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ABSTRACT 
 

Biodiesel (BD) despite its suitability as a diesel fuel alternative suffers from poor 

oxidative stability, poor cold flow properties, insufficient supply, higher cost, and higher 

NOx emissions as compared to diesel which poses difficulties in storage and utilization 

as fuel. The Indian government has set indicative targets of reducing import dependency 

by 10% by 2022 and blending 5% biodiesel in a diesel by 2030, utilizing biofuels 

produced from indigenous feedstocks in their Biofuels policy declared in 2018. As the 

properties of biodiesel largely dependent on the fatty acid profile of the feedstock which 

contains different fatty acids in different proportions, one feedstock cannot satisfy all the 

requirements of the ideal biodiesel composition. The hybrid biodiesel from non-edible oil 

and waste oil is low cost, simple and effective method to obtain a customized set of 

features, address problems associated with insufficient feedstock supply and higher cost 

of biodiesel along with giving an opportunity of finding an alternative application of 

waste oils. A total of 11 samples comprising of neat and hybrid biodiesels were prepared, 

their properties were measured and their dependence on the fatty acid profile was 

examined. Variable amounts of saturated and unsaturated fatty acids present in blended 

biodiesels largely affect the cold flow properties and oxidation stability. The optimum 

biodiesel mix which satisfied both ASTM D6751 and EN 14214 standards was 30% (by 

volume) jatropha biodiesel and 70% (by volume) waste cooking oil biodiesel (J30W70) 

having a pour point (PP) of  5 °C, cloud point (CP) of 10.4 °C, kinematic viscosity (KV) 

of 4.68 cSt and oxidation stability (OS) of 7 hours. All blends containing more than 30% 

(by volume) jatropha biodiesel did not satisfy both the international standards of 

biodiesel. A correlation between properties (CP, PP, OS, and KV) and total saturated 

fatty acid methyl ester content (x) was obtained using a polynomial curve fitting 

technique using measured values of the properties for plotting the data variation. 

Calculated and measured values of properties of blends were in good agreement. Using 

these four developed correlations, cloud point, pour point, oxidation stability and 

kinematic viscosity of different biodiesel blends having different fatty acid profiles can 

be determined. These developed equations using statistical analysis would be useful to 

predict biodiesel properties only as the addition of diesel in mixed biodiesel blend would 

render these equations invalid as the presence of diesel may alter the properties of the 

blends due to entirely different chemical structures. 
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A total of 5 samples of hybrid biodiesel-diesel blends (J5W5, J10W10, J15W15, 

J20W20, and J25W25) were prepared and their combustion, performance, and emission 

characteristics were measured on single-cylinder DI diesel engine and compared with the 

diesel fuel. The variation in the crank angle at which maximum pressure is detected is 

around 1-2o at all loads for all the blends. The peak pressure is higher for biodiesel blends 

at lower loads but at higher loads, values of peak pressure are almost the same. The 

ignition of the hybrid biodiesel blends is earlier than that of diesel by about 1–3o CA 

only. The value of the maximum rate of pressure rise for all the fuels increases from no 

load to full load operation. The maximum rate of pressure rise for diesel fuel varies from 

1.83 bar/deg at lower engine load to 6.71 bar/deg at full load whereas, for the J5W5 

blend, it varies from 2.56 bar/deg at the lower engine load to 6.47 bar/deg at full load. 

The largest advance in the start of combustion was observed for J5W5 at lower loads. 

The net heat release rate at a no-load condition in the case of biodiesel is higher and takes 

place in advance concerning T.D.C. (between 1 to 4 degrees) compared to diesel fuel. All 

combustion graphs for diesel and various blends are quite close to each other at full load 

operating conditions. In general, the combustion characteristics of hybrid biodiesel fuel 

blends and neat diesel have shown the same trend for normal combustion and can be 

utilized in the unmodified diesel engine. 

 

The blend J15W15 gave the lowest average reduction in BP possibly due to the optimum 

combination of viscosity, energy content, and molecular oxygen. The blend J10W10 

gives the highest BTE (25.49%) and the lowest average increase in BSFC (2.84%). In 

emission analysis, Blend J15W15 shows a maximum 18 % average reduction in smoke as 

compared to diesel. The NOx emission increases with load and proportion of hybrid 

biodiesel in blends.  Blend J25W25 shows a maximum 48% average increase in NOx 

emission. Blends J5W5, J10W10, J15W15, J20W20, and J25W25 show a 23, 25, 30, 22, 

and 13% average reduction in HC as compared to diesel. The average CO reduction for 

hybrid biodiesel-diesel blends was 21 to 26 %. The maximum average CO reduction was 

26.55 % for the J25W25 blend. A significant variation in CO2 emission was not observed 

with HBD for hybrid biodiesel addition up to 30% in diesel. Considering the overall 

performance of all the blends, a hybrid biodiesel-diesel blends up to 30% biodiesel by 

volume can be successfully employed in diesel engines and would be a viable sustainable 

alternative to diesel fuel in an unmodified diesel engine. 
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CHAPTER-1 

 

1 Introduction 

 
1.1 Current energy scenario 

The majority of the energy demand of the world is met by burning fossil fuels[1]. The 

transport system is a key factor for developing countries like India to social, regional, and 

economic cohesion, including the development of rural areas. In India vehicles owned per 

1000 people increased from 7.5 in the year 2000 to 17.7 in 2010 which gave rise to 

vehicle fleet circulation and crude oil consumption as well[2]. During FY 2017-18, the 

consumption of petroleum products in India was 206.17 MMT with a growth of 5.95% as 

compared to the consumption of 194.60 MMT during FY 2016-17[3]. A diesel engine is a 

major tool in the day-to-day life of modern society. It powers much of our land and sea 

transport, provides electrical power, and is used for many farming, construction, and 

industrial activities[4]. Figure 1.1 shows historic and future diesel fuel consumption data 

for India. 

 

The International Energy Agency projected imports could rise to as much as 90% by 2030 

if present consumption trends continue (IEA, 2007). This heavy dependency on imported 

petroleum products forces India to examine the feasibility of using alternative energy 

sources[5]. Despite having a good fuel economy and lower CO2 emissions, the 

widespread use of diesel engines gave rise to higher particulate matter and NOx 

emissions[6]. Due to the gradual depletion of world petroleum reserves and the impact of 

environmental pollution on increasing exhaust emissions, there is an urgent need for 

suitable alternative fuels for use in diesel engines[7]. The current energy situation has 

stimulated active research interest in non-petroleum-based, sustainable, and non-polluting 

fuels which  
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FIGURE 1.1 : Historic and future diesel fuel consumption data[8] 

provide energy security, rural development, and employment generation[9]. Among 

various sustainable sources, biodiesel is considered to be a promising alternative fuel for 

the current petroleum-based fossil fuels. Biodiesel has many advantages like low 

emissions, biodegradable, non-toxic, and better lubricity compared to diesel[10]. In the 

last two decades, biodiesel has emerged as a well-accepted alternative to mineral diesel 

because its utilization requires insignificant modifications in the engine hardware[11]. 

Biodiesel is mainly methyl ester of triglycerides prepared from animal fat and virgin or 

used vegetable oils (both non-edible and edible) and can be used in the blended form with 

diesel without much alteration to the engine[12]. The oils and fats are raw materials for 

biodiesel production but can- not be used directly in a diesel engine because they have 

very high viscosities (10–17 times greater than conventional diesel) and low 

volatility[13]. Long-term straight vegetable oils usage as a fuel in diesel engine resulted 

in various engine problems such as problem in pumping, gumming, atomization, injectors 

fouling, carbon deposits on piston and head of the engine, excessive engine wear, and 

contamination of lubricating oil[14]. There are four chemical processes used to solve the 

high viscosity problem of triglycerides: dilution, micro-emulsification, pyrolysis (thermal 

cracking), and transesterification[15]. Transesterifiation is preferred over other processes 

to lower down the viscosity of the oils due to its lower cost. The transesterification is a 

reaction between an ester and alcohol in the presence of an acid/base catalyst where the 

alkyl group of the ester is exchanged with the alkyl group of alcohol[16]. 
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1.2 Need for non-edible feed stocks for the production of biodiesel 

It is estimated that India has only 0.4% of the world’s proven reserves of crude oil. India 

meets about 70% of its petroleum requirements through imports which are expected to 

expand in the coming years[17]. Diesel fuel finds its widespread use in the transport, 

agriculture, commercial, domestic, and industrial sectors. The substitution of even a small 

fraction of total consumption by alternative fuels will have a significant impact on the 

economy and the environment[18]. The choice of feedstock for biodiesel production is 

country-specific and depends on availability. The selection of vegetable oil or renewable 

oil that is used for transesterification for producing biodiesel varies from region to region 

depending on the social, environmental, economical, and agro ecological parameters[17]. 

 

Different countries have different potential biodiesel feedstock. Table 1.1 shows the 

potential sources for biodiesel production countrywide. The majority of the nations 

produce biodiesel from edible oils. Vegetable edible oil consumption in India has grown 

by six percent to 24.3 MMT due to an increase in population, expansion of the food 

processing sector, and spurring demand from household and bulk buyers, and about 65 

percent of the total demand is met by imports[19]. Between 2008/09 and 2015/16 

domestic edible oil production in India decreased by 0.52 MT (-8%), consumption 

increased by 6.75 MT (48%), and import increased by 6.41 MT (78%) to match the rising 

consumption[20]. India being not self-sustained in edible oil production cannot afford to 

produce biodiesel from edible oils. A developing and populous country like India has 

many challenges like higher food demand of the country, future growth of middle class 

would lead to more animal feed requirements and limited agricultural land for food crops, 

selecting energy security through biofuels[5]. The use of non-edible vegetable oils 

compared with edible vegetable oils for biodiesel production can give two-fold benefits. 

They prevent food vs fuel conflict and prohibit the use of expensive edible oils for 

biodiesel production [21]. 
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TABLE 1.1: Potential biodiesel feedstock nation wise[22] 

Country Feedstock(s) Type of oil 

China Jatropha/waste cooking oil/Rapeseed Non-edible 

Indonesia Palm oil Edible 

India 
Jatropha/Pongamia pinnata/ Soybean / 

Rapeseed / Sunflower 
Edible &non-edible 

Japan Waste cooking oil Non-edible 

Malaysia Palm oil Edible 

Philippines Coconut Edible 

Bangladesh Rubber seed, Pongamia Pinnata Non-edible 

Thailand Palm / Jatropha / Coconut Edible & non-edible 

Iran Palm, Jatropha, castor, Algae Edible & non-edible 

Zimbabwe Jatropha Non-edible 

Mali Jatropha Non-edible 

France Rapeseed/sunflower Edible 

Germany Rapeseed Edible 

UK Rapeseed, waste cooking oil Edible 

USA Soybean/ waste oil/ Peanut Edible 

Cuba Jatropha, Moringa, Neem Non-edible 

Peru Palm, Jatropha Edible & non-edible 

New Zealand Waste cooking/ Tallow Non-edible 

Argentina Soybeans Edible 

Ghana Palm Edible 

Spain Linseed/Sunflower oil Edible 

 

Various feedstocks for biodiesel production can be categorized as first, second, and third-

generation feedstocks as shown in Table 1.2[23]. First-generation feedstocks include 

edible oils like soybeans, palm oil, sunflower, safflower, rapeseed, coconut, and peanut, 

second generation feedstocks include non-edible vegetable oils, waste or recycled oil as 

well as animal fats whereas third generation feedstock include algal oils. 

In Indian conditions, only such plant sources can be considered for biodiesel, which 

produces non-edible oil and can be grown on a large scale on non-cropped marginal and 

wastelands. India hopes to convert “marginal lands” and to employ surplus agricultural 

labor to produce the non-edible oil required for biofuels production[9]. 

 



Need for non-edible feed stocks for the production of biodiesel 

5 
 

TABLE 1.2:  Generation wise important feedstocks for biodiesel production[24] 

 1st Generation 2nd Generation 3rd Generation 
Sr. 
No Edible oils Non-edible oils Animal fats Algal oils 

1 Soybeans (Glycine 
max) 

Jatropha (Jatropha 
curcas L.) Pork lard Bacteria 

2 Rapeseed (Brassica 
napus L.) 

Mahua (Madhuca 
longifolia) Beef tallow 

Microalgae 
(Chlorella 

prothecoides) 

3 Safflower(Carthamus 
tinctorius L .) 

Camelina (Camelina 
sativa) Poultry fat 

Microalgae 
(Chlorella 
Vulgaris) 

4 Rice bran oil (Oryza 
sativa L .) 

Cottonseed (Gossypium 
hirsutum) Fish oil 

Microalgae 
(Botryococcus 

braunii) 

5 Palm (Arecaceae) Neem (Azadirachta 
indica) Chicken fat 

Microalgae 
(Chlorella 
sorokiana) 

6 Sunflower (Helianthus 
annuus) 

Moringa (Moringa 
oleifera)  Fungi 

7 Canola (Brassica 
napus) 

Rubber seed tree (Hevea 
brasiliensis)   

8 Peanut (Arachis 
hypogaea) Nag champa (plumeria)    

 

In India, various tree-borne oilseeds species like jatropha, neem, karanja, mahua, and 

kusum can be grown easily on degraded lands available in areas with adverse agro-

climatic conditions[25]. Table 1.3 shows an overview of the Area of trees, oil content, 

and oil production of different non-edible feedstocks in the country which suggest 

jatropha as a promising candidate for biodiesel production 

 
TABLE 1.3:  Area of trees, oil content, and oil production of different non-edible feedstocks in  

India[25] 

Sr.No. Tree borne oilseed 

species 

Local name Oil content 

(%) 

Oil 

production 

(MT/yr) 

Total 

area (ha) 

1 Jatropha curcas Ratanjyot 30-40 0.015 748,782 
2 Pongamia Pinnata Karanja 27-39 0.055 36,000 
3 Schleicheraoleso Kusum 28-34 0.025 -- 
4 Azadirachta indica Neem 30 0.100 617,359 
5 Madhuca indica Mahua 35-42 0.180 62,500 
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1.3 Need for hybrid biodiesel in India 

Biodiesel offers many benefits as a diesel fuel alternative like fewer emissions, quick and 

easier production, offers lubricity, holds great potential for stimulating sustainable rural 

development, little or no engine modification up to B20, non-toxic, safe to handle, 

superior flashpoint, biodegradability, and higher cetane number[22]. Despite having many 

suitable properties as alternatives to mineral diesel fuel, biodiesel offers some 

disadvantages which include high feedstock cost, higher regulated NOx exhaust 

emissions, inferior storage stability, insufficient supply, and low-temperature 

operability[26]. Biodiesel can be blended with petroleum diesel in any proportion to 

prepare biodiesel blends which are generally designated as BX where B indicates 

biodiesel and X indicates the proportion of biodiesel in 100 %  blend by % volume i.e. 

B2, B5, B10, B20, and B100. B2 contains 2% biodiesel and 98% petroleum diesel, B5 

contains 5% biodiesel and 95% petroleum diesel and B10 contains 10% biodiesel and 

90% petroleum diesel. Similarly, B20 contains 20% biodiesel and B100 contains 100% 

biodiesel[25]. A blend of 20% by volume of biodiesel fuel in diesel does not affect any of 

the measured performance or emission characteristics and can be used without any engine 

modifications[27].  

 

Apparently the National Biodiesel mission went quite systematically: it involved several 

universities and research institutes to develop appropriate plant varieties, it fixed purchase 

price for biodiesel and feedstock and designated some twenty oil marketing companies 

(OMCs) to purchase and distribute the biofuel. By 2008 more than 700,000 ha of land 

was brought under jatropha plantation, which is significantly small if India has to fulfill a 

20% blending target of biodiesel. Furthermore, due to high uncertainty about the yield 

(the average being less than half of what was expected seed production which ranges 

from about 0.4 t/ha in the first year to over 5 t/ha after 3 years) and chronic feedstock 

shortage for biodiesel, the mission was decided to be abandoned by August 2008[28]. 

National policy on biofuels, 2018 declared by GOI in June-2018 set a target to reduce the 

import dependency by 10 percent by 2022 by increasing domestic production of biofuels 

from second-generation indigenous sustainable feedstocks with special emphasis on non-

edible oils and waste oils and fats for biodiesel production[29]. For having continuous 

supply from the biodiesel industry, multi feedstock biodiesel especially from non-edible 

and waste oils could be an effective sustainable solution. Under Indian conditions non-
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edible oil yielding jatropha plantation is best suited due to adaptability to waste and arid 

land and higher oil yield as compared to other plants[17,18]. Vegetable edible oil 

consumption in India has grown by six percent to 24.3 MMT in 2017-18 due to an 

increase in population, expansion of the food processing sector, and spurring demand 

from household and bulk buyers, and about 65 percent of the total demand is met by 

imports[32]. Most of the vegetable oil is used for deep frying and its improper disposal 

causes serious water contamination and human health problems[33]. Economically viable 

biodiesel can be produced from waste cooking oils as it is 2.5-3.0 times cheaper than 

virgin vegetable oils[34]. To address the problems related to the higher cost of production 

and lower supply of biodiesel, shifting attention towards a mixture of non-edible and 

waste oils for biodiesel production is necessary. Moreover, the hybridization of biodiesel 

would offer improvements in important properties like viscosity, oxidation stability, and 

cold flow properties as compared to the usage of individual biodiesel due to the different 

fatty acid profiles of the feedstocks. 

 The offspring of two animals or plants of different breeds, varieties, species, or 

genera, especially as produced through human manipulation for specific genetic 

characteristics or a thing made by combining two different elements or of mixed character; 

composed of different elements is called hybrid. Hybrid biodiesel is biodiesel prepared by 

blending more than one type of biodiesels with equal or unequal proportions. Biodiesel-

diesel blends are generally referred to single type of biodiesel and diesel blends. 

 A mixture of two biodiesels depicts alteration in properties of mixed biodiesel 

compared to properties exhibited by individual biodiesel. Due to change in behavior in 

terms of properties, it is called hybrid or mixed or complementary blended biodiesel.  

 

1.4 Fatty acid profile of feedstocks 

There are over 350 feedstock candidates are available in the country from which biodiesel 

can be produced. The oil yield from the crops, oil composition, properties of produced 

biodiesel, cultivation requirements, cost of the plantation and available production 

technology are deciding factors for the suitability of a feedstock for biodiesel production. 

The utilization of higher oil-yielding feedstocks can reduce the production cost in the 

biodiesel industry. Jatropha was found to give 1590 kg oil/ha which is the highest among 

the promising non-edible feedstocks in India[35].  
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The biodiesel is produced by transesterification of the feedstock oil and characteristics 

and the fatty acid profile of biodiesel reflects that of the parent oil. Important fuel 

properties of biodiesel like cloud point (CP) and pour point (PP), oxidative stability (OS), 

viscosity, cetane number, and lubricity are influenced by fatty acid profile and structural 

features like chain length of ester molecules, degree of unsaturation, and branching of the 

chain of various fatty esters[36]. Table 1.4 shows the chemical structure of common fatty 

acids found in feedstocks which can be categorized as saturated or unsaturated according 

to the presence of the number of double bonds in the carbon chain.  

Presence of various fatty acids in wt. % in biodiesel is given by fatty acid profile. Inferior 

cold flow properties like cold filter plugging point(CFPP), pour point(PP), and cloud 

point(CP) associated with biodiesel usage cause pumping and filtration problems due to 

viscosity change thereby, creating[37] fuel starvation and operational problems[38]. The 

presence of saturated fatty acids in the biodiesel fatty acid profile reduces the 

crystallization temperature resulting in the deterioration of low-temperature performance 

is mainly due to the presence of saturated fatty acids in the FA profile[39]. Oxidation 

stability(OS) of biodiesel is inferior The presence of unsaturated fatty acids especially 

with the double bonds in biodiesel promotes gum formation rendering poor oxidation 

stability [40]. 
TABLE 1.4:  The common fatty acids present in the feedstock oils[41] 

Fatty acid 
name 

Chemical name  Fatty acid 
chain            
structure 
(xx:y) 

Chemical 
formula 

Saturated/Unsatu
rated 

Lauric Dodecanoic 12:0 C12H24O2 Saturated 
Myristic Tetradecanoic 14:0 C14H28O2 Saturated 
Palmitic Hexadecanoic 16:0 C16H32O2 Saturated 
Stearic Octadecanoic 18:0 C18H36O2 Saturated 
Arachidic Eicosanoic 20:0 C20H40O2 Saturated 
Behenic Docosanoic 22:0 C22H44O2 Saturated 
Lignoceric Tetracosanoic 24:0 C24H48O2 Saturated 
Oleic cis-9-Octadecenoic 18:1 C18H34O2 Mono-unsaturated 
Linoleic cis-9,cis-12-

Octadecadienoic 
18:2 C18H32O2 Di-unsaturated 

Linolenic cis-9,cis-12,cis-15-
Octadecatrienic 

18.3 C18H30O2 Polyunsaturated 

Erucle cis-13-Docosenoic 22:1 C22H42O2 Mono-unsaturated 
 

(xx:y) = (the number of carbons: the number of double bonds) in the fatty acid chain. 
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It is interesting to note that the fatty acid profile is unique in terms of fatty acids present 

in the oil but wt % of it is variable. Table 1.5 shows the fatty acid profile of some oils 

employed for biodiesel production. The major drawbacks of biodiesel are higher NOx 

emissions, poor oxidative stability, and cold flow properties which are related to the 

physicochemical properties and composition of biodiesel. Hence, there is a need for an 

ideal biodiesel composition that will satisfy all the requirements of biodiesel as a fuel for 

CI engines. The problem associated with optimum biodiesel properties in terms of fatty 

acid composition has been addressed through various remedial approaches like 

winterization, fractionation, hydrogenation, genetic modification,  reformulation of 

biodiesel, and use of additives[42].  All these techniques are expensive and modify the 

fatty acid structure in such a way that some of the properties deteriorate also. 
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TABLE 1.5:  Fatty acid profile of some feedstock oils[40,41] 

Name of fatty 
acid 

Structure Chemical 
formula 

Composition present in oil in wt % 

Jatropha Karanja Mahua Polanga Palm Sun-flower 

Myristic 14:0 C14H28O2 1.4 - - 0.09 0.5-6.0 - 

Palmitic 16:0 C16H32O2 13.6-15.1 3.7-7.9 16.0-28.2 12.01-
14.6 

32-45 3-6 

Palmitoleic 16:1 C16H30O2 - - - 2.5 0.8-1.8 - 

Stearic 18:0 C18H36O2 7.1-7.4 2.4-8.9 20.0-25.1 12.95-
19.96 

2-7 1-3 

Oleic 18:1 C18H34O2 34.3-44.7 44.5-71.3 41.0-51.0 34.09-
37.57 

38-52 14-43 

Linoleic 18:2 C18H32O2 31.4-43.2 10.8-18.3 8.9-18.3 26.33-
38.26 

5-11 44-75 

Linolenic 18.3 C18H30O2 - - 14.74 0.27-0.3 - - 

Arachidic 20:0 C20H40O2 0.2-0.3 2.2-4.1 0.0-3.3 0.94 - 0.6-4 

Behenic 22:0 C22H44O2 - 4.2-5.3 - - - 0-0.8 
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To solve the problem of poor biodiesel properties, the blending of biodiesels over two is a 

simple, low cost but effective method. The properties of hybrid biodiesels produced from 

a mix of different biodiesels can be roughly estimated using statistical analysis based on 

the relationship between biodiesel properties and fatty acid compositions[44].  

1.5 Thesis Outline 

The present thesis consists of five chapters, including this introductory chapter. The 

current chapter covered the research background, feedstock classification, fatty acid 

profile of the feedstock oils, and the need for hybrid biodiesel for the continuous supply 

of low-cost fuel. 

 

Chapter 2 provides a detailed literature review about feedstock selection and the effect of 

fatty acid profile on various properties of biodiesel. It also provides the literature reviews 

of statistical analysis of property variation with saturated and unsaturated fatty acids. 

Also, It provides literature reviews of performance analysis of hybrid biodiesel and diesel 

blends on CI engines. Also, a summary of the literature, the outcome of a literature 

review, the research gap, and the objectives of the study are provided. 

 

Chapter 3 emphasizes on materials and methodology adopted. It describes the 

development of the biodiesels from jatropha and waste cooking oils, biodiesel 

compositions, sample preparation for characterization, and statistical analysis technique. 

It explains the sample preparation, test rig,  and engine test procedure for engine 

experiments.  

 

Chapter 4 discusses the different results obtained from various experiments and data 

analysis. It presents the development of statistical equations for variation of selected 

properties for saturated FA content for the prediction of property value. It also presents 

combustion, performance, and emission characteristics of hybrid biodiesel and diesel 

blends on CI engine and comparison with baseline diesel fuel data. 

 

Chapter 5 concludes the results of experiments and achievements based on objectives. It 

also presents the future scope of the study.  
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CHAPTER-2 
 

2 Literature Review 
 

 

2.1 Introduction 

Biodiesel being a plant-based fuel and plenty of feedstock plants are available from which 

biodiesel can be produced, physico-chemical properties of biodiesel vary significantly as 

per the feedstock oils due to the inherently different fatty acid profile of each plant-based 

oil[36]. The properties like cloud point, pour point, cold filter plugging point, kinematic 

viscosity, and oxidation stability are largely affected by the presence of saturated and 

unsaturated fatty acids in the feedstock oils.  The blending of biodiesel is an effective and 

low-cost method to improve the above-mentioned properties. As the production of 

biodiesel is quite less than the demand for biodiesel, a single feedstock can't cope with the 

requirement. So blending would be done at one or the other level at the time of 

commercial usage in vehicles.  A significant number of studies are available on the usage 

of single biodiesel-diesel blends in diesel engines. Few studies are carried out on 

complementary blending of two, three, or more biodiesels to investigate fuel property 

enhancement. Indirectly a very few kinds of literature are available on combustion, 

performance, and emission study of mixed biodiesel-diesel blends on CI engines. 

 

In this chapter, some of the main concepts and relevant background of biodiesel, 

feedstock selection and biodiesel production, fuel property variation due to the blending 

of biodiesels, and experimental studies of performance, combustion, and emission 

characteristics of mixed biodiesel-diesel blends on CI engines are discussed. The 

literature review is divided into three categories 1) feedstock selection and biodiesel 

production 2) fuel property improvement due to complementary blending of biodiesels. 

(3) Performance study of mixed biodiesel-diesel blends on CI engines.   
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2.2 Feedstock selection and biodiesel production 

As there are around 350 feedstocks are present for biodiesel production, the selection of 

feedstock plays an important role in justifying cost, availability, and performance criteria. 

Barnwal et al.[18] concluded that with the mushrooming of fast food centers and 

restaurants in India, it is expected that considerable amounts of used frying oil will be 

discarded which can be diverted for biodiesel production, and thus may help reduce the 

cost of water treatment in the sewerage system and assisting in the recycling of resources. 

 Kulkarni et al.[45] concluded after reviewing publications regarding usage of vegetable 

oils for frying and its subsequent production of biodiesel that waste cooking oil is an 

economic source for biodiesel production and depending on the water and FFA content of 

the waste cooking oil, a transesterification method should be selected. If the FFA and 

water contents are <1 wt% and <0.5 wt %, respectively, then an alkaline catalyst is more 

suitable for the ester production. If the FFA content of the oil is high (>1 wt %), then an 

acid catalyst is a good choice. The National policy on biofuels[46] reported by the 

Ministry of New & Renewable Energy was based solely on non-food feedstocks to be 

raised on degraded or wastelands that are not suited to agriculture for biodiesel 

production, thus avoiding a possible conflict of fuel vs. food security. An indicative target 

of 20% blending of biofuels, both for bio-diesel and bio-ethanol, by 2017 was proposed.  

 

Altenburg et al.[47] reported in their work that the Indian Ministry of Agriculture 

advocated the production of biodiesel in India almost exclusively from Jatropha to assist 

rural people in generating additional income which is justified as Jatropha does not grow 

into a tree but remains a shrub. Therefore, it is easier to harvest than large trees and has a 

much shorter gestation period. Since the period between investments and returns is 

shorter, more people might adopt the cultivation of this crop. Second, the seed collection 

period of Jatropha does not coincide with the time of rainfalls in June-July where most 

agricultural activities take place. Durrett et al.[48] argued that biodiesel is a sustainable 

source of liquid transportation fuels and is carbon neutral but the biggest hurdle in 

biodiesel usage is a limited supply of biodiesel feedstocks so plant oil production needs to 

be greatly increased for biodiesel to replace a major proportion of the current and future 

fuel needs of the world.  

 

Natarajan et al.[49] conducted a study on optimizing biodiesel production in India and 
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concluded that feedstock cost has a major influence on the biodiesel production cost, and 

the investment cost, the transportation costs, and the glycerol price have relatively lower 

importance.  

 

Lam et al.[33] found that heterogeneous acid catalyst and enzyme are the best option to 

produce biodiesel from oil with high FFA as compared to the current commercial 

homogeneous base-catalyzed process but suffers from serious mass transfer limitation 

problems and therefore are not favourable for industrial application.  

 

Bhuiya et al.[23] favoured the use of cost-effective non-edible oils and waste cooking oils 

as compared to first-generation edible oils as it can be a way to improve the economy of 

biodiesel production and its commercial production at an industrial scale.  

 

Ashraful et al.[43] reviewed usage of biodiesels in diesel engines produced from various 

non-edible oils and argued that density, viscosity, flash point, cetane number, cloud and 

pour point, and calorific value, among others, are the most important fuel properties 

considered in the application of non-edible biodiesels in diesel engines.  

 

Gunatilake et al.[5] analyzed the economy-wide impacts of biofuels production and use in 

India and found biodiesel as a promising transport fuel substitute that can be produced in 

ways that fully utilize marginal agricultural resources and hence promote rural 

livelihoods. Aradhey[50] reported in India Oilseeds and Products Annual- 2016 that the 

expanding population, rising disposable incomes, growing demand from hotel, 

restaurants, institutions, households, and food-based industries will encourage higher 

consumption of edible oil up to 22.4 MMT out of which 15 MMT was imported. 

 

 India Biofuels Annual reported by Global Agricultural Information Network[8] found 

that 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 the 11th Five Year Plan (2011/12). However, the 

GOI’s ambitious plan of producing sufficient biodiesel by 2011/12 to meet its mandate of 

20-percent blending with diesel was unachievable mostly due to the unavailability of 

sufficient feedstock (jatropha seeds) and lack of high-yielding drought-tolerant jatropha 

cultivars. 
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2.3 Fuel property improvement due to the complementary blending of 
biodiesels 

The commercial usage of biodiesel is hindered by its inferior cold flow properties, poor 

oxidation stability, higher viscosity, insufficient feedstocks, and higher NOx emission. 

The Physico-chemical properties of biodiesel can be improved through various remedial 

approaches like winterization, fractionation, hydrogenation, genetic modification,  

reformulation of biodiesel, and use of additives[51] but improvement due to removal of 

saturated or unsaturated fatty acids would improve one but hamper other properties 

also[52]. 

 

Sarin et al.[40] conducted a study to find the optimum blend of jatropha and palm 

biodiesel to improve oxidation stability and cold flow properties and to reduce the dosage 

of anti-oxidant in biodiesel. Jatropha and palm biodiesel were selected as jatropha contain 

higher unsaturated FA and palm contains higher saturated FA and blending of this 

biodiesel may improve selected properties. They concluded that the blending of 20% 

Palm biodiesel in Jatropha biodiesel increases cloud point by 2 °C, pour point by 3 °C, 

and CFPP by 1 °C. Jatropha–Palm (60:40) blend was tested for low-temperature 

properties and found to exhibit cloud point of 10 °C, pour point of 12 °C and CFPP of 5 

°C Thus, the blending of Palm bio-diesel in Jatropha biodiesel exhibits additive response 

in the cloud and pour point properties. To minimize the dosage of antioxidants, by 80–

90%, palm oil biodiesel could be blended with Jatropha biodiesel at around 20–40% 

concentration. 

 

Park et al.[44] blended palm and rapeseed biodiesels to improve oxidation stability and 

cold flow properties and to check the effect of unsaturated fatty acid proportions on 

selected properties statistically as palm biodiesel has good oxidation stability and 

rapeseed biodiesel has good cold flow properties. The correlation was obtained as 

Y = ��.����
�

+  2.5905 (0 < � < 100) where X is the content of the linoleic and linolenic 

acids (wt%) and Y is the oxidation stability (h). The oxidation stability of the blended 

biodiesels decreased as the total contents of the linoleic and linolenic acids increased.  

Another correlation was obtained as Y = − 0.4880X +  36.0548 (0 < X < 88)  and    

Y = − 2.7043X +  232.0036 (88 < X < 100) where X is the content of the unsaturated 

fatty acid (wt%) and Y is the CFPP (°C). Concerning the effects of the individual 
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unsaturated fatty acid, a good correlation could not be found for CFPP. 

 

Bryan R. Moser[26] investigated the influence of blending of Canola, Palm, Soybean, and 

Sunflower Oil Methyl Esters on oxidation stability index (OSI), cold filter plugging point 

(CFPP), cloud point (CP), pour point (PP), kinematic viscosity (40 °C), lubricity, acid 

value (AV), and iodine value (IV). The IV and OSI of SME were improved to satisfy EN 

14214 specifications through blending with CME, PME, or SFME. The CFPP of PME 

was improved through blending with CME, SME, and SFME. Statistically significant 

relationships were discovered between OSI and IV, OSI and SFAME content, OSI and 

CFPP, CFPP and IV, and CFPP and SFAME content. The only statistically significant 

relationship was that of CFPP versus SFAME content when SFAME content was greater 

than 12 (wt %). 

 

Knothe et al.[51] investigated optimum fatty acid ester composition to improve properties 

like oxidative stability, cold flow, and increased NOx exhaust emissions. The author 

concluded after compiling and evaluating relevant properties of fatty esters that inherent 

genetic modification of the fatty acid profile offers the best possibility of addressing 

several or all fuel property issues simultaneously. For biodiesel, methyl palmitoleate and 

esters of decanoic acid are strong candidates for improving fuel properties besides methyl 

oleate. However, several other issues like the economy, suitability of modified esters for 

other purposes, and contradiction with other properties need to be evaluated. 

 

Sarin et al.[53] studied the effect of blends of Palm-Jatropha-Pongamia biodiesels on 

cloud point and pour point by developing correlations as selected feedstocks were having 

different fatty acid profiles and blending tend to improve cold flow properties. CP and PP 

of the blended biodiesels had a close relationship with the FAME composition. When the 

Palmitic acid Methyl Ester (PAME) compositions of biodiesel blends are determined, the 

CP and PP can be easily predicted from developed correlations.  When total unsaturated 

FAME compositions of biodiesel blends are determined, the CP and PP can also be 

predicted from two more developed correlations. When biodiesel compositions are 

determined, their CP and PP can be easily estimated using four correlations. This result 

showed that about the effects of the individual unsaturated FAME, good correlations 

could not be found. However, when effects of total unsaturated FAME on the CP & PP 

were determined, a high degree of correlation was found for CP. 
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Pinzi et al.[54] reviewed some important non-edible and low-cost biodiesel feedstocks 

regarding the influence of the chemical composition of biodiesel on fuel properties and 

engine performance to suggest the best-fitting raw material for biodiesel production. For 

ideal biodiesel composition, the high presence of monounsaturated fatty acids (as oleic 

and palmitoleic acids), the reduced presence of polyunsaturated acids, and controlled 

saturated acids content are strongly recommended features. C18:1 and C16:1 are the best-

fitting acids in terms of oxidative stability and cold weather behaviour. Biodiesel from 

Pongamia pinnata and Jatropha curcas oils are more suitable to be used under cold 

climates when compared to the others. 

 

Bryan Moser[55] investigated complementary blending of cold-pressed meadowfoam 

seed oil methyl esters (MFME) with soybean and waste cooking oil methyl esters (SME 

and WCME) to enhance some important fuel properties like induction period, cold flow 

properties, iodine value, and kinematic viscosity. The meadowfoam oil was selected due 

to its unusual FA profile and exceptional oxidation stability. Blends containing 20–30 vol 

% MFME in WCME provided IPs, KVs, and IVs that were within the limits prescribed in 

both ASTM D6751 and EN 14214. Reducing the KV of MFME to within the ranges 

specified in EN14214 andASTMD6751 was accomplished by blending with SME and 

WCME.  The effect of blend ratio on CP, CFPP, and PP was linear after least-squares 

statistical regression. The influence of the blend ratio on KV was highly linear. The effect 

of blend ratio on IP was non-linear after least-squares statistical regression. Least squares 

statistical regression revealed that linear regression was best suited to predict CFPP, CP, 

KV, and PP, whereas polynomial regression was required for IP prediction. 

 

Vaughn et al.[56] studied to determine the efficacy of FA composition as a tool for 

screening feedstocks for biodiesel production. Feedstocks investigated included ailanthus, 

anise, arugula Cav. subsp. Sativa, cress, cumin, Indian cress, shepherd’s purse, and 

upland cress. Biodiesels were produced from those feedstocks having favourable FA 

profile, their properties were determined, and compared with standards. Author suggested 

that following selection criteria are recommended for feedstock FA profile: Saturated FAs 

< 15%; Mono unsaturated FAs > 62%; Trienoic (polyunsaturated) FAs < 7%; Very Long 

Chain FAs < 1%; 54 < IV < 120. 

 

Chen et al.[57] investigated to optimize the jatropha and soapnut oil biodiesel blends to 
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improve the poor oxidation stability of jatropha oil biodiesel and the high cold filter 

plugging point of soapnut oil biodiesel. The optimum SNME–JME blend (35:65 wt. ratio) 

had the acid value of 0.17 mg KOH/g, CFPP of 0 °C, the density of 880 kg/m3 at 15 °C, 

flash point of 171 °C, an iodine value of 100 g I2/100 g, kV of 4.55 mm2/s at 40 °C, and 

oxidation stability of 6.0 h. The SNME–JME biodiesel and diesel blends up to B40 

presented the CFPP of approximately -6 oC, the density of 836–853 kg/m3 at 15 oC, 

kinematic viscosity of 3.03–3.51 mm2/s at 40 oC, and oxidation stability of 9.1–17.3 h. 

 

Zuleta et al.[58] researched on oxidative stability and cold flow behavior of palm, sacha-

inchi, jatropha, and castor oil biodiesel blends, and properties were correlated with the 

structural indices APE (allylic position equivalent), BAPE (bis-allylic position 

equivalent), SME (saturated methyl esters content), MUME (mono-unsaturated methyl 

esters content) and PUME (poly-unsaturated methyl esters content) to find out which one 

accurately describes the behavior of IT and CFPP. Binary blends of biodiesel from castor-

jatropha, palm-castor, and palm-sacha inchi were made, in proportions of 25:75, 50:50, 

and 75:25. Among the studied blends, the best biodiesel blend was made of 75% jatropha 

and 25% castor with an induction time of 7.56 h and a CFPP of −12 °C. This blend has a 

low content of saturated methyl esters (8.53%), low content of polyunsaturated methyl 

esters (13.095%), and high in monounsaturated methyl esters, ideal conditions to satisfy 

both the quality criteria. However, this blend has a viscosity higher than the required by 

international standards. it was also found that BAPE and PUME correlate with IT, while 

CFPP does not correlate with any of these indices. 

 

N. Salgado et al.[59] considered blends of palm and castor biodiesel blends as a lower 

percentage of unsaturated fatty acid in the palm oil biodiesel give deficient cold flow 

properties while biodiesel from castor oil (COB) (with high content of unsaturated fatty 

acid) has excellent cold flow properties. Viscosity, cloud point, and flash point of binary 

mixtures of diesel–palm oil biodiesel, diesel–castor oil biodiesel, and palm oil biodiesel–

castor oil biodiesel were measured, and resulting experimental data were compared with 

the predictions of different published models for diesel–biodiesel mixtures. The general 

expressions used for estimation of viscosity and cloud point for liquid mixtures showed 

lower deviations from experimental values properties predictions from other proposed 

empirical models. High cloud point temperatures (>3 ◦C) when the proportion of palm oil 

biodiesel is over 40% in volume and the inconveniently elevated viscosity values (>6 cSt) 
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when the castor oil content is larger than 40% in the fuel blend. It was found not suitable 

the use of palm oil biodiesel–castor oil biodiesel (POB–COB) blends as an option to 

obtain a type of pure biodiesel with both low cloud point and viscosity. 

 

Baroutian et al.[60] produced methyl esters of waste vegetable oil and jatropha oil and 

mixed them with Jet A-1 aviation fuel at various volume fractions from 10 to 60%. The 

binary blends of jet bio fuel were characterized for density, flash point, pour point, cloud 

point, and calorific value to find the most suitable blending ratio to be used in jet engines. 

The comparison indicated that the jet biofuel with 10 and 20% esters contents (FAME) 

have similar characteristics with the commercially available Jet A-1aviation fuel. For the 

jet biofuels with 10% esters content, the similarity in the properties is 83.3 and 83.0% for 

the fuels derived from waste vegetable oil and jatropha oil, respectively. For the 20% 

ester content jet biofuel, the similarities are 74.1 and 70.0% for the waste vegetable oil-

based and jatropha oil-based biofuel, respectively. 

 

Mehta et al.[61] studied bio-mix approach to control NOx emission in CI engine using a 

combination of saturated and unsaturated esters of palm and karanja biodiesels 

respectively. The author concluded that for karanja and palm bio-mix, blending 80 vol. % 

of palm in karanja lowered the degree of unsaturation by 39% relative to neat karanja. At 

this condition, a maximum decrease of 14 % is observed in the exhaust NO concentration. 

B. Moser[62] conducted a study on fuel property enhancement and statistical analysis of 

variation of properties of biodiesel fuels from common and alternative feedstocks via 

complementary blending. Field pennycress(FPME) and meadowfoam seed oil methyl 

esters(MFME) yielded excellent cold flow properties but high kinematic viscosities while 

camelina(CSME), cottonseed(CTME), and soybean(SME) oil-derived biodiesels 

exhibited poor oxidative stabilities but satisfactory kinematic viscosities. Complementary 

blending was efficient at improving fuel properties such as cold flow, oxidative stability, 

and kinematic viscosity. Specifically, the cold flow properties of CSME, CTME, PME, 

and SME were enhanced through blending with FPME and MFME. Highly linear 

correlations were noted between blend ratio and cold flow as well as viscosity after least-

squares statistical regression whereas a non-linear relationship was observed for oxidative 

stability. 

 

Saydut et al.[63] developed biodiesels from the three feedstock, i.e. hazelnut oil, 
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sunflower oil, and a hybrid mixture of (50:50 v/v) the two. Fuel properties of methyl 

esters of studied oils compared well with ASTM D6751 and EN 14214 biodiesel 

standards. High yield from hybrid feedstock during transesterification reaction indicated 

that the reaction was not selective for any particular oil. In case of scarcity of feedstock, 

both oils could be mixed as well to maintain the constant supply of the feedstock in the 

perspective of industrial production of biodiesel. 

 

Lanjekar et al.[42] concluded after a comprehensive review of articles related to the effect 

of biodiesel composition on biodiesel properties and emission characteristics that NOx 

emissions, oxidative stability, and cold flow properties impose contradictory requirements 

on the fatty acid composition of biodiesel. The improvement in one property would lead 

to deterioration in another property and vice-versa. As per local availability, a blend of 

various biodiesels can be used to alter biodiesel properties for optimum performance and 

emission production. 

2.4 Performance of mixed biodiesel and diesel fuel blends 

Plenty of research articles have been published for performance, emission, and 

combustion characteristics of single biodiesel and diesel blends on CI engines 

[30,31,32,33,34,35]. Very few research articles are available giving insight into hybrid or 

mixed biodiesel and diesel blends usage in diesel engines. 

 

Usta et al.[70] experimented with biodiesel produced from hazelnut soapstock and waste 

sunflower oil mixture in a Diesel engine. The six fuels were tested in the engine at 

different engine loads. The test fuels were Diesel fuel No. 2 and blends containing the 

biodiesel in 5%, 10%, 15%, 17.5%, and 25% proportions by volume. Biodiesel blends 

produced a slightly higher torque and power at both full load and partial loads. It was 

found that 17.5% biodiesel addition gave the maximum power and thermal efficiency. At 

full load, the CO emissions of the blend were higher at low speed and lower at high 

speeds than those of Diesel fuel, while the blend resulted in higher CO2 emissions. The 

biodiesel addition slightly decreased the noise. 

 

Habibullah et al.[71] evaluated performance characteristics of coconut, palm, and their 

combined blend with diesel in a single-cylinder diesel engine. The test fuels prepared for 

performance evaluation were diesel, 30% coconut biodiesel (CB30), 30% palm biodiesel 
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(PB30), and a blend of 15% palm and 15% coconut biodiesel(PB15CB15). PB15CB15 

showed slightly higher BTE (1.12%) than PB30 and slightly lower BP and BTE (0.20% 

and 0.12%, respectively) than CB30 fuel. By contrast, BP decreased by 0.20% compared 

with that of PB30 and increased by 0.63% compared with that of CB30. PB15CB15 

showed a 1.22% higher NOx emission than that of PB30 and 1.20% lower NOx emission 

than that of CB30. PB15CB15 showed lower CO and HC emissions (2.43% and 9.35%, 

respectively) than PB30 and slightly higher emissions (2.60% and 7.72%, respectively) 

than CB30 fuel. 

 

Sanjida et al.[72] experimented with palm-jatropha combined blend on an unmodified 

diesel engine. Experimental research carried out to evaluate the BSFC, engine power, 

exhaust, and noise emission characteristics of a combined palm and jatropha blend in a 

single-cylinder diesel engine at different engine speeds ranging from 1400 to 2200 rpm.  

Though the PBJB5 and PBJB10 biodiesels showed a slightly higher BSFC than diesel 

fuel, all the measured emission parameters and noise emission were significantly reduced, 

except for NO emission. CO emissions for PBJB5 and PBJB10 were 9.53% and 20.49% 

lower than for diesel fuel. By contrast, HC emissions for PBJB5 and PBJB10 were 3.69% 

and 7.81% lower than for diesel fuel. The sound levels produced by PBJB5 and PBJB10 

were also reduced by 2.5% and 5% compared with diesel fuel due to their lubricity and 

damping characteristics. 

 

Sridhar et al.[73] carried out performance and emission study of the mix of diesel and 

blends of biodiesels produced from pongamia pinnata and mustard oils. Six blends 

namely Blend A-Diesel 90%, 5% each biodiesel by volume basis,  Blend B-Diesel 80%, 

10% each biodiesel by volume basis, Blend C- Diesel 60%, 20% each biodiesel, Blend D- 

Diesel 40%, 30% each biodiesel, Blend E- Diesel 20%, 40% each biodiesel and Blend F- 

Diesel 0%, 50% each biodiesel by volume were prepared for testing. The thermal 

efficiency and mechanical efficiency of Blend A were slightly higher than the diesel. 

Blend B and Blend C were very closer to the diesel values. Blend A and Blend B 

produced slightly lower CO and CO2 than diesel. The dual biodiesel blends gave higher 

smoke opacity, HC, and NOx than diesel. But for Blend A, Blend B, and Blend C the 

smoke opacity was nearer to diesel. Blend A, Blend B, and Blend C can be used as an 

alternative fuel. 
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Öztürk[74] assessed the performance, emissions, combustion, and injection 

characteristics of a diesel engine fuelled with canola oil-hazelnut soapstock biodiesel 

mixture. The experiments were performed with No.2 diesel (D100) and No.2 

diesel/biodiesel blends containing 5% (B5) and 10% (B10) biodiesel fuels. 5% biodiesel 

addition did not significantly affect the brake specific fuel consumption and the thermal 

efficiency while 10% addition had negative effects due to the deterioration of the 

combustion. The advanced ignition delay and the lower heating value with the biodiesel 

addition generally caused a decrease in the maximum heat release rate and an increase in 

the combustion duration. B10 causes a slight increase in THC and smoke at all loads. 

There were no significant changes in CO emission. Although B5 causes a slight increase 

in NOx emissions, the lower NOx emissions were observed with B10. 5 and 10% 

biodiesel additions did not significantly affect CO2 emissions. 

 

Khan et al.[75] investigated performance and emission characteristics of a diesel engine 

using a complementary blending of castor and karanja biodiesel. All biodiesel blends 

showed higher BSFC than neat diesel. Emissions like CO, HC, CO2, and smoke were 

improved for the C5K10D85 blend due to the presence of oxygen content in biodiesel due 

to the higher cetane number of blends. However, NOx was found to increase for all 

biodiesel blends. Emissions also increased with the increasing blending of castor 

biodiesel in fuel blends. Among the tested blends, C5CK5CD90, C5K10CD85, 

C15CK5CD80,. C10CK5CD85, and C5CK15CD80, C5CK10CD85 blend was found to 

be a more suitable and sustainable fuel blend to replace conventional diesel.  

 

Ruhul et al.[76] studied engine performance and emission characteristics of Croton 

megalocarpus and Ceiba pentandra complementary blends in a single-cylinder diesel 

engine. The test fuels were Diesel, CMB20, CPB20, CMB15CPB05, CMB10CPB10, and 

CMB05CPB15. Compared to ordinary diesel, for all tested blends, the average engine 

brake power was lower about 0.53% to 3.70%. BSFC was higher about 3.90% to 9.74% 

than that of diesel mainly owing to their lower heating value and higher density and 

viscosity. The BTE was slightly lower (about 0.50–5.97%). The average NOX emission 

was 10.50% to 18.66% higher. The CO and HC emissions were reduced to an extent of 

1.09–5.21% and 1.48–8.38%.  
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The Engine Manufacturers Association (EMA) and a consortium of fuel injection 

equipment manufacturers recommend the use of biodiesel blends that contain no more than 

five percent by volume biodiesel (B5). Higher concentrations such as B20 are not 

universally accepted, however, some OEM’s have produced models that can run on B20. 

The neat biodiesel usage as fuel requires some engine modifications. The general concern 

with higher-than-B5 is the lack of convincing data to ensure that use of such fuels does not 

lead to engine performance issues, such as filter plugging, injector coking, piston ring 

sticking and breaking, elastomer seal swelling and hardening/cracking, and engine 

lubricant degradation[77]. In most of the reported studies 20% blend of Jatropha biodiesel 

with petro-diesel is found to be suitable for normal operations without any modifications in 

engine specifications. Thus as a technological dimension it would be more appropriate to 

go for blends rather targeting usage of 100% biodiesel in existing engines or developing 

engines for operating on biodiesel only[78]. 

2.5 Summary of the Literature Review 

For the literature review, more than 100 including research papers, conference papers, 

magazine articles, and Industrial/Government reports have been reviewed. Among these 

articles, 20% of papers are published after 2015 and 80% of papers are published between 

1996 to 2015 as shown in Figure 2.1 

 

 

FIGURE 2.1 : Publications analysis year-wise 

 
Plenty of research work has been reported on fuel properties improvement by blending 

two or more types of biodiesels in different volume ratios, the majority of which 
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concentrated on oxidation stability and cold flow properties like pour point (PP), cloud 

point (CP), cold filter plugging point. Other studies explored the influence of blending on 

cetane number, calorific value, and density. Some have reported the statistical analysis of 

variation of properties of mixed biodiesel blends against individual and total 

saturated/unsaturated fatty acids to predict properties of blends. No reported work is 

available for fuel improvement and statistical analysis of variation of properties exhibited 

by dual biodiesel blends along with combustion, performance, and emission analysis of 

hybrid biodiesel produced from non-edible and waste oils blended with diesel. Very few 

research articles are published for performance and emission characteristics of dual-

biodiesel and diesel blends. Table 2.1 shows feedstock combinations tried for property 

improvement while Table 2.2 shows feedstock combinations tried for performance 

analysis. 
TABLE 2.1:  Feedstock combinations tried for fuel property improvement 

Sr. No Feedstocks blended 
Type of oil(Edible/Non-

edible) 

1 Jatropha-Palm Edible & non edible 

2 Soybean, palm, and  rapeseed Edible 

3 Canola, Palm, Soybean, and Sunflower Edible 

4 Palm-Jatropha-Pongamia Edible & non edible 

5 meadowfoam seed, soybean, and waste cooking oil 
Edible & non edible & 

waste 

6 Jatropha and soapnut Non-edible 

7 palm, sacha-inchi, jatropha, and castor Edible & non edible 

8 palm and karanja Edible & non edible 

9 coconut, palm Edible 

10 

Gmelina Arborea Roxb (GAO), Mimusops elengi 

Linn (MEO), Acer laurinum Hasskarl (ALO), 

Thevetia peruviana Schum (TPO), and Mesua 

ferrea Linn 

Non-edible 

11 castor and palm Edible & non edible 

12 
Cottonseed, field pennycress, meadowfoam, palm, 

and soybean 
Edible & non edible 

13 
Jatropha curcas, Calophyllum inophyllum, Sterculia 

foetida, Moringa oleifera, Croton megalocarpus, 
Edible & non edible 
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Patchouli,  palm,  coconut,  canola, and soybean 

 

TABLE 2.2:  Feedstock combinations tried for performance analysis 

Sr. No Feedstocks blended Type of oil(Edible/Non-edible) 

1 Palm and jatropha Edible & non edible 

2 Mustard and karanja Non-edible 

3 Coconut and palm Edible & non edible 

4 Castor and karanja Non-edible 

5 Palm and karanja Edible & non edible 

2.6 Research Gap 

The majority of studies about fuel properties enhancement and performance analysis 

involve biodiesel produced from edible oils. A developing country like India cannot 

afford to utilise edible oil for fuel production as India is not self-sufficient in edible oil 

production. None have reported combustion, performance, and emission study of non-

edible and waste oil-based hybrid biodiesel and diesel mix as a sustainable fuel for 

developing countries like India. Research work should be focused primarily on the 

exploration of the alternative bio-fuel feedstocks, particularly non-edible oil seeds and 

waste oils, to offer several environmental and socio-economic opportunities along with 

cost-effective biodiesel for India as well as the world. Selection criteria for feedstocks are 

either unique fatty acid profile or local availability for blending requirement to replace 

conventional diesel fuel.  

 

Jatropha is a vigorous, drought, and pest-tolerant plant and unpalatable by animals and 

occurs in almost all parts of India[79]. The seed yield reported for Jatropha varies from 

0.5 to 12 tons/year/ha — depending on soil, nutrient, and rainfall conditions — and the 

tree has a productive life of over 30 years[80]. It requires very little irrigation and grows 

in all types of soils[31]. Jatropha provides the raw material for producing biodiesel, to 

generate income and employment opportunities for small and marginal farmers and other 

weaker sections of the society, particularly those living below the poverty line[81]. 

Jatropha is facing agro-technological challenges to ensure reasonable seed yield per unit 
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area annually which is essential for economic and commercial sustainable production of 

biodiesel[82].  

 

The quantity of waste cooking oil generated per year by India is huge considering the 

edible oil consumption of the country. Almost 24 MT of edible oil is consummated in 

India per year and 70% of it is used by food business operators i.e. almost 16.8 MT. If 

half of this quantity can be tapped for biodiesel production, it can produce large quantity 

of biodiesel. The disposal of waste cooking oil is problematic, because disposal methods 

may contaminate environmental water and soil. There are no legislative rules for the 

disposal and use of waste cooking oils which leads to use of theses oils in practices 

hazardous to health. Utilization of waste oils would give alternative use of the waste oil 

along with the reduction in feedstock cost for biodiesel production. 

 

 The amount of collectable UCO in each country is difficult to be determined 

directly since there is lack of traceability, especially regarding the amounts that the 

households produce. There must be a public awareness about the benefits of recycling 

waste oils. Voluntary contracts or agreement should be signed between waste oil producers 

and collecting agents. Typically the collection system involves the partnership of public 

organizations (such as municipalities), non-profit organizations (NGOs) and private 

companies. The collection points are typically placed in public gathering places such as 

schools, supermarkets, parking lots, municipal buildings or directly on the streets or door 

to door collection. Specially designed collecting containers can be supplied for collecting 

waste oil for quick drain. Filtration and processing of waste oils should be done to reduce 

water content and remove impurities. Delivery vans powered by biodiesel should be used 

for transportation while striving to facilitate the collection and delivery of such wastes. 

Therefore, convenient disposal systems must be designed that do not impose significant 

financial burdens. 

 

As single feedstock cannot meet the demand of the fuel, hybrid biodiesel from jatropha 

and waste cooking oil blended with diesel can serve as a low-cost sustainable fuel for 

having continuous supply from biodiesel industry to cope up the requirement of the fuel 

along with property improvement of the dual biodiesel blend than individual biodiesel. 

 

This research primarily aims to examine combustion, performance, and regulated 
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emission characteristics, such as NOx, CO, HC, and smoke using hybrid biodiesel 

produced from jatropha and waste cooking oils and diesel blends on a single-cylinder DI 

diesel engine to check its suitability as a sustainable alternative for the unmodified diesel 

engine fuel. The mixed or hybrid biodiesel exhibit alteration of properties due to different 

fatty acid profiles of the blended biodiesels. The premise behind preparation of FAME 

mixtures is to check and arrive at blends with fuel properties compliant with international 

biodiesel standards. Generally, the properties of interest for improvement included cold 

flow properties, oxidation stability, and kinematic viscosity (KV). Discovery of blend 

ratios that result in fuel properties compliant with ASTM D6751 and EN 14214 is also the 

objective. This research is also extended to check for the fuel property enhancement due 

to mixing of two biodiesels and statistical analysis of variation of important properties 

with presence of saturated fatty acids that can serve useful for neat biodiesel usage in 

dedicated engines. 

2.7 Objectives of the study 

Specific technical objectives of this study are : 

1. To develop hybrid biodiesels from Non-edible vegetable oils i.e jatropha and 

waste cooking oils by blending prepared biodiesels in different proportions.  

2. To characterize prepared hybrid biodiesels and carry out statistical analysis for 

prediction of important properties of prepared hybrid biodiesel blends  

3. To perform combustion, performance, and emission analysis of prepared hybrid 

biodiesel-diesel blends on unmodified single cylinder DI diesel engine to check 

their suitability as a liquid fuel. 
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CHAPTER-3 

 

3 Materials and Methods  

 
Due to the presence of free fatty acids, phospholipids, sterols, water, odourants, and other 

impurities plant oils cannot be used as fuel directly without reducing their viscosity to an 

acceptable level[83].  There are various methods for the reduction of viscosity and 

production of biodiesel from vegetable oils like the transesterification process using a 

homogeneous or heterogeneous catalyst, thermal cracking or pyrolysis, and micro-

emulsification[84]. Transesterification is a well-accepted and best-suited method for the 

production of biodiesel as compared to other methods due to its simplicity and low 

cost[31]. The typical production method for biodiesel fuel is a base-catalyzed process 

with a homogeneous catalyst such as KOH or NaOH due to mild operating conditions and 

high yield. However, removal of the excess base catalyst by water wash generates a large 

quantity of toxic water and expensive due to the non-recyclability of the catalyst[85]. The 

alkali process gives high purity and yield of biodiesel in a shorter reaction time but this 

process is not suitable for feedstocks with a high free fatty acid (FFA) content due to soap 

formation. Therefore, a two-step transesterification process (acid esterification followed 

by alkali or base transesterification) was developed to remove the high free fatty acid 

content and to improve the biodiesel yield[86].  The free fatty acid contents decide the 

production method of biodiesel as shown in Figure 3.1. In this study, due to the high FFA 

content of jatropha and waste cooking oils, a two-step process is preferred to produce 

biodiesel.  
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FIGURE 3.1 : Process selection chart for biodiesel production as per FFA content 

3.1 Materials 

 Cold-pressed jatropha oil from jatropha seeds was supplied by Shroff SR Rotary 

Institute of Chemical Technology, Valia, Gujarat, India. Figure 3.2 shows the jatropha 

seeds. Waste cooking oil was purchased from a local restaurant. Waste cooking oil was 

kept for 48 hours for allowing impurities to settle at the bottom of the container and 

filtered thereafter. Other chemicals such as methanol (99.9% pure), H2SO4 (98% pure), 

Measurement of free fatty acid 
(FFA) contents 

FFA > 2% FFA < 2% 

Acid esterification followed 
by base trans- esterification 

(Two step process) 

Heating and stirring of (Oil + 
Acid catalyst + Alcohol) mix 

Removal of alcohol 
and catalyst 

(upper phase) 

Base transesterification 
(single step) process 

Heating and stirring of (Oil + Base 
catalyst + Alcohol) mix 

Removal of glycerol, catalyst and 
alcohol (lower phase) 

Biodiesel hot water washing (3 to 
5 times) 

Heating of washed biodiesel for 
alcohol and water removal 

Final product 
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KOH (98.9% pure), isopropyl alcohol, and phenolphthalein were obtained from local 

suppliers and used. Figure 3.3 shows the jatropha and waste cooking oil samples used in 

this study. 

 

 
FIGURE 3.2 : Jatropha seeds 

 

 

 
FIGURE 3.3 : Jatropha and waste cooking oils 

 

The acid number is the quantity of base, expressed in milligrams of potassium hydroxide, 

which is required to neutralize all acidic constituents present in 1 g of sample. The 

calculation of % FFA depends on the type of titrated sample and the fatty acid to which the 

result is to be calculated. Titration was performed to determine the amount of KOH needed 
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to neutralize the free fatty acids in jatropha and waste cooking oils. The amount of KOH 

needed as a catalyst for every liter of jatropha oil and waste cooking oils was determined 

as 10 g and 16 g respectively. The FFA content of jatropha and waste cooking oils were 

5% and 8% respectively which were far beyond the 2% limit for promoting 

transesterification reaction using an alkaline catalyst. Waste cooking oil was filtered and 

dried for removing water and impurities at 100 oC before utilizing it for biodiesel 

production. 

 

 
 

FIGURE 3.4 : Schematic diagram of biodiesel production setup 

3.2 Biodiesel Production 

Biodiesel was produced using an experimental setup consisting of a hot plate with a 

magnetic stirrer. The temperature and speed of the stirrer were controlled by the 

temperature and speed regulator provided in the stirrer. A mixture of oil, alcohol, and 

catalyst was prepared in 2L two-neck flask provided with the condenser to collect alcohol 

vapour produced during production process. Jatropha oil and waste cooking oils were 

subjected to acid esterification followed by a base transesterification process also known 

as a two-step process for biodiesel production due to high FFA contents. FFA content of 

the oil decreases in acid esterification and this oil is further processed by the base catalyst 

to produce biodiesel[87]. A schematic diagram of the biodiesel production set-up is given 
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in Figure 3.4. 

3.3 Esterification process 

The acid esterification process was carried out in a 2L flask equipped with a reflux 

condenser, magnetic stirrer, and thermometer neck. In this process, sulphuric acid was 

used as the catalyst and the molar ratio of methanol to jatropha and waste cooking oils 

was maintained at 12:1 (50% v/v oil). 1% (v/v oil) of sulphuric acid (H2SO4) was added 

to the pre-heated oils mixture at 60 oC and stirred for 2 h at 800 rpm stirring speed in a 

glass reactor placed on a magnetic stirrer. On completion of this reaction, the products 

were poured into a separating funnel to separate the excess alcohol, sulphuric acid, and 

impurities present in the upper layer. The lower layer is drained and collected for further 

processing. Figure 3.5 shows acid esterified waste cooking oil with the upper layer of 

excess catalyst and alcohol and a lower layer of esterified oil. 

 
FIGURE 3.5 : Acid esterified waste cooking oil 

3.4 Transesterification process. 

 In this process, the esterified oil of Jatropha curcas was reacted with 25% (v/v oil) of 

methanol (6:1 molar ratio) and 0.9% (w/w of oil) of potassium hydroxide (KOH), and 

waste cooking oil was reacted with 37% (v/v oil) of methanol (9:1 molar ratio) and 1% 

Esterified oil  

Excess catalyst and 
alcohol 

Two neck flask 
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(w/w of oil) of potassium hydroxide (KOH). The temperature was maintained at 60 oC to 

prevent the vaporization of alcohol. Reactions took 2h for jatropha and 2.5 h for waste 

cooking oil. After completion of the reaction, the produced biodiesels were deposited in a 

separation funnel for 18 h to separate glycerol from biodiesels. The lower layers which 

contained some impurities and glycerol were discarded and biodiesels were obtained. 

Figure 3.6 shows the waste cooking oil sample with two layers after the transesterification 

process.  

 

 
FIGURE 3.6 : Waste cooking oil sample after transesterification process 

3.5 Post-treatment 

 As the biodiesel obtained after the transesterification process contains some alcohol and 

catalyst, hot water washing is performed to purify it. In this process distilled water at 70 

oC was poured over the surface of biodiesel and gently stirred and kept for some time and 

drained. This process was repeated 3 to 4 times until the pH of distilled water become 

neutral. As the washing of biodiesel is needed to perform for at least 3 to 4 times, it 

generates large amount of wash water contaminated with excess alcohol and catalysts. 

Biodiesel 

Glycerol 
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The water washing waste about 2% of produced biodiesel as shown in Figure 3.7. 

  

 
FIGURE 3.7 : loss of biodiesel with wash water 

Biodiesel after water washing contains some water and alcohol in it so biodiesel is heated 

at about 100oC to remove water and alcohol from it. Figure 3.8 and Figure 3.9 show 

jatropha biodiesel before and after heating it respectively whereas Figure 3.10 and Figure 

3.11 show waste cooking oil biodiesel before and after heating it respectively. 

3.6 Fatty acid composition 

Several types of vegetable oils, with a varied composition in fatty acids, can be used for 

the preparation of biodiesel but the vegetable oils investigated for their suitability as 

biodiesel are those which occur abundantly in a specific area[88]. Regardless of its 

appropriateness as a diesel fuel elective, biodiesel experiences poor oxidative stability and 

poor cold flow properties, deficient supply, greater expense, and higher nitric oxide 

emissions when contrasted with diesel which presents troubles in storage and usage as 

fuel[89]. The production of biodiesel and its subsequent use as a diesel substitute is 

largely affected by the fatty acid composition of the feedstock oil. 

Biodiesel 

Wash water 
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FIGURE 3.8 : Jatropha biodiesel before heating FIGURE 3.9 : Jatropha biodiesel after heating 

 

 
FIGURE 3.10 : Waste cooking oil biodiesel before 

heating 

FIGURE 3.11 : Waste cooking oil biodiesel 

before heating 
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The fatty acid profile consists of the distribution of various fatty acids in wt. % present in 

biodiesel. Lipids consist of fatty acids (FAs) classified mostly according to the presence 

or absence of double bonds as saturated (SFAs - without double bonds), monounsaturated 

(MUFAs - with one double bond), and polyunsaturated fatty acids (PUFAs - with two or 

up to six double bonds); further, as cis, a naturally occurring unsaturated fatty acids 

composition or trans, the result of technology processing based on the configuration of 

the double bonds[90]. The physical and chemical properties like ignition quality, the heat 

of combustion, cold flow, oxidative stability, viscosity, and lubricity are influenced by 

structural features of a fatty ester such as chain length, degree of unsaturation, and 

branching of the chain[36]. Transesterification does not alter the fatty acid composition of 

the feedstocks[88]. The carbon/hydrogen ratio of biodiesels from other sources will be 

slightly different, depending upon the degree of unsaturation.  

 
TABLE 3.1:  Specifications of GC-MS process 

Sr.No. Parameter Specification 

1 Detector Flame Ionization detector 

2 Detector voltage 0.85 kV 

3 Carrier gas oxygen-free nitrogen 

4 Linear velocity 37.2 cm/s 

5 Flow rate 1 mL/min 

6 Injection temperature 310 oC 

7 Column head pressure 73 kPa 

8 Column dimension Rtx-Wax, 30 m * 0.25 µm * 0.25 mm 

9 Injection mode Split 

10 Temperature ramp 10 oC/min to 320 oC holds for 8.0 min 

11 Ion source temperature 200 oC 

12 Split ratio 40:1 
 

The most important compositional difference between diesel and biodiesels is oxygen 

content. Biodiesel contains 10-12 wt % oxygen, which lowers energy density[91]. 

Various analytical methods such as gas chromatography (GC), gas chromatography & 

mass spectrometry, Near Infrared (NIR) Reflectance spectroscopy, high-performance 

liquid chromatography were developed for analyzing mixtures containing fatty acid esters 

and mono-, di-, and tri-glycerides obtained by the transesterification of vegetable oils[83]. 
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GC is most widely used for this purpose[92]. 

 

Gas Chromatography and Mass spectrometry (GC–MS) study was performed to measure 

fatty acid compositions of jatropha and waste cooking oil biodiesels on a Shimadzu QP-

2010 Ultra instrument at Saurashtra University, Rajkot. The details of the GC-MS process 

are shown in Table 3.1. The fatty acid methyl ester peaks were identified by comparison 

with reference standards. Table 3.2 shows the fatty acid composition of neat jatropha and 

waste cooking oil biodiesels. 

 
TABLE 3.2:  Fatty acid composition of jatropha and waste cooking oil biodiesels 

 

Name of fatty 

acid 

Chemical name 

of  fatty acid 

Structu

re 

Chemical 

formula 

Jatropha 

biodiesel 

(wt.%) 

Waste 

cooking 

biodiesel 

(wt.%) 

Myristic Tetra decanoic 14:0 C14H28O2 0.12 2.01 

Palmitic Hexa decanoic 16:0 C16H32O2 19.6 35.24 

Stearic Octa decanoic 18:0 C18H36O2 9.5 8.03 

Arachidic Eicosanoic 20:0 C20H40O2 0.53 1.04 

Behenic Docosanoic 22:0 C22H44O2 ------ 0.19 

Palmitoleic 
cis-9-Hexa 

decenoic 
16:1 C16H30O2 1.98 1.54 

Oleic 
cis-9-Octa 

decenoic 
18:1 C18H34O2 37.93 16.34 

Linoleic 

cis-9,cis-12- 

Octa 

decadienoic 

18:2 C18H32O2 29.94 33.88 

Linolenic 

cis-9,cis-12, cis-

15-Octa 

decatrienic 

18.3 C18H30O2 0.4 ------ 

Eicosenoic 
Cis-11-

eicosenoic acid 
20:1 C20H38O2 ------- 1.73 

Saturated FA(%) 29.75 46.51 

Unsaturated FA(%) 70.25 53.49 
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3.7 Hybrid biodiesel samples and analysis 

Biodiesels produced from jatropha and waste cooking oils were blended in different 

volume ratios for sample preparation. A total of 11 samples consisting of neat jatropha 

biodiesel, neat waste cooking biodiesel, and their hybrid blends were prepared and their 

physical and chemical properties were measured as per IS standard.  These properties 

include; kinematic viscosity, density, flashes point, CP (cloud point), PP (pour point), 

calorific value, oxidation stability, and cetane number. In this study, the effect of blending 

of jatropha biodiesel in a blending ratio of 0,10,20,30,40,50,60,70,80,90,100(vol%) with 

waste cooking biodiesel on some important properties has been studied and presented. 

These important properties include kinematic viscosity, cloud point, pour point, and 

oxidation stability. Figure 3.12 shows prepared samples of neat biodiesels and hybrid 

biodiesel blends. Table 3.3 shows sample identification as per the blend volume ratios of 

different biodiesels as JBXWBY where X and Y following JB and WB respectively 

indicate vol. % of each biodiesel. The neat biodiesels are identified as WB100 and JB100. 

 

 
 

FIGURE 3.12:   Prepared neat biodiesel and hybrid biodiesel samples 
 

In this study, property (Y) variations of six bends including neat biodiesels for the 

saturated fatty acid percentage (X) were plotted to check the variation of properties, and 

variation was not linear for all the properties so the polynomial curve fitting method was 

selected to develop equations to predict the properties of other biodiesel blends. This 

method describes the relationship between variable X as a function of available data and a 

response Y, which seeks to find a smooth curve that best fits the data. Mathematically, a 

polynomial equation of degree n in variable X is expressed as the following form; 

 

� = ��  + ��� + ���� +  … + ���� 
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TABLE 3.3:  Sample identification of prepared  neat and hybrid biodiesel samples 

Sample No. Sample identification 
1 WB100 
2 JB100 
3 JB10WB90 
4 JB20WB80 
5 JB30WB70 
6 JB40WB60 
7 JB50WB50 
8 JB60WB40 
9 JB70WB30 

10 JB80WB20 
11 JB90WB10 

 

Total four equations were developed, one for each property, to predict the properties of 

the hybrid biodiesel bends with reasonable accuracy. The least-square statistical 

regression revealed that linear regression can be used to predict KV, CP, and PP, whereas 

polynomial regression is required for OS prediction. The optimum blend was selected 

considering the improvement in properties and values which satisfy both the standards of 

specifications of Biodiesel ASTM D6751 & EN 14214. 

3.8 Test engine and instruments 

The experimental setup includes a test-bed, a single-cylinder water-cooled diesel engine, 

an eddy current dynamometer, a fuel tank, an exhaust emission analyzer, and an operation 

panel. The engine selected for the study is available at Apex Innovations Engine testing 

Laboratory in Sangli, Maharashtra. The schematic diagram of the test rig of the engine is 

shown in Figure 3.13. The picture of the actual diesel engine test rig is shown in Figure 

3.14. 

 
The set-up is provided with necessary instruments for combustion pressure, crank angle, 

airflow, fuel flow, temperatures, and load variation and measurements. Specifications of 

diesel engines and components are given in Table 3.4.  
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FIGURE 3.13:   The schematic diagram of the test rig of the engine 

 

 
 

FIGURE 3.14:   The test rig of the engine 

 

Operational 
Panel 

Engine 

Eddy Current 
Dynamometer 
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TABLE 3.4:  Specifications of diesel engine and components 

Component Details 

Engine Make - Kirloskar,  single-cylinder, 4 stroke Diesel, water-

cooled, naturally aspirated  Model TV1, stroke- 110 mm, bore- 

87.5 mm, Displacement volume- 661 cc, CR- 18, Rated power – 

3.5 kW @ 1500 rpm 

Dynamometer Make SAJ test plant Pvt. Ltd., Model AG10, Type -Eddy current 

Dynamometer loading 

unit 

Make Apex, Model AX-155. Type constant speed, Supply 230V 

AC 

Fuel measuring unit Make Apex, Glass, Model: FF0.012 

Piezo sensor Make  - PCB  Piezotronics,  Model -  SM111A22,  Range- 5000 

psi, Diaphragm- stainless steel type & hermetic sealed 

Engine control unit PE3 series ECU, full build potted enclosure 

Data acquisition 

device 

NI USB-6210 Bus Powered M Series 

Load sensor Make - Sensotronics Sanmar Ltd., Model- 60001, Type- S beam, 

Universal, Capacity- 0-50 kg 

Load indicator Model- SV8 SERIES, 85 to 270VAC, retransmission output 4-

20 mA 

 

Engine performance study includes measurement of parameters like brake power, 

indicated power, brake mean effective pressure, indicated mean effective pressure, brake 

thermal efficiency, mechanical efficiency, brake specific fuel consumption, volumetric 

efficiency, and air-fuel ratio. A total of six test fuels including hybrid biodiesel-diesel 

blends and neat diesel were prepared for this research work. The percentage of blending is 

denoted as 5% by volume jatropha and waste cooking biodiesel each with 90% diesel 

(J5W5), 10% jatropha and waste cooking biodiesel each with 80% diesel (J10W10), 15% 

jatropha, and waste cooking biodiesel each with 70% diesel (J15W15), 20% jatropha and 

waste cooking biodiesel each with 60% diesel (J20W20) and 25% jatropha and waste 

cooking biodiesel each with 50% diesel (J25W25). The combustion, performance, and 

emission data were recorded at five different loading conditions from no load to full load 

with constant speed for each blend. The AVL 437 smoke meter was used to measure the 

smoke opacity from the engine which is shown in Figure 3.15 and specifications are given 
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in Table 3.5. An exhaust gas analyzer (Model- AVL DIGAS 444) was employed for 

recording data for regulated emissions of CO, CO2, HC, and NOx which is shown in 

Figure 3.16. The measurement range of different regulated emissions with the resolution 

for exhaust gas analyzer is given in Table 3.6. 
 

TABLE 3.5:  Specifications of smoke meter 

Make & model AVL 437 

Resolution 0.1 vol.% 

Measuring range 0 – 100 

Light source Halogen bulb 12V/5W 

Power supply 190 -240 V AC, 50Hz, 2.5A 

Maximum smoke temperature 250 oC 

 

 

 

 

FIGURE 3.15:   AVL 437 smoke meter 
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FIGURE 3.16:   AVL 444 exhaust gas analyser 

 

TABLE 3.6 : specifications of exhaust gas analyzer 

Regulated  Emission Measurement range and 
unit 

Resolution 

CO 0-10 vol. % 0.01 vol. % 

CO2 0-20 vol.% 0.1 vol. % 

HC 0-20000 ppm 1 ppm 

NOx 0-5000 ppm 1 ppm 

  

Experiments were performed under five engine loads ( 0, 25, 50, 75, and 100%) at 

constant speed of 1500 rpm with diesel and hybrid biodiesel-diesel blends. The hybrid 

biodiesel-diesel blends were prepared using a mechanical stirring blending machine at 

1000 rpm for 10 minutes to maintain homogeneity as shown in Figure 3.17. The 

experimental measurements were recorded in periods of 15 min at each load to get 

reliable results. The values of combustion parameters such as cylinder pressure, mass 

fraction burned, heat release rate, and rate of pressure rise were averaged over 10 cycles. 

To determine the baseline parameters, the engine was first fuelled with diesel fuel, and 

later on, biodiesel blends were fuelled. 
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FIGURE 3.17:   Mechanical stirrer for homogeneous blend preparation. 

 

This chapter describes first the production processes of biodiesel, selection of production 

process of biodiesels, production equipments and methodology of biodiesel production 

and sample preparation of hybrid biodiesels for testing. It also describes the engine test 

rig used along with various instruments employed to measure various combustion, 

performance and emission parameters. The next chapter will discuss about the results and 

discussion about the measured experimental data. 
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CHAPTER-4 
 

4 Results and discussion 

 
This chapter will discuss the characterization of biodiesels, the effect of blending of 

biodiesels on kinematic viscosity, cloud point, pour point, and oxidation stability, 

statistical analysis of fuel property data to develop equations for prediction of properties, 

combustion, performance, and emission analysis of hybrid biodiesel blends and its 

comparison with baseline fuel diesel. 

4.1 Characterization and analysis of biodiesel samples 

FAME compositions of jatropha and waste cooking oil biodiesel samples were given in the 

previous chapter Table 3.2 indicates the predominance of unsaturated FA content in 

jatropha and waste cooking oil biodiesels. Jatropha BD contains 29.75% saturated FA 

mainly consisted of esters of palmitic acid (19.6%), and 70.25% unsaturated FA mainly 

consisted of esters of oleic acid (37.93%). Waste cooking oil BD contains 46.51% 

saturated FA mainly consisted of esters of palmitic acid (35.24%), and 53.49% unsaturated 

FA mainly consisted of esters of linoleic acid (33.68%). 

 

The biodiesels produced from jatropha and waste cooking oils were blended in different 

volume ratios to check the fuel property improvement rendered due to change in the fatty 

acid profile of the prepared hybrid biodiesel than individual biodiesel. A total of 11 

samples consisting of neat jatropha biodiesel, neat waste cooking biodiesel, and their 

hybrid blends were prepared and several physical and chemical properties such as density, 

kinematic viscosity, flash point, cloud and pour point, calorific value, cetane number, and 

oxidation stability were measured as per IS standard. Table 4.1 shows detailed physico-

chemical characteristics of neat biodiesels and their hybrid blends. The hybrid blends were 
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designated as JBXWBY where X indicates % vol. of jatropha BD and Y indicates % vol of 

waste cooking biodiesel. The biodiesel standards ASTM D6751 and EN 14214 contain 

specifications that relate to product quality and fuel properties.  

 
TABLE 4.1 : Physical and chemical properties of jatropha, waste cooking, and their hybrid biodiesel 

blends 

 

It can be seen that oxidation stability of jatropha biodiesel is 3.1h which is not within the 

limit of EN 14214 biodiesel standard due to the presence of a greater proportion of 

unsaturated FA consisted of mainly oleic and linoleic acid whereas oxidation stability of 

waste cooking biodiesel is 11.5h due to presence of greater proportions of saturated FA 

consisted of mainly palmitic and stearic acid. The cold flow properties of jatropha 

biodiesel are superior to waste cooking biodiesel. The waste cooking biodiesel is more 

viscous than jatropha biodiesel. The Cetane number is related to the ignition delay time. 

The higher cetane number results in shorter ignition delay time and vice versa[56]. The 

cetane number values for both biodiesels are close and within the limits of biodiesel 

standards. The flashpoint for jatropha BD was 168 °C and for waste cooking, BD was 156 

°C. All the Physico-chemical properties of jatropha and waste cooking biodiesels except 
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1 Density @ 
15°C (g/cm3) 0.866 0.906 0.901 0.896 0.893 0.890 0.885 0.882 0.876 0.872 0.868 

2 Kinematic 
viscosity @ 
40°C (cSt) 

4.16 4.85 4.81 4.75 4.68 4.59 4.51 4.42 4.35 4.26 4.19 

3 Flash point 
(°C ) 168 156 157 158 159 160 161 162 164 165 167 

4 Pour point 
(°C ) -2 8 7.2 6.3 5.0 3.8 3.1 2.0 1.2 0.5 -1.2 

5 Cloud point 
(°C ) 4 13 12.4 11.5 10.4 9.2 8.0 7.0 6.1 5.0 4.3 

6 Calorific 
value 

(MJ/kg) 
39.87 37.14 37.42 37.7 37.96 38.45 38.56 38.82 39.15 39.4 39.68 

7 Cetane 
number 52 56 55 55 54 54 54 53 53 53 52 

8 Oxidation 
stability at 
110°C (hr) 

3.1 11.5 10.6 9.2 7 5 4 3.5 3 3.3 3 
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oxidation stability were found to meet the ASTM D6751 and EN 14214 biodiesel standard 

limits which were given in Table 4.2. 
TABLE 4.2 : Biodiesel standards[56] 

Sr 

No 
Property Unit 

ASTM D6751 

Limit 
EN 14214 limit  

1 
Kinematic viscosity 

at 40°C 
mm2/s 1.9-6 3.5-5  

2 Pour point °C Not specified Not specified 

3 Cloud point °C Report Not specified 

4 Acid value mgKOH/g 0.5 max. 0.5 max. 

5 Calorific value MJ/kg Not specified Not specified  

6 Cetane number ------ 47 min. 51 min.  

7 
Oxidation stability 

at 110°C 
h 3 min. 6 min.  

8 Flash Point °C 93 min. 101 min. 

 

4.2 Statistical analysis of fuel property variation through the blending 

of biodiesels 

Despite comparable properties to diesel, biodiesel suffers from inferior cold flow 

properties, higher viscosity, and poor oxidative stability to diesel which limits its 

widespread commercial use as fuel[26]. The blending of biodiesels may exhibit variation 

in properties for blends than individual biodiesel due to the dependence of properties of 

biodiesel on fatty acid profile. Jatropha biodiesel has a lower viscosity, better cold-flow 

properties but poor oxidation stability so blending it with waste cooking biodiesel which 

possesses higher viscosity, poor cold flow properties but superior oxidation stability than 

jatropha biodiesel may give an improvement in these properties of the prepared hybrid 

blends from these two biodiesels. Table 4.3 shows the fatty acid profile of the neat 

jatropha, waste cooking, and their hybrid biodiesel blends. 
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TABLE 4.3 : Fatty acid profile of neat jatropha, waste cooking, and their hybrid biodiesel blends 

Name of fatty 
acid ester JBD WBD JB10 

WB90 
JB20 

WB80 
JB30 

WB70 
JB40 

WB60 
JB50 

WB50 
JB60 

WB40 
JB70 

WB30 
JB80 

WB20 
JB90 

WB10 

Myristic (14:0) 0 2.01 1.81 1.61 1.41 1.21 1.01 0.80 0.60 0.40 0.20 

Palmitic (16:0) 17.68 35.24 33.48 31.73 29.97 28.22 26.46 24.70 22.95 21.19 19.44 

Stearic (18:0) 9.19 7.64 7.80 7.95 8.11 8.26 8.42 8.57 8.73 8.88 9.04 

Arachidic 
(20:0) 0 1.04 0.94 0.83 0.73 0.62 0.52 0.42 0.31 0.21 0.10 

Palmitoleic 
(16:1) 1.98 1.26 1.33 1.40 1.48 1.55 1.62 1.69 1.76 1.84 1.91 

Oleic (18:1) 33.89 14.66 16.58 18.51 20.43 22.35 24.28 26.20 28.12 30.04 31.97 

Linoleic (18:2) 32.71 33.88 33.76 33.65 33.53 33.41 33.30 33.18 33.06 32.94 32.83 

Linolenic 
(18:3) 0.4 0 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 

Eicosenoic 
(20:1) 0 0.69 0.62 0.55 0.48 0.41 0.35 0.28 0.21 0.14 0.07 

Total 
saturated 

FA(%) 
29.75 46.51 44.83 43.16 41.48 39.81 38.13 36.45 34.78 33.10 31.43 

Total 
unsaturaeted 

FA(%) 
70.25 53.49 55.17 56.84 58.52 60.19 61.87 63.55 65.22 66.90 68.57 
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In this study, variation of kinematic viscosity, cloud point, pour point, and oxidation 

stability properties for six bends (WBD, JB20WB80, JB40WB60, JB60WB40, 

JB80WB20, and JBD) with the saturated fatty acid (SFA=x) percentage were plotted to 

check the nature of variation of these properties. Linear and polynomial curve fitting 

techniques of statistical regression analysis were applied on the plotted variation curve to 

estimate the constants of linear and polynomial quadratic equations along with co-

efficient of correlation (R2). The graphs are not shown here. It was found from the values 

of co-efficient of correlation presented in Table 4.4 that variation was not linear for all the 

properties so the polynomial curve fitting method was selected to develop equations to 

predict the properties of other biodiesel blends. The resulting best-fit equations were 

utilized to predict fuel properties of the blends not utilized for regression analysis to 

estimate the error in the prediction of property values.  

 

In this study, kinematic viscosity, cloud point, pour point, and oxidation stability 

properties variations of six bends (WBD, JB20WB80, JB40WB60, JB60WB40, 

JB80WB20, and JBD) with the saturated fatty acid (SFA=x) percentage were plotted to 

check the nature of variation of properties. Linear and polynomial curve fitting techniques 

of statistical regression analysis were applied on the plotted variation curve to estimate 

the constants of linear and polynomial quadratic equations along with co-efficient of 

correlation (R2). The graphs are not shown here. It was found from the values of co-

efficient of correlation presented in Table 4.4 that variation was not linear for all the 

properties so the polynomial curve fitting method was selected to develop equations to 

predict the properties of other biodiesel blends. The resulting best-fit equations were 

utilized to predict fuel properties of the blends.  
 

TABLE 4.4 : Statistical regression constants (a, b, and c) and correlation of determination (R2) of 
property data 

 
Linear equation  

Property (y) = a bx+  

Quadratic polynomial equation 

Property (y) = 2ax bx c+ +  

Property (y) a b R2 a b c R2 

Cloud point, 
°C 

-13.394 0.568 0.9873 0.00588 0.12009 -5.0379 0.9873 

Pour point, 

°C 
-19.39 0.5898 0.9943 -3.15 E-17 0.5898 -19.39 0.9924 
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kinematic 

viscosity,cSt 
2.8507 0.04339 0.9918 3.23 E-18 0.04339 2.8507 0.9891 

oxidation 

stability,hr 
-13.95 0.5216 0.8047 0.0421 -2.6901 45.895 0.9593 

 

4.3 Cloud point and pour point study 

When biodiesel is subjected to lower temperatures there is the formation of solid wax 

crystal nuclei. Further decrease in temperature causes the crystal nuclei to grow and 

become visible, and this temperature is termed as CP (cloud point) When the temperature 

is further decreased, the crystal nuclei aggrandizes and thus prevent free pouring of fluid, 

this temperature is termed as PP (pour point). Therefore CP (cloud point) and PP (pour 

point) are the essential parameters, which define the cold flow property. Crystal formation 

and agglomeration in cold weather can lead to large crystals that restrict or block flow 

through fuel lines and filters, leading to fuel starvation and subsequent engine failure[93]. 

It can be seen from Table 4.2 that biodiesel standards do not specify limits for CP and PP 

rather report is required by a specific country considering the climate. The waste cooking 

oil and jatropha biodiesels were blended in different volume ratios and measured CP and 

PP values were plotted against saturated FA proportions and variation plots along with its 

fitting curve are shown in Figure 4.1 and Figure 4.2 respectively. As the proportion of 

SFA increases, the cloud point temperature of the hybrid blends also increases. The effect 

of blend ratio on CP was almost linear. Jatropha biodiesel has lower CP (4 °C) because it 

has a lower amount of saturated methyl esters and a higher content of mono- and poly-

unsaturated methyl esters than waste cooking biodiesel. The waste cooking biodiesel has 

a CP of 13 °C which is high for low-temperature operability. Blending jatropha biodiesel 

with waste cooking biodiesel improves cloud point temperature of waste cooking 

biodiesel. The polynomial fitting curve for data is shown in Figure 4.1 and using values 

of constants of the equation, the following polynomial expression is developed 
2Cloudpoint 0.00588 0.12009 5.0379(0 50)x x x= + + − < <               (1) 

where x is the content of saturated FA in %. When the compositions of the blended 

biodiesels are known, the CP can be predicted by using Eq. (1). 
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FIGURE 4.1:   Variation of cloud point with saturated FA and its fitting curve 

 

Jatropha BD has PP of -2 °C whereas waste cooking BD has PP of 8 °C. The presence of a 

higher proportion of saturated FAs in waste cooking BD than jatropha contributes to 

inferior PP. As the jatropha BD proportion increases in blends, PP temperature decreases 

due to a decrease in saturated FA percentage. 

Blending jatropha biodiesel with waste cooking biodiesel improves the pour point 

temperature of waste cooking biodiesel. The polynomial fitting curve for data is shown in 

Figure 4.2 and using values of constants of the equation, the following polynomial 

expression is developed 

( )( 18) 2Pour point 3.23 10 0.04339 19.39 (0 50)x x x−= × + + − < <               (2) 

Where x is the content of saturated FA in %. When the compositions of the blended 

biodiesels are known, the PP can be predicted by using  Eq. (2). 

 



Results and discussion 

52 
 

 
FIGURE 4.2:    Variation of pour point with saturated FA and its fitting curve 

In the above cases of CP and PP versus SFA content,  a direct relationship was found in 

which 0.99 % of the change in CP and PP was attributed to SFA content which is 

significant but the presence of minor components and other unsaturated FA esters in 

biodiesel samples may influence cold flow properties. 

In the case of cloud point versus SFA content and pour point versus SFA content, a direct 

relationship was found in which 98.73% of the change in CP (R2 =0.9873) and 99.24% of 

the change in PP (R2 =0.9924) was attributed to SFA content which shows the statistically 

significant relationship. Bryan R. Moser[26] also found a statistically significant 

relationship between cold flow property, cold filter plugging point, and SFA content with 

R2 =0.928. Sarin et al[53] studied the effect of content of saturated palmitic acid esters on 

CP and PP of twenty-one biodiesel blends of palm, jatropha and, pongamia and found a 

good correlation between cold flow properties and palmitic acid esters with R2 =0.963 for 

CP and R2 =0.863 for PP.    

4.4 Kinematic viscosity study 

The viscosity of liquid fuel affects the operation of the fuel injection equipment and spray 

atomization, particularly at low temperatures when an increase in viscosity affects the 

fluidity of the fuel[94]. The kinematic viscosity values were plotted against saturated FA 

proportions and the variation plot along with its fitting curve is shown in Figure 4.3. 
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FIGURE 4.3:   Variation of kinematic viscosity with saturated FA and its fitting curve 

 

The kinematic viscosity of jatropha BD was 4.16 cSt whereas for waste cooking BD was 

4.85 cSt which is in agreement with the biodiesel standards but higher than diesel. The 

presence of longer hydrocarbon chain length and lower degrees of unsaturation[56], as 

present in waste cooking oil biodiesel, generally results in higher KV. Increasing the level 

of unsaturation results in lower KV as evidenced by jatropha BD. Hybrid biodiesel blends 

show lower viscosity than waste cooking biodiesel and variation follows the almost linear 

path with SFA content. Blending jatropha biodiesel with waste cooking biodiesel 

improves KV of blends than waste cooking biodiesel. The polynomial fitting curve for 

data is shown in Figure 4.3 and using values of constants of the equation, the following 

polynomial expression is developed 
( 17) 2cos 3.15 10 0.5898 2.8507 (0 50)Kinematicvis ity x x x−= × + + < <                       (3) 

Where x is the content of saturated FA in %. When the compositions of the blended 

biodiesels are known, the KV can be predicted by using  Eq. (3). 

 

4.5 Oxidation stability study 

Oxidation stability (OS) reflects resistance to oxidation during prolonged storage. When 
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oxidation occurs at ordinary temperature, long-chain acids form short-chain acids and 

leads to gum formation which deteriorates combustion resulting in carbon deposits in the 

combustion chamber, an increase in viscosity, and higher NOx emission[15]. The presence 

of polyunsaturated fatty acids, such as linoleic acid and linolenic acid make biodiesel more 

prone to autoxidation than monounsaturated fatty acids such as oleic acid[58]. But despite 

the presence of nearly equal content of linoleic acid and linolenic acid in jatropha and 

waste cooking biodiesels, jatropha BD has lower oxidative stability (3.1h) than waste 

cooking BD (11.5h) possibly due to difference in saturated FA content mainly palmitic 

acid. The OS of jatropha is lower than the limit prescribed by EN 14214 biodiesel standard 

and needs to be improved to use it as fuel. The jatropha BD has 17.68% palmitic FA 

whereas waste cooking BD has 35.24% palmitic FA. The oxidation stability values were 

plotted against saturated FA proportions and the variation plot along with its polynomial 

fitting curve are shown in Figure 4.4. 

 

 
FIGURE 4.4:   Variation of oxidation stability with saturated FA and its fitting curve 

 

As it is evident from Figure 4.4 that oxidation stability drastically decreases by 50 % with 

the addition of jatropha BD in waste cooking BD giving SFA content of nearly 40%. The 

addition of more jatropha giving SFA <40% did not have much effect on the value of 

oxidation stability. It can be concluded from the graph that higher content of saturated FA 

(>40%) is desirable to have a higher OS of the blend. 
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It can be seen from the variation and its fitting curve plot that variation of OS for SFA 

content was not following a linear path rather it was polynomial. The possible reasons 

behind the non-linear relationship between OS and SFA content may be less influence of 

saturated fatty acid esters and the impact of unsaturated fatty acid esters and other minor 

components. Bryan R. Moser[62] also found a non-linear relationship between eight 

blend ratios of different biodiesels and OS with R2 values higher than 0.916 for all blend 

ratios except one. 

 

Blending jatropha biodiesel with waste cooking biodiesel improves the oxidation stability 

of jatropha biodiesel. The polynomial fitting curve for data is shown in Figure 4.4 and 

using values of constants of the equation, the following polynomial expression is 

developed 
20.0421 ( 2.6901) 45.895 (0 50)Oxidationstability x x x= + − + < <             (4) 

where x is the content of saturated FA in %. When the compositions of the blended 

biodiesels are known, the OS can be predicted by using Eq. (4). In this case of OS versus 

SFA, it was discovered that 95 % of the change in OS was attributed to SFA content (R2 

= 0.9593) which represent a statistically significant relationship but it is evident that 

blends J60W40(SFA=38.13%) and J80W20(SFA= 33.10%) had quite different SFA 

content but nearly similar values of OS ( 3.5 and 3.3 h). Therefore, although a statistically 

significant relationship was found between OS and SFA content, it is of limited practical 

use. Bryan R. Moser [26] also found similar things for OS versus SFA content and argued 

that the presence of native antioxidant content, storage history, other fatty acid content, 

and the type of unsaturated FA present in samples may influence OS with similar SFA 

content.   

  

4.6 Prediction of fuel properties from statistical regression 

Using equations derived from statistical regression analysis of fuel property data, 

theoretical values were calculated for the hybrid blends JB10WB90, JB30WB70, 

JB50WB50, JB70WB30, and JB90WB10 with SFA content (x) of 44.83. 41.48, 38.13, 

34.78, and 31.43 % respectively. These predicted values were then compared to measured 

values at the same blend ratios, and the difference between measured and theoretical 
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values was calculated. Table 4.5 presents the results for the CP, PP, KV, and OS to check 

the accuracy of the developed equations in calculating the property values of the hybrid 

biodiesel blends by comparing the calculated property value with already measured 

values for respective blends. 

 

Prediction of CP from polynomial regression was accurate giving an average difference 

between calculated and actual values of only 0.21 °C. The maximum difference was 0.34 
°C noted for the JB30WB70 blend. The prediction of PP was also accurate giving an 

average difference between calculated and actual values of only 0.13 °C.  The variation in 

KV was almost linear and the prediction of KV from polynomial regression was very 

accurate giving an average difference between calculated and actual values of only 0.02 

cSt. The average difference between calculated and actual values for OS was 0.35 h only 

giving accurate results for prediction. As for all the properties, a statistically significant 

relationship was found for property versus SFA content, developed quadratic equations 

seems quite accurate in prediction but as these equations were developed only from data 

set of samples of biodiesels, the influence of unsaturated fatty acid, and other minor 

component content needs to be evaluated for accurate predictions of properties of hybrid 

biodiesel blends. The developed equations can serve as a useful tool for predicting  hybrid 

biodiesel blend properties when dedicated biodiesel engines are utilized as the addition of 

diesel would render these equations un-useful due to the inherently different chemical 

structure of the diesel. 
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TABLE 4.5 : Comparison of predicted and measured values for CP, PP, KV, and OS. (Diff. = Actual-calculated) 

Blend/prope

rty 

(vol %) 

CP (°C) PP (°C) 

 

KV (cSt) 

 

OS  (h) 

 

Calculated Actual Diff. Calculated Actual Diff. Calculated Actual Diff. Calculated Actual Diff. 

JB10WB90 12.16 12.4 0.24 7.05 7.2 0.15 4.80 4.81 0.01 9.95 10.6 0.65 

JB30WB70 10.06 10.4 0.34 5.08 5 -0.08 4.65 4.68 0.03 6.78 7 0.22 

JB50WB50 8.09 8 -0.09 3.10 3.1 0.00 4.51 4.51 0.00 4.56 4 -0.56 

JB70WB30 6.25 6.1 -0.15 1.12 1.2 0.08 4.36 4.35 -0.01 3.28 3 -0.28 

JB90WB10 4.54 4.3 -0.24 -0.85 -1.2 -0.35 4.21 4.19 -0.02 2.95 3 0.05 
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4.7 Optimum blends 

The preparation of hybrid biodiesel by complementary blending was effective at 

improving fuel properties such as cloud point, pour point, kinematic viscosity, and 

oxidation stability. Jatropha biodiesel had good cold flow properties with CP of 4 °C and 

PP of -2 °C but had poor oxidation stability of 3.1h. Waste cooking biodiesel had poor 

cold flow properties with CP of 13 °C and PP of 8 °C but had good oxidation stability of 

11.5 h. The blend JB90WB10 had good cold flow properties with CP of 4.3 °C and PP of -

1.2 °C but had poor oxidation stability of 3 h. The blends containing 30 % or less jatropha 

biodiesel in hybrid biodiesel blends yield properties satisfying both the standards of 

biodiesels and can be considered for improvement in properties. As the cold flow 

properties and oxidation stability have contradictory fatty acid requirements, 

improvement in cold flow properties would deteriorate oxidation stability and vice versa. 

So it is not possible to improve both the properties simultaneously by blending biodiesels. 

In this study, the optimum blend was selected from the prepared hybrid biodiesel blends 

which satisfy both the ASTM D6751 and EN 14214 biodiesel standards for selected 

measured properties. So the blend JB30WB70 can be considered optimum with CP of 

10.4 °C, PP of 5 °C, KV of 4.68 cSt, and oxidation stability of 7h. The optimum blend had 

good oxidation stability but poor cold flow properties. This blend had a saturated fatty 

acid content of 41.48 % and unsaturated fatty acid content of 58.52 %. The blends 

containing 30 % or less jatropha biodiesel in hybrid biodiesel blends yield properties 

satisfying both the standards of biodiesels and can be considered optimum. The molecules 

comprising petroleum diesel fuel are saturated non-branched hydrocarbons with carbon 

number ranging from 12 to 18. In contrast to this, the vegetable oil molecules are 

triglycerides with non-branched chains of different lengths and different degrees of 

saturation[95]. The optimum blend is not utilized in performance study on CI engine as 

property enhancement analysis is useful in the context of utilization of neat biodiesel in 

dedicated engines as the addition of diesel in hybrid biodiesel blend may change 

properties of the blend rendering this analysis invalid due to entirely different chemical 

structure of diesel.   

4.8 Performance assessment of hybrid biodiesel-diesel blends 

Plenty of research work regarding single feedstock biodiesel-diesel blend usage in diesel 
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engine has been reported so far but very few reported work[95,57,96,59,51] is available 

for multi feedstock biodiesels-diesel blends. Biodiesel containing 10–12% oxygen on a 

weight basis causes reductions in engine torque and power due to its lower energy 

content[70]. Khan et al.[75] carried out performance and emission study using blended 

castor and karanja biodiesels-diesel and concluded that, C5CK10CD85 was found to be a 

more suitable and sustainable fuel blend to replace conventional diesel. Performance 

assessment of the fuel includes measurement of combustion, performance, and emission 

parameters for the engine fuelled with specified fuel. To establish any liquid as fuel its 

combustion study is most important which affect the performance and emission 

characteristics as well as the engine durability[98].  

4.9 Combustion characteristics 

Diesel engines operate on the principle of compression ignition. Therefore, in these 

engines, a high compression ratio is employed to finely scatter the injected fuel to 

facilitate evaporation, mixing with air, and subsequent combustion. Combustion and heat 

release rate (HRR) characteristics of biodiesel must be known to achieve the reduction of 

brake-specific fuel consumption (BSFC) and emission while keeping other engine 

performance parameters at an acceptable level[99]. In a compression ignition engine, the 

peak cylinder pressure depends on the burned fuel fraction during the premixed burning 

phase, i.e. the initial stage of combustion. The cylinder pressure characterizes the ability 

of the fuel to mix well with air and burn[100]. A total of six fuel samples (diesel, J5W5, 

J10W10, J15W15, J20W20 and, J25W25) were tested on the engine, and combustion 

characteristics such as in-cylinder pressure, rate of cylinder pressure rise, heat release 

rate, and mass fraction burned were analyzed at various engine loads to compare the 

combustion performance of the engine with diesel fuel. Table 4.6 shows the numerical 

values of various combustion parameters for all the test fuels at different engine loading 

conditions.   
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TABLE 4.6 : Numerical data of various combustion parameters for all test fuels at all loads 

Fuel Load 

(%) Maximum 
Pressure (bar) 

Mass fraction 
burned at 

angle  

Net Heat 
Release Rate 

(J/CAD) 
Rate of pressure 
rise (bar/CAD) 

Max 
pressure 

Angle 
(o) 

10 % 
burn 

90 % 
burn 

Max  
HRR 

Angle 
(o) 

Max 
RPR 

Angle 
(o) 

Diesel 

0 44.15 367 -5.96 12.04 15.32 358 1.83 358 
25 51.6 366 -6.74 10.93 28.47 355 3.19 355 
50 57.6 366 -7.98 11.37 37.78 353 4.52 353 
75 63.1 365 -8.98 10.12 53.03 352 6.36 352 
100 67.9 366 -9.29 14.29 58.22 352 6.71 352 

J5W5 

0 48.91 367 -7.09 7.86 17.69 354 2.56 354 
25 58.85 366 -8.23 9.48 30.45 353 3.93 353 
50 60.45 366 -9.18 11.37 43.12 352 5.11 353 
75 67.99 366 -9.38 13.15 57.87 351 6.37 351 
100 67.96 365 -9.6 12.75 58.32 352 6.47 352 

J10W10 

0 44.34 366 -6.85 10.84 15.65 357 2.08 356 
25 52.22 366 -7.78 8.89 29.45 355 3.63 355 
50 56.21 366 -7.21 10.93 38.24 354 4.55 354 
75 63.24 367 -8.34 12.29 47.61 353 5.51 353 
100 66.6 367 -9.43 14.15 53.39 351 5.93 351 

J15W15 

0 46.18 367 -6.73 9.41 16.92 358 2.11 357 
25 51.96 366 -7.53 10.16 26 355 3.29 355 
50 58.49 365 -8.46 14.55 39.04 353 4.7 353 
75 63.35 365 -9.58 11.53 52.06 352 6.19 352 
100 68.67 366 -9.97 14.23 54.05 351 6.42 351 

J20W20 

0 46.71 366 -6.88 9.25 16.71 357 2.18 356 
25 52.6 366 -7.53 9.44 27.55 355 3.46 355 
50 58.27 365 -8.25 11.34 42.02 353 4.95 353 
75 64.07 366 -9.3 12.55 54.04 352 6.12 352 
100 67.26 366 -9.67 12.78 56.51 351 6.24 351 

J25W25 

0 46.85 367 -6.92 10.06 16.51 356 2.2 356 
25 52.03 366 -7.26 9.76 26.57 354 3.4 354 
50 58.22 366 -8.21 12.23 40.21 352 4.76 352 
75 64.38 365 -10.4 11.66 52.75 351 5.96 351 
100 68.14 366 -0.56 13.45 56.07 350 6.11 350 

4.10 In-cylinder pressure vs. crank angle diagram     

Figure 4.5 (a) - (e) indicates the performance behavior of in-cylinder pressure with a 

change in the crank angle at various load conditions for all test fuels. It can be seen that 

the overall trend of the behavior of all HBD blends is nearly in line with that of 

conventional diesel fuel. It indicates that the HBD blends can be used as fuel for IC 

engines without any major design change. However, It is to be noted that for better 

combustion of fuel in IC engines, higher values of in-cylinder pressure are desirable as at 

higher pressure, the fuel has better combustion efficiency due to atomic movements. A 

high maximum pressure affects positively fuel consumption, but increases NOx 
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emissions, while a reduction in maximum pressure would lead to increased particulate 

emissions[101]. 
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FIGURE 4.5:    Comparison of in-cylinder pressure at: (a) no load, (b) 25 % load, (c) 50 % load, (d) 

75 % load, and (e) full load for all test fuels 

 

From Figure 4.5-(a), It can be seen that at no load condition, hybrid biodiesel blends 

resulted in higher in-cylinder pressure compared to diesel. Moreover, higher pressure is 

maintained for a broader range of crank angles than diesel fuel. It indicates that the HBD 

blends can develop higher in-cylinder pressure for a wider range of crank angles, which 

in turn results in the better combustion efficiency of the fuel in the cylinder. 

 

The early pressure rise as compared to diesel is detected for biodiesel blends at lower 

engine loads possibly due to a higher boiling range of biodiesel which resulted in a 

shorter physical ignition delay. The blend J5W5 shows the highest maximum pressure of 

48.91 bar occurring at 1 deg after TDC at no load condition due to combined effects of 

improvement in combustion due to greater molecular oxygen, the lowest viscosity among 

blends due to the small concentration of biodiesel, and shorter ignition delay due to 

higher cetane number. With a higher concentration of biodiesel in the test fuel, this 

improvement in combustion is offset by inferior spray atomization and poorer mixing 

characteristics caused by high fuel viscosity and inferior volatility of biodiesel. At higher 

engine loads, pressure trends are almost similar for all test fuels and the peak cylinder 
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pressures occur at nearly the same crank angle position. Similar observations were made 

by Chen et al.[67]  for the combustion study of soybean biodiesel and attributed this 

behavior possibly due to shorter ignition delay of diesel at higher load. The J5W5, 

J10W10, J15W15, J20W20, and J25W25 biodiesel blends give maximum pressure values 

of 67.96, 66.6, 68.68, 67.26, and 68.14 bar respectively at full load which is comparable 

to diesel maximum pressure of 67.94 bar. The variation in the crank angle at which 

maximum pressure is detected is around 1-3o at all loads. The pressure variation graphs 

are identical for all test fuels at full load. The peak pressure is higher for biodiesel blends 

at lower loads but at higher load values of a peak, the pressure is almost the same and 

achieved after TDC which warrant the safe and efficient operation of the engine. 

Otherwise, a peak pressure occurring very close to TDC or before that causes severe 

engine knock, and thus affects engine durability[102]. Pramod et al.[61] observed in their 

study of mixed karanja and palm biodiesel that the peak pressure occurrence tends to 

advance for biodiesel with respect to diesel particularly at full load conditions and the 

maximum advance is 1.3°CA for karanja methyl ester. They also found that at other load 

conditions, the occurrence of peak pressure with biodiesel remains the same as that of 

diesel due to its lower rate of pressure rise. 

4.11 Net heat release rate vs. crank angle diagram     

Figure 4.6 (a)–(e) indicates the behavior of all tested fuels for net heat release rate in the 

cylinder with the change in crank angle at various load conditions.  
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FIGURE 4.6:   Comparison of net heat release rate for all the fuels at: (a) no load, (b) 25 % load, (c) 

50 % load, (d) 75 % load, and (e) full load for all test fuels 

 

The heat release rate diagram divides the combustion process into four stages namely 

ignition delay, premixed combustion phase, mixing controlled combustion phase, and late 

combustion phase[103]. In the beginning, a negative heat release rate is observed due to 

cylinder charge cooling because of vaporization of the fuel accumulated during the 

ignition delay period and heat loss to cylinder walls and after combustion is initiated, heat 

release becomes positive[67]. Rapid premixed burning followed by diffusion combustion 

is typical for naturally aspirated diesel engines. After the ignition delay, the premixed air-

fuel mixture burns rapidly, followed by diffusion combustion, when the HRR is 

controlled by the rate of air-fuel mixing[104]. 

 

Premixed combustion heat release rate is higher for hybrid biodiesel-diesel blends at all 

engine loads except full load owing to optimum conditions for mixture formation and 

improved combustibility of mixture due to the presence of oxygen in the fuel. At higher 

engine load, heat release during the controlled combustion phase increases for all test 

fuels due to the greater mass of fuel injected. 
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The maximum heat release rate for diesel at no load was 15.32 (J/CAD) at 2o before TDC 

and was 58.22 (J/CAD) at 7o before TDC at full load condition. The maximum heat 

release rate for J5W5, J10W10, J15W15, J20W20, and J25W25 biodiesel blends at full 

load were 58.32, 53.39, 54.06, 56.51, and 56.07 J/CAD at 8o, 9o, 9o, 9o, 10o   respectively. 

The crank angle at which the maximum heat release rate occurs is in advance for 

biodiesel due to a higher cetane number of biodiesel blends which contribute to shorter 

ignition delay. At lower engine loads, the heat release rate for diesel is slightly lower than 

that for biodiesel, but at higher engine loads, the heat release rate for diesel is higher due 

to the burning of more accumulated fuel releasing higher heat during the premixed 

combustion phase. Heat release increases with increasing engine load for all the fuels as 

the mass of fuel burning in the combustion chamber increases with increasing load. The 

hybrid biodiesel-diesel blends show a very close pattern of net heat release for higher 

loads in comparison to mineral diesel. Considering the maximum value of peak heat 

release rate at full load, J5W5 gives nearly identical to that diesel fuel. No general 

conclusion can be drawn on the correlation between peak heat release rate and biodiesel 

blend ratio from these figures.  

4.12 Mass fraction burned vs. crank angle diagram 

SOC is characterized by a position of 10% MBF in terms of crank angle degrees. End of 

combustion (EOC) is characterized by a position of 90% MBF. Combustion duration is 

the difference between 90% and 10% MBF positions in terms of crank angle 

degrees[104]. The start of combustion reflects the variation in ignition delay because fuel 

pump and injector settings were kept identical for all fuels. Figure 4.7 (a) to (e) shows the 

mass fraction burned versus crank angle diagrams for all hybrid biodiesel-diesel blends 

along with mineral diesel at different engine operating conditions. SOC timing for diesel 

and J5W5, J10W10, J15W15, J20W20, and J25W25 biodiesel blends at no load were -

5.96o, -7.09o, -6.85o, -6.73o, -6.88o, -6.92o (-ve sign indicates before TDC). At all engine 

loads, combustion starts earlier for biodiesel than for diesel. This is may be owing to a 

short ignition delay and advanced injection timing for biodiesel (because of a higher bulk 

modulus and higher density of biodiesel). 

  



Mass fraction burned vs. crank angle diagram 

69 
 

 

 

 



Results and discussion 

70 
 

 
 

 



Mass fraction burned vs. crank angle diagram 

71 
 

 
FIGURE 4.7:   Comparison of mass fraction burned w.r.t.crank angle at: (a) no load, (b) 25 % load, 

(c) 50 % load, (d) 75 % load, and (e) full load for all test fuels 

 

Ignition delay for all fuels decreases as the engine load increases because the in-cylinder 

gas temperature is higher at high engine loads, therefore it reduces the physical ignition 

delay period.  

 

The J5W5 blend shows higher advance among all biodiesel blends and burns more mass 

fraction at given crank angle at lower loads, which is in-line with in-cylinder pressure 

variation data. For all HBD blends and diesel fuel, the start of combustion is advanced 

with increasing engine load due to higher gas temperature and cylinder wall temperature. 

All hybrid biodiesel-diesel blends show the advanced start of combustion at no load w.r.t. 

mineral diesel, which indicates a shorter delay in the start of combustion possibly due to a 

relatively higher cetane number of biodiesel blends. For all hybrid biodiesel-diesel blends 

at full load, combustion start time is almost similar possibly due to higher cetane number 

is compensated by higher viscosity of biodiesel as higher fuel mass is injected at higher 

load. The largest advance in the start of combustion was observed for J5W5 at lower 

loads possibly due to the optimum combination of a decrease in the viscosity of the blend 

and increased cetane value of the fuel. Here also, it is observed that hybrid biodiesel-
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diesel blends take lesser time for combustion of 90 % mass as compared to mineral diesel 

at lower loads but at higher loads, time is nearly identical for diesel and hybrid biodiesel-

diesel blends due to inferior combustion compared to diesel. 

4.13 The rate of pressure rise vs. crank angle diagram     

Figure 4.8 (a)–(e) shows the variation in the rate of pressure rise with crank angle degrees 

at different loads for all test fuels. The rate of pressure rise is considered to be vital 

because it is the reason for knocking, engine noise, smooth operation of the engine, and 

engine durability. Higher ROPR means a higher proportion of injected fuel is burnt in the 

premixed combustion phase. The rate of pressure rise should not exceed 8 bar/CA deg 

[105]. From the graph and the tabulated values, it is evident that the pressure rise rate 

does not exceed 8 bar/ CA deg for any load condition, and hence all the hybrid biodiesel-

diesel blends comply with the knock characteristics of the diesel engine.   
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FIGURE 4.8:   Comparison of rate of pressure rise w.r.t.crank angle at: (a) no load, (b) 25 % load, (c) 

50 % load, (d) 75 % load, and (e) full load for all test fuels 
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The value of the maximum rate of pressure rise for all the fuels increases from no load to 

full load operation. The maximum rate of pressure rise for diesel fuel varies from 1.83 

bar/deg at no load to 6.71 bar/deg at full load whereas, for J5W5 blend, it varies from 

2.56 bar/deg at no load to 6.47 bar/deg at full load. The maximum rate of pressure rise 

timing varies from 1 to 4 deg of the crank angle at the no-load condition for HBD blends 

as compared to diesel and timing is advanced for all test fuels with an increase in load. At 

full load condition, the difference in the timing of rate of maximum pressure rise varies 

from 0 to 2 deg of crank angle for all HBD blends as compared to diesel which indicates 

the comparable performance of HDB blends to diesel inside the engine cylinder.  The 

maximum rate of pressure rise for lower biodiesel blend J5W5 is higher than mineral 

diesel at lower loads but lower than diesel at full load operation. HBD and its blends 

experience identical combustion stages as diesel. At low engine loads, the peak pressure 

rise rate for diesel fuel is lower than for biodiesel and its blends. The reason is that, under 

this operating condition, a very small quantity of fuel is injected into the combustion 

chamber and combustion starts close to the TDC for diesel fuel. However, the peak 

pressure rise rate is higher for diesel fuel at high engine loads because of the higher heat 

release rate during diffusion burning which is governed by better air-fuel mixing for 

diesel compared to hybrid biodiesel-diesel blends. A lower rate of pressure rise for hybrid 

biodiesel-diesel blends is a consequence of the earlier start of combustion for biodiesel 

blends, which results in lesser fuel accumulation during premixed combustion. 

4.14 Performance characteristics of hybrid biodiesel blends 

Constant speed engine tests were carried out using hybrid biodiesel-diesel blends and neat 

diesel and the performance of the engine was evaluated in terms of brake power, brake 

specific fuel consumption, brake thermal efficiency, and mechanical efficiency. The 

engine used in these experiments was a Kirloskar make single-cylinder, water-cooled 

four-stroke DI diesel engine. Technical details of the engine are given in Table 10. The 

densities and calorific values of test fuels are given in Table 4.7. The densities of all the 

biodiesels were found to be higher than diesel fuel, whereas the calorific value of all 

biodiesel blends was lower than diesel.  

 

First, the engine was started and run at no-load condition using pure diesel for 30 min 

then the load was gradually increased. For each load, the engine was run for a minimum 

of 5 min to stabilize, and then readings were noted. When the fuel blend was changed, the 
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engine was allowed to run for 10 min only to consume the previously tested fuel from the 

fuel line and filter as the fuel filter was taken out and drained off to remove the present 

fuel. 

TABLE 4.7 : Density and calorific values of test fuels 

Test Fuel Density (kg/m3) Calorific value ( kJ/kg) 

Diesel 830 42000 

J5W5 836 41650 

J10W10 841 41301 

J15W15 847 40951 

J20W20 852 40602 

J25W25 858 40252 

 

The observation table for all tested fuels at various loading conditions is shown in Table 
4.8. The result table and sample calculations are given in the Appendices.
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TABLE 4.8  : Observation table 

Load Fuel Load(kg) 

Fuel 
consumption 

in 60 sec. 
(cc/min) 

Air intake 
pressure in 

mm of 
water 

column 

Engine 
cooling  
water 
flow 
(lph) 

Engine 
Cooling 
water 
inlet 
temp 
(oC) 

Engine 
Cooling 
water 
outlet 
temp 
(oC) 

Calorimeter 
gas inlet 

temp.  (oC) 

Calorimeter 
gas outlet 

temp.  (oC) 

calorimeter 
cooling  

water flow 
(lph) 

No 

load 

D100 0.11 9.1 67.62 150 30.95 45.11 115.26 104.96 100 

J5W5 0.11 9.1 66.47 150 29.88 44.18 117.59 106.61 100 

J10W10 0.11 9.1 63.95 150 30.35 47.14 118.19 106.56 100 

J15W15 0.11 9.1 69.72 150 29.81 42.99 121.31 109.18 100 

J20W20 0.11 9.2 66.32 150 29.39 42.93 119.05 106.77 100 

J25W25 0.11 9.1 66.07 150 29.75 45.35 118.84 108.05 100 

25% 

load 

D100 3.16 11.9 65.74 150 31.02 48.48 148.09 132.8 100 

J5W5 3.11 12.2 65.33 150 29.92 48.56 158.71 140.19 100 

J10W10 3.02 12.1 61.88 150 30.48 50.26 153.57 136.02 100 

J15W15 3.14 11.8 66.48 150 29.92 46.63 155.85 138.59 100 

J20W20 3.13 11.3 65.15 150 29.58 46.58 152.60 135.53 100 

J25W25 3.12 11.1 65.11 150 29.75 48.83 161.11 143.29 100 

50% 

load 

D100 6.09 15.1 62.72 150 31.02 52.61 188.76 167.37 100 

J5W5 5.97 15.3 62.81 150 30.04 54 206.82 180.16 100 

J10W10 5.78 14.1 60.1 150 30.58 54.93 197.84 174.18 100 
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J15W15 5.97 15 64.44 150 30 50.92 194.59 172.92 100 

J20W20 6.09 15.1 62.62 150 29.67 50.27 195.41 172.2 100 

J25W25 6.03 15.9 63.52 150 29.79 53.85 204.6 181.04 100 

75% 

load 

D100 9.05 19.2 60.47 150 31.06 57.32 233.36 207.04 100 

J5W5 9.03 19.1 59.97 150 30.12 59.35 254.19 221.39 100 

J10W10 8.89 18.2 58.58 150 30.67 58.41 231.31 202.28 100 

J15W15 8.9 20.3 62.75 150 30.06 56.36 239.07 212.08 100 

J20W20 8.98 19.2 60.43 150 29.7 55.57 244.53 214.81 100 

J25W25 8.95 19.2 60.48 150 29.84 58.91 248.35 217.72 100 

Full 

load 

D100 11.86 22 58.49 150 31.07 62.25 285.62 249.76 100 

J5W5 12.26 22.1 57.44 150 30.22 62.7 297.22 254.51 100 

J10W10 11.87 22.2 57.05 150 30.74 64.55 293.2 252.74 100 

J15W15 11.93 23.1 60.13 150 30.17 61.54 291.3 254.72 100 

J20W20 11.76 23.3 58.96 150 29.74 60.57 299.16 259.47 100 

J25W25 12.02 23.9 57.33 150 29.91 62.66 306.65 263.7 100 
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4.14.1 Brake power 

The variation of brake power with respect to load for all hybrid biodiesel-diesel blends 

and mineral diesel from no load to full load condition is shown in Figure 4.9. 

 

 
FIGURE 4.9:   Variation of brake power with load at constant engine speed for all the test fuels 

 
The engine speed and torque determine the brake power produced by the engine. For all 

the tested fuels, break power steadily increased with engine load. The maximum brake 

power values obtained for D100, J5W5, J10W10, J15W15, J20W20, and J25W25 were 

3.32, 3.27, 3.25, 3.32, 3.25, and 3.27 kW, respectively. The lower brake torque produced 

by hybrid biodiesel-diesel blends was responsible for lower brake power output due to the 

constant speed of the engine. The average reduction in brake power as compared to diesel 

for J5W5, J10W10, J15W15, J20W20, and J25W25 were 2.48, 5.47, 0.81, 3.2, and 2.54 

% respectively. The blend J15W15 gave the lowest average reduction in BP possibly due 

to the optimum combination of viscosity, energy content, and molecular oxygen. The 

biodiesel blends have lower energy content, lower volatility, and increased viscosity as 

compared to diesel which combinely affects average BP reduction for biodiesel 

blends[76]. Khan et al.[75] observed that mixed castor and karanja biodiesel-diesel blend 
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showed approximately equivalent to or slightly lower brake power than diesel and argued 

that due to higher density of biodiesel, plunger discharges more fuel on a volumetric basis 

than diesel.   

4.14.2 Brake specific fuel consumption 

The variation of BSFC for all tested fuels with engine load is depicted in Figure 4.10. 

Density, viscosity, calorific value, and volumetric fuel injection are the main factors 

affecting the BSFC of diesel engines[69]. The BSFC is decreased with the increasing load 

for all blends. At full load condition, BSFC for diesel, J5W5, J10W10, J15W15, J20W20, 

and J25W25 were 0.33, 0.34, 0.34, 0.35, 0.36 and 0.37 kg/kWh respectively.  The 

average increase in BSFC for J5W5, J10W10, J15W15, J20W20, and J25W25 are 3.29, 

2.84, 4.9, 5.22, and 7 % respectively as compared to diesel. The blend J10W10 shows the 

lowest average increase in BSFC as compared to other blends.  With an increase in load, 

the BSFC of hybrid biodiesel-diesel blends decreases as the rate of increase of brake 

power with the load is quite higher as compared to the fuel consumption rate. The reason 

for this lower BSFC at higher load is due to a decrease in heat loss at higher engine loads. 

For a given fuel, BSFC is inversely proportional to thermal efficiency. Biodiesel usually 

possesses low HHV because of its fuel-borne oxygen. High fuel consumption can be 

attributed to the volumetric effect of a constant fuel injection rate, along with the high 

viscosity of biodiesel blends[71]. The hybrid biodiesel-diesel blends have comparatively 

lower calorific value than diesel due to the presence of more oxygen molecules which 

necessitates supplying more fuel to produce the same powers, resulting in higher specific 

fuel consumption.
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FIGURE 4.10:   Variation of BSFC with load at constant engine speed for all test fuels 

4.14.3 Brake thermal efficiency 

The BTE variation for all the tested fuels with the engine load is presented in Figure 4.11.  

At full load condition, decrease in efficiency for various blends J5W5, J10W10, J15W15, 

J20W20, and J25W25 are 1.07%, 1.74%, 3.43%, 5.72%, and 8.64% respectively. As 

compared to diesel, the average decrease in BTE for J5W5, J10W10, J15W15, J20W20, 

and J25W25 are 2.36, 1.09 2.18, 1.55, and 2.66 % respectively which is in line with 

values of the average BSFC of the blends. The blend J10W10 shows the lowest average 

decrease in efficiency as compared to other blends and can be considered the optimum 

blend. Maximum BTE at full load for diesel was 25.94%  whereas, for J5W5, J10W10, 

J15W15, J20W20, and J25W25 were 25.55, 25.26, 24.94, 24.14, and 23.80% 

respectively. As BD percentage increases beyond 20% in hybrid biodiesel-diesel blends, 

BTE falls may be due to higher viscosity, lower CV, lower density, poor atomization, and 

lower combustion efficiency. The combustion of higher biodiesel blends is uneven as it 

offers higher viscosity which affects atomization and subsequent vaporization of the 

fuel[106]. 
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FIGURE 4.11:   Variation of brake thermal efficiency for all test fuels with engine load at a constant 

speed 

4.14.4 Emission characteristics 

Smoke, Carbon monoxide, unburnt hydrocarbon, nitrogen oxide, and carbon dioxide are 

important regulated emission parameters. Emission analysis is conducted at different 

engine loads for all hybrid biodiesel-diesel blends and compared with diesel. 

4.14.5 Smoke opacity 

The smoke opacity variations are plotted in Figure 4.12 at different engine loading 

conditions for all test fuels. The soot present in exhaust gases can be indicated by smoke 

opacity emission. Diesel fuel is infused just before the power stroke. Subsequently, the 

fuel cannot consume totally unless it has an adequate measure of oxygen. This can bring 

about fragmented ignition and black smoke in the fumes. The diesel engine keeps running 

at low power, there is sufficient oxygen present to consume the fuel, however, with 

increment in load, more measure of fuel is infused in the combustion chamber. when this 

fuel does not get enough air for the burning then complete combustion does not happen 

and smoke is delivered. As shown in Fig. 4.12 the hybrid biodiesel blends give lower 

smoke emission as compared to diesel, and smoke emission tends to increase with an 



Performance characteristics of hybrid biodiesel blends 

81 
 

increase in engine load. All tested hybrid biodiesel-diesel blends produced less smoke 

than diesel at all loading conditions due to the oxygenated structure of biodiesel. Smoke 

opacity increases from no load to full load condition for diesel as well as all hybrid 

biodiesel-diesel blends. 

 

 
FIGURE 4.12:   Smoke opacity of diesel and biodiesel blends with variations of engine load 

 
Blends J5W5, J10W10, J15W15, J20W20, and J25W25 show 3.8%, 4.8%, 13.2%, 7.1%, 

and 5.71% reduction in smoke respectively as compared to diesel at full load condition. 

Blends J5W5, J10W10, J15W15, J20W20, and J25W25 show 7.7, 12, 18, 12, and 12% 

average reduction in smoke as compared to diesel. The presence of oxygen in biodiesel is 

in favor of carbon residual oxidation, which leads to a reduction in smoke opacity[107]. 

Moreover, it was found that incremental average smoke opacity reduction is offered up to 

the blend J15W15 as blends containing higher biodiesel proportion than this would 

deteriorate combustion due to higher viscosity. The average reduction in smoke for all 

hybrid biodiesel-diesel blends is attributed to an improvement in the diffusive combustion 

phase due to the addition of oxygenated fuel. Biodiesel contains aromatic compounds and 

a lower carbon-to-hydrogen ratio than diesel fuel which reduces smoke opacity[69]. 
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4.14.6 NOx Emission 

 
FIGURE 4.13:   Variation of NOX emission with engine load for all test fuels 

 

There are three mechanisms for NOx formation, which are thermal, prompt, and fuel. 

Among them, most of the NOx emissions from diesel engines are generated with the 

thermal NOx mechanism[108]. During combustion, atmospheric nitrogen (about 78.09% 

by volume) comes into reaction and becomes the main source for NOx emission for the 

internal combustion engine, this is treated as the thermal NOx. Atmospheric tripled 

bonded nitrogen behaves as an inert gas but in high combustion temperature, it splits up 

and undergoes a series of reactions with oxygen and creates NO2. This NOx formation 

mechanism is known as the Zeldovich mechanism. NOx forms in prompt (Fenimore) 

mechanism because of the generation of hydrocarbon radicals via molecular 

unsaturation[76]. The variation of NOx emission for all test fuels with engine load is 

shown in Figure 4.13. The nitrogen, present in the air,  being an inert gas does not react 

with other elements easily to form compounds. But when combustion chamber 

temperature increases beyond 1600 oC, nitrogen reacts with oxygen to form nitrogen 

oxide. In the diesel engine, NOx formation and its emission can be attributed to 

combustion temperature, local air-fuel ratio, and oxygen content of the fuel[74]. All 
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hybrid biodiesel blends have higher NOx emissions than diesel at all loading conditions. 

The NOx emission increase from no load to full load condition for diesel as well as all 

hybrid biodiesel-diesel blends due to an increase in combustion temperature achieved by 

greater fuel supply with an increase in load. In a diesel engine, the mass of air is almost 

constant for all load condition but the mass of fuel is increased with an increase in load 

therefore at higher load incomplete combustion of fuel is occurring which cause an 

increase of smoke opacity.  Blends J5W5, J10W10, J15W15, J20W20, and J25W25 show 

a 2%, 6%, 4%, 12%, and 14 % increase in NOx at full load condition. J5W5 shows a 

minimum increase possibly be due to lower combustion temperature and weak air-fuel 

ratio. The presence of nearly 12% higher molecular oxygen in biodiesel than diesel fuel 

assists in higher NOx formation in the combustion process[69]. Blends J5W5, J10W10, 

J15W15, J20W20, and J25W25 show 19%, 37%, 40%, 45%, and 48 % average increase 

in NOx respectively, compared to diesel due to higher molecular oxygen. 

4.14.7 Hydrocarbon (HC) emission 

 
FIGURE 4.14:   Hydrocarbon(HC) emission of diesel and biodiesel blends with variations of engine 

load 

The type of fuel, properties of the fuel, and different operating conditions of the engine 

largely contribute to hydrocarbon emission [71]. Figure 4.14 shows the plot for the 
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variation of HC emission for all the test fuels with engine loads. The reduction in HC 

emission can be possibly due to the assistance of molecular oxygen in the preparation of 

suitable air-fuel ratio in fuel-rich areas which promotes oxidation of unburnt hydrocarbon 

in the later stage of combustion[109]. Blends J5W5, J10W10, J15W15, J20W20, and 

J25W25 show a 23, 25, 30, 22, and 13% average reduction in HC as compared to diesel. 

An increase in hybrid biodiesel proportions beyond 30% may cause lower HC emission 

due to the higher oxygen content of the blend and also gives a lower C/H ratio. An 

average increase in HC emissions for blends below hybrid B30 was caused may be due to 

lower proportions of biodiesel and higher diesel which offset oxygen presence. 

Habibullah et al.[96] reported average 25.9% reduction in HC emission for PB15CB15 

blend as compared to diesel for emission study of combined coconut and palm biodiesel 

and diesel blends. 

4.14.8 Carbon monoxide (CO) emission 

 
FIGURE 4.15:   Variation of CO emissions for diesel and biodiesel blends with engine load 

 

Figure 4.15 shows the variation of carbon monoxide emission for all the tested fuels at 

various engine loads. Carbon monoxide is formed due to inadequate air for the 

combustion of fuel. Changes in CO emission depend on the fuel/air ratio inside the 
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cylinder. When this ratio is high, the amount of CO increases[71]. With an increase in 

load, CO emission increases for all test fuels due to the requirement of a rich mixture 

which causes incomplete combustion due to insufficient air for combustion. At full load 

condition, % reduction in CO emissions for blends J5W5, J10W10, J15W15, J20W20, 

and J25W25 were 26, 31, 42, 43, and 47% respectively. The average CO reduction for 

biodiesel blends was 21 to 26%. The difference in CO emission is marginal up to 50% 

load as compared to diesel. With an increase in load, the A/F ratio becomes rich which 

promotes carbon dioxide formation and in turn lowers CO emission.  Reduction in CO 

emission can be attributed to the presence of molecular oxygen and a lower C/H 

ratio[107]. The maximum average reduction was 26.55% for the J25W25 blend possibly 

due to the presence of maximum oxygen content among all hybrid biodiesel-diesel 

blends. 

4.14.9 Carbon dioxide (CO2) emission 

 
FIGURE 4.16:   variation of emissions of CO2 with respect to load for all test fuels 

 

Carbon dioxide (CO2) has the largest rate of greenhouse gasses, and it is the main reason 
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for global warming. CO2 is formed when the fuel is completely burnt. The variation of 

emissions of CO2 with respect to load for all test fuels is shown in Figure 4.16. For all test 

fuels, with an increase in load, the CO2 emission increased. Also for most of the loading 

conditions, the emissions of CO2 for hybrid biodiesel-diesel fuels were found higher than 

diesel. Though, at full load, the emissions of CO2 for all the blends with diesel were 

higher than that of mineral diesel. For J5W5, J10W10, J15W15, J20W20, and J25W25 

blends, the emission of CO2 at full load was 11, 14, 6, 8, and 10% higher than mineral 

diesel respectively. However, the average increase in emission of CO2 for J5W5, J10W10, 

J15W15, J20W20, and J25W25 blends were 4.8, 3.6, 3.3, 10.5, and 14.1% higher 

respectively compared to diesel. A significant variation in CO2 emission was not observed 

with hybrid blends for biodiesel addition up to 30% in diesel. At partial loads up to 50%, 

the absolute mass difference between the hybrid biodiesel- diesel blend and the diesel fuel 

injected into the engine was relatively small, and there was more oxygen supplied with 

the air. Therefore, the CO2 emissions of the fuels were very close to each other.  The 

higher CO2 emission can be attributed to higher molecular oxygen present in biodiesel 

which promotes the conversion of CO into CO2 Though, the increase of CO2  emissions 

for biodiesel blended fuel is not a major problem for the use of biodiesel in a diesel 

engine as oil yielding trees will absorb excess CO2  from the atmosphere during their 

photosynthesis process and the net effect will be a balance of atmospheric CO2.     
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CHAPTER-5 

 

5 Conclusions and Future Scope 

 
 

The use of hybrid biodiesel produced from jatropha and waste cooking oils would reduce 

problems of cost of production and availability of feedstocks along with property 

improvement due to blending of biodiesels. Following conclusions can be drawn from the 

present study.   

 

• In the present work, biodiesel was produced from jatropha and waste cooking oils 

using a two-step process namely acid esterification followed by base 

transesterification, due to the high FFA content of feedstock oils. Prepared 

biodiesel samples were characterized for fatty acid profiles of the biodiesels. After 

that 11 samples of hybrid biodiesel were prepared to blend different proportions of 

jatropha BD in waste cooking BD and their selected physic-chemical properties 

were measured. The effect of SFA % on various properties were plotted using six 

sample values and using the polynomial fitting curve technique of statistical 

analysis, equations were developed for the prediction of property values for blends 

having any blend ratio.  

• Statistical analysis was carried out using a curve fitting technique to develop 

quadratic equations using measured values of properties of six blends( JBD, 

JB20WB80, JB40WB60, JB60WB40, JB80WB20, and WBD) to predict 

properties of blends (JB10WB90, JB30WB70, JB50WB50, JB70WB30, and 

JB90WB10) such as kinematic viscosity, cloud point, pour point and oxidation 

stability w.r.t.  saturated FA composition. Equations obtained by the polynomial 

fitting curve technique suggested that KV, CP, and PP follow linear variation with 
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SFA(%) can be utilized to predict the values of the KV, CP, PP of hybrid 

biodiesel with reasonable accuracy.  

 

• It can be seen from the variation and its fitting curve plot that variation of OS for 

hybrid biodiesel for SFA content was not following a linear path rather it was 

polynomial. It can be concluded that higher content of saturated FA (>40%) is 

desirable to have a higher OS satisfying both the ASTM D6751 and EN 14214 

biodiesel standards of the blend. The average difference between calculated and 

actual values for OS was 0.35 h only giving accurate results for prediction. 

 

• As the cold flow properties and oxidation stability have contradictory fatty acid 

requirements, improvement in cold flow properties would deteriorate oxidation 

stability and vice versa. So it is not possible to improve both the properties 

simultaneously by blending biodiesels. In this study, the optimum blend was 

selected from the prepared hybrid biodiesel blends which satisfy both the ASTM 

D6751 and EN 14214 biodiesel standards for selected properties. So the hybrid 

blend JB30WB70 can be considered optimum with CP of 10.4 °C, PP of 5 °C, KV 

of 4.68 cSt, and oxidation stability of 7 h. The developed equations can serve as a 

useful tool for predicting biodiesel blend properties when dedicated biodiesel 

engines are utilized as the addition of diesel would render these equations invalid 

due to the inherently different chemical structure of the diesel. 

 

• In combustion analysis, it was found that the J5W5 blend gave higher peak 

pressure (48.91 bar) at no load than diesel (44.15 bar) but at full load, peak 

pressures are almost identical to diesel for all test fuels. The variation curves of 

peak pressure with crank angle are identical at full load conditions for all test 

fuels. The variation in the crank angle at which maximum pressure is detected as 

compared to diesel is around 1-2o at all loads. 

 

• The ignition delay is shorter for all biodiesel blends as compared to diesel at lower 

loads but at higher load, it is nearer to diesel. The largest advance in the start of 

combustion (7.090 bTDC) was observed for J5W5 at a lower load possibly due to 

the optimum combination of a decrease in the viscosity of the blend and increased 
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cetane value of the fuel. For all HBD blends and diesel fuel, the start of 

combustion is advanced with increasing engine load due to higher gas temperature 

and cylinder wall temperature. 

 

• The maximum heat release rate for J5W5, J10W10, J15W15, J20W20, and 

J25W25 biodiesel blends at full load were 58.32, 53.39, 54.05, 56.51, and 56.07 

J/CAD at 8o, 9o, 9o, 9o, 10o respectively. The crank angle at which the maximum 

heat release rate occurs is in advance for biodiesel due to a higher cetane number 

of biodiesel blends which contribute to shorter ignition delay.  

 

• The maximum rate of pressure rise for diesel fuel varies from1.83 bar/deg at lower 

engine load to 6.71 bar/deg at full load, whereas, for the J5W5 blend, it varies 

from 2.56 bar/deg at no load to 6.47 bar/deg at full load. Considering the 

maximum value of peak heat release rate at full load, J5W5 gives nearly identical 

to that diesel fuel. The lower blend J5W5 can be considered optimum for its 

overall combustion performance from no load to full load condition.   

 

• The maximum brake power values obtained for D100, J5W5, J10W10, J15W15, 

J20W20, and J25W25 were 3.32, 3.27, 3.25, 3.33, 3.25, and 3.27 kW, respectively 

at full load. The blend J15W15 gave the lowest average reduction in BP possibly 

due to the optimum combination of viscosity, energy content, and molecular 

oxygen. The average increase in BSFC for J5W5, J10W10, J15W15, J20W20, and 

J25W25 were 3.29, 2.84, 4.9, 5.22, and 7 % respectively as compared to diesel. 

As compared to diesel, the average decrease in BTE for J5W5, J10W10, J15W15, 

J20W20, and J25W25 were 2.36, 1.09, 2.18, 1.55, and 2.66 % respectively. 

Maximum BTE was 25.49 % for J10W10 out of all biodiesel blends. 

 

• In emission analysis, Blend J15W15 shows a maximum 18 % average reduction in 

smoke as compared to diesel. Blend J25W25 shows a maximum 48% average 

increase in NOx emission. Blends J5W5, J10W10, J15W15, J20W20, and J25W25 

show a 23, 25, 30, 22, and 13% average reduction in HC as compared to diesel. 

The average CO reduction for biodiesel blends was 21 to 26 %. The maximum 

average CO reduction was 26.55 % for the J25W25 blend.  
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• The average increase in emission of CO2 for J5W5, J10W10, J15W15, J20W20, 

and J25W25 blends were 4.8, 3.6, 3.3, 10.5, and 14.1% higher respectively 

compared to diesel. A significant variation in CO2 emission was not observed with 

HBD biodiesel addition up to 30% in diesel.  The higher CO2 emission can be 

attributed to higher molecular oxygen present in biodiesel which promotes the 

conversion of CO into CO2. 

 

• Considering the overall performance of all the blends, a hybrid biodiesel-diesel 

blends up to 30% biodiesel by volume can be successfully employed in diesel 

engines and would be a viable sustainable alternative to diesel fuel in an 

unmodified diesel engine. The hybrid biodiesel-diesel blend J10W10 can be 

considered optimum for overall performance characteristics of the blend.   

 

5.1 Future scope 

In this study, jatropha and waste cooking biodiesels were blended in 10% by volume 

increment and properties variations were analyzed for SFA content.  

 

• Hybrid biodiesel blends can be prepared by blending biodiesels in unequal 

volumetric proportions with diesel and property variation can be studied using 

individual saturated and unsaturated fatty acids proportions to obtain the impact of 

individual fatty acids on property value which would give insight into the effect of 

fatty acid profile as well as diesel on property variations providing useful data for 

screening and prediction of properties of the feedstock. 

 

• Detailed characterization of hybrid and neat biodiesels can be carried out to 

identify the effects of blending on other properties which are not measured and 

included in this study.  

 

• The combustion, performance, and emission study can be performed for  10  to 90 

% biodiesel in blends and compared with neat jatropha and waste cooking 

biodiesels as well as diesel.  
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• The effect of blending of biodiesel, as well as the presence of 

saturated/unsaturated FA in hybrid biodiesel blends on different emissions, can be 

studied. 

 

• It is very important to investigate the effect of fuel injection pressure on 

comparative performance, emissions and combustion characteristics of hybrid 

biodiesel and diesel blends for effective utilization of biodiesel in modern CI 

engines as advanced fuel injection system employs higher order of injection 

pressure as compared to the mechanical fuel injection system. 
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APPENDIX-II 
UNCERTAINTY ANALYSIS 

Errors and uncertainties in the experiments can arise from instrument selection, condition, 

calibration, environment, observation, reading and test planning. Uncertainty analysis is 

needed to prove the accuracy of the experiments. 

Suppose a set of measurements is made and the uncertainty in each measurement may be 

expressed with the same odds. These measurements are then used to calculate some desired 

result of the experiments. We wish to estimate the uncertainty in the calculated result on the 

basis of the uncertainties in the primary measurements. The result R is a given function of 

the independent variables x1,x2,x3,...,xn. Thus, 

R= ����, ��, ��, … . . ���  

Let wR be the uncertainty in the result and w1,w2,...,wn be the uncertainties in the 

independent variables. If the uncertainties in the independent variables are all given with the 

same odds, then the uncertainty in the result having these odds is given in 

22 2
2 2 2

1 2
1 2

* * ...... *R n
n

R R RW w w w
x x xδ δ δ

    ∂ ∂ ∂
= + +     

     
 

 

Sample Calculations For Uncertainty Analysis  

Calculation of Uncertainty in Brake power (BP) 

3
*2*

60*10
T NBP T kWΠ

= ω =  

Constant * * ,BP T N kW=  

( ) * **
BP C N T BPC N
T T T

∂
= = =

∂
 

( ) * **
BP C N T BPC T
N N N

∂
= = =

∂
 

Uncertainty of independent variables is calculated using accuracy of the instrument used for 

the measurement of the respective variable. 
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Accuracy of torque measurement = 0.01 N-m; Accuracy of speed measurement in rpm = 1 

rpm  

So, Uncertainty of torque measurement = ΔT = 0.01, 

 Uncertainty of speed measurement = ΔN = 1  

So, Uncertainty in measurement of Brake power(BP) is given by 

( ) ( )2 2
2 2*( *(BP

BP BP
W

T Nδ δ
∂ ∂   

= ∆Τ) + ∆Ν)   
   

 

FOR DIESEL READING AT NO LOAD 

2 2
2 20.03 0.03*( *( 0.001629

0.2 1557BPW kW   = 0.01) + 1) =   
   

 

% Uncertainty in measurement of brake power is given by ,  *100BPW
BP

 

So % Uncertainty = 0.001629 *100 5.00959%
0.03

=  

FOR J5W5D90 AT 25% LOAD ( READING NO-2) 

2 2
2 20.88 0.88*( *( 0.00168

5.64 1498BPW kW   = 0.01) + 1) =   
   

 

So % Uncertainty = 0.00168 *100 0.1893%
0.88

=           

Calculation of Uncertainty in Brake specific fuel consumption (BSFC) 

( ) ( )
6

*60* Constant *
,

*10
FC FC kgBSFC

BP BP kW hr
ρ

= =
−

 

( ) *( )
( ) ( )*( )
BSFC C C FC BSFC
FC BP BP FC FC

∂
= = =

∂
 

( )
( )2 *( )

( )
BSFC C BSFCFC

BP BPBP
∂

= − = −
∂
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Uncertainty of independent variables is calculated using accuracy of the instrument used for 

the measurement of the respective variable. 

Accuracy of Fuel consumption measurement = 0.1 cc/min; Accuracy of brake power 

measurement in kW = 0.00168 kW for J5W5D90 AT 25% LOAD( reading no-2) 

So, Uncertainty of Fuel measurement = Δ (FC) = 0.1, 

 Uncertainty of brake power measurement = Δ(BP) = 0.00168 

So, Uncertainty in measurement of Brake specific fuel consumption (BSFC) is given by 

( ) ( )2 2
2 2*( ) *( )

( ) ( )BSFC

BSFC BSFC
W FC P

FC BPδ δ
∂ ∂   

= ∆( ) + ∆(Β )   
   

 

2 2
2 20.69 0.69*( *(0.00168 0.00581

12 0.88BSFC
kgW

kW hr
   = 0.1) + ) =    −   

 

% Uncertainty in measurement of Brake specific fuel consumption (BSFC) is given by , 

  *100BSFCW
BSFC

 

So % Uncertainty of  BSFC = 0.00581*100 0.8412%
0.69

=
 

Calculation of Uncertainty in Brake Thermal Efficiency (BTE) 

( )*3600 *100,%
( )* ( )

Brake power kWBTE kg kJTotal fuel consumption Calorific valueof fuel
hr kg

=  

*3600 *100,%
*

BPBTE
TFC CV

=  

*Constant(C)BPBTE
TFC

=  

( ) *( )
( ) ( )*( )
BTE C C BP BTE
BP TFC BP TFC BP

∂
= = =

∂
 



UNCERTAINTY ANALYSIS 

107 
 

( )
( )2

*( ) *( )
( ) ( ) *( )
BTE C BP C BP BTE
TFC TFC TFC TFCTFC

∂
= − = − = −

∂
  

Accuracy of Total Fuel consumption measurement = Δ (TFC)= 0.005 ; Accuracy of brake 

power measurement in kW = Δ(BP)= 0.00168 for J5W5D90 AT 25% LOAD (reading -2 

Uncertainty in measurement of BTE is given by, 

( ) ( )2 2
2 2*( ) *( )

( ) ( )BTE

BTE BTE
W P FC

BP TFCδ δ
∂ ∂   

= ∆(Β ) + ∆(Τ )   
   

 

2 2
2 212.5 12.5*( *(0.005 0.1051

0.88 0.61BTEW    = 0.00168) + ) =   
   

   

% Uncertainty in measurement of Brake Thermal Efficiency (BTE) is given by , 

0.1086*100*100 0.8412 %
12.5

BTEW
BTE

= =  

Uncertainty in emission constituents (Resolution/Range) 

( ) 0.01 0.001 0.1%
10

CO
CO

∆
= = =  

2

2

( ) 0.1 0.005 0.5%
20

CO
CO

∆
= = =  

( ) 1 0.00005 0.005%
20000

HC
HC

∆
= = =  

( ) 1 0.0002 0.02%
5000

x

x

NO
NO

∆
= = =   

( ) 0.1 0.001 0.1%
100

smoke
smoke

∆
= = =  
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Uncertainty calculated values of performance parameters for Diesel fuel readings 

Load(%) BP 
(kW) 

Fuel 
(cc/min) BSFC(kg/kWh) BTHE 

(%) 
uncertainty 

in BP 

% 
uncertainty 

in BP 

uncertainty 
 in BSFC 

% 
uncertainty 
in BSFC 

% 
uncertainty 

in TFC 

uncertainty 
 in BTE 

% 
uncertainty  

in BTE 
0 0.03 9.1 13.930 0.615 0.0016 5.0096 0.7144 5.1287 1.0989 0.0316 5.1287 

25 0.92 11.9 0.647 13.257 0.0017 0.1863 0.0056 0.8607 0.8403 0.1141 0.8607 
50 1.74 15.1 0.432 19.832 0.0020 0.1123 0.0029 0.6717 0.6623 0.1332 0.6717 
75 2.56 19.2 0.373 22.977 0.0023 0.0906 0.0020 0.5287 0.5208 0.1215 0.5287 
100 3.32 22 0.330 25.944 0.0027 0.0823 0.0015 0.4619 0.4545 0.1198 0.4619 

     Average 1.0962  1.5303 0.7154  1.5303 
 

Uncertainty calculated values of performance parameters for J5W5 fuel readings 

Load(%) BP 
(kW) 

Fuel 
(cc/min) BSFC(kg/kWh) BTHE 

(%) 
uncertainty 

in BP 

% 
uncertainty 

in BP 

uncertainty 
 in BSFC 

% 
uncertainty 
in BSFC 

% 
uncertainty 

in TFC 

uncertainty 
 in BTE 

% 
uncertainty  

in BTE 
0 0.03 9.1 14.47 0.60 0.0016 5.0096 0.7420 5.1287 1.0989 0.0306 5.1287 
25 0.88 12.2 0.69 12.50 0.0017 0.1893 0.0058 0.8413 0.8197 0.1052 0.8413 
50 1.69 15.3 0.45 19.08 0.0019 0.1140 0.0030 0.6635 0.6536 0.1266 0.6635 
75 2.51 19.1 0.38 22.64 0.0023 0.0916 0.0020 0.5315 0.5236 0.1203 0.5315 

100 3.28 22.1 0.34 25.55 0.0028 0.0841 0.0016 0.4602 0.4525 0.1176 0.4602 
     Average 1.0977  1.5250 0.7096  1.5250 
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Uncertainty calculated values of performance parameters for J10W10 fuel readings 

Load(%) BP 
(kW) 

Fuel 
(cc/min) BSFC(kg/kWh) BTHE 

(%) 
uncertainty 

in BP 

% 
uncertainty 

in BP 

uncertainty 
 in BSFC 

% 
uncertainty 
in BSFC 

% 
uncertainty 

in TFC 

uncertainty 
 in BTE 

% 
uncertainty  

in BTE 
0 0.03 9.1 14.55 0.60 0.0016 5.0096 0.7464 5.1287 1.0989 0.0307 5.1287 
25 0.84 12.1 0.73 11.98 0.0016 0.1948 0.0062 0.8491 0.8264 0.1017 0.8491 
50 1.58 14.1 0.45 19.40 0.0019 0.1179 0.0032 0.7190 0.7092 0.1394 0.7190 
75 2.44 18.2 0.38 23.16 0.0023 0.0929 0.0021 0.5572 0.5495 0.1291 0.5572 

100 3.25 22.2 0.35 25.26 0.0027 0.0835 0.0016 0.4581 0.4505 0.1157 0.4581 
     Average 1.0998  1.5424 0.7269  1.5424 

 

Uncertainty calculated values of performance parameters for J15W15 fuel readings 

Load(%) BP 
(kW) 

Fuel 
(cc/min) BSFC(kg/kWh) BTHE 

(%) 
uncertainty 

in BP 

% 
uncertainty 

in BP 

uncertainty 
 in BSFC 

% 
uncertainty 
in BSFC 

% 
uncertainty 

in TFC 

uncertainty 
 in BTE 

% 
uncertainty  

in BTE 
0 0.03 9.1 14.28 0.62 0.0016 5.0096 0.7323 5.1287 1.0989 0.0316 5.1287 
25 0.91 11.8 0.66 13.29 0.0017 0.1874 0.0057 0.8679 0.8475 0.1154 0.8679 
50 1.71 15 0.45 19.68 0.0019 0.1137 0.0030 0.6763 0.6667 0.1331 0.6763 
75 2.54 20.3 0.41 21.61 0.0023 0.0910 0.0020 0.5009 0.4926 0.1082 0.5009 

100 3.33 23.1 0.35 24.95 0.0027 0.0822 0.0016 0.4406 0.4329 0.1099 0.4406 
     Average 1.0968  1.5229 0.7077  1.5229 

 

 

 

 

 

 



APPENDIX-II 

110 
 

Uncertainty calculated values of performance parameters for J20W20 fuel readings 

Load(%) BP 
(kW) 

Fuel 
(cc/min) BSFC(kg/kWh) BTHE 

(%) 
uncertainty 

in BP 

% 
uncertainty 

in BP 

uncertainty 
 in BSFC 

% 
uncertainty 
in BSFC 

% 
uncertainty 

in TFC 

uncertainty 
 in BTE 

% 
uncertainty  

in BTE 
0 0.03 9.2 15.02 0.59 0.0016 5.0096 0.7697 5.1262 1.0870 0.0303 5.1262 
25 0.88 11.3 0.66 13.48 0.0017 0.1886 0.0060 0.9048 0.8850 0.1220 0.9048 
50 1.69 15.1 0.46 19.41 0.0019 0.1135 0.0031 0.6719 0.6623 0.1304 0.6719 
75 2.49 19.2 0.39 22.45 0.0023 0.0921 0.0021 0.5289 0.5208 0.1187 0.5289 

100 3.24 23.3 0.37 24.15 0.0027 0.0833 0.0016 0.4372 0.4292 0.1056 0.4372 
     Average 1.0974  1.5338 0.7168  1.5338 

 

Uncertainty calculated values of performance parameters for J25W25 fuel readings 

Load(%) BP 
(kW) 

Fuel 
(cc/min) BSFC(kg/kWh) BTHE 

(%) 
uncertainty 

in BP 

% 
uncertainty 

in BP 

uncertainty 
 in BSFC 

% 
uncertainty 
in BSFC 

% 
uncertainty 

in TFC 

uncertainty 
 in BTE 

% 
uncertainty  

in BTE 
0 0.032 9.1 14.85 0.60 0.0016 5.0096 0.7615 5.1287 1.0989 0.0309 5.1287 

25 0.884 11.1 0.65 13.83 0.0017 0.1889 0.0060 0.9205 0.9009 0.1273 0.9205 
50 1.720 15.9 0.48 18.80 0.0019 0.1131 0.0030 0.6390 0.6289 0.1201 0.6390 
75 2.469 19.2 0.40 22.34 0.0023 0.0924 0.0021 0.5290 0.5208 0.1182 0.5290 
100 3.274 23.9 0.38 23.80 0.0027 0.0835 0.0016 0.4267 0.4184 0.1015 0.4267 

     Average 1.0975  1.5288 0.7136  1.5288 
 

Average experimental uncertainty of performance parameters 

Sr. No. Experimental parameter %  average uncertainty of 
experiment 

1 Brake power 1.0975 
2 brake specific fuel consumption 1.5305 
3 brake thermal efficiency 1.5305 
4 total fuel consumption 0.7150 
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Appendix III 
 

SAMPLE CALCULATIONS 

Calculation for D100  fuel at full load: 

(1) Torque 

( ) * *Torque T W R mg R= =  

load on eddy current dynamometer, in kgWhere m =  

2gravitational acceleration, in mg
s

=  

Dynamometer arm length 0.185R m= =  

       ( ) 11.86*9.81*0.185 21.52Torque T N m= = −     
   
       (2) Brake power 

        
2
60000

NTBP kWπ
=      

        where N speed of theengineinrpm=     

             T Torquein N m= −  

 
2 *1472*21.52 3.32

60000
BP kWπ

= =          

       (3) Total fuel consumption (TFC)     

 
3

6

( )* ( )
min ,
10

cc kgFuel consumption fuel density kgmTFC
h

=     

 6
22*60*830 1.10

10
kgTFC
h

= =   
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     (4) Brake specific fuel consumption (BSFC) 

 

( )
,

( )

kgTotal fuel consumption kghBSFC
Brake power kW kW h

=
−      

             
1.10 0.33
3.32

kgBSFC
kW h

= =
−                

     (5) Brake thermal efficiency (%)  

 
( )*3600 *100,%

( )* ( )

Brake power kWBTE kg kJTotal fuel consumption Calorificvalue
h kg

=  

 
3.32*3600 *100 25.94%

1.10*42000
BTE = =          

 (6) Indicated power (IP)(kW)
 

2( )* ( )* ( )* *100
2 ,

60

NIndicated meaneffective pressure bar L m A m
IP kW=  

2 2

  0.11

  0.0875
    0.006

4
. . .   

length of stroke m

D diameter of cylinder m
A cross sectional area of cylinder D m
N r p m of the engine

where L

π

==

= =

= = =

=

  

14726.27*0.11*0.006* *100
2 5.08

60
IP kW= =    

(7) Mechanical efficiency (ME) (%) 

   
( ) *100, %
( )

BP kWME
IP kW

=  

   
3.32 *100 65.33%
5.08

ME = =   
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(8) Indicated thermal efficiency (ITE) (%) 

 

 
( )*3600 *100,%

( )* ( )

Indicated power kWITE kg kJTotal fuel consumption Calorific value
h kg

=  

 
5.08*3600 *100 39.71%

1.10* 42000
ITE = =     

(9) ( )(%)vVolumetric efficiency η  

 

3

3

( )
*100,%

( )
v

mActual air consumption
s
mTheoritical air consumtion
s

η =  

 
3

,
60*
LAN mTheoritical air consumption

n s
=   

2

  0.11
sec 0.0875

4
1500

. 2

Length of stroke m
A cross tional areaof cylinder D m
N rpmof theengine rp

W

m
n No of revolutions per cy

here L

cle

π
=

= = =

=
=

=

=
=

 

2
3(0.0875) *0.11*1500

4 0.00826
60*2

m
s

TheoreticalAir Consumption

π

= =  

2
3

Actual air consumption * * ,
4d

m
s

C C Dπ
=  

2 ,w

air

gh mwhere C
sρ

=      

         
 

w Differential manometer reading across orifice meter in mm of
water column
h =  
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3

2

1.17

 9.81
     0.6

   0.02

air

d

kgDensity of air
m

mg gravitational acceleration
s

C co efficient of discharge for orifice meter

d diameter of orifice meter m

ρ = =

= =

= − =

= =

 

 

2
38A 4ctua

.
l air * consu 2*9.81*5 . 9 0. 9mption (06*

1
.02) 0.005

417
m
s

π
= =  

0.0059 *100 71.43%
0.00826vη = =  
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APPENDIX - IV 
Calibration Certificates 
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APPENDIX –V 
FUEL PROPERTY TESTING REPORTS 
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APPENDIX-VI 
Result table 

Fuel Load (%) Torque 
(N-m) BP (kW) TFC (kg/h) BSFC 

(kg/kWh) BTE (%) IP (kW) ITE (%) Mechanical 
Efficiency (%) A/F ratio Volumetric 

efficiency (%) 

D100 

0 0.20 0.03 0.45 13.93 0.62 1.96 37.09 1.66 59.09 76.81 
25 5.73 0.92 0.59 0.65 13.26 2.93 42.39 31.27 44.56 75.73 
50 11.05 1.74 0.75 0.43 19.83 3.81 43.37 45.72 34.30 73.97 
75 16.42 2.56 0.96 0.37 22.98 4.49 40.29 57.04 26.48 72.63 
100 21.52 3.32 1.10 0.33 25.94 5.08 39.71 65.33 22.74 71.43 

J5W5 

0 0.20 0.03 0.46 14.47 0.60 1.48 27.99 2.13 59.47 76.15 
25 5.64 0.88 0.61 0.69 12.50 2.20 31.07 40.23 43.01 75.49 
50 10.83 1.69 0.77 0.45 19.08 2.95 33.22 57.43 33.63 74.02 
75 16.39 2.51 0.96 0.38 22.64 3.78 34.12 66.36 26.46 72.33 
100 22.25 3.28 1.11 0.34 25.55 4.71 36.75 69.53 22.57 70.79 

J10W10 

0 0.20 0.03 0.46 14.55 0.60 1.47 27.90 2.15 57.34 74.69 
25 5.48 0.84 0.61 0.73 11.98 2.51 35.84 33.43 44.93 73.47 
50 10.49 1.58 0.71 0.45 19.40 3.05 37.31 51.99 34.51 72.41 
75 16.13 2.44 0.92 0.38 23.16 4.13 39.22 59.05 27.30 71.49 
100 21.54 3.25 1.12 0.35 25.26 4.60 35.80 70.56 22.36 70.55 

J15W15 

0 0.20 0.03 0.46 14.28 0.62 2.12 40.35 1.53 58.79 77.99 
25 5.70 0.91 0.60 0.66 13.29 2.89 42.40 31.34 44.27 76.16 
50 10.83 1.71 0.76 0.45 19.68 3.72 42.96 45.82 34.06 74.98 
75 16.15 2.54 1.03 0.41 21.61 4.52 38.52 56.09 24.89 73.99 
100 21.65 3.33 1.17 0.35 24.95 5.24 39.23 63.58 22.51 72.43 

J20W20 

0 0.20 0.03 0.47 15.02 0.59 1.90 35.90 1.64 58.29 76.06 
25 5.68 0.88 0.58 0.66 13.48 2.71 41.65 32.37 45.51 75.39 
50 11.05 1.69 0.77 0.46 19.41 3.44 39.50 49.14 33.38 73.91 
75 16.30 2.49 0.98 0.39 22.45 4.25 38.37 58.52 26.21 72.61 
100 21.34 3.24 1.19 0.37 24.15 4.69 34.90 69.19 21.46 71.72 

J25W25 

0 0.20 0.03 0.47 14.85 0.60 1.72 32.82 1.84 56.50 75.92 
25 5.66 0.88 0.57 0.65 13.83 2.62 40.94 33.78 47.27 75.37 
50 10.94 1.72 0.82 0.48 18.80 3.51 38.36 49.00 31.52 74.44 
75 16.24 2.47 0.99 0.40 22.34 4.07 36.85 60.61 25.63 72.64 
100 21.81 3.27 1.23 0.38 23.80 4.81 34.97 68.06 20.04 70.72 

 


