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ABSTRACT 

The Indian transportation sector relies heavily on the diesel operated compression 

ignition engines. However, the combustion of diesel produces greenhouses gases which 

are a major threat to the environment as well as the humans. Alternatives to diesel are 

gaining importance for operating the engine as they can curb the greenhouse gases and 

are a key for addressing the energy security. One such alternative is used cooking oil, 

which the world, India in particular is generating in large quantities. The government 

of India is now emphasizing on the conversion of the used cooking oil into biodiesel. 

However, many studies show that the biodiesel cannot completely replace diesel due to 

its inherent issues. The biodiesel is produced from the used cooking oil by the 

transesterification method. Another method, namely hydroprocessing can also convert 

the used cooking oil into a fuel with properties closer to diesel.  

In the present research, the used cooking oil was converted to diesel like fuel by 

using the hydrotreating method and experiments were carried out on an engine to study 

the effect of the fuel on its performance and emission. The research was carried out in 

four phases.  

In the first phase, the hydrotreated oil was produced from the used cooking oil in 

the presence of a ruthenium based catalyst in a batch reactor. The reaction parameters 

namely reaction temperature, hydrogen pressure and reaction time were varied. Design 

of experiments were used for optimizing the process parameters. The Taguchi method 

was selected as it reduces the number of experiments which saves time and money. The 

aim was to increase the conversion percentage and diesel like fuel selectivity and reduce 

the naphtha selectivity. Since multi-objective optimization was required, Fuzzy logic 

was incorporated. The optimized parameters were 360°C reaction temperature, 40bar 

initial reaction pressure and 200min reaction time. Confirmation experiment was 
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carried out using these parameters and the conversion efficiency and diesel like fuel 

selectivity was 89.7% and 88.2%, respectively.   

The physico-chemical properties, evaporation temperature, ignition probability 

and Sauter mean diameter of the blends of the hydrotreated oil and diesel were studied 

in the second phase. The GC-MS profile of the pure hydrotreated oil shows that the fuel 

has straight carbon atoms in the range of C11 to C20 and heptadecane is the predominant 

hydrocarbon. Properties like viscosity, density, calorific value, flash point, etc. were 

measured and found to be within the limits of ASTM standards. The fuels were also 

stored for a period of one year to study their stability in terms of density, viscosity and 

calorific value. The properties of the stored fuel changed slightly with time and their 

rate of change was also low. 

The hydrotreated fuel was mixed with diesel in various proportions and engine 

tests were carried out in the third phase. The results show that the brake thermal 

efficiency decreases with increase in the hydrotreated fuel share in the blend. The heat 

release for the blends starts earlier than diesel due to higher cetane number and the peak 

heat release is also lower than diesel. The HC, CO and smoke emissions for the test 

blends decreases up to 30% blend, further increase in the blending of hydrotreated oil 

resulted in increase in the emissions. The NO emissions were lower than diesel for all 

the test samples. The maximum reduction in NO (neat), HC (30% blend), CO (30% 

blend) and smoke emissions (30% blend) is 23.2%, 14.4%, 13.83%, and 13.3%, 

respectively.  

It the third phase of testing, it was observed that 30% blend of hydrotreated oil 

resulted in lowest emissions but the thermal efficiency was low. The thermal efficiency 

with 20% blend of hydrotreated oil was higher than 30% blend but the emissions with 

20% blend were higher. To improve the shortcomings of the two samples addition of 
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waste cooking oil biodiesel to the two samples was explored. Therefore, in the last 

phase, experiments were carried out by blending waste cooking oil biodiesel (5%, 10% 

and 15% on volume basis) in 20% and 30% blend of the hydrotreated oil. The results 

show that the heat released increases with the biodiesel addition on account of higher 

ignition delay but its starts earlier than diesel and its maximum value is still lower than 

diesel. The brake thermal efficiency of the biodiesel blended fuels increases and as the 

percentage of biodiesel increases the thermal efficiency increases. Among the blended 

fuels, the maximum thermal efficiency was observed to be 30.96% with 15% biodiesel 

mixed in 20% hydrotreated oil and 65% diesel. The lowest HC, CO and smoke 

emissions at full load were observed to be 1.73g/kWh, 24.02g/kWh and 49.2% 

respectively with 15% of biodiesel mixed in 30% hydrotreated oil. Among the biodiesel 

blends, the lowest NO emission is observed to be 3.61g/kWh with 5% of biodiesel 

mixed in 30% hydrotreated oil, whereas highest NO emission (3.98g/kWh) is observed 

with 15% of biodiesel mixed in 20% hydrotreated oil.  
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CHAPTER 1 

INTRODUCTION 

1.1 Current Energy Scenario 

The economic and social growth of any country is dependent upon energy. The 

consumption of fossil fuels has increased exponentially by both developed and 

developing countries. Fig. 1.1 compares the total primary energy supply (TPES) of the 

world in 1973 and 2018. The world’s energy consumption in 1973 was 6101 Mtoe 

(Million tons of oil equivalent) which increased to 13864 Mtoe in 2018 [1,2], an 

increase of 127%. The major energy sources for 85.18% of the total energy 

consumption comprises of oil, coal, and natural gas. 

 
Fig. 1.1. Comparison of total primary energy supply in 1973 and 2018 [1,2]. 

1.1.1 Energy scenario in India 

India is among the fastest growing economies of the world and energy is the wheel 

to its growth. However, the oil reserves in India are miniscule in comparison to its 

requirements. In 1947, the oil available was 0.25 million tons which increased to about 

38.09 million metric ton (MMT) in 2011-12. India is highly dependent upon imports of 

crude oil to cater to its need for agriculture, automobiles and industrial applications.  

For the year 2017-18, India produced nearly 35.68 MMT, whereas India imported 

nearly 220.43 MMT at the average cost of US$56.43 per barrel. The cost to the 

exchequer for importing the oil was INR 5,65,951 crores. 95% of energy requirement 

of the transportation and agricultural sector is fulfilled by the imported oil. The diesel 
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requirement in India was about 53 MMT in 2007-08 which has grown over to 79.7 

MMT in 2017-18 [3]. Thus, India needs to take steps to reduce its dependence on oil 

with the growing needs of energy. 

1.2 Need for Alternatives 

Fossil fuels still provide more than half of the world energy demands. The gap 

between the demand and supply of the energy is increasing due to rapid urbanization 

and industrialization. It is estimated that oil, coal, and natural gas would be available 

for the next 33, 105 and 35 years, respectively. Therefore, it is expected that till 2112 

coal will be available and after 2042 it will be the only fossil fuel available [4].  

1.2.1 Environmental Issues 

The technologies used for extraction, transportation and processing of fossil fuels 

are harmful for the environment. During extraction, transportation and storage, spills or 

leaks can cause both water and air pollution. The refining process also has harmful 

effect on the environment. Moreover, the combustion of the fossil fuel in the engines 

are the major cause of the environmental pollution. The major constituents of fossil 

fuels are carbon and hydrogen and traces of sulfur which when combusted produces 

various gases along with soot, ash and other organic compounds which degrades the air 

quality. The most harmful emissions include carbon monoxide (CO), hydrocarbons 

(HC), oxides of nitrogen (NOx), oxides of sulfur (SOx), benzene, poly aromatic 

hydrocarbons (PAH), aldehydes and particulate matter (PM). In the past efforts have 

been made to improve the fuel quality and vehicle technology. Carbon dioxide (CO2) 

from fossil fuel combustion and other greenhouse gases such as methane (CH4) are 

responsible for warming of earth resulting in melting of polar ice caps, rise in the level 

of sea and change in climate like heat waves, drought, floods, stronger storms, increase 

in number of wild fires etc. Studies also show that these pollutants when mixed with 
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moisture or other atmospheric compounds or triggered by sunlight can change their 

form and become hazardous aerosols or acids that can damage the aquatic and terrestrial 

ecosystem [5–7].  

Therefore, a paradigm shift towards alternate energy consumption can be seen 

throughout the globe. In 2018, 4% of the world energy consumption comprised of 

renewable sources such as geothermal, wind, solar, biomass and waste [2]. As 

compared to 2015, the energy consumption from renewable sources increased by 53% 

[8]. The Indian government also emphasized the need of cleaner environment and 

technologies for energy generation. Therefore, the government accepted the outcomes 

of the Paris climate summit and is investing heavily in solar and wind energy power 

plants along with a new Biofuel Policy 2018.  

1.3 Compression Ignition Engines and Alternative Fuels  

Compression Ignition (CI) engines are the backbone of the transportation and the 

agricultural sector. They are also used in off-road vehicles and for power generation. 

The main attractions to its use are ruggedness in construction, usage simplicity and ease 

of maintenance. Other features are high thermal efficiency, high torque and low fuel 

consumption. Low pumping losses, lean air fuel mixtures and high compression ratio 

results in high thermal efficiency of these engines. However, these engines emit gases 

that not only pollute the environment but are harmful for the humans as well.  

The diesel engines emits particulate matter in the small particle form at 

concentration above 10 million particulates per cm3. The diameter of the primary 

carbon particles lies in the range of 0.01 to 0.08 micron, whereas the diameter of the 

agglomerated particles is in the range of 0.08 to 0.25 microns with nearly 90% of the 

particles having diameter less than 1 micron. Several government agencies have 

classified the particulate matter as “human carcinogen” or “probable human 
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carcinogen”. They increase the risk to the heart and respiratory diseases such as asthma 

and bronchitis. Presence of two or more benzene ring hydrocarbons in the particulate 

matter also called polynuclear aromatic hydrocarbons (PAHs) are known human 

carcinogens. The soluble organic fraction of the particulate matter containing four and 

five rings are the most harmful compounds [9]. 

A long lasting solution to the above mentioned problems can be use of renewable 

alternative fuels which can either partially or completely replace the conventional fossil 

fuels in the CI engines. However, if the alternate fuels have to be regularly used on 

long-term basis then large resource base is required so that the resource is available 

throughout the year and the investment is also justified. Such alternative fuels should 

be compatible with the associated systems of the engine such as hoses, fuel tank and 

pump. The alternative should also be compatible with the existing transportation, fuel 

storage, and retail infrastructure. 

1.3.1 Vegetable oil as an alternate fuel 

To operate the diesel engine with an alternate fuel, the fuel should have properties 

close to diesel. Vegetable oils derived from the plant seeds are among the few 

alternatives that match the conventional diesel. Its energy density, cetane number and 

heat of vaporization are comparable with diesel. However, its viscosity is many folds 

higher than diesel. High viscosity affects the spray atomization, vaporization and fuel-

air mixing.  

The use of vegetable oil offers significant cost-effective and perpetual 

opportunities for rural employment particularly for growing, harvesting and processing 

of plants that provides the oil. The energy security of any country can be attained by 

multifaceted actions such as a purposeful policy on production of oil and natural gas, 

use of hybrid and electric vehicles and search for low cost alternative fuels which can 
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reduce dependence on oil imports. India having 17% of the world population requires 

to use both renewable and exhaustible energy resources. The decentralized agro-based 

form of energy production can provide a sound base for village centred economy and 

also attain a high level of energy security. 

The vegetable oils are carbon neutral i.e. the plants take in carbon dioxide from the 

atmosphere for photosynthesis and produce the oil. When the oil is combusted in 

engines, the carbon is released back into the atmosphere thus balancing the carbon 

dioxide. However, conventional diesel fuel are produced from fossil fuels and the 

carbon present in them was stored for millions of years which is being released after 

their use in engines. This causes the carbon dioxide levels to increase in the atmosphere 

thereby causing global warming. With vegetable oil use in diesel engines, the sulfur 

dioxide emissions are eliminated as the oil is free of sulfur resulting in reduction of acid 

rain. Also, the accumulation of sulfuric acid in the crankcase is reduced over time. Their 

combustion in diesel engines also reduce polycyclic aromatic hydrocarbons, nitrated 

polycyclic aromatic hydrocarbons emissions. The lack of carcinogenic and toxic 

aromatics (benzene, toluene and xylene) in the oil shows that the gases formed after 

combustion will have less impact on the environment and human health. It also result 

in less offensive exhaust odour which is a real benefit when machinery or vehicles are 

used in confined environment or underground mines. A wide variety of feedstock are 

available, some of them are listed in Table 1.1.  

An ideal diesel fuel is a saturated hydrocarbon with no branch chains, containing 

12 to 18 carbon atoms. Whereas, the vegetable oil is a triglyceride having different 

lengths of non-branched chain molecules and with different degrees of saturation. They 

have high amount of oxygen present in them and the molecules are typically four times 

that of diesel molecules.  
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In comparison to diesel, the heating value of vegetable oils is nearly 10% less as 

they have oxygen present in their molecules. The kinematic viscosity of vegetable oil 

is nearly 30mm2/s which is much higher than diesel (3.01mm2/s) resulting in pumping 

and atomization problems. The vegetable oil has higher density than diesel whereas its 

volatility is lower resulting in lower evaporation rates. Hence they cannot be used in 

spark ignition engines. Vegetable oil has higher carbon residues resulting in higher 

smoke emissions during combustion. As compared to diesel, the flash and fire point of 

the vegetable oil is higher making it safe to store. However, its cloud point is also high 

in comparison to diesel thus it tends to thicken or freeze at low atmospheric 

temperatures. Their cetane number (32-40) is also lower than diesel. They are miscible 

in diesel and can form stable blends for long periods. These properties show that 

vegetable oils are suitable to be used only in CI engines. However, there are short-term 

and long-term problems when vegetable oils are used in the diesel engines (Table 1.2). 

Table 1.1. Feedstock for alternate fuel 

Feedstock Distribution 
Plant 

Type 

Oil Content (%) 
Reference 

Seed Kernel 

Vegetable oils 

Sleichera 

triguga 

(Kusum) 

Northern India, the western 

Deccan, Sri-Lanka, 

Malaysia, Indonesia, Java, 

etc. 

Tree - 55-70 [10,11] 

Sapium 

sebifeum L. 

Roxb 

(Stillingia) 

Native to Japan, China, 

India and also grows in 

southern coastal United 

States 

Tree 13-32 53-64 [10,11] 

Guizotia 

abyssinica L. 

(Niger) 

Ethiopia and India Herbaceo

us 

Annual 

50-60 - [12] 

Hevea 

brasiliensis 

(Rubber seed 

oil) 

South East Asia, India, 

Nigeria, Brazil, West 

Africa 

Tree 40-60 40-50 [13] 

Jatropha 

curcas L. 

(Jatropha) 

India, Thailand, Pakistan, 

Indonesia, Nepal, 

Malaysia, Philippines,  

Tree 20-60 40-60 [11,14] 
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Simmondsia 

chinesis 

(Jojoba) 

Sonoran and Mojave 

deserts 

Shrub 45-55 - [11,15] 

Madhuca 

indica 

(Mahua) 

India Tree 35-50 50 [11,14] 

Sapindus 

mukorosso 

(Soap nut) 

America, Asia, Europe Tree 51.8 - [16] 

Ricinus 

communis 

(Castor) 

Brazil, Cuba, China, 

France, Italy, India, and 

countries of the former 

Soviet Union 

Tree/Shr

ub 

45-50 - [10,11] 

Pongamia 

pinnata 

(Karanja) 

native of Western Ghats in 

India, Northern Australia, 

some regions in Eastern 

Asia, Fiji 

Tree 25-50 30-50 [14,15] 

Calophyllum 

Inophyllum 

(Beauty leaf 

tree) 

Australia, East Africa, 

Southern coastal India to 

Malaysia 

Tree 50 - [17,18] 

Michela 

chaampaca 

China, Burma, eastern 

Himalayas, Assam, and 

Western Ghats in India 

Tree 45 - [10,14] 

Azadirachta 

indica 

(Neem) 

Native to India, Australia, 

Bangladesh, Burma, Cuba, 

Malaysia, Pakistan and Sri 

Lanka  

Tree 20-30 25-45 [10,11,14,15

] 

Linum 

usitatissimum 

(Linseed) 

Asia, Argentina, Canada, 

and Europe 

Herbaceo

us annual 

35-35 - [11,19] 

Milletia 

pinnata 

(Pongam oil 

tree) 

Malaysia, Australia, China, 

India, Pacific Islands, and 

Japan  

Legume 

Tree 

27-39 - [20] 

Moringa 

oleifera 

(Drumstick 

tree) 

Africa, Asia, Latin 

America, Oceania 

Tree 35 - [21,22] 

Aphanamixis 

piolystachya 

(Pithraj) 

Growing in India, China Tree - 35 [10] 

Asclepias 

syriaca 

(Milkweed) 

Distributed to the northeast 

and north-central United 

States 

Herbaceo

us 

perennial 

20-25 0.019 [10,11,23] 

Ricinus 

communis 

(Castor oil 

plant) 

Australia, Native to Africa 

and Eurasia 

Tree 45-50 - [24] 
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Waste 

cooking 

oil 

All countries - 97.02 - [25] 

Lingo cellulosic biomass 

Bagasse Almost every country in 

the world 

- - - [26] 

Wheat straw Almost every country in 

the world 

- - - [27] 

Rich Straw Almost every country in 

the world 

- - - [28] 

Barley straw Almost every country in 

the world 

- - - [29] 

Animal Fats 

Tallow Almost every country in 

the world 

- - - [30] 

Lard Almost every country in 

the world 

- - - [30] 

 

Table 1.2 Problems with using vegetable oils as engine fuels [31] 

Problem  Problem Cause 

Short – term  

1. Cold weather starting 
High viscosity, low cetane number, low flash point 

of vegetable oil 

2. Plugging and gumming of 

filters, lines, and injectors 

Natural gums (phosphatides) in vegetable oil. Ash 

3. Engine knocking 
Very low cetane of some oils. Improper injection 

timing 

Long – term  

4. Coking of injectors, carbon 

deposits on piston and 

head of the engine 

High viscosity, incomplete combustion of fuel. 

Poor combustion at part load 

5. Excessive engine wear 

High viscosity, incomplete combustion of fuel. 

Poor combustion at part load Possibly free fatty 

acids in the vegetable oil. Dilution of engine 

lubricating oil due to blow-by of vegetable oil. 

6. Failure of engine 

lubricating oil due to 

polymerization 

Collection of poly-unsaturated vegetable oil blow-

by in crank-case to the point where polymerization 

occurs 

 

1.4 Used cooking oil as a potential CI engine fuel  

Enormous amount of waste cooking oil (WCO) is generated all over the world 

from fast food centres, restaurants, households and food processing industry. It is 

estimated that nearly 1,000,000 to 3,000,000 tons/year of waste cooking oil is generated 

in the European Union. In the US, the generated amount is 5.2 billion to 7 billion gallons 
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a year whereas in Japan alone nearly 600,000-1,000,000 tons of WCO is generated 

annually [32]. In India, nearly 6.5 billion gallons of used cooking oil was generated in 

the year 2018 [33]. The disposal and storage of WCO is both costly and troublesome. 

Most of the used cooking oil is poured into the sewer system resulting in pollution of 

lakes, rivers, seas and underground water which leads to human health and 

environmental problems. If the used oil is reused, then the money spent of waste 

treatment can be minimized and the environmental pollution also will reduce. WCO 

can be used as a fuel as it is readily available and it is cheaper than diesel. Also its 

physical and chemical properties are close to diesel. Table 1.3 shows a comparison of 

the properties of diesel and waste cooking oil. Waste cooking oil use as a fuel can 

provide considerable economic benefits as the energy requirements of industries and 

automobile sectors can be met. Many researchers have converted used cooking oil into 

biodiesel using the transesterification process and tested on different types of diesel 

engines [34].  

Table 1.3 comparison of properties of waste cooking oil and diesel [35] 

Properties Diesel Waste Cooking Oil 

Density at 20°C (kg/m3) 840 880 

Lower Heating Value (kJ/kg) 42490 39600 

Viscosity (cSt) @ 30°C 4.59 45 

Flash Point (°C) 52-96 218 

Cetane Number 45-55 40-45 

Auto ignition Temp. (°C) 260 320 

Flame Velocity (cm/s) 30 3-6 

Flammability Limits (vol.% in air) 0.7-5 0.1-0.3 

Boiling Point (K) 436-672 657 

Molecular weight (g mol) 170 875.75 

Carbon residue (%) 0.1 0.54 

Sulfur content (% wt) 0.149 0 

1.5 Hydroprocessing of oils 

The vegetable oil can be upgraded (biodiesel) by the transesterification process 

wherein the triglycerides are converted into mono alkyl esters using either methanol or 

ethanol. The catalyst amount used in the process is changed in accordance to the free 
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fatty acid (FFA) content of the vegetable oil. However, the process is applicable when 

the FFA content is less than 2.5 wt%. Oils having higher than 2.5 wt% FFA content, a 

pre-treatment is required for reducing its FFA content so that the transesterification can 

be carried out. The biodiesel produced from transesterification has low oxidation 

stability and cetane number because of high degree of unsaturation and presence of long 

chains [36]. Long-term biodiesel use in diesel engines causes corrosion and deposit 

problems in fuel injection systems [37]. 

Other technologies for upgrading the vegetable oil are high pressure-temperature 

treatment, fluid catalytic cracking (FCC) and gasification by the Fischer-Tropsch 

process. In high pressure-temperature treatment no catalyst is used and temperature and 

pressure greater than 250°C and 250bars, respectively, is utilized for upgrading the 

vegetable oils. Any kind of heavy and complex hydrocarbon can be upgraded to diesel 

and gasoline using the FCC method. The syn-gas is converted into hydrocarbons in the 

presence of transition metals in the Fischer-Tropsch process. However, significant 

amount of gaseous component is formed in the Fischer-Tropsch process, whereas the 

other methods suffer from coke formation [38]. 

Hydroprocessing is a general term used to describe the reactions, such as 

hydrogenation, hydro-deoxygnation (HDO), hydro-denitrogenation (HDN), hydro-

desulfurization (HDS), hydro-cracking (HCR) and hydro-demetallation (HDM). To 

remove heteroatoms (sulfur, nitrogen, oxygen, metals) and for cracking and saturation 

of olefins and aromatics, the petroleum refining industry uses the well-known cracking 

and hydroprocessing technique [39]. The process can also be used for converting bio-

based feedstock into straight chain alkanes having C12 to C18 carbon atoms. The fuel 

has high cetane number (55-65) and its properties are better than diesel produced via 

transesterfication process [40]. As the fuel is similar to diesel, existing infrastructure of 
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diesel for storage, transportation and retail can be utilized, the existing engines can be 

used without any modifications and the process is flexible with the use of feedstock 

[41]. These bio-based alkanes/olefin mixtures having chemical structure CnH2n+2 are 

called by different names such “Hydrotreated vegetable oil (HVO)” [42], 

“hydrogenated vegetable oil” [40], “renewable diesel fuel” [36,43], “second generation 

biodiesel” [44], “paraffinic renewable diesel” [45,46], “hydroprocessed vegetable oil” 

[41], “bio-hydrogenerated diesel (BHD)” [47], and “super cetane” [41].  

1.6 Thesis Organization 

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

modified vegetable oil in a compression ignition engine” is divided into six chapters 

and its outline are as follows. 

Chapter 1 introduces the reader to the energy scenario of the world and India in 

particular. It shows that India’s energy consumption is increasing every year and there 

is an urgent need to look for the alternatives to fossil fuel due to their serious effect on 

the environment. For the Indian economy compression ignition engines are the prime 

movers, therefore, it is imperative to search for alternatives to diesel. The significance 

of vegetable oil as replacement to diesel is then discussed in the chapter. However, the 

straight oils are not preferable for operating the diesel engine. Hence these oils are 

suitable for conversion into fuels with diesel-like properties. Hydroprocessing is one 

such process, which converts the vegetable oil into diesel like fuel. 

In the second chapter, the existing literature is reviewed critically. The chapter is 

divided into two broad sections. First the conversion of straight vegetable into diesel 

like fuel using hydrotreating process is discussed. The effect of reaction parameters like 

the hydrogen pressure, reaction time and temperature on the conversion efficiency of 

the process is discussed. In the second section, the engine performance by using the 
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hydroprocessed fuel is discussed. The chapter also consists of the research gap and 

objectives of the present research. 

In the third chapter, the procedure for the production of the hydrotreated oil is 

discussed in detail, along with the optimization of the fuel production. The methods and 

instruments for finding the physico-chemical properties of the fuel is also discussed. 

The chapter also discusses the hot plate test setup and the Spraytec setup for finding 

ignition probability and Sauter mean diameter, respectively. The development of engine 

test setup and the test procedure is described. Lastly, the accuracy and uncertainty in 

measurement is reported in the chapter. 

In the fourth chapter, results of the experiments carried out to produce the 

hydrotreated oil is discussed in detail and the findings are compared with the existing 

literature. The production of the oil is optimized using Taguchi and Fuzzy logic 

approach. Using the optimized process, the fuel is produced and its properties is 

discussed in detail. 

In the fifth chapter, the results of the tests performed on the developed engine setup 

is discussed. The experiments were first carried out with the hydrotreated oil and diesel 

blends and then biodiesel was added into the two best blends to study its effect on the 

engine performance. The chapter discusses these results in detail and compares the 

same with the literature. Lastly, in chapter six, the major findings of the research is 

summarized and the future recommendations are provided. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1. Introduction 

Vegetable oil use in diesel engines dates back to several decades. Rudolf Diesel, 

predicted that the plant derived oils will be used to operate his engine, but due to the 

high cost of the oil as compared to diesel, their use became unacceptable. After the oil 

crisis, research again began on using vegetable oil as a substitute to diesel. The research 

further gathered pace when it was known that the combustion of fossil fuels was 

deteriorating the environment quality due to increased emissions and increase in prices 

of the crude petroleum oil. Vegetable oils was considered as a suitable alternative to 

diesel since many of its properties were close to petroleum diesel. However, direct use 

of vegetable oil resulted in major engine problems as their viscosity and carbon residue 

is high. By modifying the fuel or the engine this can be overcome.  

Vegetable oils can be either blended with diesel or they can be transesterified or 

preheated to lower their viscosity so that they can be used in a diesel engine with 

considerable success. Hydrotreating is another process for converting vegetable oil into 

diesel-like fuel or gasoline-like fuel. The process can be extended to convert waste 

cooking oil, raw vegetable oil, algal oil and animal fat into fuels with very high yield in 

the presence of a catalyst. The oils can be converted into iso-paraffin and n-paraffin in 

the range of gasoline, jet fuel and diesel. The calorific value, cetane number of the 

obtained products is high, their saturation level is also higher as compared to biofuel 

produced from conventional methods [48]. Fig. 2.1 shows the oil obtained from 

different processes such as oil produced from liquefaction of wet biomass, pyrolysis 

oil, and wax obtained from Fischer-Tropsch synthesis can be converted into fuels. This 

study is an attempt to convert the vegetable oil into hydrotreated vegetable oil using 

catalysts and the use of the produced oil in a diesel engine. A detailed literature review 
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on the process, reaction mechanism, and effect of various parameters on the reaction 

and the use of the fuel in the diesel engine is carried out.  

 

Fig. 2.1. CatalyticThydroprocessingTfor biomassTconversion andTupgrading 

towardsTfuelsTproduction. 

2.2. Processes Involved 

The oil is hydrotreated at high temperature and pressure in the presence of a catalyst 

using excess hydrogen. The treatment unit consist of three primary sections: (i) 

preparation of the feed, (ii) feed reaction, and (iii) product separation. 

Initially the oil and high pressure hydrogen is mixed at a higher temperature and 

later the feed enters the reactor. The reactor is fixed bed type which contains the 

catalytic beds at a set temperature. In the next section, the reactions occurring in the 

reactor are described in detail. The products formed in the reactor are separated in the 

separator section wherein they are cooled using a condenser. Then the products enter a 

gas-liquid separator where gas and liquid molecules are separated. Excess hydrogen 

along with by-products such as CO, CO2, H2S, NH3, and H2O are present in the gas. 

The gas can be treated to improve the overall efficiency of the system by removing the 

by-products and feeding the gas back to the system. The separated liquid product flows 

to a container placed on a weighing balance, to know the conversion percentage. The 

obtained liquid can then be fractionated and separated into products like naphtha, 

kerosene, and diesel [48]. 
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2.3. Reaction Mechanism 

For the hydrotreating process, the temperature is varied between 300-400°C and 

the pressure ranges from 6-20MPa [49–52]. Initially the double bond present in the 

triglyceride is broken so that it becomes saturated, then cracking is carried out [53]. 

Excess hydrogen is introduced in the process so that the double bond is broken. The 

vegetable oil chain length is large and complicated, by cracking the oil, the chain length 

reduces and the boiling point of the resulting oil is within the range of gasoline, diesel 

or jet fuel. Fig. 2.2 shows the reaction mechanism wherein cracking converts the 

triglyceride into its fatty acids and propane. Almost all vegetable oil contains oxygen 

but no sulfur and nitrogen. The major problem with transesterification process is its 

incapability to remove oxygen which reduces its oxidation stability and heating value 

and it also increases its corrosivity and acidity. Thus removing the oxygen in necessary. 

Three different reaction pathways namely hydro-decarboxylation (HDCX), hydro-

decarbonylation (HDCN) and hydro-deoxygenation (HDO) are possible for the 

removal of oxygen [49]. Fig. 2.2 shows that HDCX and HDCN reaction pathway result 

in odd number of carbon atoms. HDCX reaction yields CO2 as by-product and HDCN 

reaction yields water and CO as by-product. Carbon monoxide, carbon dioxide and 

water can then react on the catalyst surface to form methane (methanation reaction Eq. 

2.1-2.3) and CO (water gas shift reaction, Eq. 2.4). Whereas, HDO reaction pathway 

yields alkanes with even number of carbon atoms and oxygen which combines with 

hydrogen to form water [54–59]. HDO, HDCX, and HDCN relative activities is the 

main feature, as they affect the hydrogen consumption, yield of the product and 

inhibition of the catalyst [60]. Kochetkova [59] observed that 16 moles of hydrogen are 

required for converting Rapeseed oil to 6 moles of water, one mole of propane and rest 

hydrocarbon by the HDO route. With only seven moles of hydrogen, the oil is converted 
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into one mole of propane and 3 moles of CO2 by the HDCX route. However, if by water 

gas shift reaction all the CO2 is converted to CO, which is subsequently converted to 

methane, then 19 moles of hydrogen is consumed through the HDCX reaction pathway. 

Moreover, with HDCX reaction route the hydrocarbon yield is 94% of the HDO 

reaction route. 

CO + 3H2𝑇 ⇌ CH4 + 𝑇H2O                                         (2.1) 

2CO + 2H2𝑇 ⇌ CH4 + 𝑇CO2                                          (2.2) 

CO2 + 4H2𝑇 ⇌ CH4 + 𝑇2H2O                               (2.3) 

CO2 + H2𝑇 ⇌ CO + 𝑇H2O                                         (2.4) 

To control the reaction pathway, the operating parameters such as catalyst [61], 

reaction temperature and operating temperature [62,63] play a major role. Soybean oil 

was hydrotreated by Veriansyah et al. [53]. The authors found HDO reaction route is 

favoured by NiMo (Nickel Molybdenum), CoMo (Cobalt Molybdenum), and Pt 

(Platinum) catalysts, whereas HDCX reaction pathway is favoured by Ru (Ruthenium), 

Ni, and Pd (Palladium) catalysts. The order of the n-C17/n-C18 ratio was Ru/Al2O3 

(39.6), Ni/SiO2-Al2O3 (29.3), Pd/γ-Al2O3 (11.9), NiMo /γ-Al2O3 (2.49), CoMo/γ-Al2O3 

(2.16), Pt/γ-Al2O3 (0.92). The Palm oil was hydrotreated using Nickel-Molybdenum 

and Pd/C bimetallic catalyst [64]. Higher decarboxylation/decarbonylation rate is 

observed with NiMo catalyst as the C15-C16 ratio is in the range of 4.8 to 5.8. With Pd/C 

catalyst, decarboxylation/decarbonylation reaction is prominent as the temperature 

increases. With monometallic catalysts (like nickel with aluminium oxide as base 

catalyst) decarboxylation hydrocarbon products are only produced [65,66], whereas the 

reaction takes place through HDO route when molybdenum with aluminium oxide as 

base catalyst is used [67]. 

The effect of hydrogen pressure, reaction temperature, liquid hourly space velocity 

(LHSV), hydrogen to oil ratio on reaction pathway was studied by Srifa et al. [60] using 
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sulfided NiMo catalyst. HDO, HDCN and HDCX reaction pathway were observed with 

the catalyst, with HDO pathway being the dominant one. However, at high temperature 

or lower pressure, HDCN/HDCX reaction pathway is promoted over HDO pathway. 

During the hydroprocessing of Sunflower oil, Kikhtyanin et al. [68] found that as the 

temperature increases, the C17/C18 ratio also increases which indicates that the 

HDCN/HDCX reaction rates are higher than HDO reactions. Moreover, Guzman et al. 

[62] while hydroprocessing Palm oil found that at high operating pressure the HDCN 

and HDCX reactions rate are lower since the ratio of C17/C18 and C15/C16 decreased in 

the obtained oil. Similar results were observed by Krar et al. [69] and Mikulec et al.[44]. 

The LHSV has no significant effect on the reaction pathway as observed by Yang et al. 

[70] and Sankarnarayanan et al. [71]. The authors argued that deoxygenation of (H2) C-

O bond in triglyceride is slower than the breaking of –C (=O)-C17 bond. Therefore, the 

deoxygenation rate of free fatty acids is similar to decarboxylation/decarbonylation 

reaction. Moreover, Krar et al. [69] observed that hydrogen to oil ratio promotes 

decarboxylation/decarbonylation reactions. 

 
Fig. 2.2. Reaction pathways for conversion of triglycerides by hydroprocessing [53] 
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The hydrocarbons formed are straight chains having high cetane number, cloud 

and pour point, melting point and cold filter plug point (CFPP) [72]. Isomerization, i.e. 

transforming the straight chains into branched chains can lower the cloud point, pour 

point and CFPP [73]. A NiMo hydrotreating catalyst was used by Bezergianni et al. 

[42] and the effect of temperature on isomerization was studied. As the temperature 

increases, the percentage of iso-paraffins increases. At 398°C (36 wt. %) the highest 

paraffin is observed, and at 330°C (5.6 wt. %) the lowest paraffin is observed, resulting 

in improvement in cold flow properties but at the expense of decrease in cetane number. 

The iso/n-paraffin ratio was also varied by Yang et al. [70] by varying the operating 

parameters. With rise in temperature the iso/n-C16 ratio and iso/n-C17 ratio increases 

whereas the iso/n-C15 ratio and iso/n-C18 ratio decreases. The C18 ratio decreases mainly 

due to cracking of the hydrocarbons at higher reaction temperature. Similar results were 

obtained by Gong et al. [54]. 

Weight hourly space velocity (WHSV) also affects the isomerization of C16-C18, 

but it is constant for C15 due to its lower content in the organic liquid product (OLP). 

The isomerization rate decreases with increase in hydrogen pressure, as the hydrogen 

is absorbed on the active sites of the catalyst thus reducing the reaction. Hydrogen to 

oil ratio has little impact on iso/n-paraffin ratio. Simacek et al. [43] with a 

hydrocracking catalyst achieved a cloud point of -11°C and CFPP of -14°C, which 

further reduced to -20°C with flow improver. The cold flow properties can also be 

improved by blending of HVO with diesel [74]. Co-processing the oil with a heavy gas 

oil is another method [75]. Heavy gas oil and waste cooking oil was co-processed 

atT310, 330 andT350°C.TTheTlowestTpourTpoint was observed when theTwaste   

content was maximum and the highest temperature. Kikhtyanin et al. [68] used 

Pd/SAPO-31 catalyst with Sunflower oil for producing fuel with cloud and pour point 
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less than -50°C. Similarly, Hancsock et al. [76] used Pt/HZSM-22/Al2O3 for 

isomerization of pre-deoxygenated Sunflower oil, resulting in a fuel with good low 

temperature properties and high cetane number. In another work [77], the effect of 

different percentages of nickel in NiP/SAPO-11 catalyst was studied by deoxygenating 

fatty acid methyl ester (FAME). With no nickel content, less amount of iso-alkanes is 

formed which is due to special acid sites on SAPO-11. These acid sites are responsible 

for the generation of the carbon cations which are consequently isomerized. However, 

due to stearic hindrance of FAME, the isomerization rate is low. The isomerization rate 

reaches a maximum at 3% weight of nickel content since the active metal sites for HDO 

reaction increases and acid sites for isomerization also increases. Moreover, further 

increase in content of nickel results in decrease in isomerization rate since support may 

be occupied by the metal oxides or phosphides which cannot be reduced to active sites. 

Bezergianni et al. [78] compared a single-step with two-step process for the waste 

cooking oil hydroprocessing. In the single-step process only hydroprocessing is carried 

out whereas in two-step process first hydroprocessing and later isomerization is carried 

out. For hydrotreating NiMo/γ-Al2O3 catalyst is used whereas for isomerization a light 

amount of zeolite and high amount of NiW catalyst is used. With only hydroprocessing, 

the fuel produced has higher cold flow properties, whereas the fuel produced using two-

step process has lower CFPP. However, two-step process tends to increase the 

production of lighter products such as kerosene and naptha. The cetane index and 

heating value of the fuel produced was high with two-step process. The authors also 

found that the energy requirement, operating cost and hydrogen consumption of two-

step process is high. Therefore the authors suggested that the fuel produced from one-

step process can be blended with diesel (<10% v/v) and the blend properties satisfy the 

required legislation for winter diesel (EN590 diesel standard). 
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2.4. EffectTofTvariousToperating parametersTonTfuelTproduction 

Many studies on the effect of catalyst type, reaction temperature, and hydrogen 

pressure on fuel production from various vegetable oil exists. In the subsequent 

sections, the work carried by various researchers on different parameter is studied. 

Table 2.1 summarizes the studies conducted by various researchers. 

TableT2.1TStudiesTonTtheTHydroprocessingTofTPureTVegetable Oils 

 

Feedstock Catalyst 
Conditions 

T (°C), P (MPa) & LHSV (h-1) 
Reference 

Jatropha Oil Mesoporous ᾳ- alumina used as a 

supports sulfide TMN/ ᾳ-  Al2O3 

T: 300-400, P: 6-8, H2/oil ratio: 1000-

2000 lit/hr. and LHSV: 1- 10. 

[79] 

Palm Oil Commercial 5 wt.% Pd/C & 

synthesized NiMo/γ-Al2O3 

T: 350-450, P: 2-6, Reaction time: 

0.25-5 hr  

[64] 

Palm Oil NiMoS2/γ-Al2O3 T: 270–420, P: 1.5-8, LHSV: 0.25-5; 

H/C:250–2000 Nm3/m3; 

[60] 

Palm Oil NiMo/γ-Al2O3 T: 350, P: 4−9,  WHSV: 2, H2/oil:20 

mol/mol 

[62] 

Sunflower Oil commercial CoMo/Al2O3 T: 300–380, P: 2–8, LHSV: 1.0–3.0 h-1 

and H2/Sunflower oil volume ratio: 

200–800 Nm3/m3. 

[69] 

Sunflower Oil commercial hydrocracking 

catalyst consisting of supported 

metal sulfides 

T: 360-420, P: 18, Liquid feed flow 

(Sunflower oil) and hydrogen flow was 

49 g h-1 and 0.049 N m3 h-1 

[43] 

Sunflower Oil NiMo/Al2O3/F  T: 280−380, P: 2−8, LHSV = 0.75−3, 

H2/oil :400−600 Nm3/m3  

[80] 

Sunflower Oil Pt/HZSM-22/Al2O3 Pt/SAPO-11  T: 280−380, P: 3−8, WHSV: 1−4, 

H2/oil = 250−400 N m3/m3 

[76] 

Sunflower Oil Pd/SAPO-31  T: 310−360, P: 2, WHSV: 0.9−1.6, 

H2/oil = 1000 N m3/m3  

[68] 

Karanja Oil Commercially sulfide CoMo and 

NiMo catalyst supported on Al2O3 

T: 300−380, P: 1.5−3.5, weight hourly 

space velocity 1.1−5 h−1; H2/oil ratio: 

400−600 v/v 

[81] 

Rapeseed Oil Three catalyst with varying 

composition of NiO and MoO3 

T: 260-340, P: 7, LHSV: 1 h-1, H2/oil: 

22 g h-1 

[82] 

Rapeseed Oil Co-Mo / Al2O3 +SiO2 T: 320-380, P: 4, WHSV: 1h-1, H2/oil: 

240m3/ m3 

[59] 

Rapeseed Oil NiMo/Al2O3  T: 310−360, P: 7−15, WHSV: 1.0, 

H2/oil: 920 N m3/m3 

[83] 

Rapeseed Oil   NiMo/Al2O3, Mo/Al2O3, Ni/Al2O3 T: 260−280, P: 3.5, WHSV: 0.25−4.0 [84] 

Rapeseed Oil   sulfided NiMo/γ-Al2O3 T: 260, P: 3.5, WHSV: 1−4, H2/feed: 

50 mol/mol 

[67] 

Rapeseed Oil   (multiple grades) sulfided 

CoMo/γ-Al2O3 

T: 310, P: 3.5, WHSV: 2, H2/feed :100 

mol/mol 

[85] 

Soybean Oil NiMo/γ-Al2O3  T: 350−400, P: 1−20, batch [50] 

Soybean Oil NiMo/γ-Al2O3  T: 360, P: 14, batch [86] 

Soybean Oil NiMo/γ- Al2O3, Pd/γ- 

Al2O3CoMoS/γ- Al2O3, Ni/SiO2− 

Al2O3/γ- Al2O3, Ru/ Al2O3 

T: 400, P: 9.2, batch  

 

[53] 

Waste Cooking 

oil 

commercial hydrotreating catalyst  T: 330−398, P: 8.3, WHSV: 1.0, H2/oil: 

4000 scfb  

[42,87] 
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2.4.1. Effect of catalyst on production 

Two types of catalysts can be used for hydrotreating the triglycerides, first noble 

metals such as Platinum (Pt), Palladium (Pd), Ruthenium (Ru), Rhodium (Rh), etc. 

[53,62,64,68,76], second transition metals such as Nickel (Ni), Cobalt (Co), 

Molybdenum (Mo), and Tungsten (W) [50,67,70,82,84]. Different supports such as 

alumina, zeolites and carbon can be used as supports. The cost of noble metals is high 

and their lifetime is short as compared to transition metals. Co, Ni and Mo are the most 

employed catalysts both in monometallic and bimetallic form [59–62,82,84]. The 

possibility of compounds containing oxygen is higher with monometallic catalysts as 

compared to bimetallic catalysts, since the bimetallic catalysts can easily deoxygenate 

the intermediates before they are desorbed from the active sites of the catalysts [84].   

Kiatkittipong et al. [64] hydroprocessed crude Palm oil using Pd/C catalyst 

resulting in 51% diesel yield. With degummed Palm oil, the yield increased to 70% 

with a reaction duration of one hour, whereas with Palm distillate the maximum diesel 

yield is 81%. NiMo/γ-Al2O3 catalyst was also used by the authors for hydroprocessing 

degummed Palm oil and fatty acid Palm oil. The NiMo catalyst resulted in higher yield 

with degummed Palm oil, whereas Pd/C catalyst resulted in higher diesel yield with 

fatty acid Palm oil. Sotelo-Boyas et al. [91] used Pt/H-ZSM-5, Pt/H-Y, and sulfided 

NiMo/γ-Al2O3 catalyst for hydroprocessing Rapeseed oil. The cracking activity of the 

zeolite supported platinum is high due to the presence of stronger acid sites thereby 

increasing the production of green gasoline. However, the platinum supported on H-Y, 

resulted in higher production of green diesel. Moreover, the production of iso-paraffin 

Waste Cooking 

oil 

NiMo/B2O3− Al2O3 T: 300−350, P: 7, batch [88] 

Waste Cooking 

oil 

commercial hydrocracking 

catalyst  

T: 350−390, P: 13.8, WHSV: 1.5, 

H2/oil: 6000 scfb 

[89] 

Waste Cooking 

oil 

commercial hydrocracking 

catalyst 

P: 8.27-9.65, H2/Oil ratio: 543- 890 

nm3/m3, LHSV: 0.5-1.5 h-1, T: 370 

[90] 



 

 

Performance, Emission and Combustion Studies of a Modified Vegetable Oil 

in a Compression Ignition Engine 
 22 

CHAPTER 2 

is higher with zeolites. Pd, Ru, Ni, Pt, NiMo, and CoMo catalyst were compared on the 

basis of their conversion efficiency and product composition [53]. For CoMo catalyst 

the n-alkane content is less than 55% whereas with Pd or Ni catalyst it was more than 

80%. The authors from their study concluded that transition metals are more suited for 

triglycerides hydroprocessing due to their higher oxygen removal and conversion 

efficiencies at low cost. 

Bezergianni et al. [92] employed three commercial catalyst for studying the effect 

of catalyst on waste cooking oil. Catalyst A was hydrotreating catalyst, catalyst B was 

mild hydrocracking catalyst and catalyst C was severe hydrocracking catalyst. The 

authors observed highest conversion efficiency and diesel selectivity with catalyst A, 

whereas catalyst B use resulted in steep reduction in heteroatoms and nearly 99% 

saturation of double bonds. However, catalyst C due to its hydrocracking nature 

resulted into lower hydrocarbons and more of gaseous components resulting in lower 

efficiency. The waste cooking oil was completely converted into hydrocarbons by Toba 

et al. [88] the authors found that nickel based catalyst is more suitable for 

hydrodeoxygenation as compared to CoMo since the latter prevents production of 

olefins. The composition of NiO and MoO3 were varied in the catalyst by Simacek et 

al. [82]. There was no effect of the catalyst on n-heptadecane content but the n-

octadecane content varied. The authors also observed that the increase in reaction 

temperature, increases the n-heptadecane content and the n-octadecane content 

decreased. Zhao et al. [93] hydroprocessed carinata oil and studied the effect of 

different molar ratios of Zn/Mo on the produced fuel content. Lower acid content was 

observed in the biofuel loaded with Zn and Mo with Al2O3 as compared to only Al2O3. 

The metal loading on Al2O3 promotes the acidity of the catalyst which is responsible 

for promoting the HDO reaction and increasing the hydrocarbon content. The 



CHAPTER 2 

 

 

23 Performance, Emission and Combustion Studies of a Modified Vegetable Oil 

in a Compression Ignition Engine 

hydrocarbon content increased till a Zn/Mo molar ratio of 2, further increase in the 

molar ratio resulted in decrease in hydrocarbon content. The aggregation of zinc oxide 

particles in higher Zn/Mo ratios leads to accelerated deactivation of the catalyst. By 

using different catalyst the fuel yield with Rapeseed oil also varied [84]. After 1 hour 

reaction time, the hydrocarbon yield with Ni or Mo varied from 30% (260°C) to 80% 

(270°C), whereas with NiMo, after one hour reaction time the hydrocarbon yield varied 

from 90% (260°C) to 100% (270°C).  Monnier et al. [94] evaluated the performance of 

nitrides of vanadium, tungsten and molybdenum with oleic acid. With molybdenum 

nitride eight times more octadecane was produced as compared to vanadium and 

tungsten nitride. The molybdenum nitride is a good water gas shift reaction catalyst 

resulting in the shift of thermodynamic equilibrium of CO, CO2, H2O, and H2. The 

hydro-deoxygenation activity of the catalyst was more since the hydrogen consumption 

was higher and water formation was more. Karanja oil was hydrotreated by Nimkarde 

et al. [81] using sulfided NiMo and CoMo catalyst in a fixed bed reactor. Nickel based 

catalyst resulted in maximum fuel conversion (90%) at 653K. HZSM-5, fluid catalytic 

cracking (FCC) and CoMo were used for pomace oil hydrotreating [95]. FCC and 

HZSM-5 catalyst promotes cracking hence large quantity of lighter hydrocarbons were 

produced by their use. The aromatic compounds content was also higher. With CoMo 

catalyst, diesel like fuel was produced with lower aromatic content.  

Co-processing of vacuum gas oil and Sunflower oil in the ratio of 70/30 v/v was 

hydrocracked using three catalysts [96]. Three catalyst: catalyst A is a mild 

hydrotreating catalyst, catalyst B is a severe hydrocracking catalyst, whereas, catalyst 

C use increased diesel production were used by the authors. Catalyst A works well with 

low pressure; hydrocracking was performed with catalyst A and catalyst B at 

1000Tpsig. On the other hand, catalyst B and catalyst C were compared at 2000 psig 
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pressure. Catalyst B use resulted in the highest conversion of the liquid along with 

highest naphthalene selectivity. The liquid product contained both gasoline and diesel, 

but the diesel selectivity is more. Catalyst B worked well in reducing oxygen whereas 

catalyst C is more efficient in reducing sulfur and nitrogen. Heavy gas oil and waste 

cooking oil were also co-hydroprocessed by Bezergianni et al. [97] using NiMo and 

CoMo catalyst. The authors used 10 and 30% of waste cooking oil on volume basis for 

the process using three reaction temperatures (330°C, 350°C and 370°C). For CoMo 

catalyst, presence of WCO has an adverse effect on desulfurization and denitration, 

while is has positive effect on NiMo catalyst. Moreover, WCO addition favours 

conversion, selectivity, and saturation for both the catalysts. The maximum conversion 

efficiency of 55% is obtained using CoMo at 330°C with 30% WCO. The selectivity of 

diesel is highest with NiMo at 330°C. At low temperatures the diesel selectivity is 

higher since the cracking of fuel is lower. The authors concluded that NiMo is suitable 

for co-processing of WCO and heavy gas oil mixtures whereas CoMo is more suited 

for heavy gas oil. Kumar et al. [98] co-processed refinery gas oil and Jatropha oil using 

sulfided CoMo/Al2O3, Ni-W/SiO2- Al2O3, and NiMo/Al2O3. 97.9% yield of C15-C18 is 

seen with NiMo, with Ni-W the yield is 80.8%, and with CoMo the yield is 49.2% with 

pure Jatropha oil. Fresh NiMo and CoMo catalyst use HDO reaction pathway for 

oxygen removal from Jatropha whereas NiW favors HDCN/HDCX reaction pathway. 

Resulfidation of NiMo tends to slightly favour the HDCN/HDCX route. The diesel 

range with NiMo varied between 88-92% during co-processing. Also the gas oil 

desulfurization is better during co-processing. 

The catalyst support plays a major role in its activity. The industry widely uses 

alumina for removing sulfur content of the fuel. Therefore, many studies are present 

that have used alumina support for hydroprocessing of biomass oil. The problem with 
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alumina is its deactivation by nitrogen and coke formation after prolonged use. The 

pore size of alumina is also small which makes vegetable oil processing difficult since 

their molecule size is big. Other supports have also been used for hydrotreating such as 

carbon [99], clays [100], oxides like MgO, SiO2, TiO2, ZrO2 [59,101,102], zeolites like 

UsY, NaY [103,104], and mesoporous materials like HMS [105], MCM-41[106], and 

SBA-15 [107] etc. 

Mo2C catalyst supported on multi-walled carbon nanotubes was used by Han et al. 

[99]. The authors found the conversion efficiency to be 90% and diesel like fuel 

selectivity to be 91%. The cost of activated carbon is low, its BET surface area is high, 

wide pore size, low acidity and metals can be smoothly recovered from the spent 

catalyst [99]. CoMo catalyst was supported on activated carbon for co-processing 

Jatropha and gas oil [108]. In comparison to mesoporous alumina support, the C15-C18 

content was higher for activated carbon. Pure Jatropha oil was hydroprocessed using 

mesoporous titanosilicate supports [109]. A large quantity of kerosene range 

hydrocarbons is observed with five times more isomerized fuel and slight improvement 

in activity as compared to alumina supports. Higher acidity, favourable metal support 

interactions, and better metal dispersion are the probable reason for the increase in 

yield. Three different hierarchical structure of titanium oxide support with nickel and 

cerium as catalyst were used to hydroprocess Jatropha oil [110]. The structures include 

TiO2 nanopowder, titanium nanotubes (TNT) and titanium nanosheets (TNS). The 

catalyst preferred decarboxylation/decarbonylation reaction route as the concentration 

of n-C17 is the highest. The lowest triglyceride efficiency is observed with TNS support 

(54%), which increased to 71% with TiO2 and the highest efficiency is observed with 

TNT support (85%). USY, ZSM-5, Zeolite β, γ-Al2O3, and AL-SBA-15 were used as 

supports for NiMoC catalyst. Use of zeolites result in more cracking activity as they 
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have a specific pore structure which result in more gasoline and gaseous products. High 

amount of hydrocarbons in the range of diesel was produced with mesoporous γ-Al2O3 

and AL-SBA-15. 100% conversion and 97% diesel selectivity is observed with AL-

SBA-15 supported catalyst, which can be attributed to high surface area, significant 

porosity and regular channel structure.  

The catalyst deactivation is the loss of activity and product selectivity with reaction 

time. The regeneration or replacing cost of catalyst can be high. The catalyst 

deactivation can take place due to: (1) active sites poisoning caused by chemisorption 

of heteroatoms, (2) deposition of coke on catalyst surface resulting in coking, (3) 

sintering/thermal deposition due to breakdown of catalyst and support surface area 

because of crystalline growth, (4) internal pores loss during crushing [38]. Guzman et 

al. [62] hydroprocessed Palm oil using NiMo catalyst and found that the acidic sites of 

the alumina support favoured the esterification reactions resulting in the formation of 

high molecular weight esters in the fuel thereby deactivating the catalyst. Continuous 

change in Pd/SAPO-31 catalyst with increase in on-stream time was observed by 

Kikhtyanin et al. [68]. The concentration of Pd was same both before and after use but 

the dispersion decreased from 50 to 11% for used catalyst. The metal particles are 

sintered during the reaction which reduces the catalyst’s function, resulting in lower 

deoxygenation of fatty acids and lower conversion of n-alkanes to iso-alkanes. The 

presence of oxygenates resulted in faster deactivation of the catalyst. WCO was 

hydrocracked at three different temperatures to assess the effect of days on stream 

(DOS) on the catalyst conversion efficiency [89]. The experiments were conducted in 

duplicate; in the first run (Run-A) the data was sampled at an earlier stage and in the 

second run (Run-B) the data was collected at a later stage of the experiment. For Run-

A, with increase in temperature the conversion increased. Whereas for Run-B, the 
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conversion at 370°C is 70.8% at 34 DOS and at 350°C it is 72.72% at 26 DOS. 

Therefore, the catalyst activity decreases after at least 34 DOS and the increase in 

temperature cannot compensate for the activity decrease, this is due to the blockage of 

catalyst pores by large molecules of the oil. 

Presence of sulfur compounds in the feedstock is beneficial for increasing the 

catalytic activity. The deoxygenation performance is improved by addition of di-

methyl-di-sulfide (DMDS) to the catalyst [85]. Since the acidity of the catalyst 

improves as metal sulfide is formed through decomposition of DMDS. A small 

percentage of DMDS and tetra-butyl–amine (TBA) were added to the catalyst to 

maintain its constant activity [89].   

2.4.2. Effect of temperature on production 

The reaction temperature is the most important parameter for controlling the 

products formed during the hydroprocessing. Bezergianni et al. [87] hydrotreated waste 

cooking oil, and studied the effect of temperature on conversion, selectivity, product 

yield, saturation of double bonds and heteroatom removal, rest of the parameters were 

kept constant. At high temperatures the oil is cracked resulting in formation of gasoline 

molecules as the yield of gasoline increased from 0% at 330°C to 10.2% at 398°C. 

Sulfur and nitrogen were removed from the liquid product, however, oxygen removal 

rate at lower temperature was low which increased with increase in temperature. 

Bromine index is a measure of amount of unsaturation present in the liquid. The authors 

observed that the bromine index decreases with increase in temperature. Sulfided 

TMN/mesoporous α-alumina was used by Jha et al. [79] to hydroprocess Jatropha oil. 

They found an increase in converted triglycerides with the increase in temperature. 

Also, the C15-C18 hydrocarbon molecules increased at 340°C and the oligomerized 

(>C18) hydrocarbons decreased. While hydrocracking triglycerides using CoMo 
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catalyst, Anand et al. [111] found similar results. At lower temperatures, oligomerized 

hydrocarbons were formed, whereas at higher temperature C15-C18 hydrocarbon 

molecules were formed. 

Kubicka et al. [84] hydroprocessed Rapeseed oil and found the conversion to be in 

the range of 80 to 90 wt.%, and at 270°C, complete conversion of triglycerides was 

observed. Similarly Simacek et al. [83] observed complete conversion at 360°C. 

Kikhtyanin et al. [68] found that the complete conversion of Sunflower oil is possible 

in the temperature range of 320-350°C with Pd/SAPO–31 catalyst, whereas Hancsok et 

al. [76] with Pt/HZSM-22/Al2O3 catalyst completely converted Sunflower oil at 350°C. 

While hydrotreating the pomace oil, Pinto et al. [95] found an increase in methane and 

other gaseous hydrocarbon products as the reaction temperature and time increases. The 

authors attributed it to higher cracking reactions as observed by increase in hydrogen 

consumption and 30 to 40% increase in CO and CO2 which shows that HDCN/HDCX 

reactions are favoured. At 300°C, only 3% fatty acid content was found while 96% of 

the light fractions were converted into hydrocarbons. Moreover, at 430°C, the 

hydrocarbon content increased to 99% and the fatty acid content decreased. The 

hydrotreated Palm oil solidified at room temperature when the process was carried out 

at 270°C and the product contained small amounts of triglyceride along with palmitic 

and stearic acid [60]. The authors also noted that as the temperature increases from 270 

to 300°C, the product yield increases from 26.7% to 89.8%. However, as the 

temperature is further increased to 420°C, the yield falls to 37.9%. Simacek et al. [82] 

also observed reactant and intermediates in the product when the process was carried 

out at temperatures below 310°C. In another work of the group, the authors found high 

acid numbers (0.54-0.65mgKOH/g) at 310°C, since more amount of carboxylic acid was 

formed which reduced to less than 0.06mgKOH/g acid number at 360°C.  
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Heavy atmospheric gas oil (HAGO) was co-processed with waste cooking oil by 

Bezergianni et al. [96] using NiMo and CoMo at 330, 350, & 370°C, keeping other 

parameters constant. The sulfur removal rate improved from 89.15% at 330°C to 99.24 

at 370°C for pure HAGO, with WCO addition, the removal rate further improved with 

NiMo catalyst. However, the sulfur removal rate dropped to 87.12% and 80.93% for 

10% and 30% WCO addition in HAGO with CoMo as a catalyst. The drop is due to the 

competition between hydro-desulfurization and HDO which occurs at the same active 

site. Moreover, the conversion efficiency of NiMo for pure HAGO is small which 

improves with WCO addition. Similarly, the conversion efficiency improves with 

WCO addition for CoMo catalyst which is maximum (55%) for 30% addition of WCO. 

Rajesh et al. [108] used CoMo with carbon as support for hydrotreating a mixture of 

gas oil (GO) and Jatropha oil (JO). At 330°C, the sulfur content is 40ppm for neat GO, 

124ppm at 5% concentration of JO in GO, 154ppm at 10% concentration of JO in GO 

and 220ppm at 20% concentration of JO in GO. Moreover, with increase in temperature 

the sulfur content reduced for all percentages of Jatropha in the gas oil. 

Waste cooking oil and heavy gas oil (HGO) mixtures were hydroprocessed over 

NiMo catalyst by Bezergianni et al. [75]. The highest conversion of 48% was observed 

at maximum temperature of 350°C with 70/30 HGO/WCO mixture. Moreover, the 

higher the WCO content in the mixture, the higher is the conversion at different 

temperatures. At low temperature the consumption of hydrogen is low, since only 

saturation and heteroatom removal takes place whereas at higher temperature cracking 

also occurs. With HGO/WCO mixture, the consumption of hydrogen is high in 

comparison to neat HGO which increases with the increase in WCO content in the 

mixture since hydrogen is also required for deoxygenating and cracking the 

triglycerides. Pre-hydrotreated and non-hydrotreated vacuum gas oil (VGO) and 
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Sunflower oil mixtures were hydrocracked by Bezergianni et al. [96]. The authors 

observed that the conversion efficiency with pre-hydrotreated VGO is higher than non-

hydrotreated VGO and VGO conversion efficiency increased with Sunflower oil (SFO) 

addition. 70/30 hydrotreated VGO/SFO mixture resulted in conversion of 17 wt. % of 

total mass, whereas, 90/10 hydrotreated VGO/SFO mixture resulted in conversion of 

9Twt. % of total mass. With untreated VGO, 12 wt. % is converted with 70/30 

VGO/SFO mixture and 6 wt. % is converted with 90/10 VGO/SFO mixture. At a 

maximum temperature of 390°C, the conversion efficiency approaches a maximum of 

70% with 70/30 hydrotreated VGO/SFO mixture. However, the diesel selectivity is 

adversely affected by the temperature as the large molecules of diesel are cracked into 

lighter molecules with increase in temperature. 

2.4.3. Effect of hydrogen pressure on production 

For hydroprocessing the vegetable oil, the hydrogen plays a crucial role, therefore 

its consumption must be considered for economic evaluation of the process. 

Bezergianni et al. [90] varied the hydrogen pressure from 8.27 to 9.65 MPa for 

hydrotreating the WCO. At highest pressure, the maximum yield of 71.36% for diesel 

like fuel is obtained. Moreover, the yield of gasoline like fuel decreases with increase 

in pressure. It fell from 5.16% at 8.27MPa to 4.03% at 9.65MPa. Also the oxygen 

removal efficiency increases with increase in pressure. Nimkarde et al. [81] found that 

hydrogen pressure strongly affects the hydrogenation, isomerization and cracking 

reactions. The conversion of karanja oil increased from 60.1% at 1.5 MPa to 85.6% at 

3 MPa over CoMo catalyst. Similar result was observed with NiMo catalyst (62.1% and 

88.4%). The triglycerides deoxygenation and breaking of glycerol increases with 

increase in pressure but the operating costs also increases. 
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The hydrogen pressure was varied in the range of 2 to 8 MPa for hydrotreating a 

mixture of octadecanoic acid, octadecenoic acid and octadecadienoic acid (5: 77: 18 by 

weight) as well as an impurity (C16-20 fatty acids ≤ 3 wt. %) by Yang et al [70]. The 

authors found that C15-18 yield increases till 4MPa, further increase in pressure results 

in decrease in yield showing that the cracking reaction rate has slowed down. Also, the 

C17 yield reduces from 10.19% at 3MPa to 7.39% at 8MPa while C18 yield increased 

from 7.18% to 10.68%. C17 is formed via the HDCN/HDCX reaction route whereas C18 

is formed via deoxygenation route. The HDO reaction is promoted since large amount 

of hydrogen is absorbed on the surface of the active sites. Krar et al. [69], Guzman et 

al. [62] and Anand et al. [111] also observed similar results. Yang et al. [70] also found 

that the isomerization reactions were reduced at high hydrogen pressure due to lower 

availability of active sites for the hydrocarbon molecules. Chen et al. [112] found that 

gaseous product formation is dependent upon both reaction temperature and pressure. 

At 0.4 MPa approximately 11% C1-C4 hydrocarbons, 3% CO2 and 4% CO is observed. 

As the hydrogen pressure increases, the gaseous products percentage decreases. With 

reduction in temperature, the gaseous products further decreases. It can be concluded 

that at high temperatures due to cracking more gaseous products are formed but high 

hydrogen pressure inhibits the gaseous products formation. 

While hydrotreating crude Palm oil, Palm oil fatty acid distillate and degummed 

Palm oil, Kiatkittipong et al. [64] observed maximum diesel yield at 40 bar using palm 

oil fatty acid. Moreover, the pressure has no effect on diesel yield with crude Palm oil 

and degummed Palm oil, whereas with distillate the yield is affected at higher pressures. 

This shows that the higher hydrogen pressure along with saturation of dissolved 

hydrogen pushed the reverse water gas shift reaction towards higher amount of CO 

formation. CO is a preferential surface adsorber which may deactivate the active sites 
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of the catalyst. It is also observed that the hydrogen consumption is less for fatty acid 

distillates as compared to crude and degummed Palm oil. Sotelo-Boyas et al. [91] found 

that 8-10MPa hydrogen pressure is required for liquid product formation, below 8MPa 

solid content containing high amount of carboxylic acid is detected. When zeolite 

catalyst was used, even higher pressures were required for liquid product yield. 

Sunflower oil and gas oil was co-processed over NiMo/Al2O3 catalyst incorporating 0, 

15 or 30 wt.% zeolite beta (BEA) [71]. For all the catalysts, the conversion efficiency 

increased with increase in hydrogen pressure from 30 to 60 bar. NiMo-30BEA was the 

most active catalyst and nearly 93% conversion was observed at 30 bar. HDS activity 

decreased with vegetable oil addition to the gas oil due to water formation which 

suppresses the HDS-sites. The zeolites containing catalyst are more active in removing 

sulfur than alumina bas catalyst. 10% oleic acid addition to the blend also resulted in 

higher HDS activity, especially at higher pressures.  

2.5. Hydroprocessed vegetable oil use in diesel engines 

The hydrotreated oil can be used as a neat CI engine fuel, as a blend with commercial 

diesel or mixed with additives. Researchers have used oil produced by Neste oil refinery 

which sells the oil under the brand NExBTL. Researchers have tested the oil on bus 

fleet of Helinski Transport Company, various other buses, cars, and light duty vehicles 

on roads or by using Braunschweig cycle, NEDC cycle, European stationary cycle and 

other cycles. This section reviews fuel properties, spray characteristics, combustion, 

performance, and emission behaviour of HVO as a fuel. 

2.5.1.  Fuel properties 

The density of the hydrotreated vegetable oil (HVO) is slightly lower than fossil 

diesel but is significantly lower than biodiesel. If an engine has same thermal efficiency 

with different fuels, then the consumption of fuel will be in direct relation with the 
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heating value of the fuel, i.e. fuel with lower heating value will be consumed more to 

produce the same power. HVO has a heating value of nearly 44MJ whereas for 

petrodiesel it is 43MJ. The cetane number of HVO is in the range of 84-99 as it is a 

mixture of normal and iso-paraffins. The higher the cetane number the lower is the 

ignition delay. High cetane number also improves the cold-start ability and reduces 

noise, white smoke and emissions [83]. For the improvement of cold flow properties, 

the presence of light hydrocarbons is necessary, however, HVO has limited carbon 

atom range (C15-C18). Therefore, it is difficult to improve the CFPP with cold flow 

additives used for petrodiesel. HVO can be isomerized to improve its cold flow 

behaviour and it is possible to achieve cloud points lower than -40°C [113]. The wax 

settling tendency of blends of isomerized HVO and diesel in the ratio of 90/10 & 80/20 

diesel/iso-HVO was studied by Caprotti et al. [47]. The authors found that the wax 

crystals did not settle for iso-HVO20 even without adding wax anti-settling additives, 

due to the dilution effect of iso-HVO and high heat treat rate of the conventional cold 

flow additives used in the test.  

The bulk modulus of compressibility of fuels, affect the start of injection in injection 

systems that do not operate under constant pressure. For example, a compressibility 

change of 10% in a pump-nozzle system can affect the start of injection by 0.5° crank 

angle (CA). If the compressibility of the fuel is less, then the pressure rise will be fast 

and maximum pressure will be higher [113]. The bulk modulus of compressibility of 

HVO is high at pressures varying from 5 to 15MPa and it is slightly lower at high 

pressures in comparison to petrodiesel [114]. A material compatibility study for using 

HVO as a fuel was conducted by Jaroonjitsathian et al. [115]. The authors found no 

effect of storing HVO in a zinc coated fuel tank by using a metal cup test. Similar results 

were obtained by Makinen et al. [45] who found the HVO to be clear even after storing 
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the fuel in a fuel storage tank for eight months. Due to the aromatic content of the fuel 

the rubber seals may swell. Since HVO has almost no aromatic content. Some changes 

in the seal should occur but field trials show that there is no issue with the seals. 

2.5.2.  Performance Characteristics 

The research on spray characteristics with HVO is limited. The influence of spray 

characteristics with HVO on a common rail engine was studied by Sugiyama et al. 

[116]. The spray pattern, angle and Sauter mean diameter (SMD) are same for HVO 

and diesel. The authors also found 3-5% higher fuel quantity of HVO injected than 

petrodiesel at injection pressures varying from 40 to 200 MPa. However, there is no 

power loss with HVO even though the energy content on volume basis is nearly less 

than 5%. Hulkkonen et al. [117] also observed no change in spray pattern while using 

two orifice diameters of 0.08 and 0.12 mm and injection pressure of 45, 100 and 198 

MPa. The authors also did not observe any difference in spray penetration for two 

orifice diameters, in a fuel injection test with the same injection duration. Bernoulli’s 

equation can be used to explain this phenomenon which states that volume flow rate is 

inversely proportional to the square root of the fluid density [118]. As the HVO has 

lower density than diesel its flow rate will be approximately 4% higher. The fuel is pre-

metered in the pump barrels of in-line pumps, distributor pumps or pump-nozzle 

injection systems. These system meter the fuel on volume basis and the quantity of fuel 

is not varied with change in density. Therefore, for the same amount of fuel less energy 

content enters the combustion chamber resulting in power loss [113]. 

The engine performance was compared with biodiesel, HVO and iso-HVO blends 

with petroleum diesel in various ratios [119]. The results show power loss at the 

maximum power with HVO, iso-HVO and biodiesel which increases with increase in 

blending ratio. At full power, biodiesel shows the worst power loss, whereas iso-HVO 
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shows the least power loss, since the heating value of biodiesel is lowest. The fuel 

consumption was also lower for HVO blends as compared to biodiesel blends. With the 

increase in blending ratio the fuel consumption increases with biodiesel whereas the 

fuel consumption decreases with increase in blending ratio of HVO and iso-HVO. 

Aatola et al. [120] also reported similar results during the heavy duty engine testing 

with NExBTL fuel. Makinen et al. [45] conducted a field test for fuel consumption 

using 11 buses representing EURO II to Enhanced Environmentally friendly Vehicles 

(EEV) emission certification. Neat HVO reduced the energy consumption by nearly 

0.5% in comparison to summer and winter grade diesel, whereas the HVO volumetric 

consumption increased by 5.2 and 3.5%, respectively. On a chassis dynamometer the 

acceleration and traction power of the buses was also tested. Buses equipped with inline 

injection pump takes 17s with summer grade diesel and 18s with 100% HVO to reach 

50km/h. The traction power at 50 km/hr is 115kW with diesel and 108 kW with 100% 

HVO. In the case of common rail injection buses, the buses reach 50 km/hr in 15s and 

traction power is 150kW.   

A Toyota pickup truck was tested using 5% biodiesel and varying blends of iso-

HVO in petrodiesel by Caprotti et al. [47]. As the blending ratio of iso-HVO increases 

the fuel consumption decreases. The cold start ability and drivability of the truck with 

HVO was also tested in the field. Iso-HVO tested was at least equivalent to base fossil 

fuel for both start ability and drivability. 20% of HVO blended in diesel can be used in 

the field with correct cold flow additives at an appropriate treat rate, and its behaviour 

is harm free in severe driving conditions. NExBTL was utilized by Sugiyama et al. 

[116] to study the effect of cetane number on combustion with single fuel injection. 

The ignition delay reduced with HVO due to its high cetane number resulting in lower 

combustion noise with energy consumption similar to fossil diesel. The rate of heat 
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release was advanced at low load condition resulting in improvement in combustion 

which is attributed to lower temperature at the start of injection. The difference in heat 

release rate and ignition delay is smaller between HVO and diesel fuel at medium load 

conditions. Moreover, at high load, the ignition delay with HVO is identical to diesel 

due to higher internal gas temperature at the start of combustion. The ignition delay is 

same with both the fuels with pilot fuel injection. As the pilot injection causes a rise in 

gas temperature at the start of combustion thus the difference in heat release rate for 

both the fuels was lowered at all loads. 

A batch process as well as continuous process was used for hydrotreating canola oil 

derived fatty acids [121]. The tests were performed for jet fuel, biodiesel and baseline 

diesel. The experimental results show lower brake specific fuel consumption for 

renewable fuels and shorter ignition delay. With renewable fuels, the peak cylinder 

pressure is low, the rate of increase in cylinder pressure is low, and the heat release rate 

is low in comparison to diesel. At a brake mean effective pressure (BMEP) of 1.26 bar 

the biodiesel has the highest brake thermal efficiency and the renewable diesel made 

from batch process resulted in a drop of 8% in brake thermal efficiency. At a BMEP of 

3.77Tbar the jet fuel has the highest thermal efficiency and the isomerized hydrotreated 

canola oil has 5% lower efficiency than jet fuel. 

Imperato et al. [122] used HVO in large bore CI engines at low loads having marine 

applications. Miller timing was used to improve the combustion and simultaneously 

reduce NOx emissions. Up to 70°CA advancing was done for inlet valve timing and the 

scavenging angle was varied from -45 to 60°CA. With inlet valve timing of 50°CA 

(Miller timing) and scavenging angle of -30°CA the fuel consumption with HVO is 

similar to reference timing of 15°CA and 60°CA scavenging. If the scavenging angle 

is further reduced to -45°CA the fuel consumption shoots up to 230g/kWh. With 70°CA 
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Miller timing and various scavenging angles the consumption of fuel is almost constant 

and comparable to standard timing. If the inlet valve closing is more advanced the 

ignition of mixture is late. With 70°CA Miller timing, the ignition delay is 3°CA longer 

and the peak pressure is nearly four times higher than reference timing, resulting in 

creation of high temperature zones which increases the NOx emission. The effect of 

positive, negative and zero scavenging was also studied with the same Miller timing. 

The increased exhaust gas residuals resulted in lower peak pressure and earlier ignition. 

The peak of heat release rate is small in premixed combustion and the overall heat 

release is lower than positive scavenging. The authors concluded that at low loads, the 

Miller cycle is not beneficial as the delay in ignition is long and the combustion is not 

regular. Moreover, the presence of small amount of exhaust gas results in lower NOx 

emission, slightly higher soot and no penalty on fuel consumption. The same group 

[123] conducted similar study using high load condition. By implementing only Miller 

technique the NOx emissions reduced and the fuel consumption improved slightly. The 

only drawback is the use of high pressure air which means more performing 

turbocharger. As the Miller rate increases the ignition delay increases and the peak of 

premixed combustion also increases which makes the combustion less stable. With 

scavenging the cylinder pressure becomes more stable. 50°CA Miller timing and 

negative scavenging results in lower NOx emission but the fuel consumption increases. 

With 70°CA Miller timing, the emissions remain same and the fuel consumption 

increases by 13%.  

2.5.3. Emission Characteristics 

Many researchers have studied the emission reduction potential of HVO. The fuel 

produced by hydrotreating of Jatropha oil was utilized for evaluating the emission 

produced from a vehicle running on HVO using the thirteen mode European stationary 
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cycle [124]. The results were compared with Jatropha biodiesel as well. The NOx 

emissions increased by 26 and 77% with biodiesel and HVO, respectively. Oxygen 

presence and high degree of unsaturation of biodiesel has a synergistic effect on NOx 

emission leading to its increase. The CO and HC emission reduced by 16 & 27% and 

16% & 41% for HVO and biodiesel, respectively. Since the biodiesel has high oxygen 

content the emissions reduced, whereas the combustion characteristics improved with 

HVO due to high cetane number. 

Car A having unit injector, car B & C with common rail injection, car A&B with 

and without catalyst and car C with catalyst was tested with NExBTL blends with ultra-

low sulfur diesel using European cycle [125]. As the HVO percentage increases in the 

blend, particulate matter, CO and HC emissions decreased. No tendency was observed 

in the formation of nanoparticle. Emissions such as benzene, aldehydes, PAHs, 1, 3-

butadiene and mutagenicity decreased with HVO use. However, there was no clear 

indication on NOx emission reduction with cars. Westphal et al. [120] compared 

petrodiesel, Rapeseed methyl ester (RME), Jatropha methyl ester (JME) and HVO for 

their emission and bacterial mutagenicity. The study utilized EURO-III heavy duty 

diesel engine. The authors observed JME and RME have high mutagenicity whereas 

HVO has low mutagenicity due to small amount of PAHs produced during combustion. 

JME and RME engine operation resulted in lowest particulate matter emission. RME 

engine operations resulted in lower HC and CO emissions than JME. RME and JME 

engine operation resulted in NOx being higher than EURO III norms whereas HVO 

operation resulted in lowest NOx emission. NOx, CO, HC, and smoke emissions 

reduced with HVO without any modifications to the engine [126]. 6% lower NOx and 

35% lower PM emissions with default injection timings were observed with HVO in 

comparison to diesel. When the authors brought the NOx level equal for both the fuels, 
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the smoke and specific fuel consumption reduced by 37% and 6%, respectively. When 

the SFC was kept constant, HVO engine operation resulted in NOx and smoke 

reduction of 16 & 23%, respectively in comparison to diesel.  

Pflaum et al. [127] used a four-cylinder CRDi engine and measured the emissions 

using neat and blends of HVO and diesel on an engine dynamometer and chassis 

dynamometer. The authors observed reduction in smoke emissions by up to 50% with 

HVO at low loads due to no aromatic content, they also observed a reduction in particle 

size but the particle numbers did not reduce. The CO and HC emissions with HVO 

operation also decreased by nearly 50%. With engine dynamometer testing, the NOx 

emissions decreased slightly, whereas with chassis dynamometer testing no significant 

variations were observed. For the regeneration of the diesel particulate filter (DPF), 

high exhaust gas temperature is required to burn the soot particles collected on the DPF. 

This can be achieved by post-injecting the fuel which burns late in the power stroke. 

The injection strategy may result in the fuel hitting the cylinder walls thereby increasing 

the oil dilution. The authors found that the oil viscosity decreased, after four hours of 

testing at 1250rpm and 2bar BMEP with increase in HVO percentage, which can be 

attributed to increase in fuel consumption caused by lower volumetric heating value. 

The effect of HVO on DPF by testing a passenger car on a chassis dynamometer was 

studied by Kopperoinen et al. [128]. The soot accumulation rate was lowest with neat 

HVO and the regeneration of DPF did not start until the car completed 400km. The 

oxidation characteristics and structure of soot particles was compared between diesel 

and HVO by Happonen et al. [129]. The characteristics of the soot particles were same 

although the chemical composition of the soot particles for the two fuels was different. 

This shows that same after-treatment devices can be used with HVO. 
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 Murtonen et al. [130] used five city buses and three engines to test Fischer-Tropsch 

oil (GTL), HVO and diesel. The blend of HVO and biodiesel is limited to 30% in diesel. 

The regulated emissions reduced for most of the cases with GTL and HVO as compared 

to diesel. 17 city buses with emission certification ranging from EURO II to EEV were 

tested with HVO by Erkkilam et al. [131]. The average reduction in emissions were 

10%, 30%, 29% and 39% for NOx, PM, CO, and HC, respectively with neat HVO. The 

emission reduction with EURO II and EURO III buses were consistent whereas there 

was no significant emission reduction in new buses. With HVO, the particulate filter 

was more effective in comparison to diesel due to favourable NOx to PM ratio which 

is beneficial for PM reduction. Unregulated emissions were studied using three city 

buses. Two and three-ring hydrocarbons reduced by 55% with HVO and heavier 

compounds containing 4 or more rings were reduced by nearly 85%. Hajbabaei et al. 

[132] used a 2006 engine with no after-treatment and a 2007 engine with DPF for 

testing with soy and animal-based biodiesel and HVO with blends varying from 5 to 

100%. With soy-based biodiesel, NOx emissions increases in the range of 3.9-6.9% for 

B20, 9.1-18.2% for B50, and 17.4-47.1% for B100 over all the engines and cycles. NOx 

emission increases in the range of 1.5-5.9% for B20, 6.4-16.3% for B50, and 14.1-

39.4% for B100 over the range of engines and cycles for animal based biodiesel. With 

HVO, the NOx emissions reduced from 2.9%-4.9% for R20, 5.4%-10.2% for R50, and 

9.9%-18.1% for R100 over all the cycles. The authors found that on blending biodiesel 

with CARB diesel fuels, the NOx is effected in comparison to conventional US average 

diesel at least at B20 or higher levels and some form of mitigation is needed for blending 

biodiesel with such fuels. 

The impact of soy-based biodiesel, animal-based biodiesel, ULSD diesel, and 

renewable diesel on emissions using a truck with no after-treatment device was tested 
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on a chassis dynamometer by Na et al. [133]. NOx emissions increased by 10%/20% & 

5%/14% for soy B50 (50% of soy biodiesel and 50% of ULSD)/B100 (neat soy 

biodiesel) and Animal B50 (50% of animal biodiesel and 50% of ULSD)/B100 (neat 

animal biodiesel), respectively for urban dynamometer driving schedule (UDDS) cycle. 

Increase in HVO proportion in the blend resulted in decrease in NOx emissions for 

UDDS cycle. Animal and soy based fuel showed significant reduction in PM emissions 

for all blends and cycles. Blends having HVO higher than 50% resulted in significant 

PM reductions. The PM reducing effect is higher with biodiesel in comparison to diesel. 

The difference in NO and CO emission was lower for HVO/biodiesel blend and CARB 

ULSD as compared to other regulated emissions. 

The effect of blending renewable diesel and FAME with diesel in a passenger car 

using cold urban phase (UDC) driving cycle on exhaust emissions was studied by 

Prokopowicz et al. [134]. With the increase in biodiesel percentage in the blend the 

carbonyl compound emissions increased, however, the emissions decreased with HVO. 

The acetaldehyde and formaldehyde content is the highest among carbonyl compounds 

present in the exhaust gas. With the increase in biodiesel content, the emissions of 

heavy PAH increases. Moreover, the lighter PAH emission increases with HVO blends 

and pure diesel resulted in increase in nitro-PAH emission. The authors also observed 

decrease in nitro-PAH emission with biodiesel blend in comparison to HVO blends. 

By changing engine parameters or by using additives the engine emissions can be 

reduced and the engine performance can be improved. Engine setting such as inlet valve 

closure, inlet timing, injection pressure and EGR were optimized to reduce the 

emissions [46]. Additive di-n-pentyl ether was also added to HVO. Optimized engine 

settings for HVO led to reduction in PM and NOx emissions by 41-61% and 31-54%, 

respectively. The PM emissions decreased with oxygenate and HVO without affect the 
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NOx emissions, however, the aldehyde emissions increased for some conditions. 

Happonen et al. [135] also utilized DNPE with neat HVO and blend of 80% HVO with 

20% DNPE using a single cylinder research engine. The blend resulted in 25% 

reduction in PM emissions in comparison to neat HVO, whereas the NOx emission 

increase is below 5% with neat HVO. NOx and PM emission can also be reduced by 

utilizing EGR. The hygroscopic nature of the smoke particles by the use of blends was 

also studied. Due to the combustion of the oxygenate blend, the hygroscopicity of the 

particles was higher than neat HVO. The authors attributed this trend to the increased 

organic matter in the exhaust gas which fills some of the cavities of the agglomerated 

structure of the exhaust particles. Miller timing and EGR was used in a high speed 

diesel engine by Lehto et al. [136] for reducing NOx emissions. The PM emissions are 

low with HVO operation in comparison to diesel. To keep the same PM emission level 

as diesel, high EGR rates (above 20%) can be used with HVO to further reduce the 

NOx. Miller timing along with advanced injection timing can simultaneously decrease 

NOx and PM emissions. An optimization study was also conducted by Happonen et al. 

[137] using a single cylinder diesel engine. By adjusting the engine parameters, the PM 

and NOx emission reduction was explored for medium to full load. Intake valve closing, 

injection timing, injection pressure and EGR percentage was varied in the study. Nearly 

25% reduction in NOx and PM emission was observed by adjusting engine parameters 

at all loads. 

2.6. Waste cooking oil biodiesel use in a diesel engine 

Long chain fatty acid methyl esters produced by the transesterification of vegetable 

oil are also known as biodiesel. The production of biodiesel takes place in the presence 

of a homogeneous or a hetergenous catalyst [138]. Although high yield of biodiesel can 

be obtained by the homogeneous catalyst, it is not economically viable. Since, 
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expensive chemicals are required, the purification process is complex and the 

byproducts of the process needs to be safely discharged [139]. Therefore, solid 

heterogeneous catalyst are strongly recommended for production of biodiesel. The 

advantage of heterogeneous catalyst are low cost of fabrication, easy separation from 

liquid phase and recyclable [140]. Zeolite minerals with a functionalized acidic or basic 

group on their surface have achieved high catalytic performance and realistic biodiesel 

yields [141,142]. Calcium oxide derived from the eggshells have also achieved higher 

biodiesel yields [143]. 

Abed et al. [144] utilized blends of waste cooking oil biodiesel and diesel in a single 

cylinder diesel engine and studied the engine’s performance and emission. The authors 

observed lower thermal efficiency with the blends in comparison to diesel and the 

specific fuel consumption of the engine was higher with the blends. The authors 

observed low CO, smoke and HC emisions with the blends of biodiesel and diesel in 

comparison to diesel. Moreover, the CO2 and NOx emissions were higher for the blends 

in comparison to diesel and as the percentage of the biodiesel increases in the blend, 

the emissions increases. Wei et al. [145] investigated the effect of the blends of diesel 

and used cooking oil biodiesel on performance and unregulated emissions using 

Japanese 13-mode test cycle. The authors observed higher in-cylinder pressure, but 

lower heat release rate along with early start of combustion. The authors attributed the 

early start of combustion to higher viscosity and bulk modulus of biodiesel which 

causes the fuel injection to start earlier. The weighted brake specific emissions of 

ethene, propene acetaldehyde, formaldehyde, 1, 3-butadiene and benzene were found 

to increase with biodiesel blends. The probable reason for the observation is the 

pyrolysis of the long chain molecules in higher pressure and temperature environment. 

The particle mass concentration, total number concentration and geometric mean 
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diameter of the particles in the exhaust gas when the engine was operating with 

biodiesel blends were lower than diesel on account of higher oxygen content that 

promotes oxidation of the particles. Yesilyurt [146] used blends of waste cooking oil 

biodiesel and diesel for studying the effect of different fuel injection pressures on the 

performance and emission of a diesel engine. The author observed that increase in 

injection pressure to 210 bar resulted in increase in brake power, torque and thermal 

efficiency with the blends of biodiesel. Decrease in smoke opacity, unburned 

hydrocarbon emission and increase in CO2 and NOx emission with the blends was also 

observed. Kuti et al. [147] simulated the spray combustion characteristics of waste 

cooking oil biodiesel and diesel using Converge CGD code. The authors found that the 

experimental data and the simulation data are in agreement at all injection pressures. 

The authors found from simulation that a cool flame ignition took place before main 

ignition in which formaledehyde was formed, whereas in the main ignition process, OH 

radicals were formed. Increase in injection pressure resulted in lower interaction 

between the spray and the flames. Moreover, the spray flame interaction in waste 

cooking oil was higher than diesel at all injection pressures. The waste cooking oil 

resulted in lower smoke formation due to the oxygen content in the fuel. Ternary blends 

of waste cooking oil biodiesel, propanol and diesel were prepared by Bencheikh et al. 

[148]. The authors found that addition of propanol resulted in improvement in cold flow 

properties and decrease in density of the blends. The engine test reveals that propanol 

addition resulted in increase in energy consumption, and decrease in HC, CO, NOx and 

smoke emissions.  

2.7. Summary 

The research work carried out in the past decades on hydroprocessing the vegetable 

oil was discussed in this chapter. The HVO can be produced from various feedstocks. 
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It can be used in neat form or blended in biodiesel/diesel and fulfil the bio-mandate 

without any form of restrictions. The review also discusses the effect of HVO on engine 

performance and emission. The main conclusion drawn from the review are: 

 Diesel selectivity is based mainly upon the type of catalyst and the reaction 

temperature used. At high temperatures, cracking of the product occurs and the 

selectivity of diesel is reduced. At high hydrogen pressure the selectivity of diesel 

is high and less gaseous products are formed but the isomerization process is 

inhibited. 

 When mild hydrocracking of vegetable oil is done, diesel range of products with 

high cetane index is produced. However, the low temperature properties are poor 

due to the presence of normal paraffins. The catalytic activity is also affected as the 

fatty acids present in vegetable are corrosive. 

 Co-processing the vegetable oil with petroleum feedstock in small quantities can 

improve the yield of products. The low-temperature property of the fuel is 

significantly improved by co-processing as more vegetable oil is added to the blend. 

 Since the cetane number of HVO is high, its start of combustion is advanced in 

medium and low loads, but the influence of cetane number is less at high loads. 

High cetane number is helpful in increasing the cold-start ability, reducing 

emissions, noise and white smoke. 

 The fuel penetration, size of droplet, and spray angle are same for both HVO and 

diesel. 

 The fuel consumption of an engine with HVO is higher than diesel due to its lower 

density which tends to reduce the volumetric heating value by 4 to 5%. 

 PM, NOx, HC and CO emissions were reduced in heavy duty engines and passenger 

cars when operated with HVO. The unregulated emissions were also lower.  
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 In comparison to FAME, engine oil dilution with neat HVO is less as it is 

chemically compatible with oil. 

2.8. Research Gap 

On the basis of the exhaustive review of literature, the following research gaps were 

found. 

1. So far, the catalyst used for hydrotreating is a commercial catalyst which is successful 

in heteroatoms removal but is not fit for the hydrotreating of the biomass based oil. 

2. Limited vegetable oils have been utilized for producing diesel like fuel via 

hydrotreating process technology. 

3.  Work on testing of fuel for vehicle application is limited, most of the work done is 

based on European driving cycle conditions and that too with limited vehicles. 

4. No work so far is done on use in agricultural engines using steady state cycles. 

2.9. Objectives 

The following research objectives are envisaged for the present research work. 

1. Selection of a suitable catalyst for the process. 

2. Selection of a suitable oil for the production of the renewable diesel. 

3. Analyzing the properties of the oil produced from the hydrogenation process. 

4. Study of effect of various parameters viz. reaction temperature, hydrogen 

pressure, and reaction time on diesel selectivity. 

5. Production of diesel in large quantities using the parameters which gives the 

maximum diesel selectivity. 

6. Comparison of microscopic characteristics of the hydrotreated oil with diesel. 

7. Performance, combustion and emission characteristics of a diesel engine using 

the produced renewable diesel and its blends with diesel/biodiesel in various 

proportions. 
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EXPERIMENTAL TECHNIQUES AND TEST PROCEDURES 

 

3.1. Introduction 

The basic principles and methodologies used in the present study are described in 

this chapter. Initially a non-edible oil was identified for the hydrogenation process. 

Using a suitable catalyst, hydrogenation of the non-edible oil was carried out at 

different reaction conditions. The reaction parameters were optimized using Taguchi 

method and Fuzzy logic. With the optimized reaction parameters, the diesel like fuel 

was produced in large quantities. Comprehensive physico-chemical characterisation of 

the obtained fuel was carried out. The engine test rig for the engine trials was developed 

and is described in detail. Blends of the obtained diesel like fuel with diesel/biodiesel 

were prepared and tested on the developed engine test rig. The procedure for carrying 

out the engine tests and calculation of heat release rate and mass fraction burnt is also 

described in the chapter. Lastly, the uncertainties in measurement and the instrument 

accuracy are also reported. Fig. 3.1 briefly describes flow of the research. 

 

Fig. 3.1 Flow process of the research 

3.2. Diesel like fuel production 

The waste cooking oil was hydrotreated in a 100ml batch reactor (Amar 

Equipments) with a maximum pressure and temperature of 100 bar and 450°C, 

Selection of non-edible oil 
Production of diesel like fuel 

by hydrogenation method 

Determination of physico-

chemical characteristics of fuel 

System development for engine 

testing 

Engine performance, emission 

and combustion characteristics 
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respectively, the reactor is shown in Plate 3.1. An electric heating mantle along with 

water flowing through a cooling spiral was used for controlling the temperature of the 

system. The contents of the reactor were stirred at 1200rpm by a motor operated 

impeller. The temperature of the reactor was measured and controlled by a PID 

programmable controller. The schematic of the experimental setup is shown in Fig. 3.2.  

The reactor was filled with 20g of waste cooking oil and catalyst was added. The 

reactor was tightly closed and purged with nitrogen gas. Then the reactor was 

pressurized with hydrogen at room temperature. The reactor was heated to the required 

temperature at the rate of 18°C per minute. The pressure during the entire experiment 

was kept constant by continuously feeding hydrogen. After the reaction time, the 

reactor was cooled to ambient conditions. The pressure was recorded and the gases were 

vented by bubbling through water. The liquid product was recovered with the help of a 

syringe and then weighed. Acetone was added for rinsing the reactor. Then all the solid 

products along with acetone were filtered, dried and their weight was recorded. The 

amount of solids subtracted from the initial catalyst amount added was considered as 

the solids formed during the hydrotreating reaction. The contents of the liquid sample 

were observed through a gas chromatograph equipment, explained later in the section. 

The literature study shows that different parameters have different effect on the 

reaction. Therefore, in this work, the effect of reaction temperature, initial hydrogen 

pressure, and reaction time on the conversion efficiency and diesel-like fuel selectivity 

was studied. The range of the parameters was selected according to [149,150]. Table 

3.1 shows the process parameters and their range for carrying out the hydrotreating 

process. The performance of the reaction was evaluated by studying the conversion 

percentage, diesel like fuel selectivity and naptha (gasoline like fuel selectivity). The 

parameters were calculated using equation 3.1, 3.2 & 3.3. 
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Plate 3.1 Test Setup for fuel production 

TableT3.1TProcessTParametersTand their range 

Process Parameter Range 

Reaction Temperature (°C) 330 – 390  

Reaction Pressure (bar) 30 – 50  

Reaction Time (minutes) 80 – 200  

 
(1) Temperature indicator and controller; (2) Pressure Indicator; (3) Heater Switch; (4) Motor 

Switch; (5) coolant switch; (6) motor speed controller; (7) motor speed display; (8) pressure 

sensor; (9) safety valve; (10) purging /gas collection line; (11) hydrogen cylinder; (12) nitrogen 

cylinder 

Fig.T3.2TSchematic of the setup for fuel production 

 

Coversion (%) =  
Initial Oil360+−Final Product360+

Initial Oil360+ 
∗ 100                     (3.1) 

Diesel like fuel Selectivity (%) =  
Final Product180−360−Initial Oil180−360

Initial Oil360+−Final Product360+
∗ 100         (3.2)  
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Naphtha Selectivity (%) =  
Final Product40−200−Initial Oil40−200

Initial Oil360+−Final Product360+
∗ 100            (3.3) 

Initial oil360+ and final product360+ are the liquid feed and the product percentage 

having boiling point higher than 360°C. Initial oil180-360 and final product180-360 are the 

feed and product percentage having boiling point in the range of 180-360°C. Similarly, 

initial oil40-200 and final product40-200 are the feed and product percentage having boiling 

point in the rangeTofT40-200°C. 

3.3.Optimization of the production process using Taguchi Method 

Fisher [151] was the first researcher to develop experimental design methods [152]. 

However, these methods cannot be easily used and they are too complex. Also, with 

the increase in number of process parameters, the quantum of experiments to be carried 

out increases. Therefore, Taguchi designed orthogonal arrays so that all the process 

parameters can be studied but only a limited number of experiments needs to be carried 

out. The orthogonal array can be selected on the basis of number of degrees of freedom, 

which is determined by the number of factors and number of levels in each factor. In 

the present work, three factors and three levels of each factor was considered based on 

Table 3.1. Table 3.2 shows the factors and their levels. Based on the factors and levels 

an L9 orthogonal array was selected, shown in Table 3.3. Then the main factors and the 

levels are placed in the various columns. After, designing the testing strategy, the tests 

were carried out randomly. 

In the Taguchi method, a signal-to-noise (S/N) ratio is calculated using the 

experimental results. The ratio measures the deviation in the parameters from their 

expected values. For analysing the S/N ratio, the performance characteristic is 

categorized into three categories namely, the nominal-the-better (NTB), the larger-the-

better (LTB) and the smaller-the-better (STB). The S/N ratio for LTB and STB is 
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calculated using equation 3.4 and 3.5, respectively. Using the S/N ratio, the optimal 

condition is determined and the influence of individual factors is also studied. 

Table 3.2 Factors and their levels 

Factors LevelT1 LevelT2 LevelT3 

Reaction Temperature (°C) 330 360 390  

Reaction Pressure (bar) 30 40 50  

Reaction Time (minutes) 80 140 200  

T
𝑆

𝑁
=  −10𝑙𝑜𝑔10 [

1

𝑛
∑ 𝑦𝑖

2𝑛
𝑖=1 ]                                         (3.4) 

𝑆

𝑁
=  −10𝑙𝑜𝑔10 [

1

𝑛
∑

1

𝑦𝑖
2

𝑛
𝑖=1 ]                                         (3.5) 

Where yi is the value of the performance characteristic measured during the trial, n is 

the number of tests in a trial and the S/N ratio has a unit of dB. 

Table 3.3 Experimental layout using an L9 orthogonal array 

 

3.4. Production of used cooking oil biodiesel 

The waste cooking oil collected from the cafeteria of Delhi Technological University 

was used to produce biodiesel through the transesterification route. The method used 

for the production of biodiesel was similar to the one given by Sidharth and Kumar 

[153]. A batch type reactor was selected in which 1L of the sample was heated at 60°C 

with a continuous stirring of 300rpm. From the preliminary studies, the optimum 

methanol to oil ratio and NaOH concentration was found from to be 5:1 and 0.5% on 

weight basis, respectively. Both the chemicals were mixed separately and stirred till 
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NaOH completely dissolves in methanol. The used cooking oil was first filtered to 

remove impurities and then heated for removing the moisture content. The temperature 

of the used oil was then brought down to 60°C and then the mixture of NaOH and 

methanol was added. After 1 hour, the reactions were complete as the mixture became 

transparent. In a separator the resultant mixture was allowed to settle for 10-12 hours. 

Two layers were visible after the settlement period, the lower layer contained glycerol 

and the upper layer contained the waste cooking oil biodiesel. Both layers were 

separated and the biodiesel was washed with water for removing the excess of the 

catalysts. The biodiesel was then heated above the boiling point of water for removing 

the left over water. The yield of the biodiesel through this process was nearly 90%.  

3.5. Test fuels used 

The HVO obtained from the hydrogenation process was blended with diesel in 

various proportions. The present study considered 10%, 20%, 30%, 40% and 50% 

blends of HVO in diesel. The test fuel samples were prepared on volume basis i.e. in a 

one litre of the test fuel, say 100ml of HVO was added to 900ml of diesel resulting in 

the formation of 10% blend of HVO in diesel. Similarly other blends were formed. The 

prepared fuel samples are shown in Plate 3.2. Blends of the hydrotreated oil, biodiesel 

and diesel were also prepared. The nomenclature and composition of various test fuels 

is shown in Table 3.4. The blending of the sample was carried out by rigorous agitation 

at high speed using a hand blender. The test samples were monitored for 60 days for 

homogeneity and phase separation. No signs of separation were observed.  
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Plate 3.2 Fuel Samples 

Table 3.4 Composition of various test fuels and nomenclature 

Test Fuel Composition Nomenclature 

100% Diesel D100 

100% HVO H100 

10% HVO andT90%TDiesel H10D90 

20%THVO andT80%TDiesel H20D80 

30% HVO andT70%TDiesel H30D70 

40% HVO andT60%TDiesel H40D60 

50% HVO andT50%TDiesel H50D50 

20% HVO, 5% BiodieselTandT75%TDiesel H20B5 

20% HVO, 10% BiodieselTandT70%TDiesel H20B10 

20% HVO, 15% Biodiesel and 65% Diesel H20B15 

30% HVO, 5% Biodiesel and 65% Diesel H30B5 

30% HVO, 10% Biodiesel and 60% Diesel H30B10 

30% HVO, 15% Biodiesel and 55% Diesel H30B15 

3.6. Test methods for determination of physico-chemical characteristics 

Determining the properties of the test samples is important for a better 

understanding of the trends obtained during the engine trials. Therefore, 500ml of the 

test samples were prepared for finding the physico-chemical characteristics of the fuel. 

In the subsequent sub-sections, the various properties of the fuel and their test methods 

is described. 

3.6.1. Density 

The density of the test fuels was measured using an Anton Paar density meter, 

model DMA 4500. Plate 3.3 shows the test equipment. The instrument measures the 

specific gravity of the test fuel in accordance with the ASTM D-4052 standard. The 
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temperature set for measuring the specific gravity is fixed at 15°C. First toluene is used 

to rinse the test fuel line by injecting 10ml of it through the sample injection port. Then 

10ml of the test sample is injected through the same port. The same sample was checked 

thrice for repeatability which was found satisfactory. The three readings were averaged 

and was taken as the final value. 

 

Plate 3.3 Instrument used for finding the density  

3.6.2. Kinematic Viscosity 

A Petrotest make viscometer, shown in Plate 3.4 was used for the measurement of 

the kinematic viscosity of the test samples. The viscosity of the samples was measured 

at 40°C as per the ASTM D-445 standard. A capillary tube having a lower level and an 

upper level mark was filled with the test sample. The time taken for the fuel to flow 

from the upper level mark to the lower level mark was measured using a stop watch. 

The kinematic viscosity of the sample was calculated by multiplying the time in seconds 

with the capillary constant. The formula used for finding kinematic viscosity is given 

by equation 3.6. 

𝑣 = 𝑘 ∗ 𝑡                                                         (3.6) 

Where k = 0.005675mm2/s2, t is in seconds and v is the kinematic viscosity in mm2/s. 
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Plate 3.4 Instrument used for finding the kinematic viscosity 

3.6.3. Calorific Value 

The calorific value of a liquid fuel is measured using an isothermal bomb 

calorimeter. The calorific value is the amount of heat released by the combustion of a 

certain amount of fuel in the presence of oxygen. In the present work, a Parr 6100 

oxygen bomb calorimeter, shown in Plate 3.5, was used which works in accordance 

with the ASTM D-240 standard. A certain amount of fuel is filled in the crucible which 

is then placed in between the electrodes. To complete the circuit a nichrome wire is 

placed in the ends of the electrode and the wire is dipped in the fuel. The electrodes are 

then placed in the bomb and they are tightened completely which is now filled with 

oxygen. The bomb is then placed in the bucket containing water and the whole setup is 

kept in the calorimeter which then calculates the calorific value. 

 

Plate 3.5 Instrument for finding the calorific value 
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3.6.4. Flash Point 

Flash point of the fuel is the minimum temperature at which the vapours of the fuel 

when mixed with air forms an ignitable mixture that gives a momentary flash when a 

small flame is brought near it. The flash point was measured using a Pensky Martens 

Automatic Flash Point Apparatus made by Dott Gianni Scavini and Co. as shown in 

Plate 3.6. The instrument works in accordance to ASTM D-93 standard. In this method, 

the sample is placed in a test cup which is heated at a specified rate with continuous 

stirring. A small flame is directed to the cup at regular intervals with the interruption of 

stirring. The flash point is the lowest temperature at which the vapours formed above 

the sample ignite momentarily when a test flame is brought near the cup. 

 

Plate 3.6 Instrument for measuring the flash point 

3.6.5. Distillation 

The distillation of 100ml of the test sample is carried out according to ASTM D-

86 test method. The instrument used for the distillation process is shown in Plate 3.7. 

The sample is placed in a distillation flask and under prescribed conditions the 

distillation is carried out. The temperature at the instant of the first drop of the 

condensate falling from the lower end of the condenser is observed. At specified 

intervals, the temperature of the condensate against volume of condensate is measured. 

Also the maximum temperature at which all the fuel is condensed is also recorded. 
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These observed temperature readings are then corrected against normal atmospheric 

pressure. 

 

Plate 3.7 Instrument for the distillation of the test fuels 

3.6.6. Cetane Index 

The cetane index is determined as per the calculations given in ASTM D-4737 

which requires density and boiling point temperatures of the test fuel. It is useful when 

the test engine is not available or the sample quantity is low. It is calculated according 

to the equation 3.7. 

CI = 45.2 + 0.0892 ∗ T10N + (0.131 + 0.901 ∗ B) ∗ T50N + (0.0523 −

0.42 ∗ B) ∗ T90N + 0.00049 ∗ ((T10N)2 − (T90N)2) + 107 ∗ B + 60 ∗ B2      

                                                                                                                (3.7) 

Where  

T10N = T10 − 215                                                        (3.8) 

T50N = T50 − 260                                                        (3.9) 

  T90N = T90 − 310                                                      (3.10) 

T10 is 10% (V/V) distillation recovery temperature in °C 

T50 is 50% (V/V) distillation recovery temperature in °C 

T90 is 90% (V/V) distillation recovery temperature in °C 

𝐵 = [exp(−0.0035 ∗ D𝑁)] − 1                                         (3.11) 
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DN = D − 850                                                           (3.12) 

D is the density at 15°C, in kg/m3 

3.6.7. Cloud point 

The temperature at which a test sample upon cooling forms a cloud of wax crystals 

first is called cloud point. Pour point is another measure of the low temperature 

performance of fuels. It is the lowest temperature at which the fuel sample can flow. 

The pour point also has implications on the handling of fuel during cold weather 

conditions. It tells about the pumping ability of the fuel. The cloud point is measured 

using a Koehler make instrument given in Plate 3.8. Cloud Point is determined by 

ASTM D-2500 test methods. For determining the cloud point, the sample is cooled at a 

specified rate and periodically examined. The temperature at which the bottom of the 

jar becomes cloudy or hazy is recorded as cloud point.  

 

Plate 3.8 Instrument for finding the cloud point  

3.6.8. Cold Filter Plugging Point 

The minimum temperature at which the fuel cannot flow through the fuel filter is 

known as cold filter plugging point (CFPP). The test is carried out in accordance with 

ASTM D-6371 standard test method. The instrument used for measuring the CFPP is 

shown in Plate 3.9, it is manufactured by Linetronic technologies. The sample was 

cooled in a bath at -34°C and vacuum was maintained for the fuel suction in a capillary 

connected to a filter of 10 microns. The fuel is allowed to come to the filter through the 



CHAPTER 3 

 

 

59 Performance, Emission and Combustion Studies of a Modified Vegetable Oil 

in a Compression Ignition Engine 

capillary and fall back after passing through the filter, the process should be finished 

within 60 seconds. The procedure is carried out for every degree fall in temperature. 

The temperature at which the fuel fails to complete the process within 60 seconds is the 

cold filter plugging point of the fuel. 

 

Plate 3.9 Instrument for finding the cold filter plugging point 

3.6.9. Lubricity 

Friction is always present between surfaces moving relative to each other. A 

lubricant can reduce the friction between the surfaces. The fuel injection pump in a 

diesel engine can be lubricated only by the fuel. Therefore, the fuel has to have some 

lubricity. A High-Frequency Reciprocating Rig (HFRR) (Plate 3.10) can be used to 

measure the lubricity of a fuel. The test method for finding the lubricity is given in 

ASTM D-6079 standard. In this test, 2ml of the sample is placed in the reservoir and 

maintained at a standard temperature. A vibrator arm holds a non-rotating steel ball. 

The arm is loaded with a 200gm weight. The arm is then lowered until it comes into 

contact with a test disk which is submerged in the test fuel. The arm vibrates with a 

1mm stroke at a 50Hz frequency for 75 minutes causing the ball to rub against the disk. 

The dimensions of the wear scar formed is measured under 100x magnification and 

recorded. The size of the wear scar is the measure of the lubricity of the sample. 
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Plate 3.10 Instrument for finding the Lubricity 

3.6.10. Fourier Transform Infra-Red (FTIR) Spectroscopy 

It is a study of the interactions between the matter and electromagnetic fields in the 

infrared (IR) region. The spectrum obtained represents the molecular absorption and 

transmission of the infrared rays. If the photon energy of a particular frequency is 

similar to the vibrational energy of the molecule then its probability of being absorbed 

is high. The rest of the frequency may pass through the sample without being absorbed 

thus providing a spectrum. IR spectroscopy is therefore a powerful technique in creating 

a molecular fingerprint of the sample. 

Thermo Fisher Scientific make, Nicolet 380 model was used in the present study 

for carrying out the FTIR analysis of the test sample. The instrument is shown in Plate 

3.11. The instrument is a Fourier transform infrared spectrometer wherein a beam of IR 

radiation is split into two components which after passing through an optical system 

produce an interference pattern on recombination.  

Two parallels beams after passing through an opaque mirror, splits into two. Half 

of the split beam moves to the movable mirror and half is passed to the fixed mirror. 

The fixed mirror send the beam back, whereas the moving mirror reflects a portion of 

the light to the splitter. When the two reflected beams are recombined at the splitter, 

they interfere either constructively or destructively depending upon whether they are 
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out-of-phase or in-phase. This situation depends upon the position of the moving mirror 

when the reflection is occurring. The result is an interference pattern, or inter-

ferrogram, which can be subsequently Fourier transformed mathematically on a micro-

computer to produce an IR spectrum.  

A compound’s IR spectrum can be obtained in a matter of seconds. First the 

spectrum of the optical path is obtained in the absence of a sample to understand the 

associated background, then the sample is positioned in the beam path to find its 

spectrum. The resulting, co-added inter-ferrograms of the sample and the background 

are then Fourier transformed thereby producing the desired FTIR spectrum. 

 

Plate 3.11 Infrared spectroscopy test setup 

3.6.11. Gas Chromatograph and Mass Spectrometer (GC-MS) 

The most widely used method for finding the chemical composition of the volatile 

organic mixtures is gas liquid chromatography. A capillary column which is essentially 

a flow through thin tube is used in the apparatus. In a gas medium different components 

of the sample are passed through the column at different rates based upon their physical 

and chemical properties. The mobile phase for carrying the sample through the column 

is an inert gas namely nitrogen or helium. An immobilized stationary phase is also 

present in the column. A liquid is immobilized on the surface of a solid support by 

either adsorption or by chemical bonding to form the stationary phase. The gaseous 
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phase and the immobilized liquid phase separates the sample into individual 

components by distributing between them. Due to the discretization of the components 

by the immobile phase, they exit the column at different time. Hence they can be easily 

recognized electronically. 

The GC setup consists of a carrier gas cylinder with regulator, a flow controller for 

the gas, an injection port for introducing the sample, the column, the detector and the 

recorder. The injection port, column and detector are heated to a pre-specified 

temperature. As the mobile phase is a gas, the components of the sample should be in 

vapour form so that they can be easily carried through the column. To successfully find 

the components of a mixture through this technique the selection of appropriate column 

and the correct temperature of the components is necessary. In the mass spectrometer, 

the components of the gas is converted into ions and then measured. 

In the present study, a Shimadzu QP – 2010 instrument equipped with Agilent DB-

2887 column with a flame ionization detector was used. Plate. 3.12 shows the 

instrument. 0.1µl liquid samples were injected and the injector temperature was 

maintained at 350ºC. A programmable temperature controller with a ramp rate of 

15ºC/min was used to maintain the oven temperature. The test procedure was in 

accordance to ASTM D-6584 test standard. 

 

Plate 3.12 GC-MS test setup 
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3.7. Hot plate test setup  

In the present work, a hot plate test method was used for understanding the ignition 

delay. In this method a droplet of fuel is dropped in the middle of the plate heated to a 

fixed temperature and the time taken for the fuel to evaporate is measured. The 

schematic of the experimental setup is shown in Fig. 3.3. A steel plate having 152mm 

diameter and 8mm thickness was used in the present work. The plate was heated by a 

nichrome wire electrical heater. The plate temperature was measured using a k-type 

thermocouple. To change the temperature given by the electrical heater, the voltage 

supply to the heater was varied using a variac. The plate was directly placed above the 

heater and to minimize the heat loss to the surroundings, the empty space between the 

heater and the plate was filled with glass wool. The centre of the plate had a small 

concave depression so that the droplet stays in the middle of the plate. A pipette placed 

20mm above the steel plate was used to drop the fuel droplet on the plate’s centre. The 

distance was so chosen such that the flame produced on the plate doesn’t ignite the fuel 

present in the pipette, another reason was the droplet not breaking off while falling from 

the pipette. The droplet average size was determined on the basis of the number of 

droplets generated for a specified fuel volume. The average droplet size was 2.6mm 

and the size was same for all the test samples. 

For finding the evaporation time, ten tests were carried out with each fuel sample 

and three readings were taken for each surface temperature. The temperature was varied 

from 150-600°C. In the ignition delay test, after dropping the fuel droplet two events 

namely no ignition of droplet and droplet ignition was recorded. Ten readings were 

taken at a particular temperature and averaged. The temperature for the test was varied 

from 280 to 640°C in steps of 20°C. Time (in seconds) was measured from the moment 

the drop landed on the plate till it ignited. A camera with 90 frames per second was 
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used for finding out the time. The steel plate was glazed after every experiment using a 

sand paper of 90 grit size. The test were performed in a closed room at atmospheric 

pressure. The environmental conditions such as atmospheric pressure, temperature and 

fuel temperature play an important role in the experiment. Therefore, in this study these 

conditions were kept constant. 

 
Fig. 3.3 Schematic of hot plate test setup 

3.8. Test for finding the average particle size of the fuel spray 

The atomization of the fuel plays a major role in its combustion. The atomization 

is affected by the fuel injection pressure, density and viscosity of the fuel. If the fuel’s 

viscosity is low and if the injection pressure is high then very fine particles will be 

formed during the spray. These fine particles reduce the ignition delay due to high 

surface area. However, the penetration of these particles will be low as they have less 

momentum and low velocity relative to air resulting in reduced utilization of air. As a 

result during the diffusion combustion phase, the heat release will be more and more 

pressure rise will take place. Whereas with larger droplet size and low injection 

pressure, the pressure rise is low during the second stage of combustion and the engine 

runs smoother. Therefore, it is necessary that the particle size is optimum for efficient 

Fuel Droplet 

Fuel Blend 
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Electrical Heater 

Insulation 

20 mm 



CHAPTER 3 

 

 

65 Performance, Emission and Combustion Studies of a Modified Vegetable Oil 

in a Compression Ignition Engine 

running of the engine [154]. The average particle size of the fuel spray can be measured 

using a laser diffraction system. In the present work, Spraytec made by Malvern was 

used to measure the Sauter mean diameter (SMD) of the fuel spray. Its specifications 

are given in Appendix – I. 

The system works on the principle of laser Doppler Effect, wherein the particles 

are passed through a laser beam and the scattering of the beam caused by the particles 

is predicted. From one end of the analyser the beam is projected and the other end 

receives the beam. Plate 3.13 shows the Malvern Spraytec instrument. The particle is 

considered to be spherical in shape and based on the scattering pattern its size and 

concentration is determined. An injection system was developed for spraying the fuel 

in between the laser beam. The system comprises of a fuel tank wherein the test fuel 

sample is stored, shown in Plate 3.14. A high pressure fuel pump takes the fuel from 

the tank and pumps it to a common rail. The high pressure pump is operated by a motor 

through a v-belt, shown in Plate 3.15. The injector was connected to the common rail 

through a high pressure fuel line. The fuel injector has three holes, two of which were 

closed so that the fuel could be sprayed through a single hole. Plate 3.16 shows the 

injector used for the experiment. The opening pressure of the fuel injector was fixed at 

200bar throughout the experiments. The pressure was so chosen because the engine 

used in the present study operates on the same injection pressure. Fig. 3.4 shows the 

schematic of the test setup. The experiments for each test fuel was repeated five times 

and the values were averaged. Throughout the experiments the distance between the 

injector and laser beam was fixed at 60mm. The data was collected for 200ms although 

a single injection lasted about 12ms. The data reported in his work is displayed at 6ms, 

so that a clear comparison can be made of the droplet distribution in the middle of the 

injection. To minimize the effect of sunlight, the tests were carried out in a low-light 
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room at atmospheric conditions. These conditions were chosen since the primary 

atomization of the fuel needs to be studied. The primary atomization is dependent upon 

the fuel properties, the geometry of the injector and the density of air in which the fuel 

is sprayed. Since the injector geometry and air density is constant, the fuel properties 

will play a major role in the fuel spray characteristics. 

 

Plate 3.13 Malvern Spraytec instrument 

 

Plate 3.14 Fuel tank for the setup 
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Plate 3.15 Fuel pump connected to the motor 

 

Plate 3.16 Injector used in the setup 

 
Fig. 3.4 Schematic of the spray analysis setup  
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3.9. Selection of the test engine 

In the present work, a single-cylinder, water-cooled, direct-injection, diesel engine 

developing 3.5kW at the rated speed of 1500rpm was used, shown in Plate 3.17. Such 

engines are an integral part of the rural agrarian economy of India, they also double up 

as power backups when required. The specifications of the engine is given in Appendix 

– II. The engine cylinder was made of cast iron and fitted with a hardened high-

phosphorus cast iron liner. The lubrication system used in the engine was wet-sump 

type. The overhead inlet and exhaust valves and the fuel pump were driven by the 

camshaft. The combustion chamber was hemispherical in shape and placed in the 

piston. To measure the in-cylinder pressure, the piezoelectric transducer was placed in 

the cylinder head surface and the crank angle encoder was placed at the end of the eddy 

current dynamometer which was used to load the engine. These sensors send the signal 

to a personal computer with the help of a data acquisition system (NI USB 6210 (Plate 

3.18)). ‘Enginesoft’ software installed on the computer was used to read the data given 

by the data acquisition system and further analysis was carried out using the data. The 

data acquisition system, the engine loading system, the fuel and air flow measurement 

system was house in the control panel, shown in Plate 3.19. The schematic of the test 

setup is shown in Fig. 3.5. A central water cooling system was used to cool the engine 

and the eddy current dynamometer. The flow rate of the water to the engine was 

maintained at 250l/h whereas for the dynamometer it was maintained at 120l/h. 
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Plate 3.17 Test engine 

 

 

 

                          

       Plate 3.18 NI Data acquisition system            Plate 3.19 Control panel 
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Fig. 3.5 Schematic of the engine experiment setup 

3.10. Selection of the engine test parameters 

Selecting the appropriate test parameters is essential for the testing of the engine 

and in this study the parameters were judiciously selected. The testing of the engine 

was performed in accordance with IS: 10000. The various observed parameters during 

the test and the calculated parameters are given below. 

The various observed parameters are: 

1) Engine load 

2) Engine speed 

3) Air flow rate 

4) Fuel consumption rate 

5) Temperature 

6) In-cylinder pressure 
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7) Exhaust emissions of HC, CO, CO2, and NOx 

8) Smoke Opacity 

The parameters that were calculated are: 

1) Brake thermal efficiency (BTE) 

2) Brake specific energy consumption (BSEC) 

3) Pressure rise rate 

4) Heat release rate 

5) Ignition delay 

6) Combustion duration 

3.10.1. Measurement of brake power 

The most important parameter in the testing of an internal combustion engine is 

brake power (BP). The engine was coupled to an eddy current dynamometer through a 

flexible coupling. The water cooled eddy current dynamometer was used for loading 

the engine and measuring the brake power at each load, shown in Plate 3.20. An eddy 

current dynamometer consists of a stator and rotor. Permanent electromagnets are 

placed in the stator whereas rotor consists of a disc of copper or steel. The rotor is 

connected to the engine shaft through the coupling. While loading the engine, the 

electromagnets are energized by passing the current through them. As the rotor rotates, 

eddy current is produced in the electromagnets. This eddy current produces a magnetic 

field which opposes the movement of the rotor thus loading the engine. The heat 

generated during the loading is dissipated by the passing water through the 

dynamometer. The load was measured by the help of a moment arm which applied force 

on a load cell, shown in Plate 3.21. The load was measured in kg. The brake power was 

calculated according to the equation 3.13. 

BP (kW) =
2∗π∗N(rpm)∗Load(kg)∗9.81∗Dynamometer arm length (m)

60∗1000
    (3.13) 
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The arm length of the dynamometer was 0.185m. 

 

Plate 3.20 Eddy current dynamometer 

 

Plate 3.21 Load cell placed on the dynamometer 

3.10.2. Measurement of engine speed 

On the dynamometer end of the shaft a disc with teeth was placed. A magnetic 

pickup type rpm sensor was mounted close to the toothed disc, shown in Plate 3.22. 

The sensor consists of a permanent magnet, a yoke and a coil. As each tooth passed the 

sensor, a pulse was induced in the coil. With the increase in speed more pulses were 

produced by the sensor. These pulses were sent to the digital acquisition system which 

calculated the engine rpm. The engine rpm was displayed both on the control panel and 

the software loaded on the personal computer. 
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Plate 3.22 Instrument for engine speed measurement 

3.10.3. Measurement of fuel flow 

At each load, the quantity of fuel consumed by the engine was measured using a 

differential pressure transmitter (Yokogawa, Japan make) which works on the 

hydrostatic head principle. The transmitter was placed at the end of the burette and it 

produced an output voltage which is proportional to the weight of the fuel in the 

column, shown in Plate 3.23. The fuel flow rate was calculated by measuring the 

difference in transmitter output at specific intervals and multiplying it with fuel factor. 

The fuel factor is the amount of fuel (in kg) that comes out from the burette per unit 

change in the output voltage of the transmitter (kg/V). The fuel factor is given by 

equation 3.14.  

Fuel Factor =  ρ ∗ g ∗ h ∗ A                                         (3.14) 

The sensor provided direct signal to the data acquisition system which in turn gave 

the fuel flow rate. The data from the sensor was ascertained by simultaneously taking 

manual readings from the burette. From the fuel flow rate, brake thermal efficiency and 

brake specific energy consumption (BSEC) of the engine at a particular load can be 

calculated. 
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The brake thermal efficiency is the conversion efficiency of the heat stored in the 

fuel into useful work available at the brakes. The formula for brake thermal efficiency 

is given in equation 3.15. Similarly, BSEC is amount of energy in the fuel consumed to 

produce a unit shaft power. It is calculated by the equation 3.16. 

BTE (%) =  
BP (kW)

massTflowTrateT(kg/s)∗CalorificTvalue(kJ/kg)
                   (3.15) 

BSEC  (MJ/kWh) = T
massTflowTrateT(

kg

s
)T∗TCalorificTvalueT(

kJ

kg
)∗3600

BP (kW)
  (3.16) 

 

Plate 3.23 Fuel flow sensor 

3.10.4. Measurement of air flow 

Measuring accurate amount of air flow is not easy, as the engine requirement of air 

is pulsating since the air flows once in two revolutions of the crankshaft and air is also 

compressible. Therefore using only an orifice in the induction pipe is not feasible as the 

data won’t be reliable. So an air box of suitable size was used which had a sharp edged 

circular orifice for measuring the air flow. The pressure difference between the 

atmosphere and the air box was measured using a U-tube manometer, shown in Plate 

3.19. The mass flow rate of air was calculated using equation 3.17. 

Mass of air (
kg

h
) = cd ∗ A ∗  √2 ∗ g ∗ hw ∗

ρw

ρa

2
                 (3.17) 
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Where Cd = coefficient of discharge (0.6), A = orifice area, g= acceleration due to 

gravity, hw = height of water column, ρw/ ρa = density of water/density of air. 

An air sensor was also installed in the air box to measure the air flow rate, shown 

in Plate 3.24. The air sensor consists of a rotor with blades installed on it. As the air 

flows through the blades, they start rotating which is detected magnetically as each 

blade is embedded with a piece of metal thus a pulse is generated. The transmitter 

processes the signal and determines the flow rate of air. The data was available on the 

software installed on the computer. 

 

Plate 3.24 Air flow sensor 

3.10.5. Measurement of temperature 

In the present work, K-type thermocouples made of chrome-alumel, were 

connected to a six channel digital panel meter for measuring temperature of the intake 

air, exhaust gas, coolant water in and out temperature, and calorimeter water inlet and 

outlet temperature. The meter was calibrated by a millivolt source up to 800°C.  

3.10.6. Measurement of in-cylinder pressure 

A piezoelectric transducer of ‘Kubeler’ make was used for the in-cylinder pressure 

measurement. The signals from the transducer was send to a charge amplifier which 

amplified the signals and reduced the signal noise. The signals were then sent to the 

data acquisition system which along with the signals from crank angle encoder 

produced the pressure versus crank angle graph in the software installed on a personal 
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computer. The pressure data was produced for each degree of crank angle rotation. In 

the present study, fifty continuous cycles were averaged for producing the in-cylinder 

pressure versus crank angle data. Plate 3.25 shows the pressure sensor placed on the 

engine head.  

 

Plate 3.25 Pressure sensor installed on the engine head 

3.10.7. Measurement of exhaust emissions 

The major pollutants in the exhaust emissions of a diesel engine are unburnt 

hydrocarbons, carbon monoxide, carbon dioxide, oxides of nitrogen and smoke, etc. 

The smoke emissions are indirectly measured by measuring the opacity of the exhaust 

gas i.e. if the smoke emissions are high then the smoke opacity will be more and vice 

versa. In this work an AVL smoke meter (Plate 3.26) was used in which light beam is 

projected from a source and the receiver receives the light beam. As the stream of 

exhaust gas is passed through the light beam due to the presence of smoke particles 

some part of the light beam is scattered or absorbed. The receiver receives rest of the 

light beam which is a measure of the opacity of the smoke. The receiver is a photocell, 

which generates photoelectric current when light falls on it. The unburnt hydrocarbon 

emissions, carbon monoxide and oxides of nitrogen emission was measured using an 

AVL di-gas analyser (Plate 3.27). The technical specifications of the smoke meter and 

the di-gas analyser are given in Appendix – III and IV, respectively. The emission data 

of CO, HC and NO were converted to brake specific emission values offline. 
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                    Plate 3.26 Smoke meter         Plate 3.27 Five gas analyzer 

3.11. Calculation of heat release rate 

Evaluating the heat release during the combustion of a fuel in a compression 

ignition is of great significance. Since the heat release affects the engine efficiency, 

power output as well as emissions. Various models have been proposed by researchers 

for determining the heat release rate. The method described in Heywood [154] was used 

in the present work. This method is based on the first law of thermodynamics. The 

model is a single zone model and does not distinguish between burned and unburned 

zones present in the cylinder during combustion. Although multi zone models exist, but 

the developer has to keep track of unburned and burned areas for calculating the heat 

transfer. It was found that using a multi-zone model does not have large benefits due to 

the uncertainties in defining the evolution of zones [155]. The heat release rate is given 

by equation 3.18. 

dQ

dθ
=  

γ

γ−1
∗ P ∗

dV

dθ
+

1

γ−1
∗ V ∗

dP

dθ
−

dQw

dθ
                               (3.18) 

Where dQ/dθ = Rate of net heat release inside the engine cylinder (J/°CA); dQw/dθ = 

Rate of heat transfer from wall (J/°CA), γ = ratio of specific heats; P = Cylinder pressure 

(bar); V = Gas volume (m3); θ = Crank angle (°) 

Many researchers have used this model [155–158]. The ignition delay was also 

computed in this study, it was calculated as the interval in terms of crank angle from 
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the moment the fuel is injected to the start of rapid rise in heat release. The combustion 

duration is the interval from the start of the heat release to the end of heat release. 

3.12. Predicting the cyclic variation using artificial neural network 

It is well known that there is a variation in the combustion process for every cycle 

which has made it a topic of research as it adversely affects the engine performance that 

may lead to lower efficiency and higher emissions [159]. The cyclic variation can be 

caused by air motion in the cylinder due to variation in swirl and turbulence. Also, the 

cyclic changes in the fuel and air entering into the cylinder and mixing of the two before 

start of combustion can also cause variation in combustion process for every cycle 

[160,161]. The cyclic variability is evaluated by indicated mean effective pressure 

(IMEP) as it reflects extensive pressure information of a cycle [162]. The variation in 

IMEP can be understood by using proper orthogonal decomposition method [163], 

wavelet transform method [164] and coefficient of variance (COV) [165] method. In 

this study, the COV of indicated mean effective pressure was used to investigate the 

cyclic variability as given in eq. 3.19.  

COVimep =
σimep

imep̅̅ ̅̅ ̅̅ ̅̅
∗ 100                                         (3.19) 

Where σimep (eq. 3.20) is the standard deviation of IMEP of 50 sequential cycles 

and imep̅̅ ̅̅ ̅̅ ̅ (eq. 3.21) is the mean of IMEP values. 

  σimep = √
∑ (imep̅̅ ̅̅ ̅̅ ̅̅ −imepi)2n

i=1

n−1
                                        (3.20) 

imep̅̅ ̅̅ ̅̅ ̅ =  
1

n
∑ imepi

n
i=1                                           (3.21) 

Controlling the cyclic variations is important, as it will improve the engine 

efficiency and reduce emissions. To achieve low cyclic variations a strategy needs to 

be developed. For developing the strategy a model is required that can predict the cyclic 



CHAPTER 3 

 

 

79 Performance, Emission and Combustion Studies of a Modified Vegetable Oil 

in a Compression Ignition Engine 

variability for every load. Artificial neural network (ANN) is one such tool that is useful 

in modelling the cyclic variability. ANN is a non-linear tool that can work on multiple 

inputs and predict multiple outputs. It can be modelled without any prior knowledge of 

the processes. A well-trained neural network can predict faster than conventional 

models since no lengthy iterative calculations are required. However, selecting the 

network topology in terms of model simplicity and accuracy is important [166,167].  

The neural network contains neurons which are highly interconnected processing 

elements. The network contains input layer, hidden layer and an output layer. Input is 

provided by the source to these neurons in the hidden layer which perform non-linear 

operations by using bias, weights, and activation functions and then provide the output. 

There can be more than one hidden layer in the network that send output to the next 

layer and finally to the output layer. The external world then receives the data from the 

output layer. The network can approximate a function of any complexity with enough 

hidden neurons. However, there is a limit to the number of neurons as the network may 

tend to over fit during training resulting in the introduction of random noise [168]. 

3.12.1. Network parameters 

A continuous differential log-sigmoid activation function was used for both the 

hidden and the output layer. A non-linearity is introduced in the neural network which 

makes it stronger than linear fucntions. A form of automatic gain control is produced 

by the function and it produces values between 0 and 1 [169]. Equation 3.22 gives the 

activation function. 

 Fi =
1

1+e−x
                                                            (3.22) 

Where ‘x’ is the wieghted sum of inputs. 
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3.12.2. Normalization of input and output data 

Scaling of input and output parameters can drastically improve the network’s 

performance. Hence the input and output parameters were normalized in the present 

study. For normalization, eq. 3.23 was used as it gives values in the range of 0.1 and 

0.9 which is within the range of log-sigmoid function [170]. 

nvi = 0.8 ∗ (
vmin−vi

vmin−vmax
) + 0.1                              (3.23) 

3.12.3. Learning algorithm 

An appropriate learning algorithm is required by the network which adjusts the 

weight of the layers so that the desired response can be achieved. Many algorithms 

exists for training the network, some of them are gradient descent with momentum and 

adaptive learning rule, gradient descent with adaptive learning rule [171], Levenberg – 

Marquardt (LM) [168], and scaled conjugate gradient (SCG) [170]. In the present study, 

both LM and SCG were used to train the network and their outputs were compared. 

3.12.4. Training and testing data 

In this study two input parameter and one output parameter was used for training 

the network. Engine load and blends of hydrotreated oil and diesel were used as input 

whereas coefficient of variance of IMEP was used as output parameter. In total thirty 

five tests were conducted. The test data was randomly divided into three datasets: 

training, validation and test set. The training set is used to only train the network, the 

validation set prevents the overfitting of the training set whereas the test set determines 

the performance of the model. The training of the network was carried out using 70% 

of the experimental data, validation was carried out using 15% of the data and the rest 

of the 15% data was used for testing the network. 
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3.12.5. Network structure 

In the present study, the number of neurons in the hidden layer were varied from 3 

to 20. The iterations for each network topology was performed according to a loss 

criteria function which should be minimized. Mean square error was used as the loss 

criteria function due to differentiability, symmetry and convexity of the function. The 

training of the network stopped when the validation error started increasing; this 

prevents over-training of the network. Fig. 3.6 shows the neural network structure. 

MATLAB was used for the development of the model.  

 
Fig. 3.6 ANN structure with one hidden layer 

3.12.6. Output Evaluation  

The statistical methods used for evaluating the prediction performance of the 

network are coefficient of determination (eq. 3.24) (R2), Root Mean Square Error (eq. 

3.25) (RMSE) and Mean Absolute Percentage Error (eq. 3.26) (MAPE) [172–174].  

R2 = 1 − (
∑ (ti−oi)2n

i=1

∑ (oi)2n
i=1

)                                        (3.24) 

  RMSE = √
1

𝑛
∑ (ti−oi)

2n
i=1                                        (3.25) 
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MAPE =  
1

𝑛
∑ (|

ti−oi

ti
|)𝑛

𝑖=1 ∗ 100                                  (3.26) 

3.13. Engine trial procedure 

The engine was started in no load condition with neat diesel. After the engine 

attained steady state condition, then the fuel supply was switched to the test fuel and 

the engine was operated for nearly thirty minutes for stabilizing with the test fuels. All 

the readings at each load was observed only when the engine reached stability. All the 

instruments were calibrated periodically. The injector opening pressure was kept at the 

rated value throughout the experiments. 

The load on the engine was varied in steps from no load to full load. The readings 

were observed at no load, 20% of full load, 40% of full load, 60% of full load, 80% of 

full load and full load. At each load, the air flow rate, the fuel flow rate, exhaust gas 

temperature, emissions of CO, HC, NOx and smoke opacity were recorded. The 

pressure crank angle history of 50 consecutive cycles was also recorded by using the 

data acquisition system and the personal computer. This data was processed to get the 

average pressure crank angle variation. 

3.13.1. Experiments 

 The tests were conducted with neat diesel, neat hydrotreated waste cooking oil, 

and their blends in proportions, given in Table 3.4. The engine performance and 

emission characteristics of the blends were compared with the base fuels. 

 The blend of hydrotreated waste cooking oil and diesel that gave the best engine 

performance in terms of brake thermal efficiency and emissions was selected 

and different percentages of waste cooking oil biodiesel on volume basis was 

added to further improve the engine performance and emissions. 

 

 



CHAPTER 3 

 

 

83 Performance, Emission and Combustion Studies of a Modified Vegetable Oil 

in a Compression Ignition Engine 

3.14. Accuracy of instruments and uncertainty in measurement 

The range and accuracy of the instruments used in the present study is given in 

Table 3.5.  All the instruments exhibited higher accuracy.  

Table 3.5 Accuracy of instruments 

Measurement Measuring Principle Range Accuracy 

Engine Load Strain gauge type load cell 0-25kg ±0.1kg 

Engine Speed Magnetic pick-up type 0-2000rpm ±20rpm 

Time  Stop-watch - ±0.5% 

Exhaust Temperature K-type thermocouple 0-1000°C ±1°C 

Crank angle encoder Optical 0-720°CA ±0.2°CA 

Pressure Piezoelectric 0-200bar ±1bar 

When any quantity is measured the results are always different from their true 

values even when the experiments are carried out carefully.  This error in measurement 

may be either systematic or random. The systematic error can be removed by adding a 

correction factor. Whereas, random error cannot be predicted in advance, therefore it 

can be only statistically estimated. Its presence can be detected when the same quantity 

is measured a number of times under the same conditions and with same care. Gaussian 

distribution method with confidence level of ±2σ (i.e. 95.45% of the measured data lie 

within these limits) can be used to estimate the uncertainty. The uncertainty is estimated 

using equation 3.27. 

Uncertainty of any measured parameter (ΔX) = 2σi/X̄ * 100   (3.27) 

Experiments were conducted to obtain the mean (X̄) and the standard deviation (σi) 

of any measured parameter. From the measured parameters, the uncertainty is computed 

by the method given by Kline and McClintock [175]. 

Let R be the computed quantity from ‘n’ independent measured parameters. 

X1, X2, X3, X4 ....Xn 

Thus                     R = R(X1, X2, X3, X4....Xn)                          (3.28) 

Let uncertainty limits for the measured parameters be 

X1±ΔX1, X2±ΔX2, X3±ΔX3, X4±ΔX4....Xn±ΔXn 
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And the uncertainty limit for the computed parameter be R±ΔR 

In order to get realistic error limits for any computed quantity based on several 

measured quantities the principle of root-sum-squared method is used and the 

magnitude of error is given by equation 3.20. 

ΔR=SQRT ((∂R/∂X1*ΔX1)
2 + ((∂R/∂X2*ΔX2)

2+…….((∂R/∂Xn*ΔXn)
2)(3.29) 

Using equation 3.29 the uncertainty for a given operating condition can be 

computed. A sample calculation is given in Appendix – V. The overall uncertainty of 

the experiments was found to be ±3.7%.
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FUEL PRODUCTION AND CHARACTERIZATION 

4.1. Introduction 

For the hydrotreating process conventional catalysts such as sulfided nickel-

molybdenum and cobalt-molybdenum are used. However, the reactions take place 

under harsh conditions and the catalyst requires to be leached with sulfur which hinders 

their applications [49,82,85,91,176–178]. For sulfidation hydrogen sulfide gas [36,179] 

can be passed over the catalyst or elemental sulfur or a sulfur rich compound, such as 

dimethyl-disulfide (DMDS) can be added to the feed [91,180]. However, the catalyst 

activity reduces over a period of time due to sulfur leaching and also the product stream 

is contaminated with sulfur [181,182]. During sulfidation, there is a possibility of sulfur 

being released into the atmosphere, which is detrimental for the atmosphere. These 

drawbacks of catalyst sulfidation can be circumvented by using catalyst which do not 

require sulfidation pre-treatment. Several noble metals such as palladium (Pd), 

platinum (Pt) and ruthenium (Ru) on different supports have been used in the past for 

hydrotreatment and they have shown high activity in converting vegetable oil into 

alkanes [183]. Generally, Pt catalysts support decarbonylation reaction, whereas Pd 

catalyst support decarboxylation reaction process [184]. Moreover, Ru based catalyst 

are also active for HDO reactions [185,186]. 

Sunflower oil was hydroprocessed by Kikhtyanin et al. [68] using Pd/SAPO-31 

catalyst. As the authors increased the temperature from 320 to 360°C the C17/C18 ratio 

increased from 1-4 to 8-10 indicating the dominance of HDCN/HDCX reaction over 

HDO reaction process. The cloud and pour points of the produced fuel was less than -

50°C. Liu et al. [181] hydroprocessed waste cooking oil using Ru/Al13-montmorillonite 

catalyst. The triglycerides and free fatty acids (FFA) containing high acid value cooking 



 

 

Performance, Emission and Combustion Studies of a Modified Vegetable Oil 

in a Compression Ignition Engine 
 86 

CHAPTER 4 

oil was deoxygenated to form hydrocarbon products. The authors observed the pour 

point to be 20°C with SiO2 support whereas with montmorillonite support the pour 

point reduced to -15°C. Murata et al. [179] also hydrotreated Jatropha oil using Pt-Re 

catalyst supported on HZSM-5. With a 10 oil to catalyst ratio, the optimum Re-

Pt/HZSM-5 catalyst resulted in C15-C18 yield of 67%. The authors found that initially 

the cleavage of double bond occurs followed by HDO, HDCN and HDCX reaction to 

form C15-C18 alkane mixture. Jatropha oil and a model compound (stearic acid) was 

hydrotreated under mild conditions by Guo et al. [149] using ruthenium with different 

supports. Ru supported on La(OH)3 resulted in 100% conversion of Jatropha with 98% 

long chain selectivity at 200°C and 4MPa. The authors also checked the recyclability 

of the catalyst and found that up to four times nearly 70% alkanes were obtained under 

the same conditions. The effect of addition of cerium to palladium and ruthenium with 

La(OH)3 support on the hydrocarbon yield was studied by Patil and Vaidya [187]. The 

authors in a fixed-bed reactor deoxygenated Jatropha oil. At optimized reaction 

conditions, the yield and oil conversion for Pd-Ce and Ru-Ce were 81 & 97.3% and 

75.3 & 91.8%, respectively. The catalyst efficiency was not affected for more than 40 

hours of on-stream time. In another study [188], the same authors used hydrotalcite-

like (HTlc) supports for palladium and ruthenium catalyst and they studied the effect 

of various parameters such as pressure, temperature and H2/oil ratio. At optimum 

reaction conditions, the yield with Pd is 91.2% and with Ru the yield is 85.6%. Both 

the catalyst were stable for over 30 hours of on-stream time.  

The literature show that different catalysts can be used for hydrotreating waste 

cooking oil. However, mostly nickel or cobalt based catalysts has been used by the 

researchers and few studies have used noble metals based catalyst for the hydrotreating 

of waste cooking oil. Moreover, sulphidation is necessary for the former catalysts which 
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is carried out by using H2S gas or by adding dimethyl disulphide (DMDS), whereas no 

suplidation is required for noble metals. Also the energy requirement is less with the 

noble metals. Therefore, in the present work a cerium and manganese promoted catalyst 

containing ruthenium supported on Al2O3 was used for hydrotreating the waste cooking 

oil. To reduce the time and cost of the experimentation Taguchi and Fuzzy logic was 

used for optimizing the process parameters. The used cooking oil was collected from 

cafeteria of Delhi Technological University.  

4.2. Catalyst Preparation and Characterization 

The catalyst was prepared by a wet impregnation method. An aqueous solution of 

cerium nitrate hexahydrate was prepared and it was slowly dropped with the help of a 

dropper on the calcined Al2O3 support till the support was just wet. The process was 

repeated for impregnating an aqueous solution of manganese acetate and ruthenium 

chloride. A solid sample was then obtained by drying the support at 100°C and calcined 

at 500°C for 3 hours. The support contained 5% of cerium and 5% of magnesium, 

whereas the ruthenium loading was 2% of the catalyst weight. For this, 0.62gm of 

cerium nitrate hexahydrate was dissolved in 15ml of distilled water, 0.274gm of 

manganese acetate was separately dissolved in 50ml of distilled water and 0.248gm of 

ruthenium chloride was separately dissolved in 50ml of distilled water. The three 

aqueous solutions were then added to a 5gm calcined support. The prepared catalyst, 

before every reaction, was reduced in a hydrogen (2MPa) environment at 220°C for 3 

hours. 

Fig. 4.1 shows the XRD pattern of the catalyst. The visible peaks at 2θ=38.5°, 46.7° 

and 66.9° are typical of Al2O3 which is prepared from microcrystalline boehmite. 

Similar peaks were observed by Sankaranarayanan et al. [71]. The pattern reveals that 

the metals are highly dispersed on the support surface and due to lower percentage of 
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the metals their individual peaks are not visible [189]. It also indicates that the nature 

of Al2O3 is not affected significantly by the method used for the impregnation of the 

metals. Even with higher percentage of ruthenium loading similar XRD pattern was 

observed by Mishra et al. [190].  

The scanning electron microscope was used to study the morphology of the freshly 

prepared catalyst. The SEM analysis, shown in Fig. 4.2, was carried out before the 

catalyst reduction. The EDS analysis confirms the presence of ruthenium, cerium and 

manganese in the catalyst. The mass percentage of ruthenium, cerium and manganese 

in the catalyst are 6%, 2% and 0.03%, respectively. 
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Fig. 4.2 SEM images of the catalyst at (a) 20μm, (b) 10μm, (c) 5μm and (d) EDS analysis 
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4.3. Discussion on the results  

As previously discussed in Section 3.3, the experiments were carried out in a 100ml 

batch reactor filled with 20g of used cooking oil and the reduced catalyst. Instead of a 

full factorial experimental work, Taguchi method was used and the experiments were 

carried out as per the discussion in Section 3.4. 

4.3.1. Composition of used cooking oil 

GC-MS (HP-624 column) analysis was carried out for determining the composition 

of used cooking oil. The results show that the used cooking oil contains palmitic acid 

(17.47%), linoleic acid (58.51%), oleic acid (16.75%), and stearic acid (4.85%). The 

unsaturated fatty acids in the used cooking oil were palmitoleic, oleic, linoleic, and 

linolenic acids whereas the saturated acids were palmitic acid, stearic acid. The 

saturated fatty acids were about 22.47% whereas the unsaturated fatty acids were 

77.53% in the total acids of used cooking oil. All the fatty acids had even carbon atoms 

in the carbon chain i.e. C16, C18 and C20. The sixteen chain carbon atoms occupy 17.5%, 

eighteen chain carbon atoms occupy 80.7% whereas carbon chains with twenty carbon 

atoms occupy 1.79% of the fatty acids of used cooking oil. 

4.3.2. Hydrotreating of used cooking oil 

During the hydroprocessing of unsaturated fatty acid methyl ester, complicated 

reactions are involved such as dehydration, cracking, hydrogenation, decarbonylation 

or decarboxylation and carbon deposits. These reactions may occur simultaneously or 

consecutively. The intermediate products formed are alcohols, relative fatty acids and 

olefins and the final products are carbon monoxide, carbon dioxide and alkanes 

[71,191]. The C1 – C4 alkanes are in gaseous form whereas alkanes containing greater 

than five number of carbon atoms are in liquid form and may be normal or isomeric in 

nature. The reaction can take place via hydrodeoxygenation route with water as by-
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product and through decarbonylation or decarboxylation route with CO or CO2 as by-

product [192]. The carbon chain has same number of atoms with hydrodeoxygenation 

route whereas with decarbonylation or decarboxylation route, the carbon chain reduces 

by one carbon atom [193]. The selectivity of diesel like fuel and the conversion 

percentage for all the tests cases is depicted in Fig. 4.3.  

It is seen that all the three parameters considered in the study namely, reaction 

temperature, reaction pressure and reaction time affect the overall conversion efficiency 

as well as the diesel selectivity. Moreover, the reaction temperature has a stronger 

influence in comparison to the other two parameters. The general trend shows a 

decrease in conversion efficiency with high temperatures. The highest conversion 

efficiency was observed at 330°C and the lowest at 390°C. The selectivity of diesel like 

fuel was higher than naphtha at all the temperatures, and at 330°C the diesel like fuel 

selectivity was highest. With increase in temperature the diesel like fuel selectivity 

decreases. Moreover, as the temperature increases the naphtha selectivity increases and 

it is highest at 390°C since cracking of the product takes place at higher temperatures 

and lighter molecules are formed [112].   

The hydrogen pressure determines the pathway of the used cooking oil conversion 

into alkanes. As the hydrogen pressure increases the conversion efficiency increases 

because the acid-catalyzed reaction rate increases as more hydrogen is adsorbed on the 

catalyst surface thus producing more acid sites for the reaction [194]. This facilitates 

triglycerides deoxygenation along with the breaking of the glycerol backbone. Fig. 4.3 

shows that the pressure and reaction time both affect the conversion percentage as well 

as the diesel selectivity. It is seen that at 330°C as the pressure and reaction time 

increases the conversion percentage increases but the diesel like fuel selectivity 

decreases. At 330°C, 40 bar pressure and 140 minutes reaction time, the conversion 
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efficiency increases from 88.6% to 89.9% at 50 bar pressure and 200 minutes. Whereas 

the diesel like fuel selectivity decreases from 86.7% to 84.2% as the amount of time 

available for the reaction increases and also more amount of triglycerides are converted 

into alkanes. Also, as large amount of hydrogen is present in the reactor, the formation 

of lighter products (water, propane, and methane) is enhanced. The energy consumption 

is also increased by increasing the hydrogen pressure [81,91]. At 390°C, 30bar and 200 

minutes, the conversion efficiency is 78.2% and diesel like fuel selectivity is 67.8% 

which increases to 80.9% and 71.1% respectively at 40bar and 80 minutes reaction 

time. As the reaction pressure increases and time decreases, the relative conversion of 

waste cooking oil into lighter carbon chains and gas reduces and high amount of 

hydrogen is utilized in only forming long chain alkanes. Whereas at 50bar and 140 

minutes reaction time, the diesel like fuel selectivity and the conversion efficiency is 

66.5% and 76.6%, respectively. Since at high hydrogen pressure and more reaction 

time, the longer chain carbon atoms may have cracked to smaller chain atoms.  

To understand the reaction route, it is necessary to estimate the ratio of the amount 

of odd number of carbon atoms (C17) to even number of carbon atoms (C18) in the liquid 

product. The C17/C18 ratio, shown in Fig. 4.4, indicates the relative activity as the long-

chained used cooking oil consists mainly of C18 carbon atoms. It is seen that high 

amount of heptadecane was formed with the increase in temperature. This is most likely 

because of endothermic nature of the decarbonylation and decarboxylation reactions 

whereas the hydrodeoxygenation reaction is exothermic in nature [112,184]. At 330°C, 

with the increase in reaction time and pressure the amount of odd number of carbon 

atoms decreases. The primary reason for the trend is the increase in the adsorption of 

hydrogen on the catalyst’s active sites which increases the deoxygenation activity and 

reduces the decarboxylation and decarbonylation reaction [70]. Similar trend is 
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observed at 360°C and 390°C. Moreover, the reaction time has little effect on the 

heptadecane formation as the effect of hydrogen adsorption on active sites is more 

dominant. 

 
Fig. 4.3 Conversion and Diesel yield at various test conditions 

 
Fig. 4.4 Molar ratio of C17/C18 at different test conditions 

4.4. Optimization of the production process 

In the present study, the effect of the three factors on the conversion efficiency of 

the process, diesel like fuel selectivity and naphtha selectivity of the process is studied. 

However, the Taguchi method is designed for optimizing a single performance 

characteristic. Therefore, other theories such as grey relation theory [195,196], utility 

theory [197] and desirability function [198] approach have been combined with 

Taguchi method for optimization of multiple performance characteristics. Deng 
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proposed grey system theory in the year 1982. This system can solve problems having 

complicated relationships between variables and their factors. In this system all the 

objectives of a multi objective problem are combined into one single objective thereby 

reducing the complexity and increasing the system’s efficiency. All the output 

responses are normalized between 0 and 1 which are in turn used to calculate grey 

relational coefficient for each response. The coefficient is then averaged for each 

experiment to calculate grey relational grade. The optimal solution is attributed to the 

maximum grey relational grade [199,200]. Derringer and Suich popularized a multi 

response optimization technique in 1980. The technique was known as desirability 

function that transforms a response into a scale free value known as desirability. The 

range of desirable is from 0 to 1 and the factor settings that gives the maximum total 

desirability are considered to be the best parameters. In this technique the desirability 

index is calculated first from the responses and then based on the index the composite 

desirability is calculated. The optimal parameters and the combination of the levels are 

found using the composite desirability value [201]. According to utility theory, a 

product is evaluated by a customer based upon on its qualities. To make the choice 

rational, the characteristics of the products are evaluated and assigned a utility value. 

The utility value represents the product’s utility. A preference scale for each quality is 

constructed and is used to determine the utility value for a number of quality 

characteristics. These scales are then weighted for obtaining an overall utility. The 

weighting is carried out for satisfying the test of indifference in the quality 

characteristics. The preference scale for each characteristic is set between 0 and 9 [197]. 

In all these theories each response is allocated with weights. Since these weights are 

assigned on the basis of some assumptions that results in uncertainty and indistinctness 



 

 

95 Performance, Emission and Combustion Studies of a Modified Vegetable Oil 

in a Compression Ignition Engine 

CHAPTER 4 

in the solution. Therefore fuzzy based Taguchi method can be used for optimization of 

multiple objectives. 

In fuzzy control, the logic of human thought in controlling a process is represented 

as fuzzy rules or relations. The fuzzy logic unit consists of a fuzzifier, membership 

functions, a fuzzy rule base, an inference engine and a defuzzifier [202]. The S/N ratios 

obtained from the Taguchi method are normalized in the range 0-1 so that the quality 

characteristic of the performance parameter with smaller S/N ratio is present. The 

normalization of the S/N ratio is carried out using equation 4.1. 

Xnormalized = (Xi − Xmin)/(Xmax − Xmin)                   (4.1) 

Where i varies from 1,2,3,..etc. Xi denotes the S/N ratio at the ith position, Xmin is the 

minimum S/N ratio and Xmax is the maximum S/N ratio. 

The fuzzifier then fuzzifies the normalized S/N ratio using the membership 

functions. The inference engine then generates a fuzzy value by applying fuzzy 

reasoning using the fuzzy rules. Lastly, the fuzzified value is defuzzified and converted 

into multi performance characteristics index (MPCI). The highest value of MPCI 

dictates the best parameters for the process. 

The input and the output variables were divided using the triangular membership 

function, which were then used for finding the MPCI. The three input variables, 

reaction temperature, reaction pressure, and reaction time have three level, small (S), 

medium (M), large (L), shown in Fig. 4.5. The output MPCI has seven levels namely, 

very-very small (VVS), very small (VS), small (S), medium (M), large (L), very large 

(VL), very-very large (VVL), shown in Fig. 4.6. Table 4.1 shows the fuzzy rules for all 

the inputs and the outputs. The defuzzification is carried out using the centre of gravity 

method. Table 4.2 shows the inferred MPCI using the experimental combinations given 

in Table 3.4. 
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Since the design of experiments is orthogonal, the effect of all variables at different 

levels on the MPCI can be studied. The mean of the MPCI for each process parameter 

level was calculated and given in Table 4.3. The mean of MPCI for the reaction 

temperature at first level is calculated by averaging the mean performance characteristic 

indexes for the test cases 1-3. Similarly, the mean MPCI for each level of other variables 

can be found. The total mean of the test cases is also given in Table 4.3. The effect of 

individual parameters is shown in the MPCI graph (Fig. 4.7), and the total mean of 

MPCI is indicated by the dashed line. Basically, the highest value of MPCI dictates the 

best parameters for the process as the variance of performance characteristics around 

the required value is small. However, it is still required to know the relative importance 

of each parameter such that the optimized combinations of the variable’s level can be 

accurately determined. 

 
Fig. 4.5 Membership function for conversion 

 

 
Fig. 4.6 Membership function for multi performance characteristics index 
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Table 4.1 Fuzzy rule matrix 

S. No. 
Conversion 

(%) 

Diesel 

Selectivity (%) 

Gasoline 

Selectivity (%) 
Output 

1 S S S VVS 

2 S S M VS 

3 S S L S 

4 S M S VS 

5 S M M S 

6 S M L M 

7 S L S S 

8 S L M M 

9 S L L L 

10 M S S VS 

11 M S M S 

12 M S L M 

13 M M S S 

14 M M M M 

15 M M L L 

16 M L S M 

17 M L M L 

18 M L L VL 

19 L S S S 

20 L S M M 

21 L S L L 

22 L M S M 

23 L M M L 

24 L M L VL 

25 L L S L 

26 L L M VL 

27 L L L VVL 

 

Table 4.2 S/N ratio for the three variables and the inferred MPCI 

Test 

Case 

Conversion 

(%) 

S/N Ratio 

(Conversion) 

Diesel 

Selectivity 

(%) 

S/N Ratio 

(Diesel 

selectivity) 

Naphtha 

Selectivity 

(%) 

S/N Ratio 

(Naphtha 

selectivity) 

MPCI 

T1 86.4 38.73 82.5 38.33 1.8 -5.11 0.704 

T2 88.6 38.95 86.7 38.76 1.2 -1.58 0.899 

T3 89.9 39.08 84.2 38.51 1.4 -2.92 0.838 

T4 85.8 38.67 77.8 37.82 3.1 -9.83 0.612 

T5 86.4 38.73 77.2 37.75 3.3 -10.37 0.600 

T6 85.4 38.63 76.1 37.63 4.1 -12.26 0.518 

T7 78.2 37.86 67.8 36.62 8.0 -18.06 0.187 

T8 80.9 38.16 71.1 37.04 7.6 -17.62 0.263 

T9 76.6 37.68 66.5 36.46 8.4 -18.49 0.053 
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Table 4.3 MPCI Table 

ProcessTParameter 
MPCI 

LevelT1 LevelT2 LevelT3 Max-Min 

Reaction 

Temperature (°C) 
0.814 0.577 0.167 0.647 

Reaction Pressure 

(bar) 
0.501 0.587 0.469 0.118 

Reaction Time 

(minutes) 
0.495 0.521 0.542 0.047 

 Mean Value of MPCI = 0.519 

 

Fig. 4.7 MPCI graph  

4.4.1. Analysis of Variance (ANOVA) 

To identify the most significant process variables and their effect on the output 

parameters the analysis of variance was conducted. By summing up and squaring the 

deviations from the total mean of multiple performance characteristics indexes, the 

variability of MPCI can be separated into contribution by each variable and error. 

Equation 4.2 is used to calculate the total sum of squared deviations (SDT). 

SDT = ∑ (ηi − ηm)2q
i=1                                                (4.2) 

Where q is the number of test cases, ηm is the mean of MPCI and ηi is the mean of 

MPCI for ith test case.  
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The total sum of squared deviation consists of two parts: one the sum of squared 

deviation due to each variable SDD and second the sum of squared error SSE. Table 4.4 

tabulates the results after applying analysis of variance. The percentage contribution of 

each variable in the total sum of squared deviations is calculated by equation 4.3. The 

percentage contribution signifies the importance of change in each variable on the 

output. In addition F-test with 95% confidence was used to determine the significant 

contribution of each variable on the output. Large F value signifies that the change in a 

particular process parameter significantly affects the output. 

Contribution (%) =
SDD(for each process parameter)

SDT
                (4.3) 

The F-test and the contribution percentage shows that MPCI is significantly 

affected by the reaction temperature, followed by reaction pressure with reaction time 

having the least effect on the MPCI. The outcomes are reasonable enough as the 

increase in reaction temperature decreases the conversion efficiency and diesel like fuel 

selectivity and increases naphtha selectivity as the long chain carbon atoms are broken 

into small chain carbon atoms. Based on the discussions, the optimal process 

parameters are 330°C reaction temperature, 40bar reaction pressure and 200minutes of 

reaction time. 
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Table 4.4 ANOVA results 

Process 

Parameter 

DegreesTof

Freedom 

Sum of 

Squares 

MeanT

Squares 
F-test 

Contribution 

(%) 

Reaction 

Temperature 

(°C) 

2 0.6407 0.32035 28.89 93.1 

Reaction 

Pressure 

(bar) 

2 0.0222 0.0111 1 3.23 

Reaction 

Time 

(minutes) 

2 0.0032 0.0016 0.15 0.46 

Error 2 0.0221 0.01105  3.21 

Total 8 0.6882   100 

4.4.2. Confirmation experiment 

After fixing the optimal process parameters, prediction and verification of the 

improvement in the performance characteristics is necessary. For the optimized process 

parameters, the MPCI is predicted using equation 4.4. 

η =  ηm + ∑ (ηi − ηm)
q
i=1                                        (4.4) 

Where η is the estimated MPCI, ηm is the total mean MPCI, ηi is the mean of MPCI at 

the optimal level and q is the number of parameters that affect the MPCI.  

With the optimal process parameters, the hydrotreating of used cooking oil was 

carried out and the conversion efficiency, diesel selectivity and naphtha selectivity was 

found. The predicted MPCI and the experimental results with the optimal process 

parameters is given in Table 4.5. As compared to the initial process parameters, the 

conversion efficiency, diesel selectivity has increased whereas the naphtha selectivity 

decreased. The signal-to-noise ratio and the MPCI has also improved for the optimized 

process parameters. 
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Table 4.5 Result of confirmation experiment 

 Initial Process 

Parameters 

Optimal Process Parameters 

Improvement 

in S/N Ratio 

Improvement 

in MPCI 

Prediction Experiment 

Setting Level 

390°C, 

50bar & 

140minutes 

S/N ratio 

330°C, 

40bar & 

200minutes 

330°C, 

40bar & 

200minutes 

S/N ratio 

Conversion (%) 76.6 37.68  89.7 39.056 1.376  

Diesel Selectivity (%) 66.5 36.46  88.2 38.91 2.45  

Naphtha Selectivity (%) 8.4 -18.49  1.1 -0.82 17.67  

MPCI  0.053 0.944 0.940  0.887 
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4.5. Physico-chemical properties 

In a one liter capacity test setup (similar to the one described in Section 3.3), the 

optimized parameters were used to produce the hydrotreated waste cooking oil in large 

quantities. Blends of the hydrotreated oil & diesel and ternary blends of hydrotreated 

oil, biodiesel & diesel were prepared as previously described in Section 3.5. In this 

section the properties of the fuel blends and neat fuel samples which were evaluated 

using the equipment and methods described earlier is discussed in detail. 

4.5.1. Composition of the fuel 

The gas chromatography was carried out to find the composition of the neat 

hydrotreated oil using a Shimadzu QP-2010 instrument. The GC profile shows (Fig. 

4.8) that the fuel has carbon atoms in the range of C11 to C20 and heptadecane is the 

predominant hydrocarbon. The other major straight chain hydrocarbons observed are 

decane, undecane, dodecane, tetradecane, hexadecane, octadecane, nonadecane and 

tricosane. The straight chain carbon atoms present in the fuel improves its energy 

density and volatility which increases as the chain length increases. This tends to 

improve the ignition quality and combustion of the fuel [121].  

Initially, the waste cooking oil had nearly 77% unsaturation which reduced to 40% 

after the hydrotreating process whereas the saturation of the fuel increased to nearly 

60%. The unsaturation is caused by the presence of the methyl esters in the fuel sample. 

The mass spectroscopy also shows that the isomerization of the fuel has taken place 

and significant amounts of isomers are present in the fuel sample. It is expected that the 

isomers help in improving the cold flow properties of the fuel [78]. 

4.5.2. Infrared Spectroscopy 

The infrared analysis of the fuel was carried out to analyse its molecular structure 

which is based upon the vibration of the molecules and the energy associated with it. 
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The data of the infrared spectroscopy is shown in Fig. 4.9. The infrared absorption 

frequencies for the hydrocarbons is given in Table 4.6. The peaks at 2854, 2923 and 

2956 wave number are of straight chain alkanes and the peaks at 1378 and 1463 wave 

number are of –CH3 bending i.e. of methyl groups. These peaks show that the fuel 

contains large amount of straight chain hydrocarbons and small amount of isomeric 

hydrocarbons. The peaks at wave number 1170 and 1742 represent the presence of ester 

compounds in the fuel, however, these peaks are small which shows that the amount of 

these compounds is less in the fuel. The GC-MS analysis confirms these findings. This 

data shows that the hydrotreating process has considerably reduced the amount of 

oxygen in the fuel and it contains large amount of straight chain hydrocarbons. Similar 

results were also observed by Satyarthi and Srinivas [203]. 

 

Fig. 4.8 GC-MS profile of hydrotreated used cooking oil 
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Fig.T4.9 FTIR test of neat hydrotreated used cooking oil 

Table 4.6 Infrared absorption frequencies 

S. No. Functional Group Wave Number (cm-1) 

1 -O-H stretching (alcohol) 3300-3400 

2 =C-H stretching (alkene) 3265-3335 

3 -C-H stretching (alkane) 2850-3000 

4 -C-H stretching (aliphatic) 4200-4600 

5 -C=O stretching (ester) 1730-1750 

6 -C=C stretching (alkyne) 1600-1680 

7 -CH3 bending 1450-1375 

8 O=C-O-C aliphatic (ester) 1160-1210 

9 -C-O stretching (ester) 1000-1300 

10 Alcohols free 3600-3650 

11 Alcohols H-bonded 3200-3500 

12 Out of plane bend >1000 

4.5.3. Density 

Density is one of the key properties for understanding the applicability of a fuel in 

a compression ignition engine. Important fuel characteristics such as cetane rating and 

heating value is related to density. The engine power output is also affected by the fuel 

density [204]. As per ASTM D1298 and EN 590 standard for diesel fuel, the density 

should be in the range of 820-860kg/m3 and 820-845kg/m3, respectively. As discussed 

previously, the density of the test samples was determined using an Anton Parr 
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oscillating U-tube density meter. Fig. 4.10 shows the density of the blends of 

hydrotreated oil and diesel. It is seen that the density of H100 was lowest and neat diesel 

had the highest density. As the percentage of hydrotreated oil increased in the blend, 

the density decreased. The density was observed to be 835.1, 817.7, 832.4, 829.7, 829.1, 

828.5 and 827.7kg/m3 for D100, H100, H10D90, H20D80, H30D70, H40D60 and 

H50D50, respectively.  

Fig. 4.11 shows the density of the ternary blends of diesel, hydrotreated oil and 

biodiesel. It is seen that the density of the biodiesel is the highest and the ternary blends 

had lower density and as the percentage of biodiesel increases in the blend of diesel and 

hydrotreated oil, the density increases. The density for B100, H20B5, H20B10, 

H20B15, H30B5, H30B10, and H30B15 is 863.7, 833, 834.46, 835.89, 831.29, 832.72, 

and 834.15 kg/m3, respectively. 

 

Fig 4.10 Variation in density for blends of hydrotreated oil and diesel 
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Fig 4.11 Variation in density for blends of biodiesel, hydrotreated oil and diesel 

4.5.4. Kinematic viscosity 

Kinematic viscosity is known as the resistance to the flow of fluid. It affects the 

operation of the fuel injection system and the atomization of the spray. Its affects are 

more visible on low temperatures as the viscosity of the fluid increases thereby affecting 

the combustion of the fuel. Moreover, soot formation and deposits in the engine may 

also increase due to insufficient atomization of fuel [205]. According to ASTM D445 

and EN 590 standard, to utilize diesel like fuels in a compression ignition engine the 

kinematic viscosity should be in the range of 2 – 4.5cSt. Figs. 4.12 & 4.13 shows the 

kinematic viscosity of all the fuel samples. The kinematic viscosity of D100, H100, 

H10D90, H20D80, H30D70, H40D60, H50D50, B100, H20B5, H20B10, H20B15, 

H30B5, H30B10 and H30B15 was observed to be 2.51, 2.9, 2.54, 2.59, 2.62, 2.66, 2.69, 

5.82, 3.29, 3.44, 3.62, 3.32, 3.47 and 3.64cSt, respectively. The kinematic viscosity of 

neat hydrotreated oil and biodiesel is higher than pure diesel as the fuel contains some 

amount of oxygen. Manchanda et al. [206] in their study observed that the presence of 

oxygen in the fuel affects its kinematic viscosity, i.e. the higher the amount of oxygen 

the higher is the viscosity.  
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Fig 4.12 Variation in kinematic viscosity for blends of hydrotreated oil and diesel 

 

Fig 4.13 Variation in kinematic viscosity for blends of biodiesel, hydrotreated oil and 

diesel 

4.5.5. Calorific value 

It represents the energy released by burning a unit mass of fuel resulting in the 

formation of water and CO2. The power of the engine is directly affected by this 

property. As previously discussed, a bomb calorimeter was used for measuring the 

energy content of the test samples. Fig. 4.14 shows that diesel has the highest calorific 
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value of 42.57MJ/kg. Neat H100 has the lowest calorific value of 41.79MJ/kg. Fig. 4.15 

shows calorific value of the ternary blends of the hydrotreated oil, diesel and biodiesel. 

The calorific value of a fuel is affected by its oxygen content, since neat H100 has some 

oxygen content its calorific value is lower than diesel. Similarly, B100 has high oxygen 

content, therefore, its calorific value is also lower than diesel. For the blends, as the 

content of the hydrotreated oil increases in the mixture the calorific value decreases. 

For H10D90, H20D80, H30D70, H40D60 and H50D50 the calorific was found to be 

42.41, 42.29, 42.08, 41.92 and 41.86 MJ/kg, respectively. For the ternary blends also 

as the percentage of the biodiesel in the blend increases, the calorific value decreases. 

The calorific value of B100, H20B5, H20B10, H20B15, H30B5, H30B10 and H30B15 

is 41.27, 42.35, 42.28, 42.22, 42.27, 42.21, and 42.14MJ/kg, respectively.  

 

Fig 4.14 Variation in calorific value for blends of hydrotreated oil and diesel 
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Fig 4.15 Variation in calorific value for blends of biodiesel, hydrotreated oil and 

diesel 

4.5.6. Flash point 

The minimum temperature at which the produced vapours on heating the fuel are 

flammable in nature. At this temperature when a source of ignition is brought near the 

surface of the fuel, the vapours combine with the oxygen in air and flash for a fraction 

of second. It is seen in Fig. 4.16 that H100 has a flash point of 68°C,whereas, diesel has 

flash point of 58°C. Blending of the hydrotreated oil with diesel resulted in increase in 

flash point as the percentage of the hydrotreated oil increased in the blend. The flash 

point of H10D90, H20D80, H30D70, H40D60 and H50D50 was observed to be 59°C, 

60°C, 61°C, 62°C, and 63°C, respectively. Fig. 4.17 shows that B100 has the highest 

flash point of 165°C. The addition of the biodiesel to the blends of the hydrotreated oil 

resulted in increase in flash point and as the percentage of biodiesel increases the flash 

point increases. The flash point of H20B5, H20B10, H20B15, H30B5, H30B10 and 

H30B15 is 70, 77, 83, 73, 78 and 84°C, respectively. 
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Fig 4.16 Variation in flash point for blends of hydrotreated oil and diesel 

 

Fig 4.17 Variation in flash point for blends of biodiesel, hydrotreated oil and diesel 

4.5.7. Distillation Data 

The distillation of the test samples was carried out using the method given in 

Section 3.6.5. Figs. 4.18 shows the distillation temperature when 10%, 50% and 90% 

of the fuel sample was recovered. The boiling temperature when 10% of the fuel 

fraction is recovered indicates the ease with which vaporization takes place i.e. the 
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volatility of fuel is high. While the temperature when 90% of the fuel is recovered 

indicates that high molecular weight compounds are present which are difficult to 

vaporize thereby increasing the particulate emissions and engine deposits [74]. It is seen 

that H100 has a higher distillation temperature than diesel when 10% and 50% of the 

fuel sample was recovered. Whereas, H100 has lower distillation temperature than 

diesel when 90% of the sample was recovered. This shows that the engine operation 

with H100 will result in lower emissions than diesel as it has low amount of compounds 

with high molecular weight.  

Neat biodiesel has the highest distillation temperature at 10%, 50% and 90% 

recovery of the fuel due to its low volatility. When biodiesel is added to 20% and 30% 

of the hydrotreated oil, the recovery of fuel at 10%, 50% and 90% increases and is 

higher than the hydrotreated blends without biodiesel. As the percentage of biodiesel 

increases in the blend, its distillation temperature increases. Moreover, the maximum 

temperature is lower than the ASTM D6751 standard limit. 

4.5.8. Cetane index 

Cetane number helps in understanding the self-ignition characteristics of the fuel 

after it is injected into the combustion chamber. Since cetane number is difficult to 

estimate another parameter cetane index helps in understanding the ignition 

characteristics of the fuel. Cetane index is determined by the distillation of the fuel and 

its density. The method for finding out the cetane index was discussed in detail in 

Section 3.6.6. Figs. 4.19 & 4.20 shows the cetane number of the test fuels. It is seen 

that the cetane index of H100 is higher than diesel and as the content of the hydrotreated 

oil in the blends increases the cetane index increases. As seen in Fig. 4.29, the ignition 

probability of H100 is higher than diesel at any temperature and the probability rises to 

100% at lower temperatures for H100 as compared to other test samples. This shows 
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that the higher cetane index of H100 helps in the earlier ignition of the fuel. B100 has 

a higher cetane index than diesel but lower cetane index than H100. The ternary blends 

prepared by mixing biodiesel in the blends of the hydrotreated oil and diesel resulted in 

increase in cetane index of the samples as the biodiesel replaces diesel. Also as the 

percentage of biodiesel increases in the blend, the cetane index increases. The cetane 

index of D100, H100, H10D90, H20D80, H30D70, H40D60, H50D50, B100, H20B5, 

H20B10, H20B15, H30B5, H30B10 and H30B15 was observed to be 45.7, 65.2, 47.9, 

49.9, 51, 52.2, 53.9, 46.9, 50.2, 51.6, 52.7, 52.1, 53.15, and 54.17, respectively. 

 
Fig. 4.18 Distillation data for blends of hydrotreated oil and diesel and ternary blends 

of hydrotreated oil and diesel and biodiesel at 10%, 50% and 90% recovery 
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Fig. 4.19 Variation in cetane index blends for blends of hydrotreated oil and diesel  

 

Fig. 4.20 Variation in cetane index for blends of biodiesel, hydrotreated oil and diesel 

4.5.9. Cold flow properties 

To understand the suitability of the fuel at low temperatures, it is important to study 

its cold flow properties. Paraffinic hydrocarbons are more suitable as fuel as they have 

good auto-ignition characteristics but their cold flow properties are poor resulting in the 
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formation of wax crystals [207]. This affects the fuel pump pumping capacity by 

clogging the fuel filter resulting in engine failure [208]. Cold flow properties are mainly 

dependent upon the contents of the fuel. Cloud point and cold filter plugging point 

(CFPP) are the two properties that were determined in this study. Cloud point is the 

lowest temperature at which the fuel molecules start agglomerating and crystal 

formation can be seen. CFPP is the temperature at which a given volume of fuel ceases 

to flow through a fuel filter. At this temperature the crystals formed are big enough to 

clog the fuel filter thereby stopping the flow of the fuel to the fuel injector. The method 

and the equipment used for finding the cloud point and CFPP is given in Section 3.6.7 

and 3.6.8, respectively. Figs. 4.21, 4.22, 4.23 and 4.24 shows the cloud point and CFPP 

of the test fuels. It is seen that H100 has lower cloud point and CFPP than diesel and 

B100. Moreover, as the percentage of the hydrotreated oil in the blend increases the 

temperatures of both the properties decreases. The GC-MS profile of H100 (Fig. 4.8) 

shows that the fuel has some isomeric content which improves its cold flow property 

[78]. Therefore, the fuel can be easily used in the Indian winter conditions. Due to high 

viscosity of biodiesel, its cloud point and cold filter plugging point are high. With 

biodiesel addition to the blends of the hydrotreated oil, the cloud point and CFPP 

increases. This shows that the cold flow properties of the biodiesel blends have 

deteriorated and additives that can enhance the cold flow properties are required. 
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Fig. 4.21 Variation in cloud point for blends of hydrotreated oil and diesel 

 

 

 

 

Fig. 4.22 Variation in cloud point for blends of biodiesel, hydrotreated oil and diesel 
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Fig. 4.23 Variation in cold filter plug point for blends of hydrotreated oil and diesel 

  

Fig. 4.24 Variation in cold filter plug point for blends of biodiesel, hydrotreated oil 

and diesel 

4.5.10. Lubricity 

The fuel pump in a compression ignition engine is lubricated only by the fuel. 

Therefore, the fuel should have good lubricating properties. To evaluate the lubricating 

properties, the wear scar diameter on the ball rubbing on a disk filled with the fuel can 
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be found out using an HFRR test rig (Section 3.6.9). The lower the scar diameter on the 

ball, the better the lubricating properties of the fuel. The experiment is based on ASTM 

D6079 standard. The experimental results are shown in Figs. 4.25 and 4.26. It is seen 

that H100 has lower wear scar diameter than diesel. This is mainly due to its high 

viscosity which helps in forming a layer on the disk thereby reducing the scar formation 

on the ball, which shows that the lubricating properties of H100 is better than all the 

other test samples. The scar diameter with the other blends were observed to be in 

between H100 and diesel. As the percentage of the hydrotreated oil increases in the 

blend, the wear scar diameter is reduced. B100 has the lowest wear scar diameter, as its 

viscosity is highest. As the biodiesel is added to the blends of 20% and 30% of the 

hydrotreated oil, the wear scar diameter is observed to decrease for all the blends and 

as the percentage of the biodiesel increases the wear scar diameter decreases, i.e. the 

lubricity of the test blends increases. Table 4.7 and Table 4.8 compares the properties 

of the blends.  

 

Fig. 4.25 Variation in wear scar diameter for blends of hydrotreated oil and diesel 
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Fig. 4.26 Variation in wear scar diameter for blends of biodiesel, hydrotreated oil and 

diesel 

Table 4.7 Properties of the neat diesel, HVO and their blends 
Property D100 H100 H10D90 H20D80 H30D70 H40D60 H50D50 

Density at 15°C 

(kg/m3) 
835.07 817.7 832.4 829.68 829.1 828.5 827.19 

Kinematic viscosity 

at 40°C (cSt) 
 2.51  2.9  2.54 2.59  2.62  2.66  2.69  

Calorific value 

(MJ/kg) 
42.57 41.79 42.41 42.29 42.08 41.92 41.86 

Flash point (°C)  58  68  59.5  60.2 61.1  62.3 62.8 

Cetane Index  45.73 65.2  47.95  49.93  51.0  52.2  53.9 

Cloud point (°C) -0.8 -6 -1.1 -1.6 -2.3 -2.8 -3.2 

CFPP (°C)  -11 -13  -11.2 -11.6 -11.8  -12 -12.2 

Lubricity, HFRR 

(microns) 
 370.2 194   363.4 349.6  324.1  303.6   280.8 

Table 4.8 Properties of the neat biodiesel, HVO and their blends 

Property B100 H20B5 H20B10 H20B15 H30B5 H30B10 H30B15 

Density at 15°C 

(kg/m3) 
863.71 833.02 834.46 835.89 831.29 832.72 834.15 

Kinematic viscosity 

at 40°C (cSt) 
5.82 3.29 3.44 3.62 3.32 3.47 3.64 

Calorific value 

(MJ/kg) 
41.27 42.35 42.28 42.22 42.27 42.21 42.14 

Flash point (°C) 165 70 77 83 73 78 84 

Cetane Index 46.93 50.28 51.6 52.77 52.1 53.15 54.17 

Cloud point (°C) 4 1.5 2.5 3.8 0.8 1.4 2.7 

CFPP (°C) -6 -10.1 -9.5 -8.7 -10.6 -9.3 -8.4 

Lubricity, HFRR 

(microns) 
175 342.3 336.2 321.4 319.8 304.6 286.2 
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4.6. Evaporation time and ignition probability 

The hot plate setup was used for finding the evaporation time and ignition 

probability. Fig. 4.27 shows the evaporation time of the fuel samples at various 

temperatures of the plate surface. The experiments were conducted as discussed in the 

previous chapter. The trends can be broadly classified into four regions namely 

evaporation of the fuel, nucleate boiling, transition boiling and film boiling [209]. The 

droplet and the plate surface are in direct contact with each other in the evaporation 

region. As the surface temperature increases, the heat transfer through conduction 

increases resulting in decrease in evaporation time. Further increase in surface 

temperature leads to formation of bubbles known as nucleate boiling. Due to the 

formation of bubbles, the mixing of the fluid increases thereby increasing the heat 

transfer rate through the surface of the plate and as the temperature increases the 

evaporation time decreases further. The bubble formation of H100 and D100 started at 

195 and 250°C, respectively. The boiling point of a liquid is dependent upon its heat 

capacity and boiling temperature. Therefore, the liquid having shortest boiling 

temperature will evaporate first [210]. The trends also shows that as the percentage of 

the hydrotreated oil in diesel increases the evaporation time decreases. 

The surface temperature at which the evaporation time is lowest is called as critical 

temperature. At this temperature, the droplets are disintegrated after significant boiling 

and the evaporation of the test sample is almost instantaneous. H100 and D100 had a 

critical temperature of 270 and 360°C, respectively. The lowest critical temperature was 

observed for H100 and with its increase in percentage in diesel the critical temperature 

was found to increase. As the surface temperature is further increased the trend moves 

towards the region of transition boiling. In this region, the vapor film surrounds the 

droplet due to excessive bubble formation and the direct contact between the droplet 
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and the hot surface is broken. The evaporation time increases in this region due to low 

thermal conductivity of the vapor film thereby reducing the heat transfer. With further 

increase in surface temperature, the trend enters the film boiling region, wherein 

Leidenfrost phenomenon occurs i.e. the droplets surrounded by a vapor film starts 

levitating on the plate surface. The heat transfer in this region takes place through both 

thermal conduction and radiation resulting in slight decrease in evaporation time. 

Further increase in surface temperature lead to the ignition of the fuel sample.  

Another study was conducted for finding the ignition probability using the hot 

plate test setup. The ignition probability was calculated using Logistic regression and 

the fit quality was determined using Chi-squared goodness fit test [211]. The surface 

temperature for the tests were varied in the range of 280 to 640°C since the film boiling 

for the test fuels occurs in this region. Previous studies [212–214] also show that the 

film boiling region has the highest ignition probability. Fig. 4.28 shows that the ignition 

probability of H100 is higher than the other test fuels at all the temperatures. At 560°C 

the ignition probability was 100% with H100, whereas the ignition probability was 

100% for diesel at 600°C. The ignition probability of the blends was found to vary in 

between the two test fuels. The fuels’ chemistry plays a major role in improving its 

ignition chances. The large paraffinic and low aromatic content of hydrotreated oil 

improves its cetane number, thereby improving its ignition probability [193,215]. Also, 

H100 has carbon atoms in range of C11 to C18 whereas the carbon atoms in a typical 

diesel fuel varies from C8 to C22 [121]. If small quantity of long chain carbon atoms is 

present in a fuel then its boiling point is relatively less and its volatility is higher in 

comparison to fuels having large quantity of long chain carbon atoms [216]. Since, 

H100 contains smaller carbon atom chains than diesel, therefore its boiling point is 

lower and volatility is higher than diesel which increases its ignition probability. 
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Fig. 4.27 Variation of evaporation time with surface temperature of plate 

 
Fig. 4.28 Variation of ignition probability with surface temperature of plate 

4.7. Sauter mean diameter 

Whenever, the fuel is injected, the spray consists of particles of varying sizes, 

therefore, the average size of the particles is statistically calculated which is known as 

Sauter mean diameter (SMD). The particle size depends upon the fuel properties such 

as surface tension, density, and viscosity. The fuel injection pressure also plays a role 
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in the particle size. The SMD of neat diesel, hydrotreated oil and their blends is shown 

in Fig. 4.29. The SMD of the hydrotreated oil is higher than diesel on account of its 

higher viscosity. Due to instabilities present in the sprayed fuel its breaks up into fine 

particles [217]. However, the molecules of high viscosity fuel are closely packed and 

the collision force of the molecules is less. Therefore the fuel molecules are unable to 

move with respect to each other within the spray hence the fuel jet is stable and unable 

to break, thereby increasing the particle size. Biodiesel produced from various inedible 

oils also has higher SMD than diesel due to their higher viscosity [218]. 

Fig. 4.30 shows the specific surface area of the fuel samples. It is the ratio of the 

surface area of the particle to its volume. Particles having high surface area will be 

surrounded by more amount of oxygen resulting in lesser ignition delay thereby 

improving the combustion [219]. Diesel has the highest while H100 has the lowest 

surface area. As seen in Fig. 4.30, the particles having the lowest SMD has the highest 

surface area. Also H10D90 has surface area similar to that of diesel whereas with the 

increase in the percentage of hydrotreated oil, the surface area keeps decreasing. 

 

Fig. 4.29 Sauter mean diameter for blends of hydrotreated oil and diesel 
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Fig. 4.30 Specific surface area for blends of hydrotreated oil and diesel 

4.8. Effect of storage on fuel properties 

When the fuel is stored for a long time there is a possibility of the degradation of 

the fuel. In this work, three key properties namely, density, kinematic viscosity and 

calorific value were evaluated every month to understand the change in fuel stored for 

one year. The samples were stored in an air tight glass container where no direct 

sunlight enters. 

Fig. 4.31 shows that the density of the test fuels changed slightly over a period of 

twelve months. The rate of increase of density of H100 was higher than the blends. This 

is probably due to the presence of small amount of oxygen which may have resulted in 

the formation of oxygenated products. As the blends contain less amount of 

hydrotreated oil, the oxygen content is less therefore the change in properties of the 

blends is less. As compared to freshly prepared fuel, the density of the stored fuel with 

H10D90, H20D80, H30D70, H40D60, H50D50 and H100 increased by 0.48%, 0.51%, 

0.49%, 0.49%, 0.48% and 0.68%, respectively. 
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The change in kinematic viscosity of the test fuels stored for twelve months is 

shown in Fig. 4.32. The viscosity of the fuel greatly affects the fuel injection system of 

a diesel engine. The fuel injected by the injector will not be atomized properly if its 

viscosity is high resulting in poor engine performance characterized by high fuel 

consumption and emissions [220]. High viscosity of the fuel can plug the fuel filters as 

well. With increase in storage period an increasing trend in the viscosity is observed. 

The viscosity of freshly prepared H100 was 2.9cSt which increased to 3.33cSt in one 

year of storage. It is also seen that the kinematic viscosity of the blends also increased 

but they were lower than H100. 

The variation of calorific value of H100, H10D90, H20D80, H30D70, H40D60 

and H50D50 stored over twelve months is indicated in Fig. 4.33. As the storage period 

increases the calorific value decreases for all the test samples. The rate of decrease of 

calorific value for H100 was higher than the other fuel samples. The calorific value of 

freshly prepared H100 was 41.79MJ/kg which decreased to 40.58MJ/kg after twelve 

months, a decrease of 0.51%.  

The three figures show that the properties of fuel are affected when stored for 

twelve months, but the variation in properties is not significant and the values are still 

lower than that specified in the standards of diesel. This shows that the fuel can be used 

in a CI engine without any difficulty even if it is stored for twelve months. 
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Fig. 4.31 Variation in density for blends of hydrotreated oil and diesel stored for 12 

months 

 
Fig.T4.32TVariationTinTkinematicTviscosityTfor blends of hydrotreated oil and 

diesel stored for 12 months 

  
Fig. 4.33 Variation in calorific value for blends of hydrotreated oil and diesel stored 

for 12 months 
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CHAPTER 5 

CHAPTER 5 

ENGINE PERFORMANCE, COMBUSTION AND EMISSION 

STUDY 

5.1. Introduction  

Renewable diesel can be a prospective alternative fuel for compression ignition 

engines. As discussed earlier, hydrogen breaks the double bond and removes oxygen 

present in the triglycerides with the help of a catalyst. The physical and chemical 

properties of the produced fuel is similar to diesel and its storage and transportation can 

be carried out using the existing infrastructure of diesel [193].  

The in-cylinder peak pressure and rate of rise of pressure is low for hydrotreated 

oil fueled engines fueled [121]. The reason for the trend is reduced ignition delay caused 

by the burning of smaller premixed fraction thereby lowering the initial heat release 

rate. A light-duty, EURO-V diesel engine was operated with hydrotreated waste 

cooking oil by Kousoulidou et al. [221]. At low load the in-cylinder pressure with the 

hydrotreated oil was slightly higher than diesel which narrowed down at high loads. 

Since, the cetane number of the hydrotreated oil is high, the delay in ignition is less 

which slows down the heat release rate. Aatola et al. [126] and Sugiyama et al. [116] 

also observed similar results. Sugiyama et al. [116] also found small difference in heat 

release rate and ignition delay with hydrotreated oil and diesel at medium load 

condition. 

Many researchers have used hydrotreated oil or its blends for studying the 

emissions from diesel engines. Aatola et al. [126] studied the smoke, HC, CO and NOx 

emissions from the exhaust of an unmodified engine operated with the fuel. The NOx 

and PM emissions reduced by 6 and 35%, respectively with the hydrotreated oil in 

comparison to diesel. The authors brought the NOx level with the hydrotreated oil equal 

to that with diesel and found 37% and 6% reduction in smoke and specific fuel 
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consumption. When the fuel consumption was kept same for both diesel and 

hydrotreated oil, reduction of 16% and 23% in NOx and smoke, respectively was 

observed for hydrotreated oil in comparison to diesel. Rapeseed methyl ester (RME), 

Jatropha methyl ester (JME), HVO and fossil diesel were compared for their bacterial 

mutagenicity and emission using a EURO-III heavy duty diesel engine [120]. The 

mutagenicity of JME and RME was found to be higher than hydrotreated oil. JME and 

RME engine operation resulted in lowest PM emission, while, RME engine operation 

has lower HC and CO emission. Moreover, RME and JME had higher NOx emissions 

in comparison to hydrotreated oil operation. 

As seen in literature review (Chapter 2), calorific value and cetane number of 

hydrotreated oil influences its combustion that has an affect on the engine out emissions 

except for oxides of nitrogen emission. Since NOx emission is also dependent upon 

type of engine (light-duty or heavy duty), type of injection system, injection timing, 

combustion chamber design and test cycle [222]. This chapter discusses the 

experimental investigation for evaluating the hydrotreated used cooking oil fuel. The 

research was carried out on a single cylinder diesel engine which is used in agriculture 

as well as a power backup. The engine’s performance, emission and combustion 

characteristics was evaluated at different loads. The effect of adding small percentages 

of used cooking oil biodiesel in the blends of the hydrotreated oil and diesel was also 

studied. 

5.2. Engine performance characteristics for blends of hydrotreated oil and diesel 

In the first phase, the engine experiments were first conducted with blends of neat 

hydrotreated oil and diesel. The tests were also carried out with neat hydrotreated oil 

and diesel. The load was varied in steps of 25% of full load. This section discusses the 
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combustion, performance and emission characteristics of the engine when operated 

with the test fuels.  

5.2.1. Combustion Characteristics 

In Fig. 5.1, the heat release rate at full load is compared for diesel, H10D90, 

H20D80, H30D70, H40D60, H50D50 and H100. The peak heat release for diesel is 

56.13J/°CA whereas it is 45.96J/°CA for H100. The peak heat release of the blends was 

observed to be in between the two fuels and a decrease in the peak heat release is 

observed with increase of the hydrotreated oil in the blend. It is also seen that the 

hydrotreated oil and its blends had an earlier heat release due to reduced ignition delay 

caused by higher cetane number. Moreover, for H100 and the blends the heat released 

in diffusion combustion phase is high. The reason for small premixed combustion is 

burning of low amount of fuel because of shorter ignition delay. Similar results were 

obtained by Aatola et al. [126], McDaniel et al. [223], Sugiyama et al. [116], Mattson 

et al. [224] and Singh et al. [225].  

Fig. 5.2 presents the in-cylinder pressure for the test fuels at full load. The peak in-

cylinder pressure for diesel, H10D90, H20D80, H30D70, H40D60, H50D50 and H100 

is 75.8bar, 73.41bar, 72.78bar, 71.4bar, 70.48bar, 68.6bar and 66.8bar, respectively. 

Due to lower heat release in the premixed stage, H100 and its blends with diesel resulted 

in lower peak pressures in comparison to diesel. Higher cetane index of the hydrotreated 

oil is the probable reason for the trend. With the increase in the hydrotreated oil in the 

blend the peak pressure reduces due to the rise in cetane number. Another interesting 

point to note is that the rate of pressure rise is slow for the neat hydrotreated oil and its 

blends. The gentle slope of the pressure curve indicates this phenomenon. 
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Fig 5.1 Variation in heat release rate at full load 

 

 
Fig 5.2 Variation in in-cylinder pressure at full load 

The variation in peak pressure at different loads for all the test samples is shown in 

Fig. 5.3. It is seen that the peak pressure increases as the load on the engine increases. 

With the rise in load, the heat released increases as the amount of fuel injected is higher 

thereby increasing the in-cylinder pressure [226]. Moreover, the peak pressure at all the 

loads is lower for the test fuels in comparison to diesel. Also the increase of the 

hydrotreated oil in the blend decreases the in-cylinder pressure and neat hydrotreated 
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oil showed the lowest peak pressure. As stated earlier, cetane index influences the 

combustion causing the fuel to combust earlier than diesel and as less fuel is prepared 

to burn, the heat released in pre-mixed combustion is less thereby decreasing the in-

cylinder pressure. 

 

Fig 5.3 Variation in peak pressure at various loads 

Fig. 5.4 presents the variation of ignition delay for all the test fuels with increasing 

load. The ignition delay in a diesel engine is defined as the difference in time (in terms 

of degree crank angle) when the fuel is injected to the time when the combustion begins 

[227]. The onset of combustion was considered when the heat release became positive 

in Fig. 5.1. For all the blends as the load on the engine increased, the ignition delay 

reduced. As the load increases, the in-cylinder temperature along with pressure 

increases which provides the necessary heat for the reaction to start earlier thereby 

decreasing the ignition delay. It is seen that the engine operation with diesel resulted in 

higher ignition delay than the hydrotreated oil blended samples at all the loads. Due to 

high cetane index of the hydrotreated oil and its blends (Fig. 4.15), the ignition delay is 

shorter. These results also conform to the ignition probability test (Fig. 4.20) which 
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shows that the ignition probability of the hydrotreated oil and its blends is higher than 

diesel.  

 
Fig 5.4 Variation in ignition delay at various loads 

Fig. 5.5 indicates the combustion duration of the test fuels at 20%, 40%, 60%, 80% 

and full load. The combustion duration with diesel varied from 42°CA at 25% load to 

57°CA at full load, with H100 the combustion duration varied from 35°CA at 25% load 

to 45°CA at maximum load. The trends show an increase in combustion duration with 

the increase in power output of the engine for all the test fuels. As the engine’s power 

output increases, the fuel requirement also increases which requires more time to burn 

thereby increasing the combustion duration [228]. Moreover, the combustion duration 

with the fuel samples containing the hydrotreated oil was low as compared to diesel. 

As the percentage of the hydrotreated oil increases the combustion duration decreases. 

As seen in Fig. 5.1 the heat released in diffusion combustion phase for the blends is 

rapid and higher than diesel. In the second combustion phase, the accumulated fuel 

burns earlier because of its higher cetane number. Due to this rapid release of heat the 

time required in terms of crank angle for burning of the fuel is less thereby reducing the 
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combustion duration. Thiyagarajan et al. [229] also observed similar results while 

operating a similar engine with a blend of Karanja oil methyl ester and orange peel oil. 

 
FigT5.5 Variation in combustion duration at various loads 

The crank angle at which 50% of the heat is released for all the test fuels at all the 

loads is shown in Fig 5.6. It is seen that the CA50 increases as the load on the engine 

increases. Zhang et al. [230] also observed similar results, while operating an engine 

with blends of the hydrotreated oil and gasoline. Moreover, it is highest for diesel and 

as the percentage of the hydrotreated oil in the blend increases, the CA50 decreases for 

all the loads. The decrease of CA50 for all the blends is due to the reduction in ignition 

delay. The decrease in crank angle for CA50 leads to a uniform heat release as shown 

in Fig. 5.1. This gives higher combustion stability, specifically at low loads, which can 

be seen in Fig. 5.7 wherein the coefficient of variation of IMEP for the blended samples 

is lower than diesel.   
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Fig 5.6 Variation in CA50 at various loads 

5.2.2. Prediction of Coefficient of variance 

To understand the cyclic variability of the engine for all the test fuel samples, the 

coefficient of variance (COV) of indicated mean effective pressure was calculated (eq. 

3.18). It shows the extent to which the data in a sample varies in relation to the mean 

of the sample population [231]. The coefficient of variance for all the test fuel samples 

at all the loads was calculated and shown in Fig. 5.7. It is seen that the cyclic variation 

in the engine when operated with diesel was highest and as the hydrotreated oil replaces 

diesel the cyclic variation reduces and it was observed to be lowest with neat 

hydrotreated oil engine operation. At full load, the COV for diesel, H10D90, H20D80, 

H30D70, H40D60, H50D50 and H100 is 2.46, 2.18, 2.04, 1.97, 1.83, 1.78 and 1.63, 

respectively. The decrease in variability with the increase of the hydrotreated oil in the 

blend is due to the higher cetane number of the blend which tends to reduce the ignition 

delay and improve the combustion process. As the load increases the air-fuel mixing 

process improves which in turn improves the combustion process thereby reducing the 

cyclic variability. It was observed during engine operation with the blends that the 
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engine noise was less and the vibrations were also less as compared to diesel fuel 

operation. 

 

FigT5.7 Variation in coefficient of variance at various loads 

The data of the coefficient of variance was used in this study to develop a neural 

network. For developing the network, engine load and fuel blends were taken as input 

parameters, whereas the cyclic variability was used as the output parameter.  The details 

of the network is described in section 3.12. The neurons in the hidden layer were varied 

from 3 to 20 and both Levenberg – Marquardt (LM), and scaled conjugate gradient 

(SCG) were used for training the network. Table 5.1 shows the coefficient of 

determination (R2), Root Mean Square Error (RMSE) and Mean Absolute Percentage 

Error (MAPE) for the various neurons. It is seen that sixteen neurons and LM training 

algorithm resulted in the neural network model with highest R2 value of 0.9996 and 

lowest RMSE and MAPE value of 0.0699 and 1.4245, respectively. 

Fig. 5.8 shows the regression graphs of the neural network having sixteen neurons. 

The regression graph is drawn between the COV predicted by the neural network and 

the COV calculated from the experimental data. The correlation coefficient of the 

training, validation and test data set are 0.99974, 0.99991 and 0.99994, respectively. 
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All the data set consisting of training, validation and test data had a correlation of 

0.9998 which is very close to 1. This shows that the predicted and actual values are well 

correlated and the network can predict the values with high accuracy. The equation 

obtained from the optimized neural network for predicting the CoV is given in 

Appendix – VI. 

Table 5.1 Statistical data and training algorithm 

No. of Neurons 
Training 

Algorithm 
R2 RMSE MAPE 

3 
trainlm 0.99903 0.1097 2.5729 

trainscg 0.99597 0.2225 6.3126 

4 
trainlm 0.99909 0.1059 2.4366 

trainscg 0.99236 0.3111 9.0507 

5 
trainlm 0.99932 0.0922 2.1827 

trainscg 0.99685 0.1983 6.0480 

6 
trainlm 0.99935 0.0897 1.7840 

trainscg 0.99653 0.2083 6.7976 

7 
trainlm 0.99940 0.0863 2.0569 

trainscg 0.99675 0.2011 6.2348 

8 
trainlm 0.99920 0.0994 2.1464 

trainscg 0.99301 0.2970 8.7171 

9 
trainlm 0.99871 0.1268 2.8719 

trainscg 0.99277 0.2999 8.5528 

10 
trainlm 0.99932 0.0919 2.0271 

trainscg 0.99560 0.2349 6.7508 

11 
trainlm 0.99944 0.0838 2.0738 

trainscg 0.99147 0.3263 9.7434 

12 
trainlm 0.99834 0.1429 2.4583 

trainscg 0.99254 0.3042 8.9287 

13 
trainlm 0.99944 0.0830 1.8641 

trainscg 0.99188 0.3150 8.7220 

14 
trainlm 0.99944 0.0834 1.6558 

trainscg 0.99267 0.3011 8.8080 

15 
trainlm 0.99882 0.1219 1.8634 

trainscg 0.99208 0.3093 8.2816 

16 
trainlm 0.99960 0.0699 1.4245 

trainscg 0.99175 0.3196 9.2935 

17 
trainlm 0.99896 0.1133 2.5551 

trainscg 0.99172 0.3206 7.9569 

18 
trainlm 0.99903 0.1090 2.2621 

trainscg 0.99095 0.3328 9.8846 

19 
trainlm 0.99927 0.0947 2.4856 

trainscg 0.99241 0.3095 8.5175 

20 
trainlm 0.99831 0.0875 2.1960 

trainscg 0.99178 0.3195 9.1614 
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          (a)                (b) 

     
                                    (c)             (d) 

Fig. 5.8 Regression graphs of the developed network (a) Training data set (b) 

validation data set (c) testing data set (d) all data set 

5.2.3. Performance Characteristics 

The influence of the test fuels on the engine brake thermal efficiency is shown in 

Fig. 5.9. The engine’s ability in converting the fuel’s chemical energy into useful shaft 

work is known as brake thermal efficiency. As the load on the engine increases more 

fuel is injected which releases more energy resulting in increase in power production 

and hence increase in BTE. All the test fuels had trend similar to diesel. Moreover, as 

hydrotreated oil increases in the blend, the brake thermal efficiency decreases. The BTE 

at full load for H100, H50D50, H40D60, H30D70, H20D80, H10D90 and diesel is 

27%, 27.6%, 28.2%, 28.9%, 29.6%, 30.17% and 31.18%, respectively. The thermal 
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efficiency decreases due to lower calorific value of the hydrotreated oil along with the 

slightly higher viscosity of the oil. Fig. 4.21 shows larger particle size of test fuels spray 

than diesel caused by higher viscosity of the fuel. Larger particle size fuel may affect 

the mixing tendency of air and fuel thereby delaying the ignition process [227,232]. 

However, Fig. 5.1 shows earlier heat release for the blends at full load, suggesting low 

influence of particle size on the ignition delay. 

 
Fig. 5.9 Variation in brake thermal efficiency at various loads 

Comparative assessment of volumetric consumption of fuel is an important 

parameter in explaining the engine performance of different test fuels. In this context, 

brake specific fuel consumption (BSFC); which is a ratio between mass flow rates of 

fuel to the brake power has been used as a conventional parameter. However, BSFC 

has not been considered as a reliable parameter when the calorific values and densities 

of test fuels vary considerably [233]. Therefore, brake specific energy consumption 

(BSEC) is considered as more reliable assessment method for comparison of volumetric 

fuel consumption. 
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Brake specific energy consumption for the test fuels at 20%, 40%, 60%, 80% and 

full load is shown in Fig. 5.10. The BSEC decreases as the load increases for all the test 

fuels due to the improvement in thermal efficiency. The energy consumption at all the 

loads is higher than diesel for all the blends and it increases with the increase in the 

hydrotreated oil in the blend. At full load the BSEC is 11.54, 11.93, 12.13, 12.43, 12.74, 

13 and 13.32MJ/kWh for diesel, H10D90, H20D80, H30D70, H40D60, H50D50 and 

H100, respectively. As the hydrotreated oil replaces diesel on volumetric basis, the test 

samples heating value decreases and the air-fuel mixture becomes leaner resulting in 

more energy requirement which is fulfilled by injecting more fuel. 

 
Fig. 5.10 Variation in brake specific energy consumption at various loads 

Fig. 5.11 shows the exhaust gas temperature (EGT) with load for different test 

fuels. It was observed that as the engine load increases, the EGT increases. Diesel fuel 

engine operation resulted in lowest EGT at all the loads. Further, with the increase in 

the hydrotreated oil in the blend the EGT increases. At full load, diesel, H10D90, 

H20D80, H30D70, H40D60, H50D50 and H100 had 416, 420, 426, 431, 437, 442, and 

446°C, respectively as the exhaust gas temperature. When more heat is released in the 

diffusion combustion phase, the exhaust gas temperature is higher. As the energy leaves 
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the cylinder as waste heat and is not utilized in producing useful work [228,234]. Fig. 

5.1 shows higher heat release in the diffusion combustion phase for the hydrotreated oil 

and its blends, resulting in higher EGT. 

 
Fig. 5.11 Variation in exhaust gas temperature at various loads 

5.2.4. Emission Characteristics 

Fig. 5.12 portrays the unburned hydrocarbon emission for the test fuels. At low 

loads, the HC emission is high and the emission level decreases as the engine load 

increases. All the tested fuel samples followed the same trend. Due to the quenching of 

the charge present near the cylinder wall, the hydrocarbon emission increases. At low 

loads, the quenching effect is more dominant due to lower cylinder temperature and 

flame speed as the flame cannot reach the far ends of the combustion chamber [235]. 

As compared to diesel, the HC emissions at full load reduced by 5.5%, 10.3%, 14.4%, 

7.4%, and 2.5% with H10D90, H20D80, H30D70, H40D60, and H50D50, respectively. 

Whereas, with H100, the HC emission increases by 9.7%. Although the heat released 

during the combustion of the hydrotreated oil and its blends is lower than diesel the HC 

emission decreases. High paraffinic nature and low aromatic content of the fuel resulted 
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in improvement in the combustion. Since, the energy requirement for breaking straight 

chain carbon atoms is less in comparison to fuel having large amount of aromatic rings 

[121]. Also the presence of shorter chain carbon atoms in the hydrotreated oil resulted 

in lower energy requirement. Moreover, till 30% blending of the hydrotreated oil the 

HC emissions were found to decrease. As the hydrotreated oil was further added in the 

blend the HC emissions were found to increase at all the loads. The HC emissions 

reduced till H30D70 as the cylinder temperature was high enough to sustain proper 

combustion. Further increase in hydrotreated oil percentage leads to reduced heat 

release such that the combustion is unable to sustain. Hence, an increase in HC 

emissions is observed and H100 engine operation resulted in highest HC emission. 

The effect on CO emission under the influence of test fuels and various loads is 

shown in Fig. 5.13. It is seen that up to 50% engine load, a decrease in the emission 

level is observed. As the load is further increased, the CO emission increases and at full 

load the CO emission is highest. At high loads, the relatively rich mixture may not find 

enough  oxygen to be completely converted into carbon dioxide [236]. The CO 

emissions at full load for diesel, H10D90, H20D80, H30D70, H40D60, H50D50 and 

H100 is 31.9, 29.7, 27.9, 26.55, 27.41, 30.7 and 34g/kWh, respectively. The CO 

emissions also decreases till 30% blend of the hydrotreated oil mixed in diesel. Further 

increase in the hydrotreated oil ratio in the blend resulted in increase in CO emission 

and H100 fuel operation resulted in highest CO emission. The CO emissions are formed 

due to incomplete combustion of the carbon containing compounds. Due to high 

paraffinic content and cetane number of the blends, their combustion is proper, resulting 

in a decrease in carbon monoxide emission. Also, the hydrotreated oil contains small 

amount of oxygen which aids the conversion of carbon monoxide to carbon dioxide. 
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The CO emission increases with H100 due to lower combustion temperature resulting 

in incomplete combustion. 

 
Fig. 5.12 Variation in brake specific unburned hydrocarbons emission at various loads 

 
Fig. 5.13 Variation in brake specific carbon monoxide emission at various loads 

The combustion temperature, availability of time for chemical reaction and 

availability of oxygen rich zones plays a major role in the NO emission. The oxides of 

nitrogen emission can also form when the molecular nitrogen reacts with hydrocarbon 
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radicals in fuel rich flame zone. Fuels containing nitrogen are also responsible for NO 

formation. However, the main reason for NO formation in a CI engine is high 

combustion temperature. The oxides of nitrogen formation can be explained through 

the extended Zeldovich mechanism [124,154]. The brake specific NO emission is 

shown in Fig. 5.14. The NO emission at full load is 4, 3.9, 3.6, 3.5, 3.4, 3.3 and 

3.1g/kWh for diesel, H10D90, H20D80, H30D70, H40D60, H50D50 and H100, 

respectively. The premixed combustion phase with the test fuels is lower than diesel 

that tends to decrease the combustion temperature resulting in decrease in NO 

emissions. The decrease in the premixed combustion phase is caused by the higher 

cetane number of the test fuels that reduces the delay in ignition. Singh et al. [225] 

utilized a single cylinder diesel engine with 19:1 compression ratio and observed NO 

to be lower than diesel. In another study Singh et al. [124] used a turbocharged diesel 

engine with 17:1 compression ratio and observed higher NO emission than diesel. The 

compression ratio of the turbocharged engine was lower therefore, the delay in ignition 

for the engine will be higher than the naturally aspirated engine. This increases the time 

available for fuel to mix with air and release more heat in the initial combustion phase 

resulting in higher NO emission. As an engine with 17.5:1 compression ratio is used in 

the present study, therefore it is expected that due to shorter ignition delay and small 

heat release with the hydrotreated oil and the blends the NO emissions are lower in 

comparison to diesel. 
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Fig. 5.14 Variation in brake specific NO emission at various loads 

The effect of load on the exhaust smoke for the test fuels is shown in fig. 5.15. The 

phenomenon of soot formation is complex and is dependent on various factors like the 

air-fuel ratio, ignition delay and fuel composition. For all the test fuels it is observed 

that the soot emission increases as the load on the engine increases. The smoke opacity 

of H100 and its blends were lower as compared to diesel. The smoke opacity at full 

load is 61.4%, 59.1%, 55.9%, 54.1%, 55.8%, 56.3% and 62.8% with diesel, H10D90, 

H20D80, H30D70, H40D60, H50D50 and H100, respectively. The main reason for soot 

formation is the aromatic content of the fuel. The soot formation tendency with the 

hydrotreated oil is low due to less aromatic content. Moreover, air and fuel have enough 

time to mix because of lower premixed combustion phase, resulting in the improvement 

of the combustion quality leading to complete combustion. The reduction in smoke 

emissions was also observed by Singh et al. [237], Prokopowicz et al. [134], Singh et 

al. [225] and Ogunkoya et al. [121]. It is also possible to further reduce the PM emission 

by blending oxygenates with the hydrotreated oil [135]. Further, it is seen that the 

emission starts increasing when the percentage of the hydrotreated oil in the blend is 
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higher than 30%. Since, the combustion temperature required for the chemical reactions 

to sustain is less. 

 

Fig. 5.15 Variation in smoke opacity at various loads 

5.3. Engine performance characteristics for blends of hydrotreated oil, biodiesel 

and diesel 

In the previous section results of the engine tests carried out with various blends of 

the hydrotreated oil and diesel were discussed. It was observed that 30% blend of 

hydrotreated oil resulted in lowest emissions but the thermal efficiency was low. The 

efficiency with 20% blend of hydrotreated oil was higher than 30% blend but the 

emissions with 20% blend were higher. To improve the shortcomings of the two 

samples, addition of biodiesel can be explored. Therefore, experiments were carried out 

by blending waste cooking oil biodiesel in 20% and 30% blend of the hydrotreated oil. 

This section discusses the effect of the biodiesel blending in the 20% and 30% blend of 

the hydrotreated oil. 

5.3.1.  Combustion Characteristics 

In 20% and 30% blend of hydrotreated oil, 5%, 10% and 15% of the waste cooking 

oil biodiesel was added and abbreviated as H20B5, H30B5, H20B10, H30B10, H20B15 
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and H30B15, respectively. Figs. 5.16, 5.17 and 5.18 compares the heat release rate of 

5%, 10% and 15% blending of biodiesel with H20D80, H30D70 and diesel. In the 

graphs it is seen that as the percentage of the biodiesel increases in the blend the heat 

released increases. Among the blends, the maximum heat release is observed with 15% 

blending of biodiesel and H30B15 showed the highest heat release, but this heat release 

was lower than neat diesel engine operation. It is also seen that due to the addition of 

biodiesel the heat release curve shifts towards the top dead centre and as the percentage 

of biodiesel increases in the blend, the shifting of the curve towards the TDC increases. 

As the biodiesel is added to the blends, due to their higher viscosity the ignition delay 

increases that tends to give more time for larger quantity of fuel to prepare for 

combustion and when the combustion starts the heat released is higher than the blends 

of the hydrotreated oil. Thiyagarajan et al. [238] also reported higher ignition delay 

with wheat germ oil and pine oil. It can be argued that as the biodiesel replaces diesel, 

the calorific value of the fuel sample decreases and the heat released should decrease. 

However, the trends suggest otherwise, because the effect of ignition delay on 

providing sufficient time for large amount of injected fuel to burn is more dominant.  

 
Fig. 5.16 Variation in heat release at full load with 5% blending of biodiesel                                 
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Fig. 5.17 Variation in heat release rate at full load with 10% blending of biodiesel  

 

Fig. 5.18 Variation in heat release rate at full load with 15% blending of biodiesel 

The in-cylinder pressure at full load for 5%, 10% and 15% biodiesel blending with 

H20D80 and H30D70 is compared in Figs. 5.19, 5.20 and Figs. 5.21, respectively. It is 

generally seen that if the heat released in the premixed combustion stage is low then 

the cylinder pressure is also low [239]. Figs. 5.16 – 5.18 shows that the heat released in 

the premixed stage is low for all the blend samples that leads to lower peak pressure in 

comparison to diesel. The heat released in the premixed stage is low due to higher 
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cetane index of the samples that reduces the delay in ignition. This causes the 

combustion to start earlier and as less fuel is prepared for burning, the quantity of fuel 

burnt is less thereby reducing the heat release and hence the peak pressure [225]. It was 

observed that the addition of biodiesel to the blends resulted in higher cylinder pressure 

as compared to blends without biodiesel. Also, due to higher ignition delay the cylinder 

pressure was observed to shift away from the TDC [228].  

 

Fig. 5.19 Variation in in-cylinder pressure at full load with 5% blending of biodiesel 

 
Fig. 5.20 Variation in in-cylinder pressure at full load with 10% blending of biodiesel 
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Fig. 5.21 Variation in in-cylinder pressure at full load with 15% blending of biodiesel 

The variation in peak pressure at different loads for diesel, H20D80, H30D70, 

H20B5, H30B5, H20B10, H30B10, H20B15 and H30B15 is given in Fig. 5.21. It is 

seen that the peak pressure for the blends is lower than diesel. The peak pressure for 

H30D70 is lower than H20D80 blend as the heat released for the blend is low. With the 

addition of biodiesel, the peak pressure for all the blends increases and as the percentage 

of the biodiesel increases the peak pressure increases. At full load, the peak pressure 

for diesel, H20D80, H30D70, H20B5, H30B5, H20B10, H30B10, H20B15 and 

H30B15 is 75.8, 72.47, 71.72, 73.2, 72.67, 73.7, 73.1, 74.4, and 73.6bar, respectively. 

Due to the higher viscosity of biodiesel, the atomization of the sprayed fuel is slow, 

which increases the delay in ignition, thereby increasing the heat release and hence 

higher pressure [229]. Also, the peak pressure of the biodiesel mixed in 30% of the 

hydrotreated oil blend was lower than blend containing 20% of hydrotreated oil. As 

biodiesel replaces diesel in both the blends the ignition delay of the sample increases 

and more so for H20 blend, which causes the fuel to burn late and hence release more 

heat thereby increasing the cylinder pressure. 
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Fig. 5.22 Variation in peak pressure with biodiesel mixed inTtheTblends 

The variation in ignition delay for the different test fuels with increasing load is 

presented in Fig. 5.23. The ignition delay was calculated as discussed earlier in section 

5.2.1. It is seen that the ignition delay reduces as the load on the engine increases. The 

ignition delay with the hydrotreated oil blends is found to be lower than diesel. With 

the addition of biodiesel to the blends, an increase in ignition delay is observed for all 

the blends at all the loads. Agarwal and Dhar also observed an increase in ignition delay 

while operating a similar engine with Karanja oil [240]. It can be argued that the 

addition of biodiesel will increase the cetane index of the sample as its cetane index is 

higher than diesel that may reduce the ignition delay. However, the trends show that 

the ignition delay increases, this is caused by the higher viscosity of the biodiesel which 

affects its atomization and slows the fuel-air mixing process. Moreover, the ignition 
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delay with the biodiesel samples is lower than diesel, since the effect of high cetane 

index hydrotreated oil is more dominant. 

 
Fig. 5.23 Variation in ignition delay with biodiesel mixed in the blends 

The combustion duration with diesel, H20D80, H30D70, H20B5, H30B5, 

H20B10, H30B10, H20B15 and H30B15 at 20%, 40%, 60%, 80% and full load is 

depicted in Fig. 5.24. The combustion duration for the blends containing biodiesel was 

found to be higher than the blends without biodiesel. Thiayagarajan et al. [241] also 

observed higher combustion duration with biodiesel blends. As seen in Figs. 5.16 – 

5.18, with the biodiesel blends engine operation, the heat release rate in the diffusion 

combustion phase is slower than the blends without biodiesel, which increases the time 

for combustion in terms of crank angle. The probable reason for the slowness in the 

heat release is due to higher viscosity of biodiesel molecules which affects their 

atomization thereby slowing their ability to find oxygen and burn. 
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Fig.T5.24 Variation in combustion duration with biodiesel mixed in the blends 

For all the test fuels at different loads, Fig. 5.25 shows the crank angle at which 

50% of the heat is released. It is seen that as the load on theTengine increases, CA50 

increases and moves towards the top dead center. However, at full load the CA50 

crosses top dead center with 10% and 15% blending of biodiesel in both the blends of 

hydrotreated oil and diesel. Fig. 5.25 also shows that the CA50 with the 10% and 15% 

biodiesel blended fuel samples was higher than diesel, H20D80 and H30D70. Due to 

the addition of biodiesel, the rate of heat released is reduced because of its higher 

viscosity and density thereby increasing the CA50. Moreover, the combustion duration 

(Fig. 5.24) for the biodiesel blends was lower than diesel but higher than H20D80 and 

H30D70, since the hydrotreated oil improves the combustion process and as seen in 

Fig. 5.1, the heat released in the diffusion phase is rapid and the combustion ends earlier 

thereby reducing the combustion duration. 
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Fig. 5.25 Variation in CA50 with biodiesel mixed in the blends 

5.3.2. Performance Characteristics 

The brake thermal efficiency of the engine operating with the test fuel samples at 

different loads is shown in Fig. 5.26. The results show that the addition of biodiesel to 

the blends, resulted in increase in brake thermal efficiency at all the loads and as the 

percentage of biodiesel increases the efficiency further increases. At full load, the 

efficiency with diesel, H20D80, H30D70, H20B5, H30B5, H20B10, H30B10, H20B15 

and H30B15 is 31.18%, 29.67%, 28.94%, 29.9%, 29.75%, 30.5%, 30.1%, 30.96% and 

30.41%, respectively. Due to the addition of biodiesel the heat released in the premixed 

phase is higher than the blends without biodiesel since the oxygen content of the blend 

increases. This causes higher combustion pressure and temperature and the slight shift 

of the heat release towards the TDC makes combustion process approach constant 

volume combustion, thereby increasing the thermal efficiency [242]. 
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Fig.T5.26 Variation in brake thermal efficiency with biodiesel mixed in the blends 

 The brake specific energy consumption for diesel, H20D80, H30D70, H20B5, 

H30B5, H20B10, H30B10, H20B15 and H30B15 at different loads is shown in Fig. 

5.27. The energy consumption of H20D80 and H30D70 is higher than diesel as the 

thermal efficiency of the two fuel samples was lower than diesel. Biodiesel addition in 

various proportions to the blends resulted in decrease in energy consumption, but it was 

still higher than diesel. Chelladurai and Geo [243] in their study observed that the 

engine operation with methyl ester resulted in higher energy consumption than diesel. 

Also, as the percentage of biodiesel increases in the blend the energy consumption 

decreases. At full load the BSEC is 11.54, 12.13, 12.43, 12, 12.1, 11.8, 11.96, 11.62, 

and 11.84MJ/kWh for diesel, H20D80, H30D70, H20B5, H30B5, H20B10, H30B10, 

H20B15 and H30B15, respectively. The energy consumption with biodiesel blending 

decreases since the combustion efficiency of the engine increases, therefore less amount 
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of fuel is required to produce the same power. With increase in percentage of biodiesel 

the efficiency of the combustion further increases that results in decrease in energy 

consumption.  

 
Fig.T5.27 Variation in brake specific energy consumption with biodiesel mixed in the 

blends 

The variation in exhaust gas temperature with load for the test fuels is shown in 

Fig. 5.28. Engine operation with all the blends resulted in higher exhaust gas 

temperature as compared to diesel. The EGT with H30D70 was higher than the EGT 

with H20D80. Blending of biodiesel resulted in higher EGT than H20D80 & H30D70 

and as the percentage of biodiesel increases the EGT increases. The EGT at full load 

with diesel, H20D80, H30D70, H20B5, H30B5, H20B10, H30B10, H20B15 and 

H30B15 is 416, 426, 431, 431, 434, 436, 441, 440, and 448°C, respectively. As the heat 

released in diffusion combustion phase is higher with the blends, the EGT is higher. 

With the biodiesel mixed in the blends, the heat release in the second stage of 
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combustion starts later than the hydrotreated blends. Hence the heat is released in the 

later part of the expansion stroke, which provides less useful work and leaves the engine 

as waste heat. 

 
Fig. 5.28 Variation in exhaust gas temperature with biodiesel mixed in the blends 

5.3.3. Emissions Characteristics 

The variation in unburned hydrocarbon emissions with the load for the test fuels is 

shown in Fig. 5.29. The trends with all the fuel samples is same as diesel i.e. as the load 

on the engine increases the HC emission decreases. At full load, the HC emission is 

2.5, 2.24, 2.13, 2.07, 1.99, 1.95, 1.82, 1.86, and 1.73g/kWh with diesel, H20D80, 

H30D70, H20B5, H30B5, H20B10, H30B10, H20B15 and H30B15, respectively. It is 

seen that in comparison to H20D80 and H30D70, the addition of biodiesel resulted in 

reduction in HC emissions. As the percentage of biodiesel increases in the blend, the 

emission further decreases. As the heat released with biodiesel addition is high, the 
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probability of combustion nearing completion is more that tends to decrease the 

unburned hydrocarbon emission. Another reason is the decrease in energy consumption 

with the biodiesel blended fuels due to the improvement in their thermal efficiency. 

This reduces the amount of fuel injected at a particular load thereby decreasing the 

hydrocarbon emission.  

 
Fig. 5.29 Variation in unburned hydrocarbon emission with biodiesel mixed in the 

blends 

The effect of the biodiesel blending on the CO emissions at different loads is shown 

in Fig. 5.30. The CO emission at full load with diesel, H20D80, H30D70, H20B5, 

H30B5, H20B10, H30B10, H20B15 and H30B15 is 31.42, 28.4, 27.07, 27.14, 26.73, 

25.96, 24.97, 24.09, and 24.02g/kWh, respectively. It is seen that the CO emission also 

decreases for the test fuels and the lowest emission is observed with H30B15. As the 

amount of fuel injected with the biodiesel blends engine operation is less, the amount 

of carbon present in the cylinder during combustion is less, thereby reducing the CO 
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emission. As biodiesel replaces diesel in the sample, the amount of oxygen present in 

the blend increases, which further helps in the reduction of carbon monoxide. Also, due 

to higher paraffinic content of the hydrotreated oil, the combustion with the fuel is 

improved that further reduces the emission of carbon monoxide. 

 
Fig. 5.30 Variation in carbon monoxide emission with biodiesel mixed in the blends 

The variation in NO emission for the fuel samples at different loads is shown in 

Fig. 5.31. At full load, the NO emission is 4, 3.63, 3.52, 3.82, 3.61, 3.88, 3.66, 3.98 and 

3.72g/kWh with diesel, H20D80, H30D70, H20B5, H30B5, H20B10, H30B10, 

H20B15 and H30B15, respectively. It is seen that the NO emission is lower with the 

blends of hydrotreated oil and diesel. As the biodiesel is added to these blends, the NO 

emission increases and as the percentage of biodiesel increases the NO emission 

increases. Further, the NO emission with biodiesel mixed in 20% of the hydrotreated 

oil is higher in comparison to 30% of the hydrotreated oil blend. The heat released in 
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the first phase of combustion with biodiesel addition is high than the fuel samples 

without biodiesel addition. The increase in heat release causes the combustion 

temperature to rise thereby increasing the thermal NO emissions. Also, the heat released 

with H20D80 is higher than H30D70, therefore, mixing biodiesel in 20% of the 

hydrotreated oil sample results in further increase in the heat release that tends to 

produce more NO than the biodiesel mixed in 30% of the hydrotreated oil samples. 

Moreover, addition of biodiesel increases the oxygen content of the charge, which 

further increases the probability of conversion of nitrogen into oxides of nitrogen and 

as the percentage of biodiesel increases, the oxygen content increases thereby 

increasing the emission. 

The effect of the biodiesel blended samples on the smoke emissions is shown in 

Fig. 5.32. The smoke opacity with H20D80 and H30D70 engine operation was lower 

than diesel. As discussed earlier, due to low carbon atom chain and less aromatic 

content in the hydrotreated oil the particulate matter emission is less in the engine 

exhaust. Addition of biodiesel resulted in further decrease in the opacity. The smoke 

opacity at full load with diesel, H20D80, H30D70, H20B5, H30B5, H20B10, H30B10, 

H20B15 and H30B15 is 62.4, 55.9, 54.1, 54, 52, 52.8, 50.8, 51 and 49.2%, respectively. 

The soot particles are formed when the heavy fuel molecules are thermally cracked in 

the absence of oxygen. With the addition of biodiesel, the oxygen content increases and 

the ignition delay also increases. This gives more time for the fuel and air to mix 

resulting in higher heat release in the premixed combustion phase, thereby improving 

the utilization of air and hence reducing the smoke formation. 



 

 

159 Performance, Emission and Combustion Studies of a Modified Vegetable Oil 

in a Compression Ignition Engine 

CHAPTER 5 

 
Fig. 5.31 Variation in oxides of nitrogen emission with biodiesel mixed in the blends 

 
Fig. 5.32 Variation in smoke opacity with biodiesel mixed in the blends 
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CONCLUSION AND FUTURE WORK 

6.1. Conclusions  

The present research aims to utilize the hydrotreating process as a method for 

producing diesel like fuel from the used cooking oil. It is found that this method is a 

vital approach in tackling the problem of ever changing crude oil prices, environmental 

pollution and the shelf life of biodiesel. 

The following conclusions were drawn from the research study: 

1. The parameters for the production of the hydrotreated oil were optimized using 

Taguchi method and fuzzy logic. The MPCI predicted by the method was 0.944 

and the confirmation experiment with the best parameters gave an MPCI of 0.94 

with 88.2% diesel selectivity and 89.7% conversion efficiency. 

2. Almost all the physico-chemical properties of the blends are comparable to 

diesel and well within ASTM standards. Moreover, the cetane index of the neat 

hydrotreated oil was higher than diesel. 

3. The neat hydrotreated oil resulted in the lowest evaporation time at all the loads 

and diesel had the highest evaporation time. The ignition probability of the neat 

oil was observed to be the highest at all the temperatures and diesel had the 

lowest ignition probability. 

4. The SMD of the diesel was observed to be lowest and neat hydrotreated oil had 

highest SMD. The SMD of the blends is observed to be in between these two 

fuels. 

5. Engine tests were carried out with the blends of the hydrotreated oil and diesel. 

The heat release rate with the blends of hydrotreated oil was lower than diesel 
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and the heat release started earlier than diesel due to its higher cetane index. 

This resulted in lower peak pressure. 

6. The neat hydrotreated oil had lowest CoV among all the test fuel samples. A 

neural network was also trained for predicting the CoV. The neural network 

with 16 neurons in one hidden layer gave the best value of R2, lowest value of 

MAPE and RMSE. 

7. The thermal efficiency of the test fuel samples decreased in comparison to 

diesel. The lowest efficiency was observed with neat hydrotreated oil. At full 

load the thermal efficiency with diesel and H100 was 31.2% and 27%, 

respectively. The blends had efficiency in between the two fuels. 

8. The brake specific energy consumption of the fuel samples was higher than 

diesel. At full load the energy consumption with H100 was 15.42% higher in 

comparison to diesel. The energy consumption of the blends was observed to be 

in-between the two samples. 

9. The HC, CO and smoke emissions were found to decrease till H30D70 blend, 

further increase of the hydrotreated oil in the blend resulted in increase in smoke 

emission. The HC, CO and smoke emission at full load with H30D70 reduces 

by 14.4%, 16.93% and 11.7%, respectively in comparison to diesel. 

10. The NO emissions on the other hand decreases as the percentage of the 

hydrotreated oil increases in the blend. The lowest NO emission was observed 

with H100 (3.1g/kWh), whereas engine operation with H30D70 resulted in 

3.5g/kWh NO emission. 

11. To further improve the efficiency of the engine and reduce the emissions, used 

cooking oil biodiesel (5%, 10% and 15% on volume basis) was also added to 

the blends of H20D80 and H30D70. The heat release rate of the engine increases 
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with the addition of biodiesel and as the percentage of biodiesel increases, the 

heat release rate increases. The peak in-cylinder pressure was also found to 

increase. 

12. The ignition delay and combustion duration was higher with the biodiesel 

blends as compared to the blends without biodiesel. 

13. The thermal efficiency of the biodiesel blends was found to be higher than 

H20D80 and H30D70. The higher the percentage of biodiesel in the blend, the 

higher is the thermal efficiency, but the efficiency is still lower than diesel. 

H20B15 resulted in the highest thermal efficiency.  

14. The energy consumption was lower with the biodiesel in comparison to the 

hydrotreated oil blends without biodiesel but it was still higher than diesel. At 

full load, the lowest energy consumption was observed with H20B15. 

15. The HC, CO and smoke emissions were observed to decrease with the increase 

in the biodiesel content in the blend. The lowest emissions were observed with 

H30B15. At full load, the reduction in HC, CO and smoke emissions with 

H30B15 is 30.8%, 23.5% and 21.15%, respectively. 

16. The NO emissions were found to increase with increase in biodiesel content 

in the blend, but they were still lower than diesel. 

6.2. Scope for future work 

On the basis of the knowledge gained from this research work, the following future 

recommendations are underlined. 

1. Future researchers can also focus on other non-edible feedstocks for diesel like 

fuel production using the hydroprocessing technique. 
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2. The spray analysis was carried out using the Spraytec instrument. Future 

researchers can also model the spray of the fuel sample using the computational 

fluid dynamics technique and compare with the experimental results. 

3. The combustion characteristics can also be studied using multi-dimensional 

models provided in software’s like ANSYS and validated with the experimental 

results. 

4. Life cycle analysis can be carried out to study the environmental sustainability 

of the fuels. 

5. Vibration and sound analysis can also be carried out to get a detailed effect of 

fuel on the engine’s operation. 

6. It is seen that NO increases with the biodiesel addition, in the future studies can 

be carried out to reduce the emissions with the help of techniques such as EGR 

and selective catalyst reduction. 
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APPENDICES 

Appendix – I 

Specification of Malvern Spraytec 

Measurment Principle Laser diffraction 

Size range 0.1 – 2000μm  

Optical Models 

Mie theory and Fraunhofer Approximation 

including Patented Multiple Scattering 

correction 

Lens ranges 
750 mm lens: 2.0–2000μm (Dv50: 5–1600 

μm) 

Working range 100mm at 0.5μm, >1m at 10μm 

Concentration range 
Minimum acceptable transmission: 5% 

(dependent on particle size range) 

Detection system 
35 element log-spaced silicon diode detector 

array 

Light source 632.8 nm, 5mW helium–neon laser 

Maximum acquisition rate 

Continuous mode: 1 Hz 

Rapid mode: 2.5 kHz as standard, 10 kHz 

with additional software feature key 

Accuracy Better than ±1% on the Dv50 

Precisions/repeatability Better than ±1% COV on the Dv50 
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Appendix – II  

Specifications of the test engine 

Make  Kirloskar 

Brake power (kW)  3.5 

Cylinders  One 

Rated speed (rpm)  1500 

Compression ratio  17.5:1 (VCR engine) 

Stroke x Bore (mm)  110 x 87.5 

Connecting rod length (mm) 234 

Cooling type  Water Cooled 

Variable compression ratio  12 to 18 

Inlet valve closes at  35.5 degrees ATDC 

Inlet valve opens at  4.5 degrees BTDC 

The exhaust valve closes at  4.5 degrees ATDC 

Exhaust valve opens at  35.5 degrees BBDC 

Fuel injection timing  23 degrees BTDC 

No. of injector holes 3 

Nozzle diameter (mm) 0.148 
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APPENDICES 

Appendix – III 

Technical Specifications of AVL Smoke Meter 

Measurement principle Extinction measurement 

Operating temperature 
+5 - 45°C subject to measuring accuracy 

+1 - 50°C measurement ready 

Humidity Max. 90%, non-condensing 

Dimensions 395*285*136 (width*height(depth) 

Weight 3.5kg 

Opacity Chamber 

Measuring chamber heating 100°C 

Effective length 0.215m±0.0002m 

Maximum exhaust temperature 200°C 

Measurement parameters 

 Measurement Range Resolution 

Opacity 0 – 100% 0.1% 

Absorption (k value) 0 – 99.99 1/m 0.01 1/m 
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Appendix – IV   

Technical Specifications of AVL Di-Gas Analyzer 1000 

Parameter 
Measurement 

Range 
Resolution Precision 

CO 0 – 15% vol. 0.01% vol. 

<0.6% vol. ±0.03%vol. 

≥0.6%vol. ±5% of 

reading 

CO2 0 – 20% vol. 0.01% vol. 

<10% vol. ±0.5%vol. 

≥10%vol. ±5% of 

reading 

HC 0 – 30000ppm vol.  1ppm vol. 

<200ppm vol. ±10ppm 

vol. 

≥200ppm vol. ±5% of 

reading 

≥10000ppm vol. ±10% of 

reading 

NO 0 – 5000ppm vol. 1ppm vol. 

<500ppm vol. ±50ppm 

vol. 

≥500ppm vol. ±10% of 

reading 

O2 0 – 55% vol. 0.01% vol. 
<2% vol. ±0.1%vol. 

≥2%vol. ±5% of reading 

 

Miscellaneous 

Measurement 

Principle 

CO, CO2, HC Non-dispersive Infrared  

NO Electrochemical  

Power Drawn Approximatelly 20W 

Operating 

Temperature 
5 – 45°C 

Storage Temperature 0 – 50°C 

Relative Air 

Humidity 
≤95% Non – condensing 

Dimensions 

(W*D*H) 
270*320*85mm 

Weight 2.5kg  without accessories 
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Appendix – V   

Sample calculation for finding the uncertainty 

At 100% load condition 

Speed   N = 1500rpm 

Load   W = 12.5kg 

Fuel Volume  f = 10cc 

Brake Power   BP = 3.5kW 

3. Brake Power 

BP =
2∗π∗N(rpm)∗Load(kg)∗9.81∗Dynamometer arm length (m)

60∗1000
            

BP =
2∗π∗1500∗12.5∗9.81∗0.185

60∗1000
 = 3.5kW 

BP = f(W) 

∂BP

∂W
=

2 ∗ 𝜋 ∗ 1500 ∗ 9.81 ∗ 0.185

60 ∗ 1000
= 0.285 

∆BP = [√(
∂BP

∂W
∗ ∆W)

2

] 

∆BP = [√(0.285 ∗ 0.2)2] 

∆BP = 0.057kW 

Therefore, the uncertainty in brake power is ±0.057kW and the uncertainty limits 

in the calculation of BP are 3.5±0.057kW. 

4. Total fuel consumption 

TFC =  
10 ∗ 3600 ∗ 0.835

t ∗ 100
 

TFC =  
10 ∗ 3600 ∗ 0.835

29.5 ∗ 100
= 1.02kg/h 

TFC = f(t) 
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∂TFC

∂t
= − 

10 ∗ 3600 ∗ 0.835

t2 ∗ 100
 

∂TFC

∂t
= − 

10 ∗ 3600 ∗ 0.835

29.52 ∗ 100
= −0.0345 

∆TFC = [√(
∂TFC

∂T
∗ ∆T)

2

] 

∆TFC = [√(−0.0345 ∗ 0.18)2] 

∆TFC = 0.00621kg/h 

The uncertainty in TFC is ±0.00621kg/h and the limits of uncertainty are 

0.93±0.00517kg/h. 

5. Brake thermal efficiency 

η =  
BP ∗ 3600 ∗ 100

mass flow rate ∗ Calorific value
 

η =  
3.5 ∗ 3600 ∗ 100

1.02 ∗ 42570
= 29.01% 

η = f(BP, MFR) 

∂η

∂BP
=  

3600 ∗ 100

MFR ∗ 42570
 

∂η

∂BP
=  

3600 ∗ 100

1.02 ∗ 42570
= 8.29 

∂η

∂MFR
=  −

BP ∗ 3600 ∗ 100

MFR2 ∗ 42570
 

∂η

∂MFR
=  −

3.5 ∗ 3600 ∗ 100

1.022 ∗ 42570
= −28.45 

∆η = [√(
∂n

∂BP
∗ ∆BP)

2

+ (
∂n

∂MFR
∗ ∆MFR)

2

] 

∆η = [√(8.29 ∗ 0.057)2 + (−28.45 ∗ 0.00621)2] 
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∆η = 0.5044% 

The uncertainty in brake thermal efficiency is ±0.5044% and the limits of 

uncertainty are 29.01±0.5044%. 

6. Brake specific energy consumption 

BSEC =  
mass flow rate ∗ Calorific value

BP ∗ 1000
 

BSEC =  
1.02 ∗ 42570

3.5 ∗ 1000
= 12.406MJ/kWh 

BSEC = f(MFR, BP) 

∂BSEC

∂MFR
=  

42570

BP ∗ 1000
 

∂BSEC

∂MFR
=  

42570

3.5 ∗ 1000
= 12.16 

∂BSEC

∂BP
= − 

MFR ∗ 42570

BP2 ∗ 1000
 

∂BSEC

∂BP
= − 

1.02 ∗ 42570

3.52 ∗ 1000
= 3.544 

∆BSEC = [√(
∂BSEC

∂BP
∗ ∆BP)

2

+ (
∂BSEC

∂MFR
∗ ∆MFR)

2

] 

∆BSEC = [√(3.544 ∗ 0.057)2 + (12.16 ∗ 0.00621)2] 

∆BSEC = 0.2156MJ/kWh 

The uncertainty in brake specific energy consumption is ±0.2156MJ/kWh and the 

limits of uncertainty are 12.406±0.2156MJ/kWh. 

7. Temperature measurement 

Uncertainty in temperature is:  ± 1 % (T > 150 °C) 

± 2 % (150 °C < T < 250 °C) 

± 3 % (T < 250 °C) 

8. Percentage of uncertainty for NO, HC, CO, smoke and pressure is given below. 

NO  :1.2 
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HC  : 0.1 

CO  : 0.76 

Smoke  : 2.1 

Pressure : 1.3 
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APPENDICES 

Appendix – VI   

Equation for predicting the CoV 

Table A6.1: Weights between input layer and hidden layer 

i Fi =
1

1 + e−(w1∗load+ w2∗blend ratio+θi)
 

w1 w2 θi 

1 0.960 2.092 0.927 

2 -3.272 -1.424 2.099 

3 1.121 1.993 1.068 

4 0.954 2.095 0.919 

5 1.763 0.994 0.378 

6 5.244 4.653 -4.278 

7 6.482 14.598 -0.628 

8 1.723 1.062 0.534 

9 0.980 2.081 0.954 

10 6.849 -0.648 -2.687 

11 3.382 5.856 2.937 

12 13.582 1.058 -14.214 

13 9.232 5.473 -3.075 

14 5.836 -2.647 -1.045 

15 0.735 2.220 0.533 

16 5.157 -4.706 3.280 

 

X = −0.141 ∗ F1 − 6.585 ∗  F2 − 0.022 ∗ F3 − 0.144 ∗ F4 + 1.332 ∗ F5 −

3.27 ∗ F6 − 6.175 ∗ F7 + 1.156 ∗ F8 − 0.128 ∗ F9 − 3.388 ∗ F10 − 2.561 ∗

F11 − 5.921 ∗ F12 − 2.799 ∗ F13 + 2.52 ∗ F14 − 0.231 ∗ F15 − 2.747 ∗ F16  

(A6.1) 

COV =  
1

1+e−(X+16.799)
                                     (A6.2)
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