature agreed on the common denominator that emissions of carbon 

monoxide and total hydrocarbons reduced with increasing biodiesel blending [218–

221], whereas oxides of nitrogen increased [138,218]. However, even reduction in 

oxides of nitrogen was reported in many cases,  [7,222–224].  

8. Literature indicated increased in-cylinder pressure for lower volume fraction of 

biodiesel in the test fuels irrespective of the feedstocks. This led to shorter combustion 

duration, increased in-cylinder temperature and lower exhausts temperatures in many 



Chapter: 2- Literature Review  

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page 64 
 

cases. However, with higher volume fractions of biodiesel, some literatures indicated 

reduction in peak in-cylinder pressure where some indicated minimal changes in the 

peak in-cylinder pressure. Therefore, the combustion phenomena using biodiesel is 

highly sensitive to the nature of the feedstock and transesterification process  which 

actually determines the fuel properties [15,194,225,226]. 

9. With an increase in volume fraction of biodiesel, the reduction in combustion heat 

release was reported in most cases [227]. However, in few cases a marginal increase 

was reported at lower blends [182,228].  

10. Increased heat release in the diffusion phase, smoother engine operation etc. are some 

of the  findings in most of the literature [45,229,230].  

2.13 Research Gap Analysis 

On the strength of exhaustive review of literature, the following research gaps were 

identified. 

1. So far, the biodiesel policy of India focuses on Jatropha curcas and this has lead to 

mono-culture. There is an urgent need to explore other non-edible crops especially TBO 

as the sustainability of feed stocks remains an issue. No single feedstock can fulfil the 

demand of 20% blending as proposed by biofuel policy of India. 

2. The land availability issues for Jatropha Cultivation cannot be ignored while the use of 

existing feedstocks like Sal and Kusum is not fully explored. 

3. The performance and emission tests have suggested either increase or decrease in BTE 

with reduction in CO, HC emissions. NOx has been found to increase in most cases; 

however, it is reducing in some of the cases. There is a need to explore performance 

and emission characteristics with the two species selected for the present study. 



Chapter: 2- Literature Review  

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page 65 
 

4. The performance and emission characteristics in respect of different biodiesel suggest 

that composition of feedstock have a important role to play. These characteristics are 

not adequately studied for Sal and Kusum biodiesel. 

5. Low temperature behaviour along with oxidation stability of biodiesel derived from Sal 

and Kusum not studied. 

6. Exhaustive research work is available on diesel/biodiesel blends however, combustion 

analysis of biodiesel in the diesel engine is new thrust area. 

7. Combustion characteristics based on the heat release models and mass fraction burned 

model yet to be explored for Sal and Kusum biodiesel.  

2.14  Problem Statement 

It may be inferred that comprehensive engine trials to evaluate performance, emissions 

and combustion studies on diesel engines fuelled with Sal and Kusum biodiesel are 

unexplored in the literature.  

In the light of the exhaustive literature review and the research gap analysis, it is clear 

that the most widely used method for vegetable oil usage in diesel engine is the conversion to 

methyl esters or biodiesel to address the high viscosity issues of vegetable oils. As reported in 

the preceding section, the primary focus for biodiesel production in India has been on Jatropha 

oil seed, which is available only during a particular season in a year. Other potential TBOs such 

as Kusum and Sal have not been studied adequately. Present research explore the production 

of biodiesel from Sal and Kusum tree borne oils and optimize of process parameters using 

response surface methodology. Enhancement of cold flow property and long term storage 

stability due to addition of additives has been carried out. Then, exhaustive engine trials has 

been carried out using Sal methyl ester and Kusum methyl ester blend with diesel up to 40%. 

In the subsequent analysis, it may provide a clear picture regarding the suitability of these 

methyl esters blends as alternative fuels to diesel fuel.  
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2.15 Objectives 

The following objectives were envisaged for the present research work. 

1. To produce biodiesel using Sal oil and Kusum oil through transesterification process. 

2. To optimize production process parameters using response surface methodology for 

maximizing yield. 

3. To determine various physico-chemical properties of biodiesels and different blends as 

per the appropriate International standards like ASTM.  

4. To evaluate the effects of additives on oxidation stability and cold flow properties of 

test fuels.  

5. To study the storage stability of biodiesel for a period of one year with and without 

additives. 

6. To develop experimental set up for the engine trials. 

7.  To conduct the combustion, performance and emission tests on the single cylinder 

Diesel engine with diesel in order to generate baseline data for reference in all 

subsequent tests, and to carry out the same trials for biodiesel/diesel under similar 

conditions as well.  
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CHAPTER 3  

SYSTEM DEVELOPMENT AND METHODOLOGY 

3.1 Introduction 

This chapter explains how the whole research was conducted with the systematic 

execution of steps followed and as mentioned in the problem statement section. Figure 3.1 

gives a brief summary of the implemented flow chart of this research. 

Characterization of feedstocks

Selection of promising non-edible biodiesel 

feedstocks

Production of biodiesel

Determination of physico-chemical 

properties of biodiesel

Enhancement of CFPP and Oxidation 

stability of biodiesel 

System Development 

for Engine Testing

Engine performance, emissions and 

combustion analysis of biodiesel

 

Figure 3.1: Flow chart of research methodology 

 It includes the production of biodiesel from Sal oil and Kusum oil and its optimization 

using response surface methodology, comprehensive physico-chemical characterization, 

improvement in some desired properties (such as oxidation stability and cold flow property). 
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The preparation of various blends of Sal methyl ester (SME) and Kusum methyl ester (KME) 

with diesel, and development of engine test rig for the engine trials have been described in 

details. The chapter also described the procedures for the calculations of heat release rate, 

mass friction burnt, and the exhaustive engine trials. Finally, the accuracy and uncertainties 

of measurements are also reported in this chapter.  

3.2 Sal (Shorea robusta)  

Sal is a large sub deciduous tree named as Shorea robusta [193]. It is up to 50 meter 

high. It has large leathery leaves and yellowish flowers. The oil from seed is known as Sal 

butter. It is spread across 10 million hactares in India, covering approximately 14% of the 

total forest area of the country [231]. Also it plays an important role in the economics of some 

Indian states i.e. Orissa, Jharkhand, Chhattisgarh and Madhya Pradesh; with Sal forest area 

covering about 45% of their total forest area. About 20-30 million forest dwellers, depend on 

Sal seeds, leaves and resigns as source of their livelihood. At present about 1.50 million metric 

tons of Sal seeds are produced per year in India, which generates around 1.32 million metric 

tons of de-oiled cake after oil extraction [231]. 

Sal seed is light brown in color, contains calyx and wings. The de-shelled seeds 

contain a thin seed coat and seed pod as shown in Figure 3.2. The kernel has five segments 

covering the embryo. Strong wind or storm helps in bumper fall towards [96,232]. The quality 

of the Sal fat depends on kernels collection and stored. Sal seed contains high moisture 

content which in turns increases the FFA level, making it non-edible. Some important 

properties of pure Sal oil and Kusum oil are shown in Table 3.1.  
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Table 3.1: Properties of the Sal oil and Kusum oil [98,99]. 

S.No. Properties Sal oil Kusum  

1 Appearance White or Light yellow fat  Pale brown oil 

2 Iodine Value (wijs) 28 – 42 45-65 

3 Saponication value  230- 280 170-190 

4 % FFA 1-3 7-11 

5 Melting Point (0C) 33- 38 -1 

6 Total saturated 61% 31% 

7 Total monounsaturated 39% 62% 

8 Total polyunsaturated - 7% 

         

   

 

Figure 3.2: Various parts of Sal (Shorea robusta) tree  
 

Footnote: A: Tree; B: Flower canopy; C: Fruit; D: Seed 
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3.3 Kusum (Schleichera oleosa)  

The botanical name of Kusum is Schleichera oleosa and the annual production 

potential is around 66,000 tonnes in India, out of which 4000 to 5000 tonnes are actually 

collected [233]. It is a medium to large sized, evergreen, dense tree with 35 to 50 feet height 

as shown in Figure 3.3. It mainly nurtures sub-Himalayan tracts in the north and central parts 

of eastern India. Seeds are mostly globular with 1.5 cm in diameter and weighing between 

0.5 and 1.0 g. The brown seed coat is brittle and breaks at a slight pressure to expose a ‘U’ 

shape kernel as shown Figure 3.3. The leaflets are 2 to 4 pairs, elliptic or elliptic-oblong, 

margins entire and apex rounded. It is host tree for best grade lac insects [100].  

 

Figure 3.3: Kusum (Schleichera oleosa); A: Tree; B: Fruits; C: Seeds 

Kusum oil is non-edible. In India, the oil is used generally for soap making. It is 

traditionally used as medicine for the cure of itch, acne, burns, other skin troubles, rheumatism 

(external massage), hair dressing and promoting hair growth. Oil is also used for culinary, 

lighting purposes and lubrication.  
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3.4 Physico-chemical Properties of Sal oil and Kusum oil 

In this research, the important physico- chemical properties of the crude oils and their 

respective methyl esters were tested according to ASTM D 6751 standard. These properties 

include: viscosity, density, flash point, cold filter plugging point (CFPP), Carbon residue, 

calorific value (heating value), oxidation stability, moisture content, copper strip corrosion, 

cetane number and so on. These properties are discussed further in consequent section 3.11. 

Table 3.2 shows the equipment used to analyse these properties, their manufacturers and the 

standards used to measure these properties. All these equipment were located in Centre for 

Advanced Studies and Research in Automotive Engineering (CASRAE), Delhi 

Technological University, Delhi.  

Table 3.2: List of equipments  

  Property Equipment Manufacturer ASTM 

D6751  

1 Kinematic 

viscosity 

Petrotest  viscometer (Anton Paar, UK) ASTM 

D7042/D445 

2 Flash Point Pensky-martens flash point - 

automatic  

(Baveno, Italy) D 93 

3 Oxidation 

stability 

873 Rancimat  (Metrohm, 

Switzerland) 

D 675 

4 Cloud and 

Pour point 

Cloud and Pour point tester - 

automatic NTE 450  

(Normalab, France) D 2500 and   

D 97 

5 CCR Micro Carbone Residue 

Tester  - automatic Alcor  

Alcor Petroleum 

Instruments, USA 

D 4530 

6 Density Density meter DMA-450  (Anton Paar, UK) D 1298 

7 CFPP Cold filter plugging point – 

automatic NTL 450  

(Normalab, France) D 6371 

8 Caloric  

value 

Bomb calorimeter Parr 6100  (IKA, UK) D 5865 

9 Acid Value  Potentiometer titrator  Metrohm D 664 

10 Peroxide 

value 

Potentiometer titrator  Metrohm  D 664 

11 Saponificatio

n value 

Potentiometer titrator  Metrohm  D.664 
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12 Iodine value Potentiometer titrator Metrohm D 664 

13 Fatty acid 

profile 

GCMS Auto sampler AOC 

20i 

Shimaddzu 

corporation  

- 

14 Functional 

Group 

FTIR-8400 S Shimaddzu 

corporation 

- 

15 Water 

content 

Karl Fischer’s Moisture 

Titrator 

Metrohm D 2709 

3.4.1 Determination of acid value 

Acid value is defined as the number of milligrams of potassium or sodium hydroxide 

necessary to neutralize the free acid in 1g of sample. The procedure conducted in this research 

to measure the acid values of non-edible crude oils such as Sal oil and Kusum oil. To 

determine acid value potentiometer titrator is used as shown in Plate 3.1. It is universal titrator 

which provides acid value, peroxide value, saponification number and iodine number of the 

test fuel/sample.  

Acid number determines the acidic constituents in a fuel. For biodiesel, the acid number 

is an indicator of the quality of the product. Specifically, it detects the presence of any un-

reacted fatty acids still in the fuel, or any acids that were used in biodiesel processing. This is 

also an indication of the condition of the stability of the fuel, because the acid number 

increases as the fuel ages. The acid number was determined by Potentiometric titration 

method in accordance with ASTM D-664. 

The equipment used for the determination of total acid number is the Potentiometric 

Titrator and is shown in the Plate 3.1. During the test, the sample is dissolved in a mixture of 

toluene and iso-propanol that contains a small amount of water. The sample is titrated 

potentiometrically with alcoholic potassium hydroxide. The meter readings are plotted 

against the respective volumes of titrating solution and the end points are taken at well-

defined inflections in the resulting curve. The titration commences with adding the base 
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(NaOH solution) with a known normality (0.1N) from the burette drop by drop to the mixture 

until the indicator changes its color at the endpoint. The volume of reactant consumed was 

measured and used to calculate the acid value of the sample by using the following equation 

3.1.  

𝐀𝐕 =
𝐌𝐖 ×𝐍 ×𝐕

𝐖
    (3.1) 

Where: MW ≡ Molecular weight of sodium hydroxide; N≡ Normality of sodium hydroxide solution (0.1 N); V≡ 

Volume of sodium hydroxide solution used in titration; W ≡ Weight of oil sample. 

 

Plate 3.1: Potentiometer titrator/petrochemical 

3.5 Biodiesel Production  

Biodiesel was produced using transesterification process as discussed elsewhere 

[234]. FFA content of the Sal seed oil was less than 2%, so single stage transesterification 

process was used to produce Sal methyl ester. The transesterification was conducted using 

optimized process parameters. However Kusum oil has high free fatty acid (8 to 11%) 

contents leading to two stage process to produce biodiesel. In the first stage (esterification) 

the FFA is reacted with the alcohol in presence of acid catalyst and when the FFA is reduced 

below 2%, then it is transesterified in presence of alkaline catalyst.  
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Normally sulphuric acid and PTSA is considered as the suitable catalyst for 

esterification. The FFA can react with alcohol to form ester (biodiesel) by an acid-catalyzed 

esterification reaction [235]. The reaction for reducing FFA, as shown in the equation 3.2;  

OHRCOORROHCOOHR H

211 


 (3.2) 

(FFA)  (Alcohol)  (Fatty acid ester) (Water) 

The general scheme of the transesterification reaction is presented in Figure 3.4, where R is 

a mixture of fatty acid chains. 
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Figure 3.4: Scheme for transesterification reaction 

Typical biodiesel production stages are shown in Figure 3.5 whereas in the present 

study optimised process parameters were used for esterification and transesterification using 

Response Surface Methodology (RSM). All the chemicals used were analytical reagent grade: 

methanol (CH3OH), potassium hydroxide (KOH), PTSA (para toluene sulphonic acid), 2-

Propanol (iso-propyl alcohol), potassium hydroxide solution (0.1N), phenolphthalein as 

indicator and glassware & filter paper of 125mm size were used.  

Experimental arrangement is shown in Plate 3.2. RSM, based on the combination of 

statistical and mathematical tools, is considered to be a valuable technique for the 

development, modification and optimization of various processes. 
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Figure 3.5:  Various steps in biodiesel production 

Footnote: A – Transesterification (Alcoholics); B – Gravity settling; C – Water washing; D – Fatty acid methyl 

ester (Biodiesel)  

RSM is proved to be useful tool for the analysis of problems during which a certain 

response of concern is usually influenced by different process variables with the purpose to 

optimizing defined response of interest [236]. Plate 3.3 and Plate 3.4 represents the post 

processing of Sal oil and Kusum oil after the transesterification process. 

 

Plate.3.2:  Experimental run as per RSM test matrix  
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Plate 3.3:  Post processing  for Sal biodiesel  Plate 3.4: Post processing  for Kusum      

biodiesel 

The same process parameters used to produce large quantity of biodiesel in the 10 L 

capacity reactor as presented in Plate 3.5. Arrangement is also provided to control the heating 

rate. Stirring of the reactants is carried with the help of a blade agitator mounted on alternating 

current geared motor. Digital display of temperature and stir speed (rpm) is provided. A heat 

exchanger (condenser) with appropriate cooling arrangement through water is provided to 

condense the methanol during transesterification reaction.  

 

 Plate 3.5: 10 Liter Capacity Biodiesel Reactor 
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3.6 Optimization of Biodiesel Production Using RSM  

The energy consumption of production biodiesel is integral part for biodiesel costing 

(economics). Therefore, optimization of process parameters of esterification and 

transesterification is required of non-edible oil seeds for commercial scale production.  

RSM in experimental design has increasingly attracted the attention of many 

researchers [97,200,237,238]. The most widely used model was Central Composite Design 

(CCD) of Response Surface Methodology (RSM) as found from the literature review. CCD 

was employed to determine the optimal reaction conditions. It is a second order experimental 

model which composed of factorial design, set of central points, and axial points equidistant 

to the center point. The factorial design component of CCD is of the class 2k factorial, where 

k represents the number of appropriate factors or variables. Each of the variables is chosen at 

two levels meaning that each variable has a low (coded numeric value of -1) and high numeric 

value (coded numeric value of +1). A spherical design is obtained in the reason that there is 

an equal variance from the center to all the points in the sphere. Steps involved in Central 

Composite Design are given in Figure 3.6.  

Figure 3.6: Steps involved in Central Composite Design  

Ste
p 1

• Define the independent input varaiables

Ste
p 2

• Adopting the central composit design the experimental design

Ste
p 3

• Performed the experiments according to the central composite degine metrix  

Ste
p 4

• Performed the regression analysis with the quadratic model of response

Ste
p 5

• Carry out the statistical analysis

Ste
p 6

• Obtain the optimal degine parameters for desired responce  

Ste
p 7

• Conduct the confirmation Experiments to verify the optimal design parameters 
settings 
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  Aim of the present work is to focus on the second strategy: statistical modeling to 

build up an suitable approximating model between the response y and independent variables, 

£1, £2, ……, £k 

In general, the relationship is, 

y = f (£1, £2, ……, £k) + ε     (3.3) 

Where, variables £1, £2,……, £k   are usually the natural variables and ε is intercept. Than the 

terms of the coded variables, the response function (Eqn. 3.3) will be written as, 

E(y) = f (X1, X2……….Xk)     (3.4) 

3.6.1 Selection of process parameters for esterification  

Optimization of the transesterification process was conducted via 4-factor experiment 

to examine the effects of catalyst concentration (A), Reaction temperature (B), Reaction time 

(C) and methanol/oil molar ratio (D) of methyl esters using central composite design (CCD). 

A total of 30 experimental-sets including factorial points, axial points and central points were 

developed. Number of experimental set was calculated from the standard design of 

experiments formula given in equation 3.5. 

N = 2k + 2k + No         (3.5) 

Where k is the number of independent variables = 4; No is the number of repetition of experiments at the central 

point for the design to be rotatable = 6.  

The test matrix based on Table 3.3 was generated for esterification using a design of 

experiment software 10.0.3.0 and the subsequent experiments were carried out at the 

laboratory facility.  
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Number of experiments was conducted for the selection of esterification process 

parameters for FFA reduction. In the pilot run, arbitrarily the catalyst concentration (w/w %) 

of 0.1 % was chosen and others process parameters were kept constant. Process parameters 

with their ranges on the basis of pilot run investigation are shown in Table 3.3. When process 

parameters values were taken beyond the range, FFA and yield of biodiesel production 

significantly diminished.    

Table 3.3: Process Parameters with their Ranges for esterification of Kusum oil 

Name Factor Units Low Level High Level 

Catalyst concentration A % (w/w) 0.25 1.75 

Reaction temperature B ̊C 40 70 

Reaction Time C Minutes 30 90 

Molar Ratio D Methanol/oil 3 9 

Table 3.4: Design matrix for esterification of Kusum oil 

Run A: Catalyst 

concentration 

(w/w %) 

B: Temperature 

(0C) 

C: Time 

(min)  

D: Molar 

Ratio  

Response (Y): 

FFA (%) 

1 1.5 45 120 3 5.6 

2 2 57.5 80 6 6.15 

3 1.5 70 120 3 4.7 

4 1 57.5 80 6 1.7 

5 1 57.5 80 6 2 

6 0.5 70 120 3 4.5 

7 1.5 45 40 3 6.85 

8 1 57.5 5 6 5.5 

9 1 57.5 160 6 3.35 

10 1 57.5 80 6 2.2 

11 0.5 45 120 9 3.8 

12 1.5 70 40 3 5.2 

13 0.5 45 40 3 8.1 

14 0.5 70 120 9 4.2 

15 0.5 70 40 9 4.5 

16 1 82.5 80 6 4.8 
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17 1.5 70 40 9 4.6 

18 1 57.5 80 6 1.6 

19 1 57.5 80 0 6.9 

20 0.5 45 120 3 6.2 

21 0.5 70 40 3 6.9 

22 1 57.5 80 12 3.5 

23 1 57.5 80 6 1.8 

24 1 57.5 80 6 1.7 

25 0.5 45 40 9 3.6 

26 1.5 70 120 9 5.5 

27 1.5 45 120 9 3.5 

28 1.5 45 40 9 3.7 

29 0 57.5 80 6 7.5 

30 1 32.5 80 6 4.5 

The experimental data presented in Table 3.4 was analyzed using response surface 

regression (RSREG) procedure in the statistic analysis system (SAS) that fits a full second-

order polynomial model as shown in eqn. 3.6. Confirmatory experiments were carried out to 

validate the model using combinations of independent variables according to the predicted 

points by experimental design.  
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Where xi and xj are the uncoded independent variables, βo is the intercept, βi, βii and βij represent the linear, 

quadratic and interaction constant coefficients respectively, while Y is the response (FFA or yield).    

Esterification process parameters of Kusum oil were selected randomly as per design 

matrix shown in Table 3.4. Corresponding measured response i.e. FFA of Kusum oil under 

different runs is shown in same table.  
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3.6.2 Selection of process parameters for transesterification  

To maximize the yield of fatty acid methyl ester (SME or KME) using the 

transesterification process was conducted via 4-factor experiment to examine the effects of 

catalyst concentration (A), reaction temperature (B), reaction time (C) and methanol/oil molar 

ratio (D) using CCD. Process parameters with their ranges on the basis of pilot run 

investigation are shown in Table 3.5. 

Table 3.5: Process Parameters with their Ranges for transesterification  

Name Factor Units Low Level High Level 

Catalyst Concentration A % (w/w) 0.25 1.25 

Reaction Temperature B 0C 30 70 

Reaction Time C Minutes 30 90 

Molar Ratio D Methanol/oil 3 9 

To optimize the process parameters of the transesterification were selected randomly as 

per design matrix shown in Table 3.6. Corresponding measured response i.e. yield (w/w %) of 

both biodiesel (SME and KME) under different runs are shown in Table 3.6.  

Table 3.6: Design matrix for transesterification  

Std. 

Run 

Run A: Catalyst 

concentration 

(w/w %) 

B: 

Temperature  

(0C) 

C: Time 

(Minutes)  

D: Molar 

Ratio 

(methanol/oil) 

Response 

(Y): Yield 

(%) 

27 1 0.75 55 60 6 92.7 

22 2 0.75 55 120 6 82 

17 3 0 55 60 6 63 

20 4 0.75 75 60 6 68 

4 5 1.25 65 30 3 32 

30 6 0.75 55 60 6 92.5 

15 7 0.25 65 90 9 89 

16 8 1.25 65 90 9 85 

26 9 0.75 55 60 6 92.5 

7 10 0.25 65 90 3 65 
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12 11 1.25 65 30 9 69 

18 12 1.75 55 60 6 65 

29 13 0.75 55 60 6 93.7 

6 14 1.25 45 90 3 67 

10 15 1.25 45 30 9 88 

5 16 0.25 45 90 3 62 

21 17 0.75 55 0 6 56 

8 18 1.25 65 90 3 52 

9 19 0.25 45 30 9 74 

11 20 0.25 65 30 9 75 

13 21 0.25 45 90 9 80 

24 22 0.75 55 60 12 89 

14 23 1.25 45 90 9 94 

23 24 0.75 55 60 0 35 

28 25 0.75 55 60 6 93.5 

25 26 0.75 55 60 6 93 

2 27 1.25 45 30 3 59 

19 28 0.75 35 60 6 84 

3 29 0.25 65 30 3 45 

1 30 0.25 45 30 3 52 

3.7 Sal Biodiesel Production  

The FFA of Sal was measured to be less than 2 % of oil. Before the biodiesel production 

pre-treatment is required. In this process oil was heated to remove moisture for 1 h at 110°C 

under agitated condition with 450 rpm stir speed. Sal used single stage transesterification 

process and various stages are shown in Figure 3.7.  

After the transesterification process, post-treatment process is required such as 

separating, washing and heating. A particular measured quality of the Sal oil (100 g has been 

used for all the experiments) was heated up to a specific temperature. The reaction started 

when a defined amount of methanol pre-mixed with the potassium hydroxide catalyst was 

added to the reactor containing the oil at the reaction temperature. The reactor was always 
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kept under vigorous magnetic mixing. At the end of the reaction, products were left to settle 

in a separating funnel overnight (12-15 h) for separation between biodiesel and glycerol. The 

lower layer which contained impurities and glycerol was drawn off.  

 

Figure 3.7:  Various steps of Sal Biodiesel Production 

Footnote- (a)- Sal tree; (b)- Flower; (c)- Seed; (d)- Sal butter; (e)- Sal oil.; (f)- Glycerol separation; (g)- Water 

washing; (h)- Sal biodiesel.  

In post treatment process, 50% (v/v) of distilled water at 60°C was mixed into ester and 

shacked gently. This process was repeated several times until the pH of the distilled water 

became neutral. The lower layer was discarded and upper layer was entered into a flask and 

dried using Na2SO4 and then further dried using rotary evaporator to make sure that biodiesel 

is free from methanol and moisture. Finally a good quality Sal methyl ester or Sal biodiesel 

(SME) was produced.  

3.8 Kusum Biodiesel Production 

The acid value of crude Kusum oil was measured to be 16.2 mg KOH/g. Therefore 

two stage transesterification (acid catalyzed esterification followed by base catalyzed 

transesterification) is required. 
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In the esterification process Kusum oil reacts with methanol in presence of acid 

catalyst (PTSA). In this stage, an optimal FFA of 1.8 % was achieved for using optimized 

process parameters achieved ramp function graph. On completion of this reaction, the 

products were separated from excess alcohol, PTSA and impurities presented in the upper 

layer. The lower layer was separated and entered into a rotary evaporator and heated at 95°C 

under vacuum conditions for 1 h to remove methanol and water from the esterified oil. 

Similarly, in the transesterification stage, it produced the optimum yield of 96.5%. Different 

stages of Kusum biodiesel production shown in Figure 3.8. Based on this result, bulk quantity 

of Kusum biodiesel was prepared in a large capacity biodiesel reactor as shown in the Plate 

3.5. 

 
Kusum seeds Kusum oil Transestrification Kusum Biodiesel 

Figure 3.8: Various stages of Kusum biodiesel production 

3.9 Determination of Fatty Acid Composition  

Gas chromatography–mass spectrometry (GC-MS) was used to determine the fatty 

acid composition and molecular weight of biodiesel. The gas chromatograph utilizes a 

capillary column which depends on the column's dimensions (length, diameter, film 

thickness) as well as the phase properties. The fatty acid composition and free glycerin in the 

fuel is determined by Gas Chromatograph as per ASTM D-6584 test method. In a gas liquid 
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chromatography, an inert carrier gas (Helium or Nitrogen) acts as the mobile phase. This 

carries the components of analyte (a substance whose chemical constituents are being 

identified and measured) mixture and elutes through the column.  

The column usually contains an immobilized stationary phase. In mass spectrometer, 

gas is converted into ions in mass spectrometer. Gas chromatography–mass spectrometry 

(GC-MS) equipment was used in present study as shown in Plate 3.6. 

3.10 Preparation of Test Fuels (Blends) 

The biodiesel so obtained was completely miscible with mineral diesel. To check the 

miscibility, various proportions of biodiesel was added to mineral diesel and monitored for 

60 days. Test fuels were regularly checked for phase separation and homogeneity, No signs 

of separation were observed.    

 

Plate 3.6: Gas chromatography–mass spectrometry (GC-MS) Equipment 

In this context, the present study considered 10%, 20%, 30% and 40% blends of SME 

and KME in diesel. The test fuel samples were prepared by volume wise substitution of Sal 

and Kusum biodiesel in the diesel. Blending was done using rigorous agitation at a high rpm 
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hand by blender. Therefore, the test fuels for engine trial comprised of SME10, SME20, and 

SME30, SME40 for Sal biodiesel and KME10, KME20, KME30, KME40 for Kusum 

biodiesel along with the neat diesel. All test fuels are shown in Table 3.7 and Plate 3.7 depicts 

SME, KME and neat diesel. 

 

Plate 3.7: Sample of Sal biodiesel, Kusum Biodiesel and Diesel 

Table 3.7: Nomenclature and composition of various test fuels 

S. No.  Test Fuel’s composition Nomenclature  

1. 100% Diesel  or Baseline Diesel D100 

2. 100% Sal Methyl Ester or Sal Biodiesel SME 

3. 100% Kusum Methyl Ester or Kusum Biodiesel KME 

4. 10% Sal Methyl Ester and 90% Diesel SME10 

5. 20% Sal Methyl Ester and 80% Diesel SME20 

6. 30% Sal Methyl Ester and 700% Diesel SME30 

7. 40% Sal Methyl Ester and 60% Diesel SME40 

8. 10% Kusum Methyl Ester and 90% Diesel KME10 

9. 20% Kusum Methyl Ester and 80% Diesel KME20 

10. 30% Kusum Methyl Ester and 70% Diesel KME30 

11. 40% Kusum Methyl Ester and 60% Diesel KME40 
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3.11 Test Methods for Physico-Chemical Properties 

Determination of various physico-chemical fuel properties of the Sal methyl ester and 

Kusum methyl ester as well as their blends are essential in engine trials. Therefore, 11 test 

fuel samples of 500 ml each were prepared comprising of neat diesel (baseline).  

3.11.1 Density  

The equipment used was “Antan Par Density Meter, Model DMA 4500 shown in Plate 

3.8. In the present investigation the specific gravity of the test fuel samples was measured at 

a temperature of 150C in accordance with ASTM D-4052. The procedure for measurement of 

density and specific gravity was trouble-free. Then the test fuel pipeline was rinsed by 

injecting 10 ml of toluene through the sample injection port. Subsequently 10 ml of actual 

sample was fed to the injection port. The repeatability was checked thrice and found 

satisfactory. Moreover, the average of the three measurements was taken as the final value 

for each sample. 

3.11.2 Kinematic viscosity 

Plate 3.9 shows the viscometer taken for the measurement of kinematic viscosity. The 

determination of viscosity and the effect of temperature on viscosity can provide a better 

understanding of Sal and Kusum biodiesel as a fuel cum lubricant. Viscosity measurements 

were conducted for different test fuels under consideration. Kinematic viscosity of liquid fuel 

samples were measured at 400C as per ASTM D-445. The equipment used was “Petrotest 

Viscometer. A measured quantity of sample was allowed to free flow through the capillary 

tube. Time was noted in passing of the fluid from the capillary tube having an upper level and 

lower level mark. Subsequently, kinematic viscosity was calculated by multiplying the 
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capillary constant with the time measured in seconds (Equ. 3.7). The final value was obtained 

in mm2/s or cSt.  

ν = k* t     (3.7) 

Where; ν = Kinematic viscosity, mm2/sec; k = Constant; mm2/sec2 (k= 0.005675 mm2/sec2); t  = Time, in second 

  

Plate 3.8: Density meter Plate 3.9: Viscometer 

  

Plate 3.10: Bomb Calorimeter Plate 3.11: Flash Point Apparatus 
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3.11.3 Calorific value 

The calorific value is the amount of heat released by the combustion of unit quantity 

of fuel in the presence of oxygen in a bomb calorimeter. The calorific value of the fuel was 

determined with the Isothermal Bomb Calorimeter as per the specifications given in ASTM 

D240 standard. The calorimeter model used was Parr 6100 Oxygen Bomb Calorimeter. 

Electrodes were used to burn the sample of fuel in the bomb calorimeter. Bomb calorimeter 

is shown in Plate 3.10. 

3.11.4 Flash point 

Flash point is the minimum temperature at which the oil vapour, which when mixed 

with air forms an ignitable mixture and gives a momentary flash on application of a small 

pilot flame [239]. The flash and fire point of the test fuels were measured as per the standard 

of ASTM D 93 by Pensky Martens Automatic Flash Point Apparatus as shown in Plate 3.11. 

The sample was heated in a test cup before small pilot flame was directed into the cup through 

the opening provided at the top cover at the regular intervals. The IS-15607, EN-14214 and 

ASTM D-6751 specify the minimum value of flash point as 120°C and 130°C respectively. 

3.11.5 Peroxide Value 

The peroxide value is a measure of the peroxides contained in a vegetable oil derived 

sample as milli-equivalents (meq.) of peroxide per 1000 grams of sample. One of the most 

commonly used methods to determine peroxide value utilizes the ability of peroxides to 

liberate iodine from potassium iodide (KI) as shown eqe.3.8. The lipid is dissolved in a 

suitable organic solvent and an excess of KI is added: 

ROOH + KIexcess = ROH + KOH + I2 (3.8) 
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Once the reaction got completed, the amount of ROOH that has reacted can be 

determined by measuring the amount of iodine formed. This was done by titration with 

sodium thiosulphate (Na2S2O3) and a starch indicator as shown in eqe. 3.9. 

I2 +  starch + 2Na2 S2O3 (blue) = 2NaI + starch + Na2 S4O6 (colorless) (3.9) 

The amount of sodium thiosulphate required to titrate the reaction is related to the 

concentration of peroxides in the original sample.  This test was conducted on Potentiometer 

titrator as shown Plate 3.1. 

3.11.6 Saponification value 

The saponification value or saponification number is a measure of the average 

molecular weight of the triglyceride in a sample, such that fatty acids by treatment with alkali 

as shown in eqn. 3.10. 

Triglyceride + 3 KOH = Glycerol + 3 Fatty acid Salts of potassium  (3.10) 

Saponification value is a measure of the free fatty acid and saponifiable ester groups. 

It is expressed as the number of milligrams of potassium hydroxide required to neutralize the 

free acids and saponify the esters contained in one gram of the material. It is calculated as the 

difference between the saponification value and the acid value.  

The lipid is dissolved in an ethanol solution which contains a known excess of KOH. 

This solution is then heated so that the reaction goes to completion.  The un-reacted KOH is 

then determined by adding an indicator and titrating the sample with HCl. The saponification 

number is then calculated from the amount of KOH which reacted. The Potentiometer titrator 

is shown in Plate 3.1. 
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3.11.7 Iodine Value 

The iodine value is the measure of the unsaturation (or amount of double bonds) of 

fats and oils, expressed in terms of number of grams of iodine absorbed per 100g of sample 

of oil. Firstly, sample fat is dissolved in carbon tetrachloride, and Hanus reagent is added and 

left in a dark room for reaction. Then, potassium iodide is added for titration with 0.1mol/L 

sodium thiosulfate. The iodine value of fatty sample is calculated from titration volume of 

sodium thiosulfate. 

3.11.8 Cetane Number 

Cetane number (CN) is a measure of ignition quality of a diesel fuel. One of the ways 

of solving the problem of CN determination is to develop models to predict the CN when 

saponification value and iodine value are known of the biodiesel. The predicated CN of 

biodiesel is comparable to that of the actual CN of the biodiesel, and it has been concluded 

that the CN of biodiesel can be predicted based on thermal properties using the empirical 

equation (eqn. 3.11) for predicting the CN of biodiesel. 

𝐶𝑒𝑡𝑎𝑛𝑒 𝑁𝑢𝑚𝑏𝑒𝑟 = 46.3 +  
5458

𝑆𝑎𝑝𝑜𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒
− (0.225 ∗ 𝐼𝑜𝑑𝑖𝑛𝑒 𝑣𝑎𝑙𝑢𝑒) (3.11) 

3.11.9 Water Content  

Water content was determined by Karl Fischer titrator as shown in Plate 4.12 as per 

ASTM D-1744 standard. Karl Fisher test measures water by titration and is reported in either 

ppm (parts per million) or % by volume. This reagent is a mixture of iodine, sulphur dioxide, 

pyridine, and methanol. When excess iodine exists, electric current can pass between two 

platinum electrodes or plates.  
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The water in the sample reacts with the iodine. When the water is no longer free to 

react with iodine, an excess of iodine depolarizes the electrodes, signalling the end of the test. 

3.11.10 Carbon Residue: 

Carbon Residue is determined by the equipment shown in Plate 3.13 as per carbon 

residue micro test method (ASTM D-4530). The sample is first distilled (D-86) until 90% of 

the sample has been recovered. The residue is weighed into a special glass bulb and heated in 

a furnace to 1022°F (550°C). Most of the sample evaporates or decomposes under these 

conditions.  The bulb is cooled and the residue is weighed. 

3.11.11 Lubricity 

The lubrication of the pump is not provided by viscosity alone but also by the lubricity 

property of the fuel. Even with 2% biodiesel mixed in diesel fuel, the WSD values comes 

down to around 325 micron and is sufficient to meet the lubricity requirements of the fuel 

injection pump (460 micron max.). B100 performs still better, with a WSD of about 314 

micron. With further reduction of sulfur content is diesel for Euro II and Euro IV fuels; the 

lubricity loss due to sulfur removal can easily be compensated by the addition of appropriate 

amount of biodiesel in diesel fuel. A 2% inclusion into any conventional diesel fuel is 

sufficient to address the lubricity problem. 

3.11.12 Copper Strip Corrosion 

This test gives an indication of the corrosiveness of the fuel to the metallic parts of 

the system in which the product is used, whether during transportation or actual use in engine. 

This property is determined by Copper Strip Corrosion Test apparatus as shown in Plate 3.14, 

as per ASTM D-130. This property is determined by copper strip tarnish test. A polished 

copper strip is immersed in the specified volume of the samples and maintained at the 
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specified temperature for the specified length of time. The strip is then compared with ASTM 

copper strip corrosion standard colour code after cleaning with sulphur free petroleum spirit. 

The rating of copper corrosion should not be worse than No.1 specification (rating scale for 

visual assessment of corrosion). 

  

Plate 3.12: Karl Fischer’s Moisture Titrator Plate 3.13: Carbon Residue Apparatus 

  

Plate 3.14: Copper Strip Corrosion Test 

Apparatus 

Plate 3.15 Element Analyzer 
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3.11.13 Elemental analysis 

Elemental analyser as shown in Plate 3.15 provide a means for the rapid determination 

of carbon, hydrogen, nitrogen and sulphur inorganic matrices and other types of materials. In 

this technique, the substance under study is combusted under oxygen stream in a furnace at 

high temperatures. These gases are then separated and carried to the detector using inert gases 

like helium or argon. It is one of the few analytical techniques that give a clear quantitative 

measurement of the carbon, hydrogen and nitrogen contents. In this combustion process is 

take place at 1000 0C, carbon is converted to carbon dioxide; hydrogen to water; nitrogen to 

nitrogen gas/ oxides of nitrogen and sulphur to sulphur dioxide.  

3.11.14 Fourier Transform Infra-Red (FTIR) Spectroscopy 

FT-IR stands for Fourier Transform Infra-Red, the preferred method of infrared 

spectroscopy. The resulting spectrum represents the molecular absorption and transmission, 

creating a molecular fingerprint of the sample. This makes infrared spectroscopy useful for 

several types of analysis. Apparatus used for present study is shown in Plate 3.16.  

 

Plate 3.16: FTIR 8400S 
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Infrared spectroscopy is the study of interactions between matter and electromagnetic 

fields in the IR region. The probability of a particular IR frequency being absorbed depends 

on the actual interaction between this frequency and the molecule. In general, a frequency 

will be strongly absorbed if its photon energy coincides with the vibrational energy levels of 

the molecule. IR spectroscopy is therefore a very powerful technique which provides 

fingerprint information on the chemical composition of the sample. 

3.11.15 Cold Flow Plugging Point 

Cold Filter Plugging Point (CFPP) is defined as the minimum temperature at which 

the fuel filter does not allow the fuel to pass through it. The sample was cooled in bath fixed 

at –34 ̊C and vacuum is maintained for suction of fuel in the capillary provided for every 

degree fall in temperature, the temperature at which the fuel fails to come up or fall down 

within 60 seconds through the filter of 10 micron is observed as the cold filter plugging point 

of fuel.  

 
Plate 3.17: Cold flow plugging point apparatus 
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Cold filter plugging point of biodiesel reflects its cold weather performance. It defines 

the fuel’s limit of filterability. The apparatus for CFPP measurement is shown in Plate 3.17. 

The measurements were carried out as per the ASTM D6371 05 (2010) standards. All the test 

samples of SME and KME were subjected to the CFPP test to evaluate the effect with or 

without pour point depressants. Results were calculated by CFPP apparatus. The cold flow 

properties may be improved with use of different pour point depressants as shown in Table 

3.8. 

Table 3.8: Test fuels for CFPP measurement 

Biodiesel Additives (vol. %) Test Fuel 

SME 

- SME (B100) 

Kerosene 
SME + 5% Kerosene 

SME + 10% Kerosene 

EVA 
SME + 1% EVA 

SME + 2% EVA 

Lubrizol 7671 
SME + 1% Lubrizol 7671 

SME + 2% Lubrizol 7671 

CRISTOL BIO 
SME + 1% CRISTOL BIO 

SME + 2% CRISTOL BIO 

KME 

- KME (B100) 

Kerosene 
KME + 5% Kerosene 

KME + 10% Kerosene 

EVA 
KME + 1% EVA 

KME + 2% EVA 

Lubrizol 7671 
KME + 1% Lubrizol 7671 

KME + 2% Lubrizol 7671 

CRISTOL Bio 
KME + 1% CRISTOL BIO 

KME + 2% CRISTOL BIO 
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The cold flow properties of biodiesel can be improved using various strategies. 

Studies related to two common strategies, dilution and addition of polymer additives are 

presented below. Dilution lowers the freezing point of biodiesel constituents. It is noted that 

freezing point is visually observed as the onset of crystal formation, which was distinct from 

the pour point. The purpose of the solvent evaluation is to outline which aspects of dilution 

are the most relevant.  

In the present work four additives are used as viscosity modifier and pour point 

depressants to improve CFPP of both biodiesels. Therefore kerosene, EVA, Lubrizol and 

CRISTOL were used as pour point depressants and 18 test samples were prepared for 

investigation as shown in Table 3.8. Kerosene used as extender 5% and 10% whereas other 

PPDs were used 1% and 2% as additive. 

3.11.16 Oxidation Stability 

Oxygen in the surrounding atmosphere causes a chemical reaction to take place within 

fuels overtime. During autoxidation, unsaturated fatty acids undergo radical reactions 

in which decomposition products are formed such as peroxides as the primary 

oxidation products and alcohols, carboxylic acids, and aldehydes as the secondary 

oxidation products. In the present investigation, the oxidation stability index (hours) 

was measured by the induction period of the sample due to electric conductance of 

the peroxides formed by bubbling oxygen from the water source system flowing at 

10L/hour in the biodiesel Rancimat 873 shown in the Plate 3.18. The standard for the 

measurement was EN14112.  
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Plate 3.18: Biodiesel Rancimat  

3.12 Long Term Storage Stability Test 

In the present study two additives (ECOTIVE and TBHQ) were used to access the 

long term storage stability of biodiesel on physico chemical properties. Both biodiesels were 

doped with 0.1% and 0.5% (by weight) concentration of ECOTIVE and TBHQ and 10 test 

samples (Table 3.9) were prepared.  

Table 3.9: Test fuels for long term storage stability study 

Biodiesel Additives (wt. %) Test Fuel 

SME 

 SME 

ECOTIVE 
SME + 0.1% ECOTIVE 

SME + 0.5% ECOTIVE 

TBHQ 
SME + 0.1% TBHQ 

SME + 0.5% TBHQ 

KME 

 KME 

ECOTIVE 
KME + 0.1% ECOTIVE 

KME + 0.5% ECOTIVE 

TBHQ 
KME + 0.1% TBHQ 

KME + 0.5% TBHQ 
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Plate 3.19 SME and KME fuel samples for storage stability test 

For experimental accuracy, each sample was placed in three air-tight glass bottles and 

considered the mean value for observation and analysis. Therefore 30 test samples (air-tight 

glass bottles) were used to investigate the biodiesel for a period 1 year. All SME and KME 

samples (with and without additive) were periodically evaluated on monthly basis for 

peroxide value, density, acid number, viscosity and calorific value for a storage period of one 

year. Test samples of long term storage stability are shown in Table 3.9 and Plate 3.19. 

3.13 Selection of Diesel Engine 

As indicated earlier, single cylinder and light duty diesel engine was chosen for 

experimental trials because of a number of reasons. Firstly, such engines used anywhere, are 

an integral part of rural agrarian economy of India and thirdly are actively running across the 

country. A single cylinder, four stroke, vertical, light duty, water cooled, diesel engine of 

Kirloskar make was chosen for the present engine trials. Plate 3.24 shows the engine.  

The cylinder was made of cast iron and fitted with a hardened high-phosphorus cast 

iron liner. The lubrication system used in this engine was wet sump type and oil was delivered 
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to the crankshaft. The inlet and exhaust valves were operated by an overhead camshaft driven 

from the crankshaft through two pairs of bevel gears. The fuel pump was driven from the end 

of camshaft. The detailed specification of the engine is provided in Table 3.8. 

  

Plate 3.20: Test Engine  Plate 3.21: The eddy current dynamometer 

with load and rpm sensor 

 

Table.3.10 Test Engine Specification 

Make Kirloskar 

No. of cylinder 1 

Strokes 4 

Rated Power 3.5 kW@1500rpm 

Cylinder diameter 87.5mm 

Stroke length 110mm 

Connecting rod length 234mm 

Compression ratio 17.5:1 

Orifice diameter 20mm 

Dynamometer arm length 185mm 

Inlet Valve Opening 4.5°BTDC 

Inlet Valve Closing 35.5°ABDC 
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Exhaust Valve Opening 35.5°BBDC 

Exhaust Valve Closing 4.5°ATDC 

Fuel injection timing 23⁰BTDC 

No. of injector holes 3 

Nozzle diameter 0.148 mm 

Spray orientation angle 55°CA 

Injection duration 18°CA 

A high precision stain gauge type load cell was attached to the dynamometer to 

accurately transmit the engine loading. A magnetic pick up type rpm sensor was attached at 

the end of the dynamometer to measure rpm. The eddy current type dynamometer, the 

magnetic pick up type rpm sensor and the strain gauge type load cell are shown in Plate 3.21. 

The cooling water flow for the engine was 350 Liters/hour and that of the dynamometer was 

120 Liters/hour. The flow of the cooling water was controlled by two numbers of rotameters, 

one for the engine and other for the dynamometer. 

Two fuel tanks for diesel and the other tank are meant for the biodiesel/diesel blends 

were provided. The cyclic variation of combustion pressure and the corresponding crank 

angle was recorded using a “Kubeler” piezoelectric transducer, with low noise cable, mounted 

into the engine head. The pressure transmitter contained piezoelectric sensor and charge 

amplifier. The maximum resolution of the pressure sensor was 1°CA. For exhaust gas 

temperature measurement, Chrome-Alumel K-Type thermocouples were employed close to 

the engine exhaust manifold. Air flow rate was measured using a mass airflow sensor.  

Fuel consumption rate was measured by 20cc burette and stop watch with level 

sensors. Fuel flow rate, air flow rate, load, rpm, pressure crank angle history and temperature 

data were fed to a centralized data acquisition system NI USB-6210, 16-bit. Various 

measuring sensors of engine test rig like data acquisition system, air sensor, fuel pump, 

pressure transducer and thermocouple are shown in Plate 3.22. A personal computer with a 
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software package “Enginesoft” was connected to the data acquisition system for online and 

subsequent offline analysis.  

  

  

Plate 3.22: Various measuring sensors of engine test rig  

Footnote: (a) - Data acquisition system; (b) - Air sensor and Fuel pump; (c) - Pressure transducer and (d) - ‘K’- 

type thermocouple 

The control panel (Plate 3.23) of the engine test rig comprised of the data acquisition 

system, burette for fuel measurement, “U” tube manometer for air measurement, sensor 

indicator for manual data access, load variation switch etc.  

(a) (b) 

(c) (d) 
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The control panel was used for loading and unloading the engine. Besides, the air and 

fuel consumption data of the sensor was verified from the manual measurements. The data 

acquisition system inside the control panel received the signals and transmitted them to the 

computer. 

The major pollutants in exhaust of a diesel engine are the oxides of nitrogen, smoke 

opacity, unburnt hydrocarbons, carbon monoxide, carbon dioxide, etc. For measuring the 

smoke opacity, AVL 437 smoke meter was utilized as shown in Plate 3.24 and technical 

specifications are shown in Appendix I. 

  

Plate 3.23: The Control Panel Plate 3.24 Exhaust gas analyzer and smoke 

meter 

A light beam projected across a flowing stream of exhaust gases, a certain portion of 

light is absorbed or scattered by the suspended soot particles in the exhaust. The remaining 

portion of the light falls on a photocell, generating a photoelectric current, which is a measure 

of smoke density. The technical detailed specifications have been given in Appendix II. AVL 
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4000 Light Di-Gas Analyzer (Plate 3.24) was used for measurement of exhaust emissions like 

total hydrocarbon, carbon monoxide, carbon dioxide and oxides of nitrogen. The gas analyzer 

was connected to the engine exhaust by means of probes and the smoke meter was extension 

pipe. 

 

Plate 3.25: Actual engine test rig 

The final experimental test setup consisted of the CI engine, engine cooling water 

system, the fuel supply and measurement system, air supply and measurement system, load 

variation and measurement system, rpm measurement system, in-cylinder pressure 

measurement system, emission measurement system, digital data acquisition system and 
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computer. Plate 3.25 shows actual engine test rig and Figure 3.9 shows the schematic engine 

test rig lay out comprising of individual components and their inter-connectivity.  

 

Figure 3.9: Layout of engine test rig 

 

3.14 Selection of Engine Test Parameters 

The selections of appropriate test parameters are vital part of engine research. The 

engine test was done as specified by IS: 10000. The main parameters desired from the engine 

were selected. Various engine parameters are observed and the calculated parameters.   

Observed parameters are enlisted below.   

1. Engine load.  

2. Engine speed.  

3. Fuel consumption rate.  

4. Air flow rate.  

5. In-cylinder pressure.  
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6. Emissions of CO, CO2, NOx, THC.  

7. Exhaust temperature.  

8. Smoke opacity.  

Calculated parameters are given below.  

1. Brake mean effective pressure (BMEP).  

2. Brake thermal efficiency (BTE).  

3. Brake specific energy consumption (BSEC).  

4. Mass fraction burnt rate (MFB).  

5. Pressure rise rate (PRR). 

6. Heat release rate (HRR).  

3.15 Measurement Methods and Calculations  

As already elaborated, the main components of the experimental setup are two fuel 

tanks (Diesel and Biodiesel), fuel consumption measuring unit, air flow rate measuring unit, 

eddy current dynamometer for loading arrangement, RPM meter, temperature indicator, in-

cylinder pressure sensor and emissions measurement equipments. While carrying out the 

experiment the engine was always started with diesel and allowed to run for 30 minutes for 

warm up. For baseline diesel data, the observations were taken only after the prescribed 30 

minutes were complete. For biodiesel blends the fuel line was swapped, after the warm up 

period with neat diesel, allowing the biodiesel tank to connect to the engine for taking 

observations. The load on the engine shaft was varied using the eddy current dynamometer.  

3.15.1 Measurement of brake power and brake mean effective pressure 

The brake power (BP) at the engine shaft was calculated by the formula in equation 

3.12. 
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BP (kW) = 
2 𝑋 𝜋 𝑋 𝑟𝑝𝑚 𝑋 𝐿𝑜𝑎𝑑 (𝐾𝑔)𝑋 9.81 𝑋 𝐷𝑦𝑛𝑎𝑚𝑜𝑚𝑒𝑡𝑒𝑟 𝑎𝑟𝑚 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚)

60 𝑋 1000
 (3.12) 

Similarly the brake mean effective pressure (BMEP) was calculated using the formula 

in equation.3.13.  

BMEP (bar) = 
120 𝑋 𝐵𝑃 (𝑘𝑊)

𝐿 𝑋 𝐴 𝑋 𝑁 𝑋 101.325
   (3.13) 

Where L = Stroke length in meter; A = Piston area in m2; N = Engine rpm.  

The rated power of the engine was 3.5 kW. However, after re-calibration it was found 

that the engine hardware was able to operate smoothly up to 4.7 kW at 1500 rpm. With the 

dynamometer arm length of 0.185 meter, it was calculated that 17.3 Kg corresponded to 100% 

of the engine load and 0.3Kg was equivalent to the zero load. Therefore, various loads applied 

to the engine were 0.3Kg, 3.7Kg, 7.1Kg, 10.8Kg, 14.5Kg and 17.3Kg corresponding to the 

loads of 0%, 20%, 40%, 60%, 80% and 100% of the calibrated load. All performance, 

emission and combustion data were recorded at each load for various test fuels.  

On the basis of the above calculation, the brake power at 0%, 20%, 40%, 60%, 80% 

and 100% loads were 0.087kW, 1.056kW, 1.99kW, 3.01kW, 3.99kW and 4.71kW 

respectively where as the BMEP were calculated to be 0.13 bar, .53 bar, 2.88 bar, 4.36 bar, 

5.77 bar and 6.82 bar in the same order.  

3.15.2 Measurement of fuel flow 

The fuel consumption of an engine is measured by determining the time required for 

consumption of a given volume of fuel. The mass of fuel consumed can be determined by 

multiplication of the volumetric fuel consumption to its density. In the present set up 

volumetric fuel consumption was measured using a fuel flow sensor inserted inside the 

control panel. The sensor signal was fed to the data acquisition system. The sensor data in 
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many cases was validated by manually taking the time for 20cc fuel consumptions in the 

burette by blocking the fuel cock. However, it was observed that the fuel sensor data was 

more precise.  

Two important engine performance parameters i.e. BTE and BSEC were determined 

from the rate of fuel flow as shown below. BTE is the ratio of brake power to the product of 

mass flow rate of fuel and its heating value. The BTE is calculated by the formula mentioned 

in equation 3.14. 

BTE (%) = 
BP (kW)

m∗ x  Qcv
     (3.14) 

Where m* = Mass flow rate of fuel in (Kg/s); Qcv = Calorific value of fuel (kJ/Kg)                            

 Brake specific energy consumption is the amount of fuel energy consumed in order 

to generate one unit of shaft power. It is calculated by the formula mentioned in equation 

3.15. 

BSEC (MJ/kWh) =  
 𝐦∗ 𝐗 𝐐𝐜𝐯 𝐗 𝟑𝟔𝟎𝟎  

𝐁𝐏(𝐤𝐖) 
   (3.15) 

3.15.3 Measurement of RPM 

A magnetic pick up type rpm sensor was attached to the end of the dynamometer shaft 

which was toothed. This type of sensor consists of a permanent magnet, yoke, and coil. This 

sensor was mounted close to a toothed gear. As each tooth moved by the sensor, an AC 

voltage pulse was induced in the coil. Each tooth produced a pulse. As the gear rotated faster 

more pulses were produced. These impulse signals were fed digitally to the data acquisition 

system. The engine control module of the data acquisition system calculated the engine rpm 

which was subsequently displayed both in the control panel and the enginesoft database in 

the computer.  The rpm sensor is already shown in Plate 3.21. 
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3.15.4 Exhaust temperature and emission measurement  

Chromel-Alumel K-type thermocouples (Plate 3.22 (d)) were connected to a six-

channel digital panel meter to measure temperatures of exhaust gas. The meter was calibrated 

by a millivolt source up to 800o C. The sensor was placed close to the exhaust manifold of the 

engine. The temperature data was observed both at the sensor indicator in the control panel 

as well as the engine-soft database.  

As discussed above the gaseous pollutant emissions were measured using the gas 

analyzer and the smoke meter. The emission data was collected manually from the printed 

results of the analyzers as well as the engine-soft database from the computer.  

3.15.5 Measurement of air flow 

The air flow was measured using air sensor (turbine type flow meter) installed inside 

the control panel. Plate 3.22 (b) shows the sensor in the previous sections. In principle, the 

turbine flow meters use the mechanical energy of the fluid to rotate a “pinwheel” (rotor) in 

the flow stream. Blades on the rotor are angled to transform energy from the flow stream into 

rotational energy. The rotor shaft spins on bearings. When the fluid moves faster, the rotor 

spins proportionally faster. Blade movement is often detected magnetically, with each blade 

or embedded piece of metal generating a pulse. The transmitter processes the pulse signal to 

the data acquisition system that determines the flow of the fluid. The air flow data was 

available in the sensor indicator of the control panel and the enginesoft database. Moreover, 

there was another method available to validate the sensor data. It was based on the orifice and 

the air box method.  

The differential pressure across the orifice inserted in the air flow channel provides 

the air flow rate using the formula in equation 3.16. 
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Mass of air (m) = Cd X A X √ (2ghwρwρa)   (3.16) 

Where Cd = Co-efficient of discharge of orifice (0.6 in the present case); A = Orifice area; g = Acceleration due 

to gravity; hw = Height of water column; ρw/ρa =  Density of water/air 

3.15.6 In-cylinder pressure measurement 

As discussed in the earlier sections, the “Kubeler” piezoelectric transducer was used 

for in-cylinder pressure measurement. Plate 3.22 (c) shows the pressure transducer. The 

signals from the charge amplifier were fed to the data acquisition system where the engine 

control module converted the signals into digital data. The in-cylinder pressure data in terms 

of pressure – crank angle history was only obtained in the enginesoft database. In the present 

study the average of 91 cycles were considered for analysis of in-cylinder pressure crank 

angle data.    

3.16 Characterization of Heat Release Rate 

Evaluation of cyclic heat release is very much significant for combustion study. 

Various heat release models have been proposed by researchers for determining critical 

combustion parameters like heat release rate, pressure rise rate etc. In the present 

investigation, the heat release calculations described by Rakopoulos [240] was referred. 

Although combustion in a CI, DI (compression-ignition, direct-injection) engine is quite 

heterogeneous, the contents of the combustion chamber are assumed to be homogeneous in 

the method suggested by Sorenson [241]. This type of heat release model is generally termed 

as zero-dimensional model in the literature. In the light of the above fact, the zero dimensional 

model proposed by Sorenson was considered for combustion characterization.  

The Sorenson’s model [242,243] is a thermodynamic model based upon energy 

conservation principle. Neglecting the heat loss through piston rings [244] the energy balance 

inside the engine may be written as (eqn.3.17): 
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𝑑𝑄

𝑑𝜃
-

𝑑𝑄𝑤

𝑑𝜃
 = 

𝑑(mu)

𝑑𝜃
+ P 

𝑑𝑉

𝑑𝜃
 = mCv 

𝑑𝑇

𝑑𝜃
 + P 

𝑑𝑉

𝑑𝜃
  (3.17) 

Where: dQ/dθ = Rate of net heat release inside the engine cylinder (J/°CA); dQw/dθ = Rate of heat transfer from 

the wall (J/°CA); m = Mass flow of the gas (Kg); u = Internal energy of the gas (J/Kg); P = Cylinder pressure 

(bar); V = Gas volume (m3); θ = Crank angle (°); T = Gas temperature (°K); Cv = Specific heat at constant 

volume (J/Kg°K)  

Now the ideal gas equation is given by PV = mRT    (3.18) 

Where R = Universal gas constant  

The derivative of univerSal gas equation with respect to crank angle is given by 

P 
𝑑𝑉

𝑑𝜃
 + V 

 𝑑𝑃

𝑑𝜃
 = mR 

𝑑𝑇

𝑑𝜃
    (3.19) 

Putting equation (3.19) in equation (3.17), the heat release rate is derived as follows.  

𝑑𝑄

𝑑𝜃
  = P 

𝐶𝑝

𝑅

𝑑𝑉

𝑑𝜃
+V.

𝐶𝑣

𝑅

𝑑𝑃

𝑑𝜃
+mT 

𝑑𝐶𝑣

𝑑𝜃
 + 

𝑑𝑄𝑤

𝑑𝜃
  (3.20) 

Where Cp = Specific heat at constant pressure (J/Kg°K)  

Equation (3.20) is further simplified for actual heat release calculation and is given below.  

𝑑𝑄

𝑑𝜃
 =  

1

𝛾−1
 (V 

𝑑𝑃

𝑑𝜃
 + γP 

𝑑𝑉

𝑑𝜃
 ) - 

𝑑𝑄𝑤

𝑑𝜃
  (3.21) 

Where  γ = ratio of specific heats 

In a four-stroke engine, crank angles are typically given with zero values at the TDC, 

(top dead center) between the intake and exhaust strokes. However, the important heat release 

events occur between SOI (start of injection, typically about 337°) and EVO (exhaust valve 

opening, typically about 500°).  

The trigonometric functions require their arguments in radians that are essential for 

gas volume calculations. The formula for calculating the arguments for the trigonometric 

functions, equation 3.22 was used.  
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θrad =  
𝜋(θ−360+Phase)

180
    (3.22) 

Where: θrad = argument of trigonometric functions (radians); Phase = phase shift angle (°CA) 

The piston displacement was needed in calculating the gas volume. It is provided in equation 

3.23. 

𝑆

𝑅
 = [1- cos (θrad)] + 

𝐿

𝑅
 {1-[√1-

sin(θrad)

𝐿/𝑅
]2} (3.23) 

Where: S = piston displacement from TDC (m); R = radius to crank pin (m); L = connecting rod length (m) 

Then the gas volume was calculated as in the equation 3.24 

V = Vcl + S Ap     (3.24) 

Where: Ap = top area of piston (m2) = π(bore)2/4; bore = cylinder bore (m); Vcl = clearance volume (m3); r = 

compression ratio; Stroke = piston stroke (m) 

The combustion chamber wall area, needed for heat transfer calculations, was given 

in the equation 3.25. 

Awall = 2Ap + π (bore) S   (3.25) 

Equation 3.25 ignores the area associated with the piston cup, but the approximation 

has little effect on the heat release results.  

The heat release equation (3.21) requires the calculation of dP/dθ. It can be shown 

that the slope at the jth point of the curve defined by n sequential points is as shown in equation 

3.25. 

𝑑𝑃𝑗

𝑑𝜃
 =  

𝑛𝛴(𝑃𝑖𝜃𝑖)−𝛴𝑃𝑖 𝛴𝜃𝑖

𝑛𝛴(𝜃𝑖)2−(𝛴𝜃𝑖)2
    (3.26) 

Where n is an odd number and each summation is from [j – (n – 1)/2] to [j + (n – 1)/2].  
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When a shaft encoder is used to trigger pressure measurements, the points are equally 

spaced along the θ axis at spacing Δθ. The choice of n is a compromise; a larger n helps to 

combat noise in the pressure data, but may also obscure real changes in the heat release curve. 

In the present case with Δθ = 1°, choice of n = 7 was found to fit the equation 3.15 over 4° of 

the pressure trace and was a suitable compromise. Equation 3.27shows the pressure 

smoothing technique applied to the noise in pressure data.  

Pj+1 =Pj+ 
𝑑𝑃𝑗

𝑑𝜃
Δθ    (3.27) 

Calculation of dV/dθ was accomplished as per the equation 3.28. 

𝑑𝑉𝑗

𝑑𝜃
 = Vj – Vj–1     (3.28) 

In-cylinder gas temperature varies rapidly throughout the cycle. Consequently the 

value of γ varies with temperature. The ideal gas law was used to calculate the spatially 

averaged temperature in the combustion chamber as mentioned in the equation 3.29. 

Tj =  
𝑃𝑗𝑉𝑗

𝑀𝑅𝑔
     (3.29) 

Where: Tj = bulk gas temperature at point j (°K); Rg = idea gas constant = 8.314/29 = 0.287; M = mass of charge, 

g = (1 + AF) mf; AF = air/fuel ratio of engine; mf = mass of fuel injected into each engine cycle (g) 

3.17 Calculation of Mass Fraction Burnt 

Mass fraction burned (MFB) in each individual engine cycle is a normalized quantity 

with a scale of 0 to 1, describing the process of chemical energy release as a function of crank 

angle. The determination of MBF is commonly based on burn rate analysis – a procedure 

developed by Rassweiler and Withrow [243]. It is still widely used because of its relative 

simplicity and computational efficiency, despite the approximate nature of this method [245]. 
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The Rassweiler and Withrow procedure is based on the assumption that, during engine 

combustion, the pressure rise Δpj (at crank angle increment) consists of two parts: pressure 

rise due combustion (Δpcj) and pressure change due to volume change (Δpvj).  

Therefore, Δpj = Δpcj + Δpvj    (3.30) 

Assuming that the pressure rise Δpcj is proportional to the heat added to the in-cylinder 

medium during the crank angle interval, the mass fraction burned at the end of the considered 

jth interval may be calculated as [245]. 

MFB = 
𝑚𝑏 (𝑖)

𝑚𝑏 (𝑡𝑜𝑡𝑎𝑙)
 = 

𝛴
𝑖

0
𝛥𝑃𝑐

𝛴
𝑁

0
 𝛥𝑃𝑐

     (3.31) 

Where N is the total number of crank angles in the in-cylinder pressure ~ crank angle data 

The cumulative heat release was calculated by summing up the heat release per crank 

angle data throughout the cycle. The pressure rise rate for various test fuels were calculated 

from the spread sheet data base using equation (3.27) and (3.28). The mass fraction burnt was 

calculated from equation (3.31). Ignition delay for the test fuels were calculated as the 

difference between the fuel injection angle and the crank angle corresponding to the MFB of 

0.05. Similarly the total combustion duration for the test fuels was calculated as the difference 

between the crank angles corresponding to MFB of 0.10 to MFB of 0.95.  

3.18 Procedures for Engine Trial 

The engine was started at no load by pressing the exhaust valve with decompression 

lever and it was released suddenly when the engine was hand cranked at sufficient speed. 

After feed control was adjusted so that engine attained rated speed and was allowed to run 

(about 30 minutes) till the steady state condition was reached and the exhaust gas temperature 

corresponding to that load stabilized. The enginesoft software was connected to the data 

acquisition system and allowed to run. Automatic data entry system was activated and the 
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resolutions of various sensors were set. All the sensors were allowed to perform at their 

minimum resolutions. For pressure crank angle history the average of 91 cycles were chosen 

for each load where as for performance and emission studies the average of 10 consecutive 

data was chosen to minimize error.  

To validate the sensors, and the electronic gadgets, the time for 20 cc fuel consumption 

and the manometric readings of air consumption were taken repeatedly and averaged several 

times. The manual data so obtained was compared with the “enginesoft” data and found very 

close to each other. Similarly, data in the printed copies of emission analyzers were often 

compared with the emission data of the enginesoft database and found all most identical.  

All the performance, emission and combustion parameters were evaluated at each load 

thoroughly. Many times the trial was repeated to avoid any discrepancy in results. As 

mentioned earlier, for baseline data, diesel tank was used and thereafter for blends the 

biodiesel tank was used by swapping the fuel line by the rotary valve. Every time the engine 

was started with diesel and stopped after running at least 20 minutes on diesel.  

3.19 Accuracies and Uncertainties of Measurements 

Table 3.9 shows the accuracies and uncertainties associated with various 

measurements. It may be observed that all of the measurements exhibited higher accuracy. 

The repeatability of all measurements were checked throughout the experimental trial and 

found sufficiently close.  

It may be noted that the various measured properties like kinematic viscosity, density, 

calorific value, oxidative stability, flash point, acid value, peroxide value, fatty acid profile, 

elemental analysis etc. observed thrice and consider the average value for analysis. Observed 

values were identical because equipment had high precision and regularly calibrated. 



Chapter: 3- System Development and Methodology 

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page 116 

 

Therefore, the % uncertainties in these equipments were very low. For viscosity, density, 

calorific value and cold flow plugging point the % uncertainty was less than 0.1%. The 

repeatability of these equipments were checked and found highly satisfactory.  

Table.3.9: Accuracies and uncertainties of measurements 

S.N.    Measurements Measurement Principle  Range Accuracy 

1 Engine load Strain gauge type load cell 0-25 Kg ±0.1Kg 

2 Speed Magnetic pick up type 0-2000 rpm ±20 rpm 

3 Time Stop watch -- ±0.5% 

4 Exhaust Temperature K-type thermocouple 0-1000°C ±1⁰C 

5 Carbon monoxide Non-dispersive infrared 0-10% vol. ±0.2% 

6 Carbon dioxide Non-dispersive infrared 0-20% vol. ±0.2% 

7 Total hydrocarbons Non-dispersive infrared 0-20,000 ppm ±2 ppm 

8 Oxides of nitrogen Electrochemical 0-4000 ppm ±15ppm 

9 Smoke Photochemical 0-100% ± 2% 

10 Crank angle encoder Optical 0-720 °CA ± 0.2⁰CA 

11 Pressure Piezoelectric 0-200 bar ± 1 bar 

 Calculated results   Uncertainty 

12 Engine power -- 0-8 kW ±1.0% 

13 Fuel consumption Level sensor -- ±2.0% 

14 Air consumption Turbine flow type -- ±1.0% 

15 BTE -- -- ±1.0% 

16 BSEC -- -- ±1.5% 

17 Heat release Sorenson model -- ±5.0% 

18 In-cylinder temp. Ideal gas equation Up to 3000°K ±5.0% 
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CHAPTER 4 

RESULTS AND DISCUSSION 

This chapter discusses the results of investigations. Firstly, the chapter focused on 

physico chemical properties of pure Sal and Kusum oils. Further it describes the biodiesel 

production and optimized the process parameters using the RSM. Furthermore, the results of 

physico chemical properties of both biodiesel SME and KME are analyzed. Subsequently, 

this chapter discusses the effects of additives on long term storage stability and CFPP. Chapter 

also enlightens engine trials of the SME and KME with diesel blends. Detailed discussion on 

engine trials have been carried out to evaluate engine performance, emission and combustion 

characteristics of biodiesel-diesel and compare with baseline diesel. A single cylinder four 

stroke diesel engine (Kirloskar- TV1) is used for current research. 

4.1. Analysis of Straight Vegetable Oils (Sal and Kusum) 

Vegetable oils are water insoluble, hydrophobic substances of plant and animal origin, 

which are primarily composed of the fatty esters of glycerol, i.e. triglycerides. Furthermore, 

composition of vegetable oil greatly change (fatty acid profile) because of the storage 

conditions and local climatic conditions [246]. Hydrocarbon chain of fatty acids is different 

in chain length and number of double bonds. Free fatty acids play vital role during the 

biodiesel production process which lead to formation of soap and water [188]. Results 

indicated that the FFA content of the vegetable oils increased with duration of storage of 

seeds/oils and led to degeneration of the quality of vegetable oils, having an adverse impact 

on the properties of the vegetable oils and biodiesel. To deal with these parameters, there is 

the need to produce biodiesel from low or medium quality vegetable oils, which have high 

FFA content [247].  
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The main findings of physico-chemical properties and fatty acid composition of sal, 

Kusum and Jatropha oil have been illustrated in Table 4.1 and Table 4.2 respectively. These 

properties have been compared with Jatropha oil. Jatropha oil is the main feedstock for 

biodiesel production by National Biodiesel Mission of Government of India. 

Table 4.1- Physico chemical properties of Sal oil, Kusum oil and Jatropha oil.   

S. No. Property Saloil Kusum oil Jatropha oil 

1 Kinematic viscosity (mm²/s) at 40°C 52.6 40.97 48.09 

2 Kinematic viscosity (mm²/s) at 

100°C 

10.36 10.32 9.10 

3 Dynamic viscosity (mpa.s) at 40°C 46.81 37.76 43.55 

4 Viscosity Index (VI) 191.00 254.00 174.10 

5 Flash Point (°C) 225.50 185.50 258.50 

6 Density (g/cm³) at 15°C 0.89 0.92 0.91 

7 Acid Value (mg KOH/g) 3.36 16.20 17.63 

8 Cold filter plugging point (°C) 38.00 15.00 21.00 

9 Calorific value (MJ/kg) 39.18 38.47 38.98 

10 Copper strip corrosion (3h at 50°C) 1a 1a 1a 

11 Oxidation stability (h at 110°C) 4.15 0.16 0.32 

12 pH at 26°C 6.14 4.12 4.83 

Physico chemical properties of the Sal oil and Kusum oil are similar to Jatropha oil. 

Sal oil has less acid value (3.36 mg KOH/g), good calorific value (39.18 MJ/kg) and oxidation 

stability (4.15 hours). From the fatty acid composition, Sal oil had 61% total saturated and 

39% unsaturated fatty acids; whereas Kusum oil and Jatropha oil had 31% total saturated and 

69% unsaturated fatty acids. Saturation and unsaturation of the oils have significant impacts 

on the final biodiesel produced from such oils [160,248,249]. 

Sal oil is typically composed of mainly C-16 to C-20, where 61% saturated and 39% 

unsaturated of the total mixture. The promising existence of Arachidic acid (C-20) and Stearic 
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acid (C-18) improved its cetane number and ignition quality as well as these monosaturated 

compounds made it highly susceptible to cold flow property [250,251]. The major 

composition of Kusum oil was unsaturated acids like oleic acid (49.29%) and Eicosenoic acid 

(18.19%). So it exhibited low CFPP (15 oC) and flash point (185.5 oC) with better viscosity 

index but poor oxidation stability (0.16 hours).  

Table 4.2- Fatty acid composition of Sal, Kusum and Jatropha oils   
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Myristic 

acid 

C14H28O2 C14 Myristic acid 

methyl ester  

C15H30O2 8.764  -  - 

Palmitic 

acid 

C16H32O2 C16 Hexadecanoic acid 

methyl ester 

C17H34O2 6.86 9.89 19.15 

Palmitoleic 

acid 

C16H30O2 C17:1 9-Hexadecenoic 

acid methyl ester 

C17H32O2  -  - 1.99 

Stearic 

acid 

C18H36O2 C18 Octadecanoic acid 

methyl ester 

C19H38O2 28.33 3.63 10.16 

Oleic acid C18H34O2 C18:1 cis-9-

Octadecenoic  acid 

methyl ester 

C19H36O2 30.19 49.29 68.26 

Linoleic 

acid 

C18H32O2 C18:2 cis-9-cis-12-

Octadecadienoic  

acid methyl ester 

C19H34O2 8.78 1.8  - 

Arachidic 

acid 

C20H40O2 C20 Eicosanoic  acid 

methyl ester 

C21H42O2 16.77 15.27  - 

Eicosenoic 

acid 

C20H38O2 C20:1 cis-11 Eicosenoic 

acid methyl ester 

C21H40O2  - 18.19  - 

Behenic 

acid 

C22H44O2 C22 Docosanoic  acid 

methyl ester 

C23H46O2  - 1.82  - 

Convincingly, the oxidative stability and cold flow properties are normally inversely 

related: geometrical factors that improved oxidative stability. Ester group was the only 

exception to this relationship, as larger ester tend to improve both cold flow properties and 

oxidative stability [250]. Table 4.2 depicts fatty acids and their resulting fatty acid methyl 

esters.  
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4.2 Optimization of Biodiesel Production 

A 24 full-factorial CCD for four independent variables at three levels was employed 

and the total 30 experiments were conducted. Twenty-four experiments were augmented with 

six replications as the center points to evaluate the pure error [199]. The Design Expert 

10.0.3.0 software (academic version) was used for regression and graphical analyses of the 

data was obtained. The minimum value of the FFA and maximum values of the yield were 

taken as the responses of the experimental design.  

Analysis of variance (ANOVA) was performed on the model to evaluate its fitness. It 

was observed that optimization of various process parameters for biodiesel production 

through acid catalyzed esterification followed by base catalyzed transesterification route and 

was dependent upon the effects of different operating parameters. The parameters which 

affected the esterification and transesterification are methanol/oil molar ratio, catalyst 

concentration, reaction time and reaction temperature. The Kusum oil which have higher acid 

value or FFA (greater than 2) required pre-treatment or two stage process (esterification 

followed by transesterification); while Sal oil with low required single stage base catalyzed 

transesterification to produce the biodiesel.  

4.2.1 Optimization of acid catalysed esterification  

Kusum oil was having FFA of 8% suggesting two stage process to produce biodiesel. 

In the first stage vegetable oil is reacted with the alcohol (methanol) in presence of acid 

catalyst (PTSA), till the FFA is reduced below 2%, then it is transesterified in presence of 

base catalyst (KOH). Methanol was used as alcohol in both steps of the transesterification 

process.  
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The model that fitted to the response as suggested by the software was the quadratic 

model, due to its highest order polynomial with additional terms and the model was not 

aliased. A total of 30 experiments were performed as indicated by the design matrix (Table 

3.4) generated from the software. The results obtained for the analysis of variance (ANOVA) 

is shown Table 4.3. As discussed in the previous section, concentration of catalyst (A), 

reaction temperature (B), reaction time (C) and methanol/oil molar ratio (D) were considered 

as the factors and the % FFA as the response in the esterification stage.  

From the results good correlations were obtained with the reduced quadratic model. 

It may be observed that the p-value was less than 0.0001 while the model F-value of 257.10 

was obtained. Since only 0.01% chance that an F-value could occur due to noise. The values 

of "Prob> F" less than 0.0500 indicated model terms are significant. In this case A, B, C, D, 

AB, BC, BD, CD, A2, B2, C2, D2 are significant model terms. The "Lack of Fit F-value" of 

0.36 implies the Lack of Fit was not significant relative to the pure error. Insignificant lack 

of fit suggests model accuracy [252]. All these information outlined the model was 

statistically significant. On simpler term, the quadratic model could effectively predict, with 

minimal error, the actual % FFA during large scale esterification of the oil [97].  

The predicted R-Squared value was 0.98 and was in reasonable agreement with the 

"Adj R-Squared" of 0.99. "Adeq Precision" measures the signal to noise ratio. A ratio greater 

than 4 was desirable. The ratio of 51.97 indicates an adequate signal and can be employed on 

the response surface to be navigated. The analysis of Variance for esterification is shown in 

the Table 4.3. 

 

 



Chapter: 4- Results and Discussion 

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page 122 
 

 

Table 4.3: Analysis of Variance for esterification 

Source 
Sum of 

Squares 

Degree of  

freedom 

Mean 

Square 

F 

Value 

p-value 

Prob> F 
 

Model 57.99 14 4.14 257.10 < 0.0001 Significant 

A-Catalyst 

Concentration 
3.57 1 3.57 221.78 < 0.0001 

B-Reaction Temperature 11.07 1 11.07 687.18 < 0.0001 

C-Reaction Time 1.71 1 1.71 105.94 < 0.0001 

D-Molar Ratio 1.93 1 1.93 119.59 < 0.0001 

AB 0.75 1 0.75 46.44 < 0.0001 

AC 
6.400E-

003 
1 0.006 0.40 0.5380 

AD 0.011 1 0.011 0.68 0.4211 

BC 0.25 1 0.25 15.52 0.0013 

BD 0.80 1 0.80 49.72 < 0.0001 

CD 0.81 1 0.81 50.28 < 0.0001 

A2 19.12 1 19.12 1187.08 < 0.0001 

B2 7.20 1 7.20 447.19 < 0.0001 

C2 3.51 1 3.51 217.60 < 0.0001 

D2 19.88 1 19.88 1233.74 < 0.0001 

Residual 0.24 15 0.016   

Lack of Fit 
0.10 10 0.010 0.36 0.9200 

not 

significant 

Pure Error 0.14 5 0.028 

 

Cor Total 58.23 29  

Std. Dev. 0.13 R-Squared 0.9958 

Mean 4.01 
Adj R-

Squared 
0.9920 

C.V. % 3.17 
Pred R-

Squared 
0.9865 

PRESS 0.79 
Adeq 

Precision 
51.978 

In summary, the model was a good model because the fitness and accuracy of a model 

depend on the degree of freedom, the lack of fitness must be non-significance; showing R-

squared value closer to unity.  
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The main factors (catalyst concentration, reaction time, reaction temperature and 

molar ratio) showed significant effect on yield, while the effects of the combination of factors 

equally showed cumulative effects as first term, second term, third term and so on. According 

to the results, binomial terms A2, B2 and C2 showed statistically significant contribution on 

the response. Other factorial combinations also showed degree of significance in the model 

terms. Final equation in terms of coded factors is provided as eqn. (4.1), where Y is the 

response is the FFA (%). 

FFA = +1.96 – 0.39A – 068B -0.27C -0.28D + 0.22AB – 0.020AC – 0.026AD – 0.13BC + 

0.22BD + 0.22CD +0.83A2 + 0.51B2 + 0.36C2 + 0.85D2        (4.1) 

The equation in terms of coded factors was employed in making predictions about the 

response for given levels of each factor. By default, the high levels of the factors are coded 

as +1 and the low levels of the factors are coded as -1. The coded equation was useful for 

identifying the relative impact of the factors by comparing the factor coefficients. 

Final equation in terms of actual factors is provided as eqn. (4.2) 

FFA = +21.83583 – 4.41722 * Catalyst Concentration - 0.32822* Reaction Temperature - 

0.055389* Reaction Time - 1.64125* Molar Ratio+0.019222* Catalyst Concentration * 

Reaction Temperature-8.88889E-004* Catalyst Concentration * Reaction Time+4.97222E-

003* Reaction Temperature * Molar Ratio+2.50000E-003* Reaction Time * Molar 

Ratio+1.48444* Catalyst Concentration2+2.27778E-003* Reaction 

Temperature2+3.97222E-004* Reaction Time2+ 0.094583* Molar Ratio2   (4.2) 

The equation in terms of actual factors was useful in predicting the response for given 

levels of each factor. Here, the levels should be specified in the original units for each factor. 
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The probability of finding the optimal point of the actual and the predicted FFA is 

represented by the normal probability plots of residuals [112]. 

In this study, the normal plot of the residuals indicated the uniform normal distribution 

of error within the limits of the experiments showing the close linearity of the plots. It was 

observed from the Figure 4.1 that there occurred partial groupings of the experiments 

concentrating along the range on the normal probability against internally studentized 

residuals plot possible due to presence of the central point around this region. 

  

Figure 4.1: Normal % probability vs. 

residuals plot 

       Figure 4.2: Predicted vs. Actualplot for 

FFA 

The graph between the predicted and actual FFA values given in Figure 4.2, showing 

that the predicted values are quite close to the experimental values, thus, validating the 

credibility of the model developed for establishing correlation between the process variables 

and the FFA content. It may be observed that, the predicted and the observed %FFA were 

very close in all the cases; validating the previous assumption that the model was a good fit 

one. It may be clearly seen that the predicted and the observed values are grouped close to 

each other and concentrating around a medium range.  
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In the light of the earlier discussions, it may be stated that the model could effectively 

predict the % FFA for large sized esterification with minimal error.  

4.2.1.1 Effects of process parameter on FFA 

The response graphs represent the main and interactive effects of the factors on the 

response (% FFA). The main factor plot is shown in Figure 4.3 and three dimensional surface 

interaction plots are shown in Figure 4.4 to Figure 4.9. The main factor graphs for catalyst 

concentration, reaction temperature and molar ratio were significant for the model with p-

values of less than 0.05. The positive main factor for catalyst (A) and molar ratio (D) 

coefficients indicates a favorable effect on FFA reduction.  

 

Figure 4.3: Effect of one factor on optimum FFA 

Figure 4.3 shows the effects of main factor on FFA. It represents catalyst 

concentration showed improvement in results up to 0.927 (%wt/wt). Further increase in 

catalyst concentration showed negative effect. Similarly, reaction temperature and reaction 

time showed in reduction in FFA up to 62.11 0C and 67.82 min respectively. Similarly molar 

ratio showed improvement till 6.4.  
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Figure 4.4: Interaction effect of catalyst concentration    

and reaction temprature on FFA 

  Figure 4.5: Interaction effect of catalyst 

concentration and reaction time on FFA 

  

  

Figure 4.6: Interaction effect of catalyst concentration   

and molar ratio on FFA 

    Figure 4.7: Interaction effect of reaction 

temperature and reaction time on FFA 

  

  

Figure 4.8: Interaction effect of reaction temprature       

and molar ratio on FFA 

                Figure 4.9: Interaction effect of reaction 

time and molar ratio on FFA 
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Figure 4.4 showed the interaction effect of catalyst concentration and reaction 

temprature on FFA. This surface graph showed significant change in FFA with respect to 

catalyst concentration and reaction temprature. Interaction effect of catalyst concentration 

and reaction time on FFA  is shown in Figure 4.5. Catalyst concentration showed significant 

change in compare to the reaction time. 

Interaction effects of catalyst concentration and molar ratio on FFA is shown in Figure 

4.6. It clearly dipicts design points for minimum FFA (red dot in graph) at catalyst 

concentraton 0.927 (% w/w)  and molar ratio 6.4. Figure 4.7 shows the interaction effects of 

reaction temperature and reaction time on FFA. This surface graph shows change in reaction 

temprature but reation time was not affected more on response (FFA). Figure 4.8 shows the 

surface graph of reaction temprature and molar ratio on FFA. Interaction effect of reaction 

time and molar ratio on FFA is shown in Figure 4.9. This surface graph represents that 

reaction time is affect more on response. 

4.2.1.2 Ramp fuction graph for esterification  

The ramp function is a basic unary real function, easily calculable as the mean of its 

independent variable and its absolute value [253,254]. It presents the value of parameters to 

obtain minimum value of %FFA for different process parameters as shown Figure 4.10. The 

desirability value of 1.73153 corresponded to the minimum value of %FFA in the given range 

of process parameters of acid catalyzed esterification process. 

4.2.1.3  Confirmation experiment 

The diminishing FFA of the Kusum oil under esterification, the average possible 

predicted response (FFA) was found to be 1.73 %, as illustrated in Table 4.4. The F-values 

ranked the significance of process parameters in Table 4.3. It can be concluded that 
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temperature is influencing more. It is followed by catalyst concentration and molar ratio. The 

optimum FFA (1.86 %) from the experiments corresponding to these parameters (catalyst 

concentration is 0.92 (% w/w), reaction temperature  is 62.11°C, reaction time is 67.82 

minutes and methanol to oil molar ratio (6.4) was found. The error between the experimental 

and modelled results was 7.51%. Therefore, the model can be successfully used to predict the 

surface of FFA for these process parameters.  

Table 4.4: Optimized results of acid catalyzed esterification of Kusum oil 

Response Optimized value of input process  parameters Predicted 

Value (%) 

Experiment

al Value (%) A B C D 

FFA (%) 0.927 62.11 67.82 6.4 1.73 1.86 

Footnote: A: Catalyst concentration (%w/w); B: Reaction temperature (°C); C: Reaction time (minutes); D: 

Molar ratio (methanol/oil) 

 

Figure 4.10: Ramp function graph for optimum FFA. 

4.2.2  Optimization of transesterification 

Biodiesel was produced using transesterification process in which, the triglyceride 

was reacted with an alcohol in presence of a catalyst. As discussed earlier, the production of 
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Sal biodiesel (SME) was carried out in a single stage transesterification process and Kusum 

biodiesel (KME) was carried out in a two stage process (Esterification followed by 

transesterification). The free fatty acid (FFA) content of Sal oil was 1.68% and Kusum oil 

was 1.86 % (after esterification). Transesterification process was carried out monitoring; 

catalyst concentration (A), reaction temperature (B), reaction time (C) and methanol to oil 

molar ratio (D) at constant stirring speed at 450 rpm to determine corresponding optimum 

conditions using RSM (shown in Table 3.5). These results are similar to the results reported 

for waste rapeseed oil [199], cotton seed oil [255] and used frying oil [256]. Characterization 

of SME and KME samples produced in the transesterification is an integral part of biodiesel 

quality control. 

Similar to the esterification discussed earlier, the model F-value of 1257.12 implied 

the model is significant for the transesterification as well. There is only 0.01% chance that an 

F-value this large could occur due to noise. Values of "Prob> F" less than 0.0500 indicated 

model terms are significant. In this case A, B, C, D, AB, AC, BD, CD, A2, B2, C2, D2are 

significant model terms as shown Table 4.5. 

Values greater than 0.10 indicate the model terms are not significant. The "Lack of 

Fit F-value" of 0.23 implied the Lack of Fit was not significant relative to the pure error. 

There is 97.55% chance that a "Lack of Fit F-value" this large could occur due to noise. Non-

significant lack of fit was required to validate the model. 

The "Predicted R2=0.99 was in reasonable agreement with the "Adj R2=0.99. 

Moreover, the Adeq Precision" measured the signal to noise ratio. The ratio of 114.68 

indicated an adequate signal. The coefficient of determination (R2 = 0.99) found, implied that 

the accuracy of the predictive model was adequate. This model could be used to navigate the 

design space. 
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Table 4.5: ANOVA for Response Surface Quadratic model for transesterification 

Source 
Sum of 

Squares 

Degree of  

freedom 

Mean 

Square 

F 

Value 

p-value 

Prob> F 
 

Model 6893.20 14 492.37 1257.12 < 0.0001 Significant 

A-Catalyst 

Concentration 
425.04 1 425.04 1085.21 < 0.0001 

B-Reaction 

Temperature 
1666.67 1 1666.67 4255.32 < 0.0001 

C-Reaction Time 273.38 1 273.38 697.98 < 0.0001 

D-Molar Ratio 1472.67 1 1472.67 3760.00 < 0.0001 

AB 20.25 1 20.25 51.70 < 0.0001 

AC 68.06 1 68.06 173.78 < 0.0001 

AD 1.00 1 1.00 2.55 0.1309 

BC 0.56 1 0.56 1.44 0.2494 

BD 9.00 1 9.00 22.98 0.0002 

CD 10.56 1 10.56 26.97 0.0001 

A2 801.67 1 801.67 2046.82 < 0.0001 

B2 1687.53 1 1687.53 4308.58 < 0.0001 

C2 820.31 1 820.31 2094.41 < 0.0001 

D2 820.31 1 820.31 2094.41 < 0.0001 

Residual 5.87 15 0.39   

Lack of Fit 1.87 10 0.19 0.23 0.9755 
not 

significant 

Pure Error 4.00 5 0.80 

 

Cor Total 6899.08 29  

Std. Dev. 0.63 R-Squared 0.9991 

Mean 75.15 
Adj R-

Squared 
0.9984 

C.V. % 0.83 
Pred R-

Squared 
0.9976 

PRESS 16.56 
Adeq 

Precision 
114.681 
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The final equation for the yield and the effects of the individual as well as the 

interactive effects of the factors on the yield is given as eqn. (4.3). 

Yield = +94.5 + 4.21A +8.33B + 3.37C +7.83D – 1.13AB -2.06AC +0.25AD + 0.19BC 

+0.75BD – 0.81CD -5.41A2 -7.84B2 - 5.47C2 - 5.47D2    (4.3) 

As discussed previously, the coded equation is useful for identifying the relative impact of 

the factors by comparing the factor coefficients. Final equation in terms of actual factors for 

maximum (optimum) yield is provided as eqn. (4.4) 

Yield = -280.90625 + 60.47917 * Catalyst Concentration + 9.44271* Reaction Temperature 

+ 0.96458 * Reaction Time + 8.94444 * Molar Ratio - 0.2250 * Catalyst Concentration * 

Reaction Temperature - 0.13750 * Catalyst Concentration * Reaction Time + 0.16667 * 

Catalyst Concentration * Molar Ratio + 0.000625 * Reaction Temperature * Reaction Time 

+ 0.025000 * Reaction Temperature * Molar Ratio - 0.0090277 * Reaction Time * Molar 

Ratio - 21.62500 * Catalyst Concentration2 - 0.078437 * Reaction Temperature2 - 6.07639E-

003 * Reaction Time2  -0.60764 * Molar Ratio2    (4.4) 

The equation in terms of actual factors can be used to make predictions about the 

response for given levels of each factor. These levels should be specified in the original units 

for each factor [254]. The predicted and actual values were correlated by the graph, showing 

the precision as well as the normal distribution of the data as a function of the percentage 

yields for both actual and predicted. The plots between the normal % probabilities vs. 

residuals is shown in Figure 4.11 and predicetd vs. the actual values are provided in Figure 

4.12. The one factor plot is shown in Figure 4.13 and three dimensional response surface plot 

for the tranesterification stage is provided in the Figure 4.14 to Figure 4.19. 

The graph between the predicted and actual methyl ester yield (%) given in Figure 

4.12 shows that the predicted values are quite close to the experimental values, thereby, 
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validating the reliability of the model developed for establishing a correlation between the 

process variables and the methyl ester yield. 

 
Figure 4.11: Normal % probability vs. 

residuals for transesterification 

 
Figure. 4.12: Predicted vs. actual yield for 

transesterification 

  

4.2.2.1 Effect of process parameters on yield 

Figure 4.13 indicates the synegistic effects of the independent variables as can be 

clearly seen on the graph. The increasing catalyst concentration showed improvement in 

results up to 1.13 (% wt/w). Further increase in catalyst concentration beyond this 

concentration showed reduction in yield. Similarly reaction temperature and reaction time 

showed in improvement in yield up to 63.18 0C and 79.2 minutes respectively. Similarly 

molar ratio showed improvement till 8.16.   

The response surface graph in the Figure 4.14 shows the effects of the reaction 

temperature and the catalyst concentration as it affected the yield. Low catalyst concentration 

and low reaction temperature negatively affected the yield, while the increase in temperature 

increased the yield to a point closer to the boiling point of methanol before slight decrease in 
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the yield was observed. The increase in biodiesel yield at higher temperature was due to the 

fact that viscosity of oils decreases at high temperature and results in an increased reaction 

rate and shortened reaction time, thereby, increasing the biodiesel yield [255,257].  

 
Figure 4.13: Effect of single factor on optimum yield 

 

It also increases with increasing reaction time at low catalyst concentration [199]. 

Interaction effects of catalyst concentration and reaction time on yield  is shown in Figure 

4.15. Catalyst concentration showed significant changes in compare to the reaction time. Low 

catalyst concentration and low reaction time showed  low yield. 

Interaction effects of catalyst concentration and molar ratio on yield are shown in 

Figure 4.16. Figure clearly dipicts design point for optimum yield at catalyst concentraton 

1.13 (w/w)%  and molar ratio 8.16.   



Chapter: 4- Results and Discussion 

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page 134 
 

 

  

Figure 4.14: Interaction effect of catalyst 

concentration and reaction temprature on 

yield 

Figure 4.15: Interaction effect of catalyst 

concentration and reaction time on yield 

  

Figure 4.16: Interaction effect of catalyst 

concentration and molar ratio on yield 

Figure 4.17: Interaction effect of reaction 

temperature and rection time on yield 

Figure 4.17 shows the interaction effects of reaction temperature and reaction time on 

yield. This surface graph shows significant change in reaction temprature but reaton time was 

not affected more on yield. Figure 4.18 shows the surface graph of reaction temprature and 
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molar ratio on yield. Interaction effect of reaction time and molar ratio on yield is shown in 

Figure 4.19. This surface graph represents that reaction time is affect more on response. 

 
 

Figure 4.18: Interaction effect of reaction 

temperature and molar ratio on yield 

Figure 4.19: Interaction effect of reaction 

time and molar ratio on yield 

From surface graphs and F values; the model ranked the significance of process 

parameters in Table 4.6. It can be concluded that the influence of the parameters as follows 

Reaction temperature > Molar ratio > Catalyst concentration > Reaction time. The same trend 

was observed for catalyst concentration as the increase in the catalyst resulted in the increase 

in the yield but was also found to decrease slightly with the highest catalyst concentration. 

This was discussed in details by Hassan and Vinjamur, [258]. This could be attributed to the 

formation of much glycerol that results in persistant washing. For the transesterification of 

the biodiesel, the optimal yield was predicted as 97.43% under the reaction conditions of 

1.13% catalyst (KOH) concentration react at temperature of 63.18 ̊C for the reaction time of 

79.2 minutes and methanol to oil molar ratio of 8.16 with constant 450 rpm stirring speed. 
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4.2.2.2 Ramp fuction graph for tranesesterification  

The ramp function is the basic unary real function. The desirability value of 97.43% 

corresponded to the maximum value of yield (%) in the given range of process parameters of 

base catalyzed transesterification process as shown in Figure 4.20. 

 

Figure 4.20: Ramp function graph for optimum yield of biodiesel 

4.2.2.3  Confirmation experiment  

Once the optimal value of the design parameters has been selected, the final step was 

to predict and verify the improvement of the quality characteristic using the optimum level of 

the design parameters. By evaluating the yield under transesterification, the average possible 

predicted yield is found to be 97.41%, as illustrated in the Table 4.6. 

Table 4.6: Optimized Process Parameters for Sal biodiesel and Kusum biodiesel 

Response Optimized value of input process  

parameters 

Predicted  

Value 

Experimental 

Value 

A  B          C    D  

SME yield (%) 1.13 63.18 79.2 8.16 97.41 96.92 

KME yield (%) 1.13 63.18 79.2 8.16 97.41 96.5 

Footnote: A: Catalyst concentration (%w/w); B: Reaction temperature (°C); C: Reaction time (minutes); D: 

Molar ratio (methanol/oil) 
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 The product yield from five experiments corresponding to these parameters (catalyst 

concentration is 1.13 w/w%, methanol to oil molar ratio is 8.16 reaction temperature is 63.18 

°Cand reaction time 79.2 minutes) is found to be 96.92 ± 0.48 % for SME and 96.5 ± 0.72 % 

for KME. The error between the experimental and modelled results was 0.5% for SME and 

0.9% for KME. Therefore, the model can be successfully used to predict the surface of yield 

(%) for this parameter. 

4.3  Results of Physico-Chemical Characterization 

4.3.1 Fatty acid composition of Sal biodiesel 

The physico-chemical properties were determined according to standard methods. 

Table 4.7 presents the average values of triplicate analysis. Figure 4.21 shows the fatty acid 

profile obtained from GCMS.  

 

Figure 4.21: Fatty acid profile Sal methyl ester using GCMS 
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Table 4.7: Fatty acid profile for methyl esters Sal and Kusum 
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1. Myristic acid methyl 

ester or Methyl 

myristate 

C15H30O2 242 862 124 53.9 289 8.76  -- 

2. Hexadecanoic acid 

methyl ester 

C17H34O2 470 853 152 57.5 351 6.86 9.89 

3. Octadecanoic acid 

methyl ester/Methyl 

stearate 

C19H38O2 298 910 169 62 355 28.3 3.63 

4. cis-9-Octadecenoic  

acid methyl ester 

C19H36O2 296 895 102 59.6 360 30.1 49.29 

5. cis-9-cis-12-

Octadecadienoic  

acid methyl ester 

C19H34O2 294 900 303 118 230 8.78 1.8 

6. Eicosanoic  acid 

methyl ester 

C21H42O2 326 824 169 65.3 328 16.7 15.27 

7. cis-11 Eicosenoic 

acid methyl ester 

C21H40O2 324 900 209 78 402  -- 18.19 

8. Docosanoic  acid 

methyl ester 

C23H46O2 354 920 176 67 391  -- 1.82 

From the results, the major constituents are saturated fatty acid methyl ester (Myristic 

acid methyl ester (8.76%), Hexadecanoic acid methyl ester (6.86%), Octadecanoic acid 

methyl ester (28.33%) and Ecosanoic acid methyl ester (16.77)), and unsaturated fatty acid 

methyl (cis-9-Octadecenioc acid methyl ester (30.19%) and cis-9-cis-15- Octadecadienioc 

acid methyl ester (8.78%)) are also identified.  

 



Chapter: 4- Results and Discussion 

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page 139 
 

 

4.3.2 Fatty acid composition of Kusum biodiesel 

Figure 4.22 shows the fatty acid profile of KME obtained from GCMS.  The major 

constituents are saturated fatty acid methyl ester (Hexadecanoic acid methyl ester (9.89%) 

and Eicosanoic acid methyl ester (18.19%), and unsaturated fatty acid methyl (cis-9-

Octadecenoic acid methyl ester (49.29%) and cis-11 Eicosenoic acid methyl ester (18.19%) 

are also available. 

 

Figure 4.22: Fatty acid profile of Kusum methyl ester using GCMS 

4.3.3 Infrared spectroscopy  

The infrared (IR) analysis of SME and KME were carried out to detect the possible 

functional group similarities and are shown in Figures 4.23 and Figure 4.24 respectively.  The 

following wave numbers have been observed to be distinct in case of SME and KME. The 

instrument recorded spectra from an upper limit of around 4500 cm-1to 350 cm-1; however 
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relevant spectra is lies between 4000 cm-1to 700 cm-1. IR correlation table is shown in 

Appendix-III. 

Table 4.8: Infra-red absorption frequencies of SME and KME  

S. 

No. 

Functional group Frequency (cm-1) 

wavenumber 

SME 

wavenumber 

KME 

wavenumber 

1. ―O―H stretching 

(alcohol) 

3300-3400 3474 3471 

2. =C―H stretching (alkene) 3265-3335 2862 2860 

3. ―C―H stretching 

(alkanes) 

2850-3000 2926 2925 

4. ―C―H stretching 

(aliphatic) 

4200-4600 4254 4258 

5. ―C= O stretching(ester) 1730-1750 1736 1744 

6. ―C=C Alkyne 1600-1680 1611 1625 

8. ―CH3   bending 1450-1375 1471 1451 

9. O=C-O-C aliphatic (ester) 1160-1210 1177 1164 

10. ―C― O stretching (ester) 1000-1300 1023 1013 

11. Alcohols free 3600-3650 3865 3853 

12. Alcohols H- bonded  3200-3500 3474 3471 

13. Out of plane bend >1000 713 720 

 

Figure 4.23: FTIR of Sal biodiesel (SME) 



Chapter: 4- Results and Discussion 

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page 141 
 

 

 

 

Figure 4.24: FTIR of Kusum biodiesel (KME) 

After production of SME and KME, they were blended with diesel fuel in several 

proportions and studies were made for the homogeneity of all biodiesel-diesel fuel blends. 

Some samples were kept in open atmospheric conditions and some were kept in closed 

atmospheric conditions but all fuel blends have been found to be homogeneous even after 12 

months.  There was no sign of phase separation in any of the fuel blends.  

4.3.4 Kinematic viscosity 

Kinematic viscosity is the most important property of any fuels since it affects the 

operation of fuel injection equipment and spray atomization, particularly at low temperatures 

when an increase in viscosity affects the fluidity of the fuel [149,257] and engine combustion. 

Moreover, high viscosity may lead to the formation of soot and engine deposits due to 

insufficient fuel atomization. 

It can be seen that; both vegetable oils have very high viscosity. This is attributed to 

their large molecular masses and large chemical structures which indicated that these oils 

have good lubrication properties in CI engine [104]. From Table 4.1, it could be seen that Sal 

oil presented highest kinematic viscosity of 52.6 (mm2/s) and 10.36 (mm2/s) at 40°C and 
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100°C, respectively. Dynamic viscosity of 43.62 (mpa.s) at 40°C, which was nearly equal to 

the Jatropha oil. Kusum oil possessed lower kinematic viscosity of 40.97 (mm2/s) at 40°C. It 

was also found that Kusum oil owned the highest viscosity index of 189. A high viscosity 

index signified relatively small change of kinematic viscosity with temperature.   

The kinematic viscosities of the methyl esters were found to be lower than those 

presented by their respective vegetable oils as could be seen in Table 4.9. Since, biodiesel 

molecules are single, long chain fatty esters, than triglyceride molecules [21]. It could be 

observed that all results are in agreement with the standard specified by ASTM D6751. Figure 

4.25 showed the variation of viscosity of SME blends and KME blends at 40 ̊C. KME 

exhibited kinematic viscosity of 5.91 cSt and SME  5.79 cSt; which are lower than the ASTM 

6751 limit of 6 cSt. Therefore, the viscosities of both biodiesel were within the ASTM 

standard limit.  

 

Figure 4.25: Variation of viscosity for various test fuels 
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Table 4.9- Physico-chemical properties of the test fuels 

Test Fuel Density 

(g/cm3) 

API 

Gravity 

Viscosity 

(cSt) 

Calorific 

Value (MJ/kg) 

Flash 

Point (̊C) 

CFPP 

(̊C) 

D100 0.832 38.572 3.23 44.7 65 -15 

SME 0.8765 29.938 5.79 39.65 172 10 

KME 0.8967 26.301 5.91  39.11 148 -1 

SME10 0.8333 38.307 3.33 44.51 67 -2 

SME20 0.8396 37.033 3.41 43.95 72 2 

SME30 0.845 35.956 3.57 43.75 79 3 

SME40 0.8507 34.834 3.79 42.85 88 4 

KME10 0.838 37.354 3.36 44.15 67 -13 

KME20 0.844 36.154 3.54 43.56 70 -11 

KME30 0.851 34.775 3.72 43.11 73 -9 

KME40 0.858 33.418 3.99 42.65 78 -7 

4.3.5 Density / API gravity 

Density was measured using an oscillating “U” tube density meter as elaborately 

discussed in the earlier section. It is also a key fuel property, with potential to directly 

influence the engine performance, emission and combustion behavior. Many important 

characteristics, such as cetane rating and heating value, are related to the density [113]. Fuel 

density influences engine output power; due to difficulty in fuel mass injection [114]. The 

conversion of Sal and Kusum oils into its mono-esters brings about significant change in the 

density of vegetable oil.  

In the present investigation, the density of Sal and Kusum oils are 0.89 g/cm3 and 0.92 

g/cm3 respectively. The density of vegetable oil, SME, KME and its blends were determined 

at temperatures 15°C. At this temperature, SME and KME exhibited densities of 0.8765 

(g/cm3) and 0.89 (g/cm3), respectively as compared to 0.83 (g/cm3) showed by the neat diesel.  
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Figure 4.26: Variation of density for various test fuels 

In either of the cases, the density was within prescribed limits of 0.86-0.9. ASTM 

specification does not specify the range of density for biodiesel.  

 

Figure 4.27: Variation of API Gravity for various test fuels 

As the concentration of the biodiesel in diesel increased, the density of the blend also 

increased. This was reflected in the graphs both for SME and KME as shown in Figure 4.26 

and Table 4.9. The API gravity decreased with increasing concentration of both the biodiesel 
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in diesel as shown in Figure 4.27. This is reflected in the graphs both for SME and KME.  

The API gravity of KME (26.3) has been found to be lower than SME (29.94). 

4.3.6 Calorific value 

Calorific value is an important parameter in the selection of a fuel. The caloric value 

of vegetable oils and biodiesel is generally lower than of diesel because of its higher oxygen 

content [92]. This is proved in Table 4.1 as the calorific values of all vegetable oils are lower 

than diesel fuel. It may be observed that SME and KME were having calorific value of 39.65 

(MJ/kg) and 39.11 (MJ/kg) as compared to 44.7 (MJ/kg) in case of diesel. 

Calorific value of various blends of SME and KME with diesel is shown in Figure 4.28 and 

Table 4.9. A bomb calorimeter was used to determine the calorific value of the test fuels as 

discussed briefly in the earlier sections. 

 

Figure 4.28: Variation of calorific value for various test fuels 
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4.3.7 Flash point 

Flash point is another important property for any fuel. Generally, vegetable oils and 

biodiesel have higher flash point compared to diesel which is usually more than 120°C, while 

generally conventional diesel fuel has a flash point of 55-66°C. So biodiesel is safe for 

transport, handling and storage purpose [140,259]. The results of flash point of test fuels are 

shown in Figure 4.29. The results from Table 4.1 showed that Jatropha oil possessed the 

highest flash point of 258°C followed by Sal oil with 225°C; while Kusum oil has the lowest 

flash point of 185.5°C.  

The flash point of diesel fuel has been found to be 65ºC, whereas for SME and KME, 

its values were 172°C and 148°C, respectively. The IS-15607, EN-14214 and D-6751 

specified the minimum value of flash point as 120°C, 120°C and 130°C respectively.  

Therefore it can be seen that flash point of both the biodiesel was above the minimum 

limit of all the three specifications.  Blending of biodiesel in diesel increased flash point of 

test fuels.   

4.3.8 Cold filter plugging point  

Cold filter plugging point (CFPP) is the temperature at which the test filter starts to 

plug due to fuel components that have started to gel or crystallize. It is commonly used as 

indicator of low temperature operability of fuels and reflects their cold weather performance 

[97]. From Table 4.1, it can be seen that Sal oil acquired the higher CFPP point of 39°C 

whereas Kusum oil has 11°C. 
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Figure 4.29: Variation of flash point for various test fuels 

Variation in CFPP for the test fuels is shown in Figure 4.30 and Table 4.9. It may be 

observed that neat diesel exhibited CFPP of -15°C; whereas SME and KME showed CFPP 

of 10°C and -1°C, respectively. The flow properties of SME were poor and KME were 

mediocre to cold climate region. As India is mostly a tropical country, -1°C CFPP of KME 

may be acceptable for diesel engine application in India. Moreover, the variation of CFPP 

with increasing volume fraction of SME and KME in the test fuels was not linear.  

 

Figure 4.30: CFPP for various test fuels 
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4.3.9  Oxidation stability  

Oxidation stability is one of the most important properties of fatty-acid methyl esters 

and affects biodiesel primarily during extended storage. As describe earlier, the biodiesel 

Rancimat method was used for oxidation stability study. The EN14112 standard was followed 

with 10 L/h air flow and 110 °C bath temperature. The total induction time showed by the 

SME sample was 6.17 hours as against the standard of six hours. Therefore, the oxidation 

stability of SME was found to be within the limits of European biodiesel standard. However, 

the oxidation stability of the Kusum biodiesel was poor i.e. only 1 hour (Figure 4.31), which 

was lower than prescribed limit. Therefore, addition of antioxidant improved the oxidation 

stability. To enhance the oxidation stability, antioxidants were employed to prolong the 

stabilized time of biodiesel. Figure 4.32 shows the conductivity and induction time curve for 

KME with 0.1% TBHQ of oxidation stability study using Rancimat.  

Table 4.2 suggests that KME was rich in double bonds and poly-unsaturated fatty 

acids such as Oleic (18:1), Linoleic (18:2) and Eicosenoic (20:1) acids. It may be observed 

that 69% composition by weight of KME contained unsaturated fatty acids and only 31% 

saturated fatty acids. Due to excess availability of double bonds, KME tends to have higher 

inclination to react with oxygen. This is consistent with the previous observation of 

comparatively inferior oxidation stability of KME.  

However, availability of unsaturated fatty acids also has some advantages. Due to high 

reaction tendency, the KME when injected in to the diesel engine suddenly broke in to lighter 

compounds reducing the ignition delay [260]. 
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Figure 4.31: Oxidation stability of Kusum biodiesel 

 

Figure 4.32: Oxidation stability of KME with 0.1% TBHQ 

On the basis of the previous discussion, it may be concluded that SME and KME were 

within the limits of international biodiesel standards except the cold flow properties and 

oxidation stability for KME. Its various critical physico-chemical characteristics closely 
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matched with the methyl ester of Jatropha curcas recognized by Government of India as the 

best oil seed for biodiesel production.  

4.3.10 Other physico chemical properties 

Physico-chemical properties like specific gravity, water content, dynamic viscosity, carbon 

residue, pour point, cloud point, lubricity, acid value, iodine value, saponification value and 

peroxide value were estimated and shown in Table 4.10. The cetane number (CN) of methyl 

ester was calculated based on the estimated SV and IV using the equation 3.11. Cetane 

number (CN) defines the ability of fuel to ignite quickly after being injected. Better ignition 

quality of the fuel is always associated with higher CN value. This is one of the important 

parameter, which is considered during the selection of methyl esters for use as biodiesel. 

Table 4.10- Various physico-chemical properties of SME and KME 

 Fuel property Unit Limits Standard Diesel SME KME 

Density at 15 ̊C g/cm3 0.85-

0.89 

D1298 0.8327 0.8765 0.8967 

Specific gravity at 15 ̊C  - - 0.8335 0.8773 0.8971 

API Gravity  - - 38.572 29.93 26.301 

Kinematic viscosity at 

40 ̊C 

mm2/s  1.9 – 6.0 D445 3.23 5.79 5.91 

Dynamic viscosity at 

40 ̊C 

Mpa.s - - 2.687 5.074 5.299 

Viscosity index at 40 ̊C  - D2270 1070 200.5 185.7 

Calorific value MJ/kg   44.7 39.65 39.11 

Flash point ̊C 130 

min.) 

D93 65 172 148 

Cloud point ̊C  D 2500 -16 17 2 

Pour point ̊C  D 97 -20 12 0 

CFPP ̊C  D6371 -15 10 -1 

Copper strip corrosion Rating No.3  D130 1a 1a 1a 

Carbon residue % m/m 0.050  D189 - 0.025 0.042 
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Oxidation stability at 

110 ̊C 

Hours 3 (min.) EN 14112 - 6.17 1 

Acid value mgKOH/g 0.5 max. D664 - 0.16 0.13 

Iodine value  g I2/100g 120 

max. 

EN14111 - 29 52 

Saponification value mgKOH/g  D94 - 255 179 

Cetane number  47 

(min.) 

D613 49 61 65 

Peroxide value meq/kg   - 16.8 20.1 

Lubricity µm 520 max D6079 441 266 289 

Free glycerin % mass  D6584 - 0.023 0.027 

Ester content % mass  EN14105 - 96.92 96.5 

4.4 Effect of Additives on Storage Stability  

Poor stability of biodiesel vis-a-vis diesel is because of the double bonds and certain 

functional groups present in the molecules of biodiesel (as per FTIR and GCMS results). It is 

therefore essential to evaluate the storage stability of biodiesel. Chemically, biodiesel is an 

ester molecule and more prone to be hydrolyzed to alcohol and acid in the presence of air or 

oxygen [261]. Presence of alcohol will lead to reduction in flash point and presence of acid 

will increase acid number. A comprehensive storage stability study of biodiesel was carried 

out to assess the degradation of biodiesel during storage and evaluate the effect of additive to 

improve the storage stability. It was seen that KME did failed the oxidative stability 

specification EN 14112. In order to enhance the oxidation stability, synthetic antioxidants 

were used. Antioxidant inhibits the formation of free radicals or interrupts the propagation of 

free radical and hence contributes to the stabilization of the lipid sample. In this study, two 

antioxidant namely tert-butyl hydroquinone (TBHQ) and Ecotive were used to study its effect 

on SME and KME. The antioxidant was added 0.1 % and 0.5 % by weight of oil in the 

biodiesel sample as discussed earlier in Table 3.9. Application of additive 0.5 % (by weight) 

passed the minimum limit of Rancimat Induction Period (RIP) of 6 hrs.  
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So the results of 0.5% doped samples were investigated at every month to observe 

physico chemical properties of SME and KME. The results are presented in subsequent 

section. In order to study the storage stability of biodiesel, samples of SME and KME was 

tested for peroxide value, density, acid number, viscosity and calorific value for a storage 

period of one year with and without additive. All these parameters were periodically evaluated 

on monthly basis. 

4.4.1  Peroxide value 

Figure 4.33 and Figure 4.34 show the variations in peroxide values of SME and KME 

with and without additive over a storage period of 12 months. The peroxide values have been 

found to be increasing with storage period both for SME and KME fuels. The additive has 

slowed the change in peroxide value of both the biodiesel. The peroxide value in case of KME 

at 0 month was 20.1 meq/kg. It increased by 9.7 times at the end of the test. The peroxide 

value in case of SME at 0 month was 16.8 meq/kg and it was 7.86 times at the end of 12th 

month. Also, SME (39% unsaturated) has been found to be more stable as compared to KME 

(69% unsaturated) as far as oxidation is concerned.  

It has been observed that the additive TBHQ has exhibited better results than 

ECOTIVE. Both antioxidants slowed down the oxidation of SME and KME significantly. 

The increase in peroxide value was lowered at the end of test for SME and KME with the 

addition of this additive. 
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Figure 4.33: Effects of antioxidants on peroxide 

value of SME 

Figure 4.34: Effects of antioxidants on peroxide 

value of KME 

4.4.2  Density  

Figure 4.35 and Figure 4.36 represents the variation of density of SME and KME with 

and without additive over a storage period of 12 months. The densities have been found to be 

increasing with storage period both for SME and KME fuels. The rate of increase was found 

to be more for KME than for SME. The density in case of SME and KME at 0 months was 

0.8765 and 0.8967 g/cm3 which increased to 0.8816 g/cm3 and 0.9037 g/cm3 at end of the test. 

A similar trend of increase in density for SME and KME with additive TBHQ and ECOTIVE 

have also been observed.  However, the both additives marginally affected densities of KME 

and SME.  Partial increase in densities of both the biodiesel was observed with or without 

additive. Anti-oxidant TBHQ showed better performance than ECOTIVE. 

4.4.3  Kinematic viscosity  

The variation of kinematic viscosity of SME and KME with and without additives 

over a storage period of 12 months is represented in Figure 4.37 and Figure 4.38 respectively. 

The values of viscosity have been found marginal increase with storage period up to first 6 

months for SME and KME fuels. The rate of increase was found to be more for KME than 
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SME. The viscosities in case of SME and KME at 0 month were 5.79 and 5.91 cSt, 

respectively i.e. close to ASTM limit.  

  

Figure 4.35: Effects of antioxidants on Density 

of SME 

Figure 4.36: Effects of antioxidants on 

Density of KME 

  

  

Figure 4.37: Effects of antioxidants on 

kinematic viscosity of SME 

Figure 4.38: Effects of antioxidants on 

kinematic viscosity of KME 
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specification.  At end of the test, the viscosities for SME and KME were 6.54 and 6.99 cSt 

respectively, indicating an increase of around 13% and 18% from 0 month. 

TBHQ showed better performance from ECOTIVE. In fact with the use of TBHQ, 

SME become off specification even after 10 months whereas KME became off specification 

on the seventh month. 

4.4.4  Acid number 

Figure 4.39 and Figure 4.40 represent the variation of acid number (AN) of SME and 

KME with and without additive over a storage period of 12 months. The Acid number has 

been found to be partially increased up to six months for both test fuels. The rate of increase 

was found to be more for KME than for SME. The AN in case of SME and KME at 0 months 

were 0.16 and 0.13.  

The SME reached to the AN value of 0.49 in the 10th month and became off 

specification, whereas KME reached to the AN value of 0.52 in 9th month and became off 

specification. At end of the test, AN for SME and KME were 0.78 and 0.82 respectively 

almost 5 and 7 times increase from 0 month.  It showed the tendency of increasing acidity in 

biodiesel with storage. 

The additives have slowed the increase in AN for both the biodiesel. ECOTIVE 

showed better results than TBHQ. In fact with the use of ECOTIVE, SME become off 

specification even after 12 months whereas KME became off specification in 10 months. 
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Figure 4.39: Effects of antioxidants on acid 

number  of SME 

Figure 4.40: Effects of antioxidants on acid 

number  of KME 

  

Figure 4.41: Effects of antioxidants on 

calorific value of SME 

Figure 4.42: Effects of antioxidants on 

calorific value of KME 
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respectively. At the end of the test, calorific values for SME and KME were 38.95 and 37.88 

MJ/kg respectively. 

Both additives inhibited degradation of biodiesel, thus the calorific value for both the 

biodiesel TBHQ showed improved calorific value to the ECOTIVE. 

4.4.6  Flash point 

Figure 4.43 and Figure 4.44 represents the variation of flash point of SME and KME 

with and without additive over a storage period of 12 months.   

The values of flash point have been found to be decreasing with storage period both 

for SME and KME biodiesels. The flash point in case of SME and KME at 12 month was 111 

and 98 °C respectively.  

  

Figure 4.43: Effects of antioxidants on flash 

point of SME 

Figure 4.44: Effects of antioxidants on flash 

point of KME 
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specification even after the entire test of 12 months whereas KME became off specification 

in the 10th month for TBHQ. 

4.5  Effect of Additives on CFPP of Biodiesel 

An inherent problem with biodiesel is its tendency to solidify at cold temperatures. 

This risk of solidification often limits the extensive use of biodiesel. The biodiesel fuels 

derived from fats or oils with significant amounts of saturated fatty compounds will exhibit 

higher cloud points and pour points. Crystallization of the saturated fatty acid methyl ester 

components of biodiesel during cold seasons causes fuel starvation and operability problems 

as solidified material clog fuel lines and filters.  

With decreasing temperature more solids form and material approaches the pour 

point, the lowest temperature at which it will cease to flow [175]. 

In addition, several polymer additives are evaluated based on their ability to lower the 

pour point (PP) and cold flow plugging point (CFPP) of biodiesel [262]. Pour point (PP) and 

cold filter plugging point (CFPP) are important indices related to low-temperature operability 

of diesel fuels. The pour point is the temperature at which a fuel can no longer be poured due 

to gel formation, while the cold filter plugging point is the temperature at which a fuel jams 

the filter due to the formation of agglomerates of crystals [207]. 

Various dispersing agents often referred to as pour point depressants (PPD), have been 

proposed. Most PPDs have been designed to prevent growth of wax crystals in fuel. Major 

classes of diesel PPDs are poly (malefic-anhydride) copolymers , poly(vinyl acetate) 

copolymers and so on [263].  In the present work kerosene, EVA, Lubrizol and CRISTOL 

were used as pour point depressants. Kerosene used as extender 5% and 10% whereas other 

PPDs were used 1% and 2% as additive.   
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Figure 4.45:Blending with Kerosene Figure 4.46: Blending with Ethyl Vinyl 

Acetate (EVA) 

  

Figure 4.47: Blending with Lubrizol 7671 Figure 4.48: Blending with CRISTOL BIO 
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60 s. In addition, the uncertainties were calculated to confirm that each instrument meets the 

limits of accuracy as set by the specifications of the standard method. Figure 4.45 shows the 

effect of the kerosene oil on SME and KME. Kerosene oil was used as blending stock 5% 

and 10% substitution by volume.  Results showed 10% blend of kerosene improved the CFPP 
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of SME were -1 ̊C and KME were -11 ̊C. Figure 4.46, Figure 4.47 and Figure 4.48 were 

confirmed the effects of Ethyl Vinyl Acetate (EVA), Lubrizol 7671 and CRISTOL BIO 

respectively. 

All these pour point depressants showed improved CFPP with increased vol. % of 

additive. Lubrizol and CRISTOL BIO showed the significant reduction in CFPP. Among all 

three additives CRISTOL BIO proved the best results. 

4.6  Engine Performance Results 

The impact of Sal and Kusum biodiesel/diesel blend (up to 40%) fuel was compared baseline 

diesel. Engine performance at partial to full load conditions was studied regarding brake 

thermal efficiency (BTE), brake mean effective pressure (BMEP), brake specific energy 

consumption (BSEC) and exhaust gas temperature (EGT).  

4.6.1 Brake thermal efficiency  

The brake thermal efficiency (BTE) is a vital engine performance parameter. It is a 

parameter to represent how efficiently an engine transforms the chemical energy of the fuel 

into useful work. This is the ratio determined by brake power in the output shaft divided by 

the amount of energy delivered to the engine [264]. It was observed that with increasing load, 

BTE of the engine was increased for all test fuels. This was attributed to the fact that at higher 

loads more power was generated and heat loss was reduced [40,177,187].  

For all the fuels, BTE has the tendency to increase with increase in applied load. This 

is due to the reduction in heat loss and increase in power developed with increase in load. 

According to the engine mapping (calibration) 0% (no load), 20%, 40%, 60%, 80% and 100% 

are approximately identical to the BMEP 0.127 bar, 1.534bar, 2.883 bar,  4.320 bar, 5.785bar 
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and 6.816 bar respectively. So the results are presented with respect to the BMEP. Variation 

of BTE with BMEP for the SME test fuels is shown in Figure 4.49, while KME test is shown 

in Figure 4.50. 

BMEP is a mean pressure; which, if imposed on the pistons uniformly from the top to 

the bottom of each power stroke, would produce the measured (brake) power output. It then 

reflects the product of volumetric efficiency, fuel/air ratio and fuel conversion efficiency.  

It is more useful relative to performance, which is obtained by dividing the work per 

cycle by cylinder volume displacement per cycle. Figures 4.49 and Figure 4.50 depict BTE 

versus BMEP for all selected SME and KME fuel blends respectively. 

 Both the figures showed slight improvement in BTE with biodiesel addition up to 20 

% and decreasing trend beyond 20% substitution level. 

 

Figure 4.49: BTE vs BMEP for SME fuel blends 
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Figure 4.50: BTE vs BMEP for KME fuel blends 
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The variation of BTE of all the test fuels at full load is shown in Figure 4.51. It was 

observed that SME20 and KME20 exhibited 30.2% and 28.8% full load BTE, respectively as 

compared to 27.5% illustrated by diesel baseline. On the other hand, SME30 and KME30 

showed 26.8% and 26.5% full load BTE respectively, lying close to the baseline. However, 

the usage of B40 in the engine trial demonstrated 25.5% full load BTE. In a nutshell, it may 

be stated that thermal efficiency of the diesel engine was increased with increasing volume 

fraction of biodiesel up to 20%. As an oxygenated fuel as it was, biodiesel, led to complete 

combustion even at lower equivalence ratio zones [85]. Secondly, the lower flame 

temperature of the blends than diesel led to reduction in heat loss [154]. Engine operated at 

30% substitution of biodiesel was found to be the inflexion point, beyond which; the 

reductions in higher load thermal efficiency as compared to neat diesel operation were 

significant. This reduction in thermal efficiency was observed due to lower calorific value, 

higher viscosity and density, poor atomization/vaporization, increase in fuel consumption etc. 

starts negating the gain [177,186,266].  

 

Figure 4.51: % change in BTE from diesel baseline at various loads 
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Figure 4.51 shows the variation in BTE of various test fuels compared to the baseline 

data at all loading conditions. It is significant to note that up to 20% blending of SME and 

KME exhibited higher BTE than the baseline diesel. This may be attributed to the fact that, 

the higher A/F ratio at 40% load coupled with the oxygenated nature of biodiesel led to 

improved combustion even at higher volume fractions. SME10, KME10, SME20 and KME20 

illustrated higher BTE at all loads compared to the baseline data.  

In the light of the above results, it may be concluded that the engine performance in 

terms of BTE was improved with biodiesel blends up to 20% substitution. Beyond B30, it 

resulted in reduction of thermal efficiency as compared to the diesel baseline. Similar results 

were obtained by several researchers using on biodiesel derived from  Apricot oil, Karanja 

oil, Mahua oil, Polanga, Waste cooking oil, Rape seed oil etc [85,187,189,194,267–269]. 

4.6.2 Brake specific energy consumption  

Comparative assessment of volumetric consumption of fuel is an important parameter 

in explain the engine performance of different test fuels. In this context, BSFC; which is a 

ratio between mass flow rates of fuel to the brake power has been used as a conventional 

parameter. However, BSFC has not been considered as a reliable parameter when the calorific 

values and densities of test fuels vary considerably [189]. In this case, SME exhibited 5.35% 

and KME exhibited 7.77% higher density and 11.25% and 12.5% less calorific value 

respectively than diesel. Therefore, BSEC was considered as more reliable assessment 

method for comparison of volumetric fuel consumption.  

Variation of BSEC with BMEP for the test fuels under designated conditions of load 

is shown in Figure 4.53 and Figure 4.54. It may be observed that SME10, SME20, SME30 

and SME40 pursued full load BSEC of 13.31 MJ/kWh, 13.01 MJ/kWh, 14.45 MJ/kWh and 
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14.77 MJ/kWh respectively as compared to 13.62 MJ/kWh illustrated by the baseline diesel 

operation. Conversely, KME10, KME20, KME30 and KME40 exhibited 12.99 MJ/kWh, 13.3 

MJ/kWh, 14.22 MJ/kWh and 14.77 MJ/kWh respectively.  

Therefore, it may be concluded that up to 20% volume fraction of SME and KME in 

the diesel, full load BSEC was found to get reduced whereas, beyond 30% substitution of 

diesel by biodiesel led to increased full load BSEC compared to the neat diesel operation. The 

reduction in BSEC at lower volume fractions of SME and KME may be attributed to the 

enhanced combustion as discussed earlier. However, the increase in BSEC beyond 30% 

substitution of biodiesel in the fuel was mainly due to the combined effects of the relative 

fuel density, viscosity and heating value of the blends. The higher density of Sal and Kusum 

biodiesel has led to more discharge of fuel for the same displacement of the plunger in the 

fuel injection pump, thereby increasing the specific energy consumption [186,189]. 

 

Figure 4.52: BSEC vs BMEP for SME fuel blends 
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Figure 4.53: BSEC vs BMEP for KME fuel blends 

 

Figure 4.54: % change in BSEC from diesel baseline at various loads 
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conditions. On the contrary SME30, KME30, SME40 and KME40 illustrated higher BSEC 

than neat diesel data at all loading conditions. Similar type of results were obtained by several 

researchers [49,270–273]. 

4.6.3  Exhaust gas temperature 

The variation of exhaust gas temperature (EGT) with BMEP is shown in the Figure 

4.55 and Figure 4.56. It may be observed that temperature of the engine exhaust gases varies 

linearly with load for all test fuels. Temperature in the baseline diesel increased from 159°C 

at no load to 550°C at full load with an almost linear rise with applied load on the engine 

shaft. This similar pattern was observed with other test fuels with different temperature rise 

rate with loads. The increase in exhaust temperature with loads may be due to increased 

amount of fuel burnt inside the engine at higher loads to generate the requisite BMEP 

[274,275]. SME and KME blends exhibited lower EGT pattern to the baseline data of diesel.  

 

Figure 4.55: Exhaust gas temperature vs BMEP for SME fuel blends 
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Figure 4.56: Exhaust gas temperaturevs BMEP for KME fuel blends 

Percentage variation of EGT from the baseline data of diesel at various loads is shown 

in Figure 4.57. All test fuel SME10, SME20, SME30, SME40, KME10, KME20, KME30 

and KME40 showed 2.4%, 4.6%, 4.1%, 7.5%, 1.7%, 4.7%, 7.5% and 10.5% reduction in 
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Figure 4.57: % Variation of exhaust gas temperature from diesel baseline at various loads 
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The lower exhaust temperature is an indicator of earlier combustion and a lower 

heating value of the biodiesel fuel; thus, the earlier combustion allows more time and crank 

angle for the expansion process of these fuels so that most of the increased heat release was 

converted into useful work resulting in reduced exhaust temperature [247,276]. Results are 

consistent with the present experiment and were reported by various researchers 

[68,78,133,134] working on a variety of vegetable oil esters. 

4.7  Engine Emissions Results 

In this section, engine emissions of Sal and Kusum biodiesel/diesel blend (up to 40%) fuel 

were compared baseline diesel. Results are analyzed from partial to full load conditions was 

studied based on the emissions of carbon monoxides (CO), carbon dioxides (CO2), total 

hydrocarbons (THC), oxides of nitrogen (NOx) and smoke opacity. 

4.7.1 Carbon monoxide emission 

Carbon monoxide is considered as a major diesel engine pollutant. The formation of 

CO during combustion in diesel engines is primarily attributed to lower fuel-air equivalence 

ratios of combustible mixtures [277]. However, factors like combustion chamber design, 

atomization rate, start of injection timing, fuel injection pressure, engine load, speed etc. may 

affect formation of CO at varied influences [15,278]. The emission of CO with BMEP for 

various test fuels are shown in Figure 4.58 and Figure 4.59 for SME and KME blends 

respectively.  
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Figure 4.58: Carbon monoxide emissions vs BMEP for SME Fuel Blends 

 

Figure 4.59: Carbon monoxide emissions vs BMEP for KME Fuel Blends 

It may be noted that initially the emissions of CO were lower for all test fuels. 

However, after 60% load a steep hike in CO emission was observed irrespective of test fuels. 

This is attributed to the fact that at no load condition, in-cylinder temperatures are fairly low 

led to incomplete combustion; however, with increase in load, temperature got elevated due 

to burning of more fuel injected in to the cylinder. At higher temperatures improved burning 

of the fuel reduces CO emissions [81,279,280].  
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Interestingly beyond 60%load, higher amount of fuel injection into the engine leads 

to incomplete combustion and steep increase in CO emissions. A load specific analysis of 

variation of CO emissions from various blends of SME and KME were compared to the 

baseline data is shown in Figure 4.58 and Figure 4.59 respectively. It was observed in the 

engine trial that; up to 40% engine load, biodiesel and its blends illustrated higher CO 

emissions than the diesel baseline as indicated in the Figure 4.60.  

 

Figure 4.60: %Variation of CO emission from diesel baseline at various loads 

This may be attributed to the theory that the air–fuel mixing process was affected by 

the difficulty in atomization of biodiesel due to its higher viscosity resulting in locally rich 

mixtures of biodiesel and consequent higher CO emissions [12]. This also can be explained 

in terms of the premixed lean combustion in presence of excess air in these loads that makes 

the effect of biodiesel on CO emission reductions less tangible. 

At full load 47.14%, 45.05%, 52.13%, 48.25%, 59.36%, 61.89%,61.23% and 63.77% 

reductions in carbon monoxide emissions were observed for SME10, KME10, SME20, 

KME20, SME30, KME30, SME40 and KME40 test fuels respectively as compared to the full 

load neat diesel operation. 
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Reduction in emissions of CO for SME and KME blends were observed at higher 

loads (<60%) may be attributed by the fact that biodiesel is an oxygenated fuel with lesser 

C/H ratio than diesel resulting in enhanced combustion [281]. One significant observation in 

the experiment reiterates that the reduction in CO emissions are not a function of SME or 

KME volume fraction in the test fuel i.e. reductions in CO emissions are evident with increase 

in volume fractions biodiesel in the test fuel, but the trend is not linear. Similar observations 

were reported by Panichelli et al., [282];  Rashed et al., [283] and Lapuerta et al., [264].  

4.7.2  Total hydrocarbon emissions  

Emissions of total hydrocarbons (THC) with BMEP are shown in Figure 4.61 and 

Figure 4.62 for SME and KME blends respectively. The detail mechanism of formation of 

hydrocarbons inside engine cylinder during combustion and its theoretical study is still at 

infancy and elusive [284]. However, certain factors like in engine cylinder crevices, engine 

configuration, fuel structure, combustion temperature, oxygen availability, residence time etc. 

are presumed to affect the hydrocarbon emissions in compression ignition engines [285–287].  

In the present study reduction in emissions of hydrocarbons was reported with 

increase in SME and KME volume fractions, however, the trend was not linear. At partial 

loads, there was no significant variation in THC emissions between diesel and the blends. 

However, at higher and full load both biodiesel blends were exhibited significantly lower 

emission as compared the baseline data of diesel. Variation in hydrocarbon emissions 

exhibited by various test fuels at the designated conditions of load is shown in Figure 4.63.  
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Figure 4.61: Total hydrocarbon emissions vs BMEP for SME Fuel Blends 

 

Figure 4.62: Total hydrocarbon emissions vs BMEP for KME Fuel Blends 

It may be observed in the Figure 4.63 that all most all the test fuels at higher loads 

demonstrated reductions in THC emissions as compared to the baseline data of diesel. At full 

load 18.31%, 15.24%, 24.52%, 21.72%, 29.17%, 26.72%, 33.39% and 31.74% reductions in 

emissions of THC was reported for SME10, KME10, SME20, KME20, SME30, KME30, 

SME40 and KME40 test fuels respectively. 
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Figure 4.63: % Variation of THC emissions from diesel baseline at various loads 

There are two basic explanations may be suitable to describe the reductions in THC 

emissions with increased fractions of SME and KME in the test fuels. Firstly, up to lower 

blend of SME and KME in diesel, higher in-cylinder pressures and bulk gas temperature was 

reported compared to the neat diesel operation that prevented the condensation of heaviest 

hydrocarbons at the sampling line. Secondly, these test fuels had higher cetane rating and 

lower ignition delay than diesel. Therefore, a combined effect of higher in-cylinder 

temperature, higher cetane rating and reduced ignition delay resulted in reduced emissions of 

THC by SME and KME blends compared to the baseline data of diesel [218,288,289]. 
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of major concern. It comprises of nitric oxide (NO) and nitrogen dioxide (NO2), formed by 

“Zeldovich Mechanism”. Combustion flame temperature, availability of oxygen and time for 
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[12,222,290–292]. Figure 4.64 and Figure 4.65 show the volumetric emissions of NOx 
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Figure 4.64: Oxides of nitrogen emissions vs BMEP for SME Fuel Blends 

 

Figure 4.65: Oxides of nitrogen emissions vs BMEP for KME Fuel Blends 

It was observed that NOx emissions increased with increasing engine load for all test 

fuels. This was attributed to the fact that increase in engine loading led to increase in in-

cylinder pressure and bulk gas temperature. NOx formations are highly temperature 

dependent phenomena, hence, a closely linear increase in the formation of NOx was observed 

with loading for all test fuels [187]. 
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The results suggested that SME10, SME20, SME30 and SME40 exhibited 580, 610, 

650 and 690 ppm volumetric emissions of NOx at full load which was higher than 560 ppm 

showed by the baseline data of diesel in Figure 4.64 whereas KME10, KME20, KME30 and 

KME40 depicted 592, 670, 779 and 840 ppm shown in Figure 4.65. SME test fuels showed 

less NOx emission in compare to the KME test fuels. It means the fatty acids (unsaturated 

fatty acids) exaggerated the NOx formation. Load specific variations in NOx emissions for 

various test fuels as that of the baseline data is shown in Figure 4.66. 

 

Figure 4.66: % Variation of NOx emissions from diesel baseline at various loads 

It may be observed that SME and KME blends deomnstrated higher emissions of NOx 

compared to the baseline data for all loads. This may be attributed to the fact that biodiesl 

blends are an oxygenated fuel and the adiabatic flame temperature was higher than neat diesel 

operation. So therefore, higher combustion temepratures and  excess avaialbility of oxygen 

were the predominant factor for increased NOx emissions all test fuels in compare to the 

baseline diesel. On the contrary a marginal drop in NOx emisisons for SME blends compared 

to the KME blends may be due to fatty acid composition. Similar results were reported by 

Hess et al., [291];İleri et al., [293]; Hoekman et al., [294] and Lanjekar et al., [295]. 
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The theory suggested by Zheng et al., [296] which states higher cetan rating fuels 

emits higher NOx as well as the biodiesel with equal cetane rating with diesel produces more 

NOx. However, biodiesel with higher cetane rating than diesel leads to comparable NOx 

emissions with the baseline data as higher cetane rating causes reduced ignition delay and 

less exposure of the fuel at high tempearture premixed burning phase. As explained earlier, 

KME has higher cetane rating than SME hence, its NOx emissions were higher.  

4.7.4  Smoke opacity 

The particulate matter is essentially composed of soot, though some hydrocarbons, 

generally referred to as a soluble organic fraction (SOF) of the particulate emissions, are also 

adsorbed on the particle surface or simply emitted as liquid droplets. Among the particulate 

matter components, soot is recognized as the main substance which is responsible for the 

smoke opacity. Smoke opacity formation occurs at the extreme air deficiency. It increased as 

the air/fuel ratio decreases. Soot is produced by oxygen deficient thermal cracking of long-

chain molecules [297]. 

Figure 4.67 shows the variation of smoke opacity of SME test fuels and Figure 4.68 

shows variation of smoke opacity of KME test fuels with respect to BMEP and compared 

with baseline diesel (D100). It could be seen from Figure 4.67 and Figure 4.68, smoke level 

increased with increase in load for all fuels tested. It was mainly due to the decreased air–fuel 

ratio at such higher loads when larger quantities of fuel are injected in to the combustion 

chamber, much of which goes unburnt into the exhaust [228,269,272,297].  
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Figure 4.67: Smoke opacity vs BMEP for SME Fuel Blends 

 

Figure 4.68: Smoke opacity vs BMEP for KME Fuel Blends 

It may be observed that SME and KME blends demonstrated reduced smoke at higher 

loads. At full load SME10, SME20, SME30, SME40, KME10, KME20, KME30, and 

KME40 showed smoke opacities of 75%, 69%, 58%, 49%, 89%, 80%, 75% and 70% as 

compared to 97% shown by baseline diesel at full load. The reduced smoke opacity was 

attributed to higher oxygen content in methyl esters that contributes towards complete fuel 

oxidation even at locally rich zones [264,289], lower C/H ratio and absence of aromatic 

compounds [297]. Higher number of carbon atoms in a fuel molecule leads towards higher 
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smoke and soot formations where as higher number oxygen and hydrogen atoms leads to 

lower smoke and soot [298,299].  

 

Figure  4.69: % Variation of smoke opacity from diesel baseline at various loads 

 It may be observed that at entire range loads SME and KME blends exhibited lower 

smoke opacities than the baseline. Variation in smoke opacities exhibited by SME and KME 

blends with the baseline data of diesel at various loads is shown in Figure 4.69. 

They concluded that the effect of the composition and structure on smoke opacity is 

negligible as compared to the oxygen content, which was acknowledged as the main factor 

causing smoke reductions [264]. 

4.7.5 Carbon dioxide emissions 

The carbon dioxide is a major emission from diesel engines, which can contribute to 

serious public health problems and play a major role in ozone formation. On the other hand 

carbon dioxide in the exhaust gases is an indication of complete combustion. The variation in 

emissions of carbon dioxide with BMEP at various loads for SME and KME blends are shown 

in Figure 4.70 and Figure 4.71 respectively. It was noted that biodiesel blends exhibited 

-60.0

-50.0

-40.0

-30.0

-20.0

-10.0

0.0

20% 40% 60% 80% 100%

C
h

a
n

g
e 

o
f 

S
m

o
k

e 
o
p

a
ci

ty
 i

n
 

p
er

ce
n

ta
g

e 
fr

o
m

 D
1

0
0

Load (%)

SME10

KME10

SME20

KME20

SME30

KME30

SME40

KME40



Chapter: 4- Results and Discussion 

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page 180 
 

 

higher CO2 emissions as compared to the neat diesel operation at all loads.  

 

Figure 4.70: Carbon dioxide vs BMEP for SME Fuel Blends 

 

 

Figure 4.71: Carbon dioxide vs BMEP for KME Fuel Blends 

This indicates complete combustion and higher heat release for test fuels. The same 

was evident from higher BTE and lower BSEC indicated by theses test fuels in the earlier 

sections. SME10 and SME20 have higher CO2 emissions as compared to the other test fuel 

and baseline data as shown in Figure 4.72. Higher percentage of biodiesel blends emits 
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atomization and incomplete combustion. Fuel spray cone angle, in which air entrainment 
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depends, decreases with increased fuel viscosity. Decrease in cone angle results in reduction 

of amount of air entrainment in the spray. Lack of enough air in the fuel spray impedes 

completion of combustion and decreases formation of CO2 emissions for higher volume of 

biodiesel [269]. 

 

Figure 4.72:  % Variation CO2 emission from diesel baseline at various loads 

4.8  Engine Combustion Results 

Combustion of fuels is one of the most important processes which affect the performance and 
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conditions were studied based on In-cylinder pressure, maximum pressure rise rate, heat 

release rate (HRR), cumulative heat release rate (CHRR), mass fraction burnt (MFB). These 

results were investigated with different blend percentages of both biodiesel at full load. 

4.8.1  In-cylinder pressure  

The in-cylinder pressure measurement is considered to be a very valuable source of 

information during the development and calibration stages of the engine. The in-cylinder 

pressure signal can provide vital information such as peak pressure, indicated mean effective 

pressure, fuel supply effective pressure, heat release rate, combustion duration, ignition delay 

and so on [300]. 

In present study Compared with Sal and Kusum biodiesel with diesel fuel gives almost 

the same level of maximum pressure at low and medium engine loads, but higher maximum 

pressure at the high engine load. Biodiesel vaporizes more slowly than neat diesel and 

contributes to less air/fuel mixture prepared for combustion in the premixed phase [11]. 

Moreover, the higher bulk modulus of compressibility of methyl esters led to advanced 

injection timing with in-line pump and nozzle fuel injection system [303]. The earlier 

injection timing of biodiesel contributed to the advance of the peak cylinder pressure and the 

maximum heat release rate [266]. 

The variation of full load in-cylinder pressure with crank angle of SME blends is 

shown in Figure 4.73 and KME blends is shown in Figure 4.74. For the purpose of clarity, 

the pressure data between 335°CA and 400°CA was taken for in-cylinder pressure. It may be 

observed that at full load neat diesel exhibited 63.8 bar pressure corresponding to 375°CA. 

SME10 and SME20 showed full load peak pressure of 66.72 bar and 65.63 bar respectively 

corresponding to 374°CA  and 373°CA. 
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Figure 4.73: Variation In-cylinder pressure for SME fuel blends 

The higher and earlier peak pressure observed for SME10 and SME20 compared to 

the baseline data of diesel may be explained by the fact that at lower fractions of SME in the 

blend, the fuel became more oxygenated due to SME and the higher viscosity of SME was 

not felt due to lower proportions. Moreover, the higher cetane rating of SME compared to 

neat diesel led to improved combustion. This may be validated by the fact that that SME10 

and SME20 exhibited higher full load BTE and lower exhaust temperature compared to the 

baseline data.  However, SME30 and SME40 showed peak in-cylinder pressure of 65.1 bar 

and 64.5 bar corresponding to 372°CA. The lower in-cylinder pressure exhibited by the 

blends of SME beyond 20% substitution may be due to the reduced heating value of the fuel 

and increasing difficulty in atomization and vaporization [35].  
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Figure 4.74: Variation In-cylinder pressure for KME fuel blends 

Similarly in Figure 4.74 KME10 and KME20 showed full load peak pressure of 69.06 

bar and 68.12 bar respectively corresponding to 373°CA same for both case. The higher and 

earlier peak pressure observed for KME10 and KME20 compared to the baseline data of 

diesel may be explained by the fact that at lower fractions of KME in the blend, the fuel 

became more oxygenated due to KME and the higher viscosity of KME was not felt due to 

lower proportions. Moreover, the higher cetane rating of KME compared to neat diesel led to 

improved combustion. This may be validated by the fact that that KME10 and KME20 

exhibited higher full load BTE and lower exhaust temperature compared to the baseline data.  
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beyond 20% substitution may be due to the reduced heating value of the fuel and increasing 

difficulty in atomization and vaporization. 

4.8.2  Pressure rise rate 

The rate of pressure rise defines the load that is imposed during the combustion 

process on the cylinder head and other components. The rate of pressure rise depends on the 

amount of heat released in the initial stages of combustion and the fuel quality. The higher 

the rate of pressure rise, the higher the load on the piston and other components, which may 

lead to severe damage of the parts [276]. The rate of pressure rise for diesel is the highest 

compared to those of SME and KME blends, as a result of longer ignition delay and shorter 

combustion duration of diesel. High peak pressure and maximum rate of pressure rise 

corresponded to the large amount of fuel burned in premixed combustion stage. The cylinder 

pressure crank angle history is obtained at different loads for diesel and biodiesel blends. Peak 

pressure and maximum rate of pressure rise are obtained at different loads from these 

measurements. 

It may be observed that the rate of pressure rise was lower for biodiesel blends with 

respect to baseline diesel. The variation of full load pressure rise rate with crank angle of 

SME blends is shown in Figure 4.75 and KME blends is shown in Figure 4.76. Maximum 

pressure rise rate for  SME10, SME20, SME30, SME40, KME10, KME20, KME30 and 

KME40 were 4.9 bar/ ͦC, 4.51 bar/ ͦC, 4.45 bar/ ͦC, 4.32 bar/ ͦC, 4.28 bar/ ͦC, 4.62 bar/ ͦC, 4.58 

bar/ ͦC, 4.32 bar/ ͦC and 4.35 bar/ ͦC whereas D100 was higher pressure rise rate 4.95 bar/ ͦC. 

The lower pressure rise rate of SME and KME fuels was evident from the smooth engine 

operation when running on these test fuels. It also provided clear picture of the start of 

combustion and ignition delay. Similar results were obtained by Sahoo et.al. [304]and 

Sivalakshmi et.al. [305]. 
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Figure 4.75: Pressure rise rate for SME fuel blends 

 

Figure 4.76: Pressure rise rate for KME fuel blends 

Biodiesel blends (SME and KME) showed lower pressure rise rate as compared to 

diesel fuel due to lower ignition delay (ID) and premixed combustible mixture would make 

less fuel to be burned in the premixed burning phase.  
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The reasons for the less premixed combustible mixture are higher viscosity and lower 

volatility of biodiesel as compared to those of diesel fuel [301]. 

4.8.3  Heat release rate 

The rate of heat release was calculated from the pressure crank angle data using the 

Sorenson’s heat release model elaborately discussed earlier. Heat release per crank angle was 

calculated using the equation (3.21). The heat release curve for various test fuels is shown in 

Figure 4.77 and Figure 4.78 for SME and KME blends respectively. For biodiesel, the 

maximum heat release rate at the premixed combustion phase was lower than that of diesel, 

and occurred earlier, while the heat release rate of diffusion combustion phase was higher for 

biodiesel, in comparison with that of diesel fuel, especially at the high engine load. This trend 

was similar to that reported by Zhu et al., [303]. 

 

Figure 4.77: Heat release rate diagram for SME Fuel Blends 
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The heat release rate diagram shows negligible heat release until toward the end of 

compression when a slight loss of heat during the delay period (which is due to heat transfer 

to the walls and to fuel vaporization and heating) is evident. Due to heat absorbed by the 

injected fuel from the cylinder, the heat release rate is slightly negative during the ignition 

delay period. The initial phase of combustion, called the premixed combustion, is very rapid 

because of the combustion of the fuel that has mixed with air during the ignition delay. After 

this phase, the combustion continues slowly until most of the fuel is burned. This phase of 

combustion is called mixing-controlled combustion. 

The final combustion phase is the late or post combustion, which continued until the 

end of the expansion stroke. In this third stage a small but distinguishable rate of heat release 

persisted throughout much of the expansion stroke. The heat released during this period 

usually amounts to about 20% of the total fuel energy. All the fuel blends tested experienced 

rapid premixed burning followed by diffusion combustion, which was typical for naturally 

aspirated engines. After the ignition delay period, the premixed fuel/air mixture burns rapidly, 

releasing heat at a very rapid rate, after which diffusion combustion takes place, where the 

burning rate is been controlled by the availability of combustible fuel/air mixture [302]. 

The heat release rate in the premixed combustion phase depends on the ignition delay, 

mixture formation and the combustion rate in the initial stages of combustion [276]. It could 

be observed from the Figure 4.77 and Figure 4.78 that the occurrence of maximum heat 

release rate was found to be little earlier for biodiesel and its diesel blends than that of diesel, 

as a result of the bulk modulus characteristics of biodiesel. The Figure 4.77 demonstrated that 

the peak heat release rate of diesel was 61.72 J/°CA. SME10, SME20, SME30 and SME40 

display peak heat release rates of 63.51 J/°CA, 65.05 J/°CA, 60.94 J/°CA and 57.69 J/°CA 



Chapter: 4- Results and Discussion 

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page 189 
 

 

respectively. Notably, the crank angle corresponding to the peak heat release is lowered for 

SME blends from 365 oCA to 363 oCA.  

 

Figure 4.78: Heat release rate diagramfor KME Fuel Blends 

As the percentage of SME in the blend increases, the peak HRR increased up to 20%, 

however further increase in volume fraction of SME showed the decreased peak HRR. These 

results are similar to the [276]. It may be observed from Figure 4.78 that the peak heat release 

rate of KME10, KME20, KME30 and KME40 exhibited peak heat release rates of 69.62, 

70.71, 62.82, and 60.04 J/°CA respectively. Notably, the crank angle corresponding to the 

peak heat release was lower for KME and its blends. Therefore it may be stated that KME 

and its blends exhibited an earlier and slower rate of heat release compared to the baseline 

data of diesel.  

-10

0

10

20

30

40

50

60

70

3
4
0

3
4
3

3
4
6

3
4
9

3
5
2

3
5
5

3
5
8

3
6
1

3
6
4

3
6
7

3
7
0

3
7
3

3
7
6

3
7
9

3
8
2

3
8
5

3
8
8

3
9
1

3
9
4

3
9
7

4
0
0

4
0
3

4
0
6

4
0
9

4
1
2

4
1
5

4
1
8

4
2
1

4
2
4

4
2
7

4
3
0

H
ea

t 
R

el
e
a

se
 R

a
te

 (
J

/°
C

A
)

Crank Angle (⁰)

D100 KME10 KME 20 KME 30 KME 40



Chapter: 4- Results and Discussion 

Performance, Emission and Combustion Characteristics of a Biodiesel Fuelled Diesel Engine   Page 190 
 

 

4.8.4  Cumulative heat release rate  

The CHR was calculated and illustrated in Figure 4.79 and Figure 4.80. These figures show 

the tendency of earlier heat release for biodiesel blends but combustion for diesel fuel quickly 

exceeds the CHR for biodiesel blends although combustion for diesel fuel starts later. The 

effect of two-stage heat release can be clearly observed. Relatively higher surface tension of 

biodiesel increases the droplet size distribution of the injected fuel, compared to diesel. This 

increased droplet size distribution required higher heat for vaporization, which resulted in 

relatively slower evaporation of test fuels. Slower evaporation delayed the formation of 

combustible mixture therefore delaying the SOC. Hence, SOC retards with increase in 

biodiesel content in the test fuel. This delay in SOC also shifts the position of maximum 

cylinder pressure. On increasing the biodiesel percentage in the test fuel, effect of slower 

evaporation dominates the effect of fuel borne oxygen; hence similar trend was also observed 

for the position of maximum cylinder pressure [306] also reported similar trends as observed 

in Figure 4.79 and Figure 4.80. They concluded that the chemical kinetics of diesel is faster 

than biodiesel hence mineral diesel shows earlier SOC compared to biodiesel blends.  

It may be observed SME and KME blends exhibited higher CHR in compared to the 

base line diesel in both the cases as shown if figures. Cumulative heat released for D100 was 

1172.4 J whereas SME10, SME20, SME30, SME40, KME10, KME20, KME30 and KME40 

exhibited 1215.68 J, 1201.77 J, 1168.62 J, 1177.40 J, 1208.65 J, 1200.88 J, 1188.29J and 

1179.14 J respectively. B10 showed highest CHR but further addition of volume fraction of 

biodiesel (like B20, B30, and B40) showed diminishing trend in both figures. 
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Figure 4.79: Cumulative heat release diagram for SME Fuel Blends 

  

Figure 4.80: Cumulative heat release diagram for KME Fuel Blends 
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combustion duration can be calculated based on the duration between the start of combustion 

and 90% CHR. 

4.8.5  Mass fraction burnt 

Mass fraction burnt (MFB) in each individual engine cycle is a normalized quantity with a 

scale of 0 to 1, describing the process of chemical energy release as a function of crank angle. 

Fractional pressure rise technique has been applied for MFB calculation. The variation of 

MFB with crank angle of all the tested fuels at 1500 rpm and full load condition has been 

shown in Figure 4.81 and Figure 4.82 for SME and KME respectively. It was observed that 

MFB increased with the increasing biodiesel percentage. This was attributed to the high 

concentration of oxygen molecule in biodiesel blend, which resulted in high rate of burning. 

Positions of 10% and 90% MFB have been used to define SOC and EOC, respectively. 

Therefore, the difference between the crank angle positions of 10% MFB and 90% MFB is 

the combustion duration period.  

Mass fraction burnt was calculated as per the equation (3.31), discussed in the 

previous sections. The ignition delay of individual test fuels and total combustion duration 

was calculated from the mass fraction burnt. Ignition delay was calculated as the difference 

between the crank angle corresponding to the beginning of fuel injection and the crank angle 

for MFB=0.05. Similarly, the total combustion duration was calculated as the crank angle 

corresponding to MFB of 0.05 to 0.95. The total combustion duration was reduced for SME10 

and SME20 to 19° and 20° of crank rotation respectively as compared to the 21° crank 

rotation for the baseline data.  

However, SME30 and other higher blends exhibited higher total combustion durations. 

Notably, diffusion phase combustion duration was found to increase with increase in biodiesel 
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volume fraction in the test fuels suggesting smoother engine operation and equally evident to 

the pressure rise rate diagrams. 

 

Figure 4.81: Mass fraction burnt for SME Fuel Blends 

 

Figure 4.82: Mass fraction burnt for KME Fuel Blends 
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4.8.6  Ignition delay: 

Ignition delay (ID) is an important parameter in combustion phenomenon. Biodiesel 

and its blends showed shorter IDs as compared to diesel fuel due to higher cetane number of 

biodiesel. High cetane number makes auto ignition easily and gives short ID. A lot of 

parameters such as fuel type, fuel quality, air/fuel ratio, engine speed, quality of fuel 

atomization, intake air temperature and pressure influence the ID [260,308]. The fuel type is 

an important parameter affecting the ID [301]. For a fuel like biodiesel having lower ignition 

delay, the ignition starts earlier and maximum cylinder pressure is lesser and is attained earlier 

than the fuel having higher ignition delay like diesel.   

 

Figure 4.83: Ignition delay for various test fuels 

The physical and chemical properties of the fuels will affect the ignition delay period. 

The ignition quality of a fuel is usually characterized by its cetane number. Higher cetane 
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injectors. The difference in this property has provided that the injection timing of biodiesel 

and its blends is effectively advanced relative to that of diesel fuel. Figure 4.83 is illustration 

of the SME and KME fuel blends with respect the diesel. Figure suggested almost linear 

reduction in ignition delay with increasing biodiesel volume fraction in the test fuel with 

baseline diesel. 

Table 4.8: Various combustion characteristics of the test fuels 

S. 

No 

Test 

Fuel 

Maximum  

Pressure 

(bar) 

Peak 

Pressure 

Rise  

(bar/°C) 

Peak 

HRR 

(J/°CA) 

CHR 

(J) 

Ignition 

delay 

(°CA) 

1 Diesel 63.8 4.95 61.72 1172.4 11 

2 SME10 66.72 4.51 63.51 1215.68 10.5 

3 SME 20 65.63 4.45 65.05 1201.77 9.8 

4 SME 30 65.1 4.32 60.94 1168.62 9 

5 SME 40 64.5 4.28 57.69 1177.4 8.2 

6 KME10 69.06 4.62 69.62 1208.65 10.7 

7 KME20 68.12 4.58 70.71 1200.88 10 

8 KME30 65.81 4.32 62.82 1188.29 9.1 

9 KME40 65.1 4.32 60.04 1179.14 8.3 

As an outcome of an exhaustive engine trial and the subsequent analyses, it may be 

satisfactorily stated that Sal methyl ester and Kusum methyl ester are an excellent diesel 

engine fuel. Up to 20% blend of SME and KME in diesel may be applied in any unmodified 

diesel engine with improved performance, emission (except NOx) and combustion 

characteristics.  30% blend of SME and KME also showed marginally lower performance and 

combustion with improved emission. 
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CHAPTER 5  

CONCLUSION 

5.1 Conclusions  

The present research work aims to produce biodiesel from some underutilized non-edible 

feedstocks such as Sal and Kusum and compare the results with neat diesel. Several physico-

chemical properties of the vegetable oils and their respective methyl esters such as kinematic 

viscosity, density, calorific value, acid value, flash point, cold filter plugging point and 

oxidation stability were determined in accordance to ASTM standards.  

The present work also discusses the study of effect of additives on oxidation stability and cold 

flow properties of test fuels. Moreover, the effect of biodiesel-diesel blends (up to 40% 

biodiesel by volume) of Sal methyl ester and Kusum methyl esteron engine performance, 

emissions and combustion was studied in a single cylinder four stroke diesel engine.  

Based on the exhaustive experimental study, the following conclusions can be drawn: 

1. Sal and Kusum are potential feedstocks for biodiesel production in India.  

2. Single stage transesterification process optimization for Sal biodiesel indicated 

maximum yield of 96.92%, and a two stage process for Kusum biodiesel showed 

maximum yield of 96.5% using RSM as the optimization tool.  

3. The biodiesel blending with diesel changes the physico-chemical properties such as 

density, kinematic viscosity, flash point etc. The various physico-chemical properties 

were within prescribed limits of ASTM standard. However post processing is required 

using additives for the improvement of some physico chemical properties like CFPP 

of sal biodiesel and oxidation stability of Kusum biodiesel. 

4. Two antioxidant namely TBHQ and Ecotive were added (0.1 % and 0.5 % by weight) 

in Kusum biodiesel. All the biodiesel samples passed the minimum limit of oxidation 

stability after 0.5% doping. 
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5. The one year storage stability study revealed that peroxide value, density, viscosity 

and acid number increased for all stored biodiesel (SME and KME) with storage 

period. The changes in physico-chemical properties were found to be prominent in 

peroxide value and acid value. While change in other properties were mostly 

insignificant.  

6. Four additives namely kerosene, EVA, Cristol and Lubrizol were used as pour point 

depressant in both biodiesels. Cristol was found most suitable. 

7. The improvement in engine performance and emission characteristics with lower 

percentage substitution (up to 20%) of biodiesel in diesel fuel was due to better 

combustion of fuel blends as compared to diesel fuel due to the inbuilt oxygen content 

of biodiesel coupled with higher cetane number whereas more than 20% blending of 

biodiesel exhibited lower BTE with lower emissions.  

8. It was observed that the peak in-cylinder pressure at full load was lower for D100 

which increases with increase in volume fraction of biodiesel in diesel. The 

combustion heat release rate and ignition delay for biodiesel was lower as compared 

to baseline diesel. Thus, it can be concluded that combustion and performance 

improvement of the diesel engine can be achieved up to 20% blending of biodiesel in 

diesel with lower emissions. 

5.2 Scope for Future Work 

1. Very limited work has been carried out on combustion characteristics based on 

the realistic multi dimensional experimental combustion modelling as most of the 

works were confined to simpler zero-dimensional heat release models. There is a 

scope to simulate results and compare to the experimental results for validation of 
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the computational model. A three dimensional geometrical model consistent with 

the actual engine set up may be designed and simulated in ANSYS  software.  

2. Spray modelling of various biodiesel and its comparison with baseline spray 

model of diesel using computational fluid dynamics may also be carried by the 

future researchers.  

3. As far as non edible feedstock is concerned, the research work has only focused 

on a few sources of biodiesel. There is a need to carry out numerical analysis of 

biodiesel derived from other potential feedstocks. Moreover, numerical studies on 

vegetable oils and biodiesel combustion in diesel engines and its validation from 

the experimental results are a new thrust area of research. Setting up a geometrical 

model consistent with the actual engine set up and its simulation using 

computational fluid dynamics tools provides a wider flexibility in engine studies 

and fuel effects.  

4. NOx has been found to increase in most cases; so there is a need to explore NOx 

reduction techniques such as EGR or SCR. 
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APPENDIX-I 

Technical Specifications of AVL 437 Smoke Meter 

Accuracy and Reproducibility        

 

± 1% full scale reading 

Heating Time        

 

Approx. 20 min  

Light source        

 

Halogen bulb 12 V / 5W 

Colour temperature   

 

3000 K ± 150 K  

Detector 

 

Selenium photocell dia. 45 mm ,  

  

Max. Sensitivity in light      In 

Frequency range: 550 to 570 nm. Below 

430 nm and above 680 nm sensitivity is 

less   than 4% related to the maximum 

sensitivity 

Maximum Smoke       

 

250ºC Temperature at entrance        
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APPENDIX-II 

Technical Specifications of AVL Di-Gas Analyzer 

 

 

 

 

Measurement Ranges of AVL Di-Gas Analyzer 

Parameter                   Measurement Range                       Resolution  

CO        0-10% vol             0.01% vol  

CO2       0-20% vol            0.1% vol  

HC        0-20000 ppm vol        1 ppm  

NOX       0-5000 ppm vol         1 ppm  

O2       0-25% vol          0.01% vol  

Measurement principle CO, HC, CO2 Infrared measurement  

O2 Electrochemical 

measurement 
NO (option)  Electrochemical 

measurement    
Operating temperature +5 to +45ºC   Keeping measurement 

accuracy  
+1 to +50ºC   Ready for measurement  

+5 to +35ºC   with integral NO sensor                                         

(Peaks of : +40ºC)  
Storage temperature  -20   to  +60ºC   

-20   to  +50ºC   With integrated O2 

sensor  
-10   to. +45ºC   With integrated NO 

sensor  
  0    to  +50ºC   With water in filter and / 

or  pump  
Air humidity 90% max.,  non-condensing 

Power drawn 150 VA   

Dimensions 432 x 230 x 470 

mm  

(w x h x l) 

Weight 16 Kg   
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APPENDIX-III 

Infra-red Correlation Chart 

  Type of Vibration Frequency (cm-1) Intensity 

C-H Alkanes (stretch) 3000-2850 s 

  -CH3 (bend) 1450 and 1375 m 

  -CH2- (bend) 1465 m 

  Alkenes (stretch) 3100-3000 m 

  (out-of-plane bend) 1000-650 s 

  Aromatics (stretch) 3150-3050 s 

  (out-of-plane bend) 900-690 s 

  Alkyne (stretch) ~3300 s 

  Aldehyde 2900-2800 w 

C-C Alkane not interpretatively useful     

C=C Alkene 1680-1600 m-w 

  Aromatic 1600 and 1475 m-w 

C≡C Alkyne 2250-2100 m-w 

C=O Aldehyde 1740-1720 s 

  Ketone 1725-1705 s 

  Carboxylic Acid 1725-1700 s 

  Ester 1750-1730 s 

  Amide 1670-1640 s 

  Anhydride 1810 and 1760 s 

  Acid Chloride 1800 s 

C-O Alcohols, Ethers, Esters, Carboxylic Acids, 

Anhydrides 

1300-1000 s 

O-H Alcohols, Phenols     

  Free 3650-3600 m 

  H-bonded 3500-3200 m 

  Carboxylic Acids 3400-2400 m 
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N-H Primary and Secondary Amines and Amides     

  (stretch) 3500-3100 m 

  (bend) 1640-1550 m-s 

C-N Amines 1350-1000 m-s 

C=N Imines and Oximes 1690-1640 w-s 

C≡N Nitriles 2260-2240 m 

X=C=Y Allenes, Ketenes, Isocyanates, Isothiocyanates 2270-1950 m-s 

N=O Nitro (R-NO2) 1550 and 1350 s 

S-H Mercaptans 2550 w 

S=O Sulfoxides 1050 s 

  Sulfones, Sulfonyl Chlorides, Sulfates, 

Sulfonamides 

1375-1300 s s 

C-X Fluoride 1400-1000 s 

  Chloride 800-600 s 

  Bromide, Iodide <667 s 
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