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ABSTRACT 

In the current energy scenario, biodiesel serves as an alternative to diesel engine propulsion, addressing 

concerns over limited fossil fuel reserves and the impacts of global warming. Researchers focus on 

investigating the combustion, emission, performance, and tribological effects of various biofuel 

feedstocks, necessitating further exploration. Feedstock selection for biodiesel production considers 

availability, location, and environmental conditions, which in turn influence both the quality and quantity 

of the product. This study utilized Jatropha curcas as feedstock, which was mechanically extracted and 

then trans-esterified with alkaline catalysts. The research evaluated the impact of aluminum oxide (Al2O3) 

nanoparticles on combustion, emission, and performance on four fuel mixtures (diesel (B0), B5, B10, B20, 

and B40) both with and without a 100ppm dose of Al2O3 nanoparticle additive in a Gunt diesel engine 

test stand (Gunt C110). Finally, from the samples, B20 with 100 ppm dose nano additive was selected. 

The tribological behaviour and endurance of two identical Robin DY23-2D diesel engines were studied, 

one using baseline diesel fuel and the other using B20 with 100 ppm Al2O3 N. Emission characteristics 

(HC, CO, NOx, and soot opacity) were also examined. Combustion components, including cylinder 

pressure and heat release rate (HRR), were studied. Blends with 100-ppm Al2O3 nano additives exhibited 

average reductions of 10.1% (UHC), 29.4% (CO), 13.9% (NOx), and 8.4% (smoke) compared to the fuel 

without the additive. Cylinder pressure increased with Al2O3 nanoparticles, rising by 0.44, 1.16, 2.85, 

5.06, and 5.63 bar for B0, B5, B10, B20, and B40. The net heat release rate rose by 6%, 2.8%, 12.6%, 

8.4%, and 9.6% for B0, B5, B10, B20, and B40. The higher surface area-to-volume ratio of Al2O3 

nanoparticles reduces ignition delay, thereby enhancing combustion. The reference diesel had a shorter 

combustion duration, whereas B40 exhibited an increased combustion duration, both with and without 

additives. Adding 100 ppm of Al2O3 additive improved combustion while reducing exhaust emissions in 

all blends. The brake power output results, incorporating Al2O3, demonstrated increases of 3.06%, 8.02%, 

0.79%, 5.46%, and 4.55% for B0, B5, B10, B20, and B40, respectively. Al2O3 inclusion notably increased 

engine torque for B20 between 2500 and 2800 rpm. Across all blends, with or without Al2O3, brake-

specific fuel consumption (BSFC) was at its lowest between 2100 and 2800 rpm. Biodiesel-diesel blends 

with Al2O3 exhibited a BSFC reduction of 0.20%, 0.20%, 0.51%, 0.52%, 0.70%, and 0.90% for B0, B5, 

B10, B20, and B40, respectively. Both with and without Al2O3 nano-additives, the equivalence ratio 

decreased compared to the reference diesel fuel.  

Keywords: Aluminum oxide nanoparticles, biodiesel, Engine endurance, Engine performance, Jatropha 

carcus 
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   CHAPTER ONE 

INTRODUCTION 

 1.1. Background of the Study 

The rise of industrial development and the expanding transport sector worldwide are encountering 

significant challenges related to energy demand and heightened environmental concerns (Hussain 

& Zhou, 2022). The increasing demand for fuel, coupled with the limited availability of mineral 

oil, creates a strong incentive to develop alternative fuels from renewable sources that have a lower 

environmental impact. One promising alternative to petroleum-based fuels is the use of fuels 

derived from plant sources. (Malla et al., 2023). Using biodiesel as a renewable resource offers the 

benefits of nearly unlimited availability and ecological advantages, including an integrated closed 

carbon cycle(El-Araby, 2024). In the early 1980s, vegetable oil was used as a fuel. However, the 

widespread availability of conventional diesel fuel made the development of alternative fuels from 

renewable sources seem less important (Atabani et al., 2012).The first report of using vegetable 

oil-based fuel, specifically the ethyl esters of palm oil, as a substitute for diesel was in a Belgian 

patent in 1973.(Knothe, 2005). Research on vegetable oil development became increasingly 

important in the 1990s. Key oil seed crops identified for bio fuel production include sunflower, 

soybean, rapeseed, linseed, cottonseed, peanut, and canola (Waseem et al., 2017). 

Using edible oil for biofuel appears to be of limited significance for developing countries, which 

mainly rely on imports of edible oils. Instead, non-edible tree-borne oils, such as Jatropha curcas 

and castor oil, are considered promising feed stocks for the production of biodiesel. 

The oils produced from this non-edible are toxic(Gui et al., 2008). In this research work, oils 

derived from Jatropha curcas are chosen for the development of an alternative vegetable oil for 

diesel fuel.                           

Petroleum reserves are limited in a few countries worldwide. Additionally, most of the world 

imports petroleum fuel to meet its energy needs. The demand and price of petroleum fuel is 

increasing at an alarming rate from time to time(Bhandari, 2018). Moreover, most oil-importing 

countries do not utilize alternative energy sources to substitute fossil fuels (Marques et al., 2018). 

To ensure sustainable development, clean energy is also crucial. In this regard, it is important to 

find alternative sources, such as vegetable oil, which have become increasingly attractive recently 

due to their environmental benefits and renewable nature.  
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Diesel engines have a major role in the transportation sector, agricultural industry, and in industrial 

power generation (Marques et al., 2018). In the early stages, vegetable fuel was not competitive 

with petroleum because it was more expensive than fossil fuels. The current rise in prices and the 

uncertainties surrounding fossil fuel availability, there is growing interest in and a shift toward 

using vegetable oil in diesel engines. (Joshi et al., 2017). Hence, there is a need to find ways of 

utilizing renewable alternative fuels that emit low levels of emission species from IC engines. For 

agricultural applications, decentralized fuel production near consumption points is preferred. 

Farmers can produce straight vegetable oil for their needs. Additionally, using vegetable oil is 

more economical and time-saving due to the energy and material savings it provides (Rodionova 

et al., 2017). Using vegetable oil as a substitute for fossil fuel offers several advantages: it is 

portable, has a high heating content about 88% that of diesel No. 2, contains low levels of sulfur 

and aromatics, and is biodegradable. (S.-Y. No, 2011). 

The problems  of using plant oil as a substitute for diesel fuel are - high viscosity, lower volatility, 

and reactivity of unsaturated hydrocarbon chains (Negm et al., 2017). Therefore, problems appear 

after engines operate on straight vegetable oils for more extended periods, which leads to injector 

coking, oil ring sticking, carbon deposits, gelling, and thickening of lubricants because of 

contamination of vegetable oil (Panchal et al., 2017). The major problem of vegetable oil  is its 

higher viscosity; hence, it needs engine modification (S.-Y. No, 2011).  

This research proposed and conducted studies on the use of Jatropha biodiesel as a diesel 

substitute, with minimal fuel processing and without requiring engine modification, by enhancing 

the property of the biodiesel to facilitate proper combustion reactions. It is intended to minimize 

the viscosity of the parent oil through transesterification using an alkaline catalyst before it is 

admitted to the combustion chamber. Moreover, the performance and emission characteristics of 

the fuel was executed in CT110 test engine for different blends. In addition, the optimum blend 

with the best emission and performance profile, was selected, and engine tribology and endurance 

tests were performed on two Robin DY23-2D direct injection diesel engines: one for the base 

reference fossil fuel and the second for the diesel-biodiesel blend with nanoparticles.  

1.2. Statement of the Problem 

Securing consistent access to transportation fuels is a challenge for all countries, but emerging 

countries that import fossil fuels, such as Ethiopia, are particularly impacted because it 

significantly impedes their development (Benti et al., 2021; Yacob Gebreyohannes Hiben, 2013). 

Ethiopia should explore all possible alternatives to reduce its dependency on petroleum imports. 

Diesel fuel is the main transportation fuel in the country, as nearly all public transportation relies 
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on it. Therefore, partially or completely substituting petroleum fuel will enhance access and 

security (Kebede et al., 2022). The need for fuel and changes in people's lifestyles around the world 

are making the demand for oil rise quickly. This will lead to an increase in the import bill due to 

rising petroleum prices(Armaroli & Balzani, 2007). The government will be able to use its foreign 

cash for other purposes if petroleum import expenses are reduced by the practical replacement of 

petroleum diesel with biodiesel. 

Therefore, this research work tried to address the following research questions. 

 Whether diesel-biodiesel blend with alumina nanoparticle operates the diesel engines as to 

the rated power and torque of the test engine. 

 Whether it satisfies the emission standard requirements and possibilities to reduce emission 

output.  

 Whether the fuel blends with its additives are compatible with the engine hardware. 

  Whether the application of bio-diesel diesel blend with alumina nanoparticles is 

compatible with the life of lubricating oil and lubricating system. 

1.3. Objectives of the Study  

1.3.1. General Objective 

The general objective of the research was to study the performance of a compression ignition 

engine fuelled by biodiesel-diesel blends with the inclusion of Al2O3 nanoparticles. 

1.3.2. Specific Objectives 

The specific objectives of the research were: 

 To optimize the trans-esterification reaction parameters which are the reaction temperature, 

catalyst concentration, reaction time and stirring speed using Response Surface Method 

(RSM) and measure the physio-chemical properties. 

 To investigate the performance of the diesel-biodiesel blends with alumina nanoparticles 

and select the best blend. 

 To investigate a short-term endurance characteristic of two identical test engines (Robin 

DY23-2D diesel engines) with the best-chosen blend in comparison to the base line diesel 

fuel. 

 To assess the tribological effects of the diesel and the optimum blend with the inclusion of 

Al2O3NPs by comparing the wear of vital engine components and the lubricant property. 

 To investigate the effect of Al2O3 NPs on soot opacity in comparison to the base line diesel 

fuel. 
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1.4. Significance of the Study 

 Producing biodiesel from Jatropha curcas seeds can help reduce the trade gap by replacing 

imported petroleum. 

 To fuel the diesel engine, by biodiesel derived from Jatropha, either as a complete 

replacement or blended at an appropriate mixing ratio. 

 To reduce emissions, including greenhouse gases, while also generating environmental 

benefits. 

 The pressed residue can be used for agriculture as fertilizer 

 The pressed cake or residue can be used as a source of heat energy for industries. 

 To   secure oil fuel supply. 

 Ample residue can be supplied as a feedstock for biogas producers. 

 The by-product glycerine can be supplied for the cosmetic industry and generate revenue. 

Therefore, this laboratory-scale investigation demonstrates the potential of utilizing locally 

available renewable energy sources, particularly the extraction of biodiesel from Jatropha curcas, 

as a sustainable alternative to petroleum-based fuels. This approach serves as a strategic response 

to the escalating global oil prices that adversely impact Ethiopia’s economy (Tamrat et al., 2023; 

Ganapathy et al., 2011). Expanding Jatropha biodiesel production at a national scale could offer 

multiple benefits, including conservation of foreign exchange, job creation, promotion of local 

industrial capacity, economic stimulation, and a reduction in environmental pollution (Bibin et al., 

2019; Bibin et al., 2020). 

1.5. Beneficiaries 

 It helps to create opportunities and awareness to create jobs for farmers who can produce 

vegetable oil seeds. 

 Governments can save foreign currency for the purchase of fossil fuels. 

 It helps carbon sequestration or carbon dioxide removal (CDR) from the atmosphere and 

mitigates global warming. 

1.6. Scope of the Study 

The scope was to produce biodiesel from Jatropha curcas seeds, characterized the parent oil and 

the blends with nanoparticles by the ASTM standard test methods, executed emission and 

performance tests by an engine test rig, execute short-term endurance tests, investigated the 

tribological effect on engine lubricants and evaluating the wear effects of the vital parts of the test 

engines.  
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1.7. Limitation 

The engine performance test using alumina nano additives faced experimental limitations, 

including engine stalling during endurance testing, which resulted in variations in performance 

and emissions. Fluctuations in blend ratios, time intervals, and air psychometric conditions further 

affected combustion consistency. Additionally, measurement reliability was impacted by 

prolonged engine operation, leading to inconsistent emission readings due to residual deposits, 

fuel degradation, increased thermal load, lubricant changes, and exhaust build up. These factors 

contributed to data variability, making it challenging to ensure accurate performance assessment. 
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CHAPTER TWO 

LITERATURE REVIEW 

 2.1. Transportation and Energy 

Since the Industrial Revolution, energy has played a crucial role in driving the economic growth 

of societies. (Barca, 2011).  In the past thirty years, the transportation sector has significantly 

expanded, driven by the rising number of vehicles worldwide. (Newman et al., 2013). This sector 

represents 30% of the world's total energy consumption, with road transport accounting for 80% 

of that portion (A. Atabani et al., 2011). According to (Yin et al., 2015), the energy for 

transportation is estimated to grow at an average annual rate of 1.8% from 2005 to 2035. 

Transportation is the second energy-consumer next to industry, responsible for about 60% of 

global oil demand. It is projected to experience the fastest growth in energy consumption in the 

coming years. Approximately 97.6% of the sector's fossil fuel energy is derived from oil, with 

natural gas contributing only a small portion (Hao et al., 2015). It is also projected that nearly 75% 

of the increase in oil demand between 2006 and 2030 will be driven by the transportation sector  

(ArifSyed et al., 2010). Figure 2.1 illustrates the forecasted oil consumption trends for the 

transportation and other sectors globally from 2007 to 2035 (A. E. Atabani et al., 2011; Silitonga 

et al., 2011; U.S Energy Information Administration, 2010) 

 

Figure 2. 1 Projected oil consumption of 2007 to 2035 

Figures 2.2 and 2.3 illustrate the history of oil-proved reserves, production, and consumption 

between 2015 and 2023, respectively. Alternative energy sources, including natural gas, 

renewables, and nuclear power, continue to grow. Advances in technology, policy shifts toward 

cleaner energy, and increasing electrification in transportation and industry are driving this trend. 

While oil will remain a crucial component of the global energy mix, its relative share is expected 

to decrease by 14.29% from 2015 to 2035 as economies transition toward more sustainable and 
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diversified energy sources, as shown in Figure 2.4 (U.S Energy Information Administration, 

2010). However, global oil production is expected to grow until the early 2030s before entering a 

long-term decline influenced by economic, technological, and environmental factors (Aleklett et 

al., 2010). Peak production is projected between 2025 and 2045, depending on demand trends and 

energy transitions. The rate of decline will be shaped by energy policies, advancements in 

technology, and investments in renewables, with net-zero scenarios predicting a sharp drop in oil 

use from 2050 to 2070 (Norouzi et al., 2020). 

The World Energy Forum predicts that reserves will be depleted in less than 100 years. However, 

some experts believe that if consumption increases by 3% annually, they could be exhausted in 

under 45 years.(Ahmad et al., 2011; British petroleum (BP), 2010; Sharma, 2009) 

 

Figure 2. 2Total oil proved reserves between2015 to 2023 

 

 

 

 

 

 

 

 

Figure 2. 3 Total oil production and consumption (2015 and 2023) 
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(a) 2015                                           (b) 2035 

Figure 2. 4 Breakdown of world energy consumption in 2007 and 2035 

2.2. The Role of Petroleum Fuels in Ethiopia. 

In Ethiopia, biomass is the primary energy source, accounting for more than 85% of the nation's 

total energy consumption. Its main components, firewood, charcoal, agricultural waste, and animal 

dung, are utilized extensively for small-scale businesses, cooking, and heating (Benti et al., 2021). 

Due to limited access to electricity and other modern energy sources, rural households rely heavily 

on biomass. Inefficient use of biomass, however, increases indoor air pollution, deforestation, and 

health hazards, especially for women and children (Amare et al., 2015).Ethiopia is promoting 

improved cook stoves, afforestation initiatives, and alternative energy sources, such as ethanol and 

biogas, to address these issues. Although biomass remains necessary, the nation is increasing its 

investments in hydroelectricity, wind, and solar energy to create a more efficient and sustainable 

energy mix (Boke et al., 2022). Petroleum fuels are the primary energy source for industry, 

transportation, and power generation. Due to the lack of substantial crude oil reserves, the nation 

is dependent on imports to satisfy its rising demand (Benti et al., 2021). The transportation industry 

is dominated by gasoline and diesel, which underpin trade, logistics, and agriculture. Petroleum 

fuels power building, manufacturing, and machinery in the industrial sector. Furthermore, home 

energy still depends heavily on kerosene, especially in rural areas with consistent access to power. 

To minimize its dependence on petroleum and enhance its energy security, Ethiopia is vigorously 

working to diversify its energy sources and is investing in renewables, including solar, wind, and 

hydroelectric power (Sawo, 2024).Data from the Ethiopian Petroleum Enterprise indicate that 

since 2015, Ethiopia's petroleum imports have fluctuated significantly due to changes in policy, 

economic growth, and the volatility of the global oil price. About $2.1 billion worth of mineral 
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fuels and oils were imported by the nation in 2016, but that amount dropped to about $1.5 billion 

in 2018 (Asfaw, 2017). There have also been noticeable shifts in the proportion of fuel imports to 

Ethiopia's overall merchandise imports. Petroleum and bituminous mineral oils made up 14.2% of 

the nation's total imports in 2022, up from 5.38% in 2021. Ethiopia imported fuel at a cost of about 

€6 billion in 2023 (Yalew et al., 2023).Ethiopia became the first nation to impose a ban on the 

importing of gasoline and diesel automobiles in January 2024 to alleviate the economic burden of 

fuel imports and deal with the shortage of foreign currency (Mitiku, 2020). This program aims to 

reduce dependency on foreign fuels and promote using electric vehicles (Matveevsky & 

Buyanovsky). However, this shift is hampered by issues such as a lack of maintenance facilities, 

inconsistent electrical supply, and inadequate EV infrastructure (Adhikari et al., 2020).All things 

considered, Ethiopia's petroleum import patterns since 2015 reveal a dynamic interplay between 

legislative measures, economic demands, and efforts to transition to more sustainable energy 

sources. As shown in Figure 2.5, Ethiopia has been importing petroleum products in metric tons 

since 2016. 

 

Figure 2. 5 Trends in the volume of petroleum imported from 2016 to 2021 
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Figure 2. 6  Trends in the value of imported petroleum from 2015 to 2021 

2.3. Transportation and Emission 

Transportation contributes significantly to global greenhouse gas emissions, accounting for 

between 14% and 16% of total emissions (Azhar et al., 2024). The combustion of gasoline and 

diesel for air travel, ships, railroads, and road transportation is the primary source of CO2 emissions 

from fossil fuels worldwide (Aminzadegan et al., 2022). The most pressing global environmental 

issue at present is climate change. A rise of more than 2 °C in the average global temperature might 

lead to the extinction of up to one million species and the deaths of hundreds of millions of people 

(Hoegh-Guldberg et al., 2019). Most emissions associated with transportation are generated by 

cars, trucks, and buses. High-income nations' transportation sectors are the largest emitters, with 

road transport in the US and Europe producing the most emissions (Li & Tang, 2017). One of the 

primary reasons for road transport's substantial contribution to global emissions is its reliance on 

fossil fuels for personal and commercial vehicles. Approximately 12% of the worldwide 

transportation emissions are attributed to aviation (Graver et al., 2019).Air travel emissions are 

growing in other transport sectors due to an increasing flight demand, particularly in emerging 

economies. As the global middle class expands, air travel has become increasingly accessible, 

contributing to increased aviation emissions. International shipping contributes approximately 

10% of global transportation emissions (Graver et al., 2019). The shipping industry relies heavily 

on bunker fuel, a carbon-intensive fuel derived from crude oil. As global trade continues to expand, 
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accounts for a significant share of global transportation emissions, especially in regions with 

extensive freight networks. The high dependence on diesel-powered locomotives in many 

countries means that rail transport remains a significant source of emissions despite its relatively 

efficient operation. Global transportation emissions have increased steadily, with developing 

economies contributing more due to urbanization, rising incomes, and higher vehicle ownership. 

The growth in emissions from emerging economies like China, India, and Brazil, combined with 

increased demand for aviation and shipping, has offset reductions seen in developed nations (Wang 

& Jiang, 2020). 

 Most transportation-related greenhouse gas (GHG) emissions consist of carbon dioxide (CO2), 

which accounts for 95%. Methane (CH4) and nitrous oxides (NOx) contribute an additional 1%, 

while leakage of hydrofluorocarbons (HFCs) from vehicle air conditioning systems is responsible 

for the remaining 3% (Bleviss, 2021).  

Transportation sources also emit ozone, carbon monoxide (CO), and aerosols. Although these 

substances are not classified as greenhouse gases, they are believed to indirectly affect global 

warming. However, their precise impact remains unmeasured (A. E. Atabani et al., 2011). 

Transportation is central to global emissions, and addressing its environmental impact is crucial 

for achieving international climate goals. Different technological innovations, policies, and 

awareness will be necessary to minimize emissions in this sector. Continued progress in 

electrifying transportation, improving fuel efficiency, and transitioning to sustainable practices 

will shape the future of global transportation emissions. 

Transportation plays a major role in global greenhouse gas emissions, accounting for 

approximately 14 to 16 percent of the total emissions (Azhar et al., 2024). The primary contributor 

to the largest source of CO2 emissions from fossil fuels worldwide is the burning of gasoline and 

diesel for air travel, shipping, rail, and road transport (Aminzadegan et al., 2022). Climate change 

is currently viewed as the most urgent environmental challenge facing the world.An increase of 

over 2°C in the global average temperature could result in the extinction of up to one million 

species and the loss of hundreds of millions of lives (Hoegh-Guldberg et al., 2019). 

Thus, transportation plays a key role in global emissions, and addressing its environmental impact 

is essential for meeting international climate targets. Achieving significant emission reductions in 

this sector will require a mix of technological innovations, policy measures, and behavioral shifts. 

Continued progress in the electrification of transport, boosting fuel efficiency, and adopting 

sustainable practices will be pivotal in shaping the future of global transportation emissions. 
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2.4. Global Biofuel Scenario 

Global energy demand is expected to rise due to rapid population growth, increasing urbanization, 

and improved living standards (khan et al., 2014). Though it is non-renewable and has a negative 

impact on global climate (Selvakumar & Alexis, 2016),until this time, fossil fuels continue to be 

the primary source of energy.(Outlook, 2016). Due to concerns about energy security and the need 

for environmental sustainability regarding greenhouse gas (GHG) emissions (Kirschstein & 

Meisel, 2015; O'Driscoll et al., 2018) associated with fossil fuels, which are projected to reach 

approximately 37 giga tones (Gt) by 2035 (Akbar et al., 2009; Change, 2013; Ho et al., 2014), the 

production of biofuel was introduced. Renewable energy sources are more evenly distributed 

across the globe compared to fossil fuels and nuclear resources. Additionally, the energy they 

produce exceeds the current world energy consumption by more than three orders of 

magnitude(Lakshmi & Lakshmi, 2020). Renewable energy makes up 13% of total global energy 

consumption, with bioenergy contributing 10% of that share.(Change, 2013). The growing demand 

for energy, the depletion of fossil fuels, and rising GHG emissions are driving up petroleum prices 

and significantly impacting global economic activity(A. Atabani et al., 2013). Therefore, biofuels 

are candidates to replace fossil fuels. Moreover, they are biodegradable, renewable, and with 

acceptable-quality of exhaust gases (Kannahi & Arulmozhi, 2013). In the transport sector, diesel 

engines are widely used on cars, buses, and heavy-duty vehicles, and they are mainly used in 

agricultural equipment, on-road engineering machinery, and ships due to their higher efficiency, 

power outputs, and low CO and UHC emissions (Chen et al., 2019). However, diesel engines are 

the major contributors of particulate matter (Ramegouda & Joseph) and nitrogen oxides emission 

(Chen et al., 2017). For this reason, searching for an appropriate partial or complete substitute for 

fossil fuel is the best choice to overcome scarcity and reduce the environmental impact. The global 

trend to substitute fossil fuel for the application of internal combustion engines (ICE) is biofuel. 

The choice of biofuel feed stocks is based on the availability and difficulty of growing a specific 

crop for biofuel, where they can be cultivated geographically, and whether they are set aside for 

other purposes like livestock feed or human nitration (Bergmann et al., 2013; Sarwer et al., 2022). 

Regarding biofuel generation, the second generation is the most suitable choice for producing 

biofuel. Because it can be made from different feedstock of various types of non-food biomass 

that can grow either on arable land or on marginal lands (Chen et al., 2017). The processes of 

producing and burning biodiesel are essential in minimizing these emissions. Biodiesel production 

and combustion can reduce greenhouse gas emissions (Hanaki & Portugal-Pereira, 2018). 

Compared to fossil fuels, biodiesel has been associated with a 41% reduction in greenhouse gas 
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emissions (Nordin et al., 2024). Moreover, biodiesel tends to burn cleaner than traditional diesel, 

resulting in reduced emissions of carbon monoxide (CO), particulate matter (Ramegouda & 

Joseph), and unburned volatile organic compounds (VOCs) (Chen et al., 2018). This cleaner 

combustion is due to the higher oxygen content which promotes more complete combustion 

(Ghadikolaei et al., 2018). Based on economic and sustainability considerations of energy balance, 

biodiesel yields more energy than is invested in production. Studies indicate that biodiesel 

produces 93% more energy than the energy invested in its production. It presents economic 

advantages, but first-generation technology's sustainability and cost competitiveness remain a 

concern. Further generations of biodiesel production are not yet price-competitive due to the 

technology's immaturity and high production costs (Singh et al., 2020).  

 However, the challenges of biodiesel utilization are the availability of feedstock and the 

production process.  (Singh et al., 2020). Utilizing food crops can lead to competition with food 

production, raising concerns about food security and the sustainable use of land. Alternative 

feedstock, such as algae and nonedible oil feed stocks, offer promising solutions due to their high 

oil yields and non-competition with food resources (Pydimalla et al., 2023). The other aspect is 

the production process, where advancements in production processes are essential to enhance the 

stability and efficiency of biodiesel. Recent progress includes improvements in the stability of 

biodiesel fuels, addressing issues such as oxidation and microbial contamination (Lin & Lu, 2021).  

Hence, biodiesel presents a promising alternative energy source with notable environmental and 

economic benefits. However, addressing challenges related to feedstock selection, production 

processes, and financial viability is crucial for this technology's sustainable and widespread 

adoption. 

 Biodiesel has significant potential to be part of a sustainable energy mix in the future (Perona, 

2017). Between 2019 and 2023, global biodiesel production experienced notable changes. In 2019, 

production was approximately 0.93 million barrels per day. This figure increased to nearly1.06 

million barrels per day in 2022, as shown in Figure 2.7. The European Union, excluding the United 

Kingdom, was the most significant contributor, accounting for approximately 101.38 barrels per 

day in 2022. 85% of biodiesel production is believed to originate from the European Union 

(Raboni et al., 2015). To meet consumer demand, many European countries are heavily reliant on 

imports. The import value of biodiesel in Europe rose particularly sharply in 2022 when the 

Russia-Ukraine war affected purchases of feedstock (Balat, 2007; Charles et al., 2013).2.5. 

Biodiesel as a Potential Energy. 

The global dependence on fossil fuels has raised critical concerns regarding energy security, 

climate change, and environmental degradation(Holechek et al., 2022). In response, biodiesel has 
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gained significant attention as a renewable and sustainable energy source capable of reducing 

greenhouse gas (GHG) emissions and decreasing reliance on petroleum-based fuels (Bessou et al., 

2011). One of the most important factors influencing the efficiency, cost-effectiveness, and 

sustainability of biodiesel is the choice of feedstock(Ziolkowska, 2013). In developed countries 

such as the United States and those in Europe, edible oils like soybean, rapeseed, and sunflower 

have traditionally been used. However, the growing food-versus-fuel debate has prompted a shift 

toward non-edible oils such as Jatropha curcas, Pongamia pinnata(Khurana & Bhatnagar, 2024), 

and castor oil particularly suitable for developing nations like Ethiopia and India. Additionally, 

alternative feedstock such as waste cooking oil and microalgae have emerged due to their 

availability and minimal impact on food supply chains. Algae, in particular, offer high lipid 

productivity and carbon sequestration capabilities, making them attractive for next-generation 

biodiesel production. 

Biodiesel can be used in conventional diesel engines, often with minimal or no modifications 

especially in blends like B20 (20% biodiesel, 80% diesel). Its use generally results in improved 

lubricity, lower emissions of unburned hydrocarbons, carbon monoxide, and particulate matter, 

and biodegradability that reduces environmental risk in the event of spills. However, biodiesel 

typically delivers slightly lower engine power and higher brake-specific fuel consumption due to 

its lower calorific value(Oliveira & Da Silva, 2013). One notable drawback is the increase in 

nitrogen oxide (NOx) emissions, which may require mitigation through engine calibration or 

additives. 

From an environmental and energy efficiency standpoint, biodiesel is promising, offering up to a 

78% reduction in lifecycle GHG emissions and generating about 93% more energy than what is 

consumed during its production(El-Araby, 2024). Nonetheless, the sustainability and economic 

viability of first-generation biodiesel mainly derived from food crops remain under scrutiny. While 

later-generation technologies, including those based on algae and other non-edible feedstock, show 

better sustainability potential, they are not yet commercially competitive due to high production 

costs and technological limitations(Luque et al., 2008). 

Key challenges facing biodiesel include feedstock availability, production efficiency, fuel 

stability, and cost(Anuar & Abdullah, 2016). Reliance on food crops raises concerns about land 

use and food security(Koizumi, 2015). To address these issues, recent advancements have focused 

on improving biodiesel production processes to enhance fuel quality and long-term stability by 

mitigating problems like oxidation and microbial contamination. 

Globally, biodiesel is becoming an integral part of the future sustainable energy mix(Suardi et al., 

2023). Between 2019 and 2023, global production increased from approximately 0.93 million 
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barrels per day to around 1.06 million barrels per day(Santos et al., 2025). The European Union 

excluding the United Kingdom has led this growth, accounting for about 85% of global production 

in 2022. However, to meet rising demand, many European countries have become increasingly 

reliant on imports particularly in 2022, when the Russia-Ukraine conflict disrupted feedstock 

supply chains. Countries such as Brazil, France, Germany, Indonesia, Italy, and Malaysia are also 

prominent producers(Bajan et al., 2021). According to global assessments, Malaysia holds one of 

the highest potentials for biodiesel production as indicated in the Table 2.1. 

Table 2. 1 Top 10 countries in terms of biodiesel potential 

 

 

Figure 2. 7 Total world biodiesel productions since 2019 to 2023 

2.6. Advantages and disadvantages of biodiesel 

The advantages and disadvantages of biodiesel are summarized and indicated in sections 2.6.1 and 

2.6.2, respectively 
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Malaysia 14,540 0.53 1 

Indonesia 7,595 0.49 2 

Argentina 5,255 0.62 3 

USA 3,212 0.70 4 

Brazil 2,567 0.62 5 

Netherlands 2,496 0.75 6 

Germany 2,024 0.79 7 

Philippines 1,234 0.53 8 

Belgium 1,213 0.78 9 

Spain 1,073 1.71 10 
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2.6.1. Advantages of biodiesel 

The following points are the advantages of biodiesel according to (Firoz, 2017; Torkashvand et al., 

2022). 

 Biodiesel's 10–11% oxygen content improves its combustion efficiency. 

 Biodiesel cuts lifecycle of CO₂ emissions by 78% and reduces smoke by limiting free soot 

relative to diesel fuel. 

 Biodiesel supports rural development, aids in land restoration over time, and offers strong 

potential for job creation in rural areas. 

 Biodiesel is climate-neutral and plays a vital role in sustainable energy use and development. 

 Biodiesel has a higher cetane number (60–65) than petroleum diesel (around 53), resulting in 

shorter ignition delay 

 Production is easy to increase and requires less time. 

 Biodiesel production requires no drilling, transportation, or refining like petroleum diesel, 

allowing countries to produce it locally. This also eliminates tariffs and taxes paid on imported 

oil and diesel 

 Biodiesel offers superior lubricity, enhancing fuel pump and injector lubrication, which 

reduces engine wear and boosts efficiency. 

 Biodiesel is safer to transport, handle, distribute, use, and store because its flash point (100–

170 °C) is higher than petroleum diesel’s (60–80 °C). 

 Biodiesel reduces environmental impact by recycling waste products like used cooking oils 

and animal fats 

 Biodiesel blends up to B20 usually do not need engine modifications, but higher blends might 

require minor changes. 

2.6.2. Disadvantages of biodiesel 

The following points are the advantages of biodiesel according to (Firoz, 2017; Torkashvand et al., 

2022) 

 Biodiesel contains about 12% less energy than diesel, causing a 2–10% increase in fuel 

consumption. It also has higher cloud and pour points, emits more nitrogen oxides, and lower 

volatility, which can lead to engine deposits from incomplete combustion. 

 Biodiesel can cause excessive carbon deposits and gum formation in engines, leading to oil 

contamination and flow issues. Its viscosity is 11–18 times higher than diesel, and with lower 

volatility, it requires higher injector pressure. 
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 Biodiesel has lower oxidation stability than diesel and can oxidize into fatty acids when 

exposed to air, leading to corrosion in fuel tanks, pipes, and injectors. 

 Due to its high oxygen content, advanced fuel injection timing, and earlier combustion onset, 

biodiesel generates approximately 10–14% more NOx emissions than diesel during 

combustion 

 Biodiesel can corrode materials like copper and brass, leading to fuel system blockages, seal 

failures, filter clogging, and deposits in injection pumps. 

 Using biodiesel in internal combustion engines may cause durability issues such as injector 

clogging, filter blockage, and piston ring sticking. 

 Over 95% of biodiesel is made from edible oils, raising concerns about diverting food to fuel 

and disrupting global food supply and economics 

 Transesterification is costly due to expensive fatty acid, which raises fuel prices. 

 Transesterification poses environmental challenges, such as waste disposal, high water use for 

washing, and soap formation. 

2.7. Biofuel Feed Stocks  

There are over 350 oil-bearing crops worldwide recognized as potential sources for biodiesel 

production. (Eryilmaz et al., 2016). Tables 2.2 and 2.3 present the primary feed stocks used in 

biodiesel production. The diverse array of feed stocks available for biodiesel production is a key 

factor in the successful production of biodiesel. (Ambat et al., 2018). The feedstock should ideally 

meet two key requirements: low production costs and a large production scale. (You et al., 2008). 

The availability of feed stock for biodiesel production is influenced by regional climate, 

geographical location, soil conditions, and agricultural practices in each country(Amigun & 

Musango, 2011). Literature indicates that feed stock alone contributes to 75% of the total biodiesel 

production cost, as shown in Figure 2.8. Consequently, choosing the most cost-effective feed stock 

is essential for minimizing production costs. Figures 2.9 and 2.10 display images of various edible 

and non-edible biodiesel feed stocks, respectively. Generally, biodiesel feed stock can be classified 

into four main categories, as outlined in Table 2.3 below. (Roick et al., 2021; Shaah et al., 2021): 

Table 2.2 shows primary biodiesel feedstock for some selected countries around the world (Ahmad 

et al., 2011; Karmakar et al., 2010) 
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Table 2. 2 Current potential feed stocks for biodiesel worldwide 

 

Country Feedstock 

USA Soybeans, waste oil, Peanut 

Canada Rapeseed, Animal fat, Soybeans, Tallow, Mustard, Flax 

Mexico Animal fat, Waste oil 

Germany Rapeseed 

Italy Rapeseed, Sunflower 

France Rapeseed, Sunflower 

Spain Linseed oil, Sunflower 

Greece Cottonseed 

UK Rape seed, Waste cooking oil 

Sweden Rapeseed 

Ireland frying oil, animal fats 

India Jatropha,karanja, Soybean, Rapeseed, Sunflower, Peanut 

Malaysia Palm oil 

Indonesia Palm oil, Jatropha, Coconut 

Singapore Palm oil 

Philippines Coconut, Jatropha 

Thailand Palm, Jatropha, Coconut 

China Jatropha, Waste cooking oil, Rapeseed 

Brazil Soybeans, Palm oil, Castor, Cotton oil 

Argentina Soybeans 

Japan Waste cooking oil 

New Zealand Waste cooking oil,Tallow 



19 

 

 

Figure 2. 8 Biodiesel production cost (Gebremariam & Marchetti, 2018) 

Table 2. 3 Biodiesel feed stocks (Eriksson & Sivertsson, 2015) 

None edible oil Edible oil Animal fats Other sources 

Abutilon muticum Barley  Beef tallow  Algae  

Aleurites moluccana Canola Chicken fat Bacteria  

Camelina (Camelina Sativa) Coconut Fish oil  Fungi 

Coffee ground (Coffea arabica) Corn Pork lard Latexes  

Cotton seed (Gossypium hirsutum) Groundnut  Poultry Fat Microalgae  

Croton megalocarpus Palm    Miscanthus 

Cumaru  Peanut  Poplar 

Cynara cardunculus  Rapeseed   Switchgrass 

Jatropha curcas   Rice bran oil   Tarpenes 

Jojoba (Simmondsia chinensis) Safflower   

Mahua (Madhuca indica)  Sesame    

Moringa (Moringa oleifera) Sorghum    

Nagchampa(Calophyllum 

inophyllum) 

Soybeans   

Neem (Azadirachta indica)  Sunflower   

Pachira glabra Wheat   

Passion seed (Passiflora edulis)    

Pongamia (Pongamia pinnata)    

Rubber seed tree     

Salmon oil    

Tall (Carnegiea gigantean)    

Terminalia belerica    

Tobacco seed    
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Figure 2. 9 Edible oil feed stocks (Compiled by the author from Atabani et al. (2012) and 

Demirbas (2009). 

 

Figure 2. 10  Non-edible oil feedstock (Compiled by the author from Atabani et al. 

(2012) and Demirbas (2009). 
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When comparing different feed stocks, it is essential to consider several factors, with a full life-

cycle analysis being key for each option (Wang et al., 2019). This involves assessing land 

availability, cultivation practices, energy supply, greenhouse gas emissions, pesticide usage, soil 

fertility, water requirements, air quality effects, logistics, and economic value of co-products, 

employment opportunities, and impacts on biodiversity.(Ahmad et al., 2011; Balat, 2011; Chisti, 

2007). Additionally, when evaluating feedstock as a source for biodiesel, the oil percentage and 

yield per hectare are crucial parameters, as indicated in Table 2.4. (Mijić et al., 2009) 

Table 2. 4  Estimated oil content and yields of different biodiesel feed stocks 

* (kg oil/ha) 

Feedstocks Oil content (%) Oil yield (L/ha/year) 

Calophyllum inophyllum L. 65 4680 

Castor 45-50 1413 

Coconut 63-65 2689 

Corn (Diaz et al.)  48 172 

Cottonseed  18-25 325 

Euphorbia lathyris L. 48 1500-2500* 

Jatropha  50-60 1892 

Jojoba 45-50 1818 

Linseed  35-45 - 

Microalgae (high oil content) 70 136,900 

Microalgae (low oil content) 30 58,700 

Microalgae (medium oil content) 50 97,800 

Moringa oleifera 40 - 

Neem 20-30 - 

Olive oil  45-70 1212 

Pachira Glabra 40-50 - 

Palm oil  30-60 5950 

Peanut oil  45-55 1059 

Pongamia pinnata (Karanja) 30-40 225-2250* 

Rapeseed 38-46 1190 

Rice bran  15-23 828 

Rubber seed 40-50 80-120* 

Sapium sebiferum L. Kernel 12-29 - 

Sea mango 54 - 

Sesame - 696 

Soybean  15-20 446 

Sunflower  25–35 952 

Tung 16-18 940 

Edible oil resources, including soybeans, palm oil, sunflower oil, rapeseed oil, coconut oil, and 

peanuts, are classified as first-generation biodiesel feed stocks because they were among the 

earliest crops used for biodiesel production.(Mijić et al., 2009). Their plantations are well-

established in various countries, including Malaysia, the United States, and Germany(Abdul-

Manan et al., 2014). Currently, over 95% of the world's biodiesel is produced from edible oils, 
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with rapeseed accounting for 84%, sunflower oil for 13%, palm oil for 1%, and soybean oil and 

other oils making up the remaining 2%(Gunstone, 2011). However, their use raises several 

concerns, including the food versus fuel crisis and significant environmental issues, such as the 

degradation of essential soil resources, deforestation, and the use of a large portion of available 

arable land (Gunstone, 2011). Additionally, the prices of vegetable oil plants have risen 

dramatically, impacting the economic viability of the biodiesel industry(Gebremariam & 

Marchetti, 2018). Furthermore, using edible oils for biodiesel production is not a sustainable long-

term solution due to the widening gap between demand and supply. In many countries, the 

availability of these oils is limited. For example, if all soybeans in the United States were allocated 

to biodiesel production, it would only satisfy 6% of the nation's diesel demand (Chapagain et al., 

2009)(Chapagain et al., 2009). One potential solution to decrease the use of edible oils in biodiesel 

production is to utilize non-edible oils(Gashaw & Teshita, 2014).  

2.7.1. Non-edible vegetable oil resources 

Non-edible vegetable oils are unsuitable for human consumption because they contain toxic 

components(Ahmad et al., 2011). Selecting non-edible vegetable oils as feed stocks for biodiesel 

production necessitates a review of existing literature. Recent comprehensive reviews highlight 

the benefits of using non-edible oils compared to edible oils in biodiesel production. Utilizing non-

edible oil feed stocks can mitigate the food versus fuel controversy and address the environmental 

and economic challenges associated with edible vegetable oils(Gui et al., 2008). Non-edible 

biodiesel crops are expected to be grown on largely unproductive lands, in impoverished areas, 

and on degraded forests. Additionally, they can be planted along the boundaries of cultivators' 

fields, on shallow lands, and in public spaces such as railways, roads, and irrigation canals.(A. E. 

Atabani et al., 2013). The development of non-edible biodiesel could serve as a significant poverty 

alleviation program for the rural poor, enhancing energy security, particularly in rural areas, and 

strengthening the rural non-farm sector. These factors greatly influence the sustainability of 

biodiesel production. Many researchers agree that non-edible feed stocks for biodiesel should be 

recognized as sustainable alternative fuels.(Ahmad et al., 2011; Ravi & Sastry, 2009; Syers et al., 

2007). Non-edible oil plants are well adapted to arid and semi-arid conditions, thriving with low 

fertility and minimal moisture requirements(Yang et al., 2014). 

They are typically propagated through seeds or cuttings. Additionally, because these plants do not 

compete with food crops, the seed cake produced after oil extraction can be used as fertilizer to 

enrich the soil(Azam et al., 2005). Several potential tree-borne oilseeds (TBOs) and non-edible 

crop sources have been identified as suitable feedstock for biodiesel, as shown in Figure 2.11 
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(Razon, 2009; Syers et al., 2007). The following section provides a brief overview of different 

types of non-edible plant oils. 

2.7.1.1. Jatropha curcas  

Jatropha curcas L. is a small tree or large shrub, reaching heights of 5 to 7 meters, and it belongs 

to the Euphorbiaceae  (Balat, 2011; Kibazohi & Sangwan, 2011; Misra & Murthy, 2011). It is a 

drought-resistant plant that can thrive in abandoned and fallow agricultural lands.(Kibazohi & 

Sangwan, 2011; Kumar & Sharma, 2011; Pinzi et al., 2009). This tropical plant flourishes in 

diverse climatic zones, thriving in areas with rainfall between 250 and 1,200 mm. It is native to 

Mexico, Central America, Africa, India, Brazil, Bolivia, Peru, Argentina, and Paraguay.(Azam et 

al., 2005; Kibazohi & Sangwan, 2011; Kumar & Sharma, 2011). This plant is highly suited to arid 

and semi-arid environments, where soil fertility and moisture are low. It can also thrive in 

moderately sodic, saline, degraded, and eroded soils. The optimal planting density is 2,500 plants 

per hectare. It begins producing seeds after 12 months, achieves maximum productivity by the 

fifth year, and has a lifespan of 30 to 50 years. Seed production varies significantly, ranging from 

0.1 to over 8 tons per hectare annually, depending on soil conditions.(Azam et al., 2005; Kibazohi 

& Sangwan, 2011). Depending on the variety, the seed of Jatropha contains 43-59% oil.(S. Y. No, 

2011). 

2.7.1.2. Pongamia pinnata L.  

Pongamia pinnata (L.) Pierre, also known as Karanja or Honge, is a medium-sized evergreen 

leguminous tree from the Millettieae tribe of the Papilionaceae (Leguminosae) 

family(Ramanjaneyulu et al., 2025). Native to the Indian subcontinent and Southeast Asia, it has 

also been successfully introduced to humid tropical areas and parts of Australia, New Zealand, 

China, and the USA(Karmee & Chadha, 2005). Traditionally, it has been used for medicinal 

purposes, animal fodder, green manure, timber, natural pesticides, fish poison, and as a binder and 

fuel. More recently, it has emerged as a potential feedstock for the biofuel industry. Recommended 

planting spacing is 32 meters (Sharma & Kumar, 2011). 

Its seeds contain 30–40% oil by weight (Balat, 2010). The oil is reddish-brown and high in oleic 

acid and unsaponifiable matter(Sanford & Kelly, 2011). 

2.7.1.3. Croton megalocarpus 

Croton megalocarpus, a tree native to Eastern and Central Africa, has been increasingly recognized 

as a promising non-edible biodiesel feedstock(Resta, 2024) . Commonly found in countries such 

as Kenya, Uganda, Tanzania, and Ethiopia, this species belongs to the Euphorbiaceae 
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family(Osawa, 2016). It is a fast-growing, drought-resistant tree that can reach heights between 15 

and 40 meters and thrives at altitudes ranging from 1200 to 2450 meters above sea level(Kibazohi 

& Sangwan, 2011). A tree of Croton megalocarpus produces up to 50 kg of seeds, and a hectare 

produces 5 to 10 t of seeds per year (Kibazohi & Sangwan, 2011) Its adaptability to a range of 

ecological zones, along with its low maintenance requirements, makes it particularly suitable for 

biodiesel production in tropical and subtropical climates. 

The seeds of Croton megalocarpus contain a high oil content, typically ranging from 30% to 45% 

by weigh(Aliyu et al., 2010). This oil has favorable physicochemical properties, including 

moderate acid value and acceptable viscosity, which make it suitable for transesterification. The 

fatty acid composition includes a significant proportion of unsaturated fatty acids such as linoleic 

acid (C18:2) and oleic acid (C18:1), along with saturated fatty acids like palmitic acid (C16:0), 

contributing to a cetane number and iodine value that are within desirable ranges for biodiesel (Wu 

et al., 2012). 

2.7.1.4. Moringa oleifera 

Moringa oleifera, commonly referred to as the "miracle tree," is a fast-growing, drought-resistant 

plant native to the Indian subcontinent and widely cultivated in tropical and subtropical regions 

across Africa, Asia, and Latin America(Bania et al., 2023). Traditionally valued for its nutritional 

and medicinal properties, Moringa has also attracted attention in recent years as a potential non-

edible feedstock for biodiesel production due to the high oil content of its seeds and the favorable 

properties of the derived oil(Ebert et al., 2019)  

The seeds of Moringa oleifera contain approximately 30–40% oil by weight(Kibazohi & Sangwan, 

2011), with oil yields estimated at around 250–500 liters per hectare under normal cultivation 

conditions. The extracted oil has a high monounsaturated fatty acid content, particularly oleic acid 

(C18:1), which constitutes about 70–78% of the total fatty acids(Rashid et al., 2008).  This 

composition contributes to superior oxidative stability, a high cetane number, and excellent cold 

flow properties which are key characteristics that make Moringa oil an attractive feedstock for 

biodiesel(Rashid et al., 2008). 

2.7.1.4. Aleurites moluccana 

Aleurites moluccana, commonly known as candlenut or kukui nut, is a tropical tree from the 

Euphorbiaceae family, native to Southeast Asia and the Pacific Islands(Elevitch & Manner, 2006). 

It grows well between the altitudes of 0-1200 m, a temperature of 18-28 °C, a rainfall of 650-4300 

mm, and a soil pH of 5-8 in marginal soils with minimal input, making it a potential non-edible 
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biodiesel feedstock for tropical and subtropical regions. The seeds contain 50–60% oil by weight, 

which is relatively high compared to other oil crops(Abd & Mohamad, 2010). 

The oil is rich in unsaturated fatty acids, particularly linoleic and oleic acids that contributes to 

good flow and ignition properties(Kibazohi & Sangwan, 2011). However, the high degree of 

unsaturation also results in lower oxidative stability, potentially affecting long-term storage.  

Fuel properties of A. moluccana biodiesel include acceptable viscosity, density, flash point, and a 

high cetane number (Setyadi et al., 2020). However, the iodine value tends to be high, indicating 

susceptibility to oxidation. Engine tests have shown that candlenut biodiesel reduces carbon 

monoxide, hydrocarbons, and particulate emissions, though nitrogen oxides (NOx) may increase 

slightly, a common trend with biodiesel(Md Ruhul, 2017). 

The plant’s non-edible nature ensures it does not compete with food crops, and its seedcake can 

be used as fertilizer, though toxicity (e.g., phorbol esters) limits use in animal feed. Despite 

promising fuel characteristics and environmental benefits, commercial adoption is hindered by 

limited seed supply, lack of processing infrastructure, and the need for further research on storage 

stability and large-scale feasibility(Ubeda et al., 2017). 

2.7.1.5. Pachira glabra 

Pachira glabra, a member of the Malvaceae family, is a fast-growing tropical tree native to Central 

and South America and also cultivated in parts of Asia and Africa(Castellanos & Stevenson, 2011). 

It is often planted for ornamental and agroforestry purposes. The tree produces large, nut-like seeds 

that contain significant oil content, positioning it as a potential non-edible feedstock for biodiesel 

production (Kibazohi & Sangwan, 2011).Its seeds of contain approximately 40–50% oil, making 

them a viable candidate for biofuel applications(Tebe et al., 2024). The extracted oil exhibits a 

favorable fatty acid composition, with high levels of oleic and linoleic acids. These contribute to 

good fuel properties, such as low viscosity, high cetane number, and acceptable cold flow 

characteristics. Studies have shown that the oil can be efficiently converted into biodiesel via base-

catalyzed transesterification, yielding over 90% under optimal conditions (A. E. Atabani et al., 

2013). 

2.7.1.6. Ricinus communis (Castor) 

Ricinus communis, commonly known as castor, is a hardy, fast-growing shrub or small tree from 

the Euphorbiaceae family, widely cultivated in tropical and subtropical regions(Chakrabarty, 

2021). It is well-adapted to arid and semi-arid climates and thrives on marginal land with minimal 

agricultural input (Gui et al., 2008; Lopez & Neto, 2011; Sanford et al., 2009). Castor is 
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traditionally grown for its oil-rich seeds, and in recent years, it has gained attention as a promising 

non-edible biodiesel feedstock due to its high oil content and ease of cultivation. 

Castor seeds contain approximately 40–55% oil, which is unusually rich in ricinoleic acid (over 

85%). This unique fatty acid, characterized by a hydroxyl group, imparts distinct physical and 

chemical properties to castor oil such as high viscosity, polarity, and lubricity which differentiate 

it from conventional vegetable oils. These properties are advantageous in certain industrial 

applications but pose challenges in direct biodiesel use, particularly regarding fuel flow and 

atomization in diesel engines (A. E. Atabani et al., 2013). 

2.7.1.7. Calophyllum inophyllum L. (Polanga) 

Calophyllum inophyllum L., commonly known as Polanga, Tamanu, or Alexandrian laurel, is a 

tropical tree native to coastal regions of South and Southeast Asia, the Pacific Islands, and East 

Africa(Azam et al., 2005; Sahoo et al., 2007; Venkanna & Venkataramana, 2009)  . It belongs to 

the Clusiaceae (formerly Guttiferae) family and thrives in sandy, saline, and degraded soils, often 

along shorelines. Traditionally valued for its medicinal, timber, and oil-producing properties, the 

tree has emerged as a promising non-edible biodiesel feedstock due to its high oil content and 

ability to grow in marginal lands(Susanto et al., 2017). 

The seeds of C. inophyllum contain 40–73% oil by weight, depending on location, tree maturity, 

and processing method and has a tinted green, thick, and has a woodsy or nutty smell 

(Hathurusingha et al., 2011; Sahoo et al., 2007; Venkanna & Venkataramana, 2009). The oil is 

rich in oleic acid (C18:1), linoleic acid (C18:2), stearic acid (C18:0), and palmitic acid (C16:0), 

giving it a balanced saturation profile suitable for biodiesel. Its high oil yield per hectare and non-

edibility make it an attractive feedstock, especially in regions where land use competition with 

food crops is a concern (A. E. Atabani et al., 2013) 

2.1.7.8. Sterculia foetida L.  

Sterculia foetida L., commonly known as the wild almond, Java olive, or hazel sterculia, is a 

deciduous tree species native to tropical Asia and parts of Africa(Vélez-Gavilán, 2023). It belongs 

to the family Malvaceae and grows well in arid and semi-arid regions, making it a potential 

candidate for sustainable biodiesel production on marginal lands. The tree produces oil-rich seeds 

with an average oil content of 30–45%, depending on geographic and environmental factors(Patil-

Gadhe & Pokharkar, 2014) 

The seed oil of S. foetida is non-edible due to the presence of cyclopropene fatty acids (CPFAs), 

mainly sterculic and malvalic acids, which are known to be toxic and potentially 
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carcinogenic(Bose, 2022). However, these properties do not impede its suitability as a feedstock 

for biodiesel, since the toxic components are not carried over in the transesterified methyl esters 

(biodiesel) in significant amounts. 

Environmentally and socio-economically, S. foetida offers advantages due to its drought tolerance, 

ability to grow on degraded soils, and potential for afforestation(Sarangthem et al., 2023). 

However, due to the presence of CPFAs, care must be taken in handling and processing the seeds 

and oil. The species also has multiple uses: its wood is used locally for carpentry, and the seed 

cake (after oil extraction) is being studied for its use as fertilizer or industrial feedstock(Sen, 2020). 

2.1,7,9, Madhuca indica  

Madhuca indica, commonly known as Mahua, is a deciduous tree indigenous to the Indian 

subcontinent and belongs to the Sapotaceae family. It is widely distributed in central and northern 

India, particularly in tribal and forested regions (Balat & Balat, 2010; A. Demirbas, 2009; Jena et 

al., 2010). It quickly to approximately 20 m in height, possesses evergreen or semi-evergreen 

foliage, and is adapted to arid environments (Kumar & Sharma, 2011; Pinzi et al., 2009)The tree 

is valued for its oil-rich seeds, which contain approximately 30–40% oil by weight, making it a 

viable non-edible feedstock for biodiesel production. Mahua oil is traditionally used for soap 

making, lighting, and even cooking in rural areas, but its high free fatty acid (FFA) content initially 

limited its suitability for direct transesterification(Pradhan et al., 2016). 

Recent studies also explore blends of Mahua biodiesel with diesel and additives to improve engine 

performance and emission profiles. Experimental investigations report that B20 blends (20% 

Mahua biodiesel with 80% diesel) generally show a slight reduction in brake thermal efficiency 

but notable decreases in CO, HC, and particulate matter emissions, although NOx emissions may 

increase slightly(Chatterjee et al., 2021). 

2.1.7.10. Sapium sebiferum (Linn.) Roxb (Chinese tallow) 

Sapium sebiferum (Linn.) Roxb, widely known as the Chinese tallow tree, is a fast-growing 

deciduous tree native to eastern Asia, especially China and Japan. Belonging to the Euphorbiaceae 

family, this species has attracted considerable interest as a biodiesel feedstock due to its high oil 

yield and adaptability to a range of soil types and climates, including degraded or marginal 

lands(Yang et al., 2015). 

The seeds of S. sebiferum are covered with a waxy, tallow-like aril and contain up to 45–60% oil 

by weight(Ma et al., 2023). This oil is non-edible and comprises long-chain fatty acids such as 

palmitic, stearic, oleic, and linoleic acids, which are favorable for biodiesel conversion. The 
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presence of high free fatty acids (FFA) in crude oil, however, requires a two-step transesterification 

process (acid esterification followed by alkaline transesterification) for efficient biodiesel 

production (Tang et al., 2015). 

Sapium sebiferum is a promising biodiesel feedstock due to its high oil content, favorable fatty 

acid profile, and suitability for cultivation on non-arable lands. However, its potential invasiveness 

must be considered in land management and sustainability assessments. Future research is needed 

to optimize its agronomy, oil extraction, and transesterification techniques to facilitate 

commercial-scale biodiesel production(Zhao et al., 2019). 

2.1.7.11. Aleutites fordii (Tung)  

Aleurites fordii, commonly referred to as the Tung tree, is a fast-growing deciduous tree belonging 

to the family Euphorbiaceae. Native to southern China, Burma, and Vietnam, it has been cultivated 

in various subtropical and tropical regions for its high-value oil, historically used in paints, 

varnishes, and wood finishes (PENFOLD & SMITH-WHITE, 1941). The seeds of the Tung tree 

contain 50–60% oil by weight, making it one of the highest-yielding non-edible oilseed 

sources(Park et al., 2015). 

Tung oil is composed primarily of α-eleostearic acid, a conjugated triene fatty acid that constitutes 

up to 80% of its total fatty acid profile (Murawski, 2017). This high degree of unsaturation 

provides the oil with excellent drying and polymerizing properties but also presents challenges for 

biodiesel production. The presence of conjugated double bonds can lead to poor oxidative stability, 

high viscosity, and potential polymerization at elevated temperatures (Lacerda & Gandini, 2020). 

Despite these drawbacks, several studies have demonstrated the feasibility of converting Tung oil 

into biodiesel via two-step transesterification  using modified catalysts like acid-base or enzymatic 

catalysts (Kaur et al., 2017). The resulting methyl esters have acceptable fuel properties in terms 

of calorific value, flash point, and density but require oxidative stabilizers to meet long-term 

storage and engine performance standards. Cold flow properties may be acceptable in warmer 

climates but can be limiting in temperate zones(Kaur et al., 2017). 

2.1.7.12. Azadirachta indica (Neem) 

Azadirachta indica, commonly known as Neem, is a fast-growing, evergreen tree native to the 

Indian subcontinent and widely cultivated in arid and semi-arid regions of Africa and Asia. 

Belonging to the Meliaceae family, Neem is renowned for its medicinal, pesticidal, and 

environmental benefits(Kaur et al., 2017). In recent decades, Neem has gained attention as a non-
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edible oilseed feedstock for biodiesel production, due to its abundance, drought tolerance, and high 

oil yield potential (Kaur et al., 2017).  

Neem seeds contain approximately 30–45% oil, depending on the region and seed quality (Azam 

et al., 2005; S. Y. No, 2011; Ragit et al., 2011). The oil is highly bitter and non-edible due to the 

presence of bioactive compounds like Azadirachtin, making it ideal for non-food biofuel 

applications. The fatty acid profile of Neem oil typically includes palmitic (C16:0), stearic (C18:0), 

oleic (C18:1), and linoleic (C18:2) acids, which provide a good balance of saturation and 

unsaturation for biodiesel production (Kaur et al., 2017). 

2.1.7.13. Nicotiana tabacum (Tobacco) 

Nicotiana tabacum, commonly known as tobacco, is a widely cultivated plant of the Solanaceae 

family, traditionally grown for its leaves used in cigarette and cigar production (Kaur et al., 2017). 

However, due to declining global tobacco consumption and the plant’s rich lipid content in its 

seeds, researchers have explored its potential as a non-edible biodiesel feedstock (Kaur et al., 

2017). 

Tobacco seeds contain approximately 30–40% oil by weight, which is non-edible and toxic due to 

alkaloids such as nicotine. This toxicity prevents it from entering the food chain, making it suitable 

for bioenergy applications without raising food-versus-fuel concerns (Kaur et al., 2017). The fatty 

acid composition of tobacco seed oil includes linoleic (C18:2), oleic (C18:1), palmitic (C16:0), 

and stearic acids (C18:0), a profile that supports good biodiesel conversion and combustion 

characteristics (Kaur et al., 2017). 

Tobacco offers an interesting advantage: it can be grown on marginal lands and does not compete 

with food crops. Moreover, genetically modified tobacco is being researched not only for higher 

oil yield but also for bioengineering traits such as lower nicotine content and altered oil profiles 

for better fuel quality. The leftover biomass after seed oil extraction can be used for biogas, 

biochemicals, or even cellulosic ethanol production, enhancing the plant’s bioenergy potential 

(Kaur et al., 2017). 

2.1.7.14. Hevea brasiliensis (Rubber seed) 

Hevea brasiliensis, commonly known as the rubber tree is primarily cultivated for natural latex, 

but its rubber seeds, typically considered an agricultural byproduct, have gained attention as a non-

edible and sustainable feedstock for biodiesel production(Kaur et al., 2017). Native to the Amazon 

Basin and widely cultivated in tropical regions like Southeast Asia and West Africa, the tree 
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produces large quantities of seeds approximately 800–1,200 kg/hectare/year, making them a 

valuable secondary product(Kaur et al., 2017). 

Rubber seeds contain 35–45% oil by weight, and the oil has a favorable fatty acid profile for 

biodiesel conversion, dominated by oleic acid (~24–40%), linoleic acid (~20–36%), linolenic acid, 

and some saturated fatty acids like palmitic and stearic acids(Kaur et al., 2017). However, rubber 

seed oil (Zhao et al.) has a high free fatty acid (FFA) content (often >10%), necessitating a two-

step transesterification process (acid esterification followed by base catalysis) for efficient 

biodiesel production (Kaur et al., 2017). 

Studies have shown that biodiesel produced from RSO meets ASTM D6751 and EN 14214 fuel 

standards when properly processed. Its viscosity, flash point, density, and calorific value are within 

acceptable ranges. However, oxidative stability may be a concern due to high polyunsaturated fatty 

acid content, and may require antioxidant additives for long-term storage and use (Kaur et al., 

2017). 

Engine tests using rubber seed biodiesel blends ranging from B10–B40 report performance 

characteristics comparable to diesel, with slight reductions in brake thermal efficiency and power 

output. Emissions testing generally shows reduced CO, HC, and smoke, but a modest increase in 

NOx emissions, a common trade off in biodiesel fuels(Kaur et al., 2017). 

2.1.7.15. Rice bran 

Rice bran oil, extracted from the outer layer of rice grains during milling, is an abundant byproduct 

of rice production(Kaur et al., 2017). Given that rice is a staple crop in many parts of Asia and 

Africa, rice bran presents a readily available and underutilized resource for biofuel production. 

The oil content of rice bran typically ranges from 15–22%, and crude rice bran oil (CRBO) often 

contains high levels of free fatty acids (FFA), especially if not processed immediately after milling 

due to rapid hydrolysis (Dunford, 2019). 

Crude rice bran oil contains a balanced fatty acid profile including oleic (C18:1, ~40–45%), 

linoleic (C18:2, 30–40%), and palmitic acid (C16:0, 15–20%), which are favorable for biodiesel 

production (Mas’ud et al., 2017). However, the high FFA content (>5%) necessitates a two-step 

transesterification process: an initial acid esterification to lower FFAs followed by base-catalyzed 

transesterification. With proper pretreatment, rice bran biodiesel has been shown to meet 

international standards such as ASTM D6751 and EN 14214 (Sutanto et al., 2020). 

Fuel properties of rice bran biodiesel include good viscosity, moderate cetane number (48–52), 

and acceptable calorific value (39–41 MJ/kg). Cold flow properties are somewhat inferior due to 

the high unsaturation level but can be improved with additives or blending. The oxidative stability 
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of rice bran biodiesel is relatively low, again due to its polyunsaturated fatty acids, and may require 

antioxidants during storage(Sutanto et al., 2020). 

Engine performance studies using rice bran biodiesel blends (B10–B30) have shown comparable 

results to conventional diesel in terms of brake thermal efficiency and fuel consumption, with 

significantly reduced emissions of CO, HC, and particulate matter. However, a slight increase in 

NOx emissions has been observed, consistent with biodiesel fuels (Dharmaraja et al., 2019). 

2.1.7.16. Crambe abyssinica (Hochst)  

Crambe abyssinica, a member of the Brassicaceae family, is a fast-growing, oilseed crop native to 

the Ethiopian highlands. It has gained attention as a non-edible industrial oilseed due to its high 

oil content and adaptability to temperate and semi-arid climates. Unlike many food crops, C. 

abyssinica does not compete with food systems, making it a sustainable biodiesel feedstock option 

(Dharmaraja et al., 2019). 

The seeds contain 30–40% oil, with a unique fatty acid composition(Dharmaraja et al., 2019). The 

oil is especially rich in erucic acid (C22:1) often comprising 50–60% of total fatty acids alongside 

oleic (C18:1) and linoleic acids (C18:2). While the high erucic acid content renders the oil 

unsuitable for human consumption, it makes the oil valuable for lubricants, coatings, and biofuels. 

Its long-chain fatty acids enhance lubricity, but pose some challenges for cold flow and oxidation 

stability when used as biodiesel (Dharmaraja et al., 2019). 

Crambe abyssinica oil has been successfully converted to biodiesel through base-catalyzed 

transesterification, often requiring pretreatment if the free fatty acid (FFA) content is 

high(Dharmaraja et al., 2019). The resulting biodiesel meets major fuel standards (ASTM D6751 

and EN 14214) in terms of viscosity, density, and cetane number, though oxidative stability and 

cold flow properties may require improvement via antioxidants or blending with methyl esters 

from more saturated oils (Dharmaraja et al., 2019). 

Engine performance trials using Crambe-based biodiesel and blends B20, B50 show comparable 

unburned hydrocarbons (HC), and smoke opacity. NOx emissions may slightly increase, a typical 

biodiesel trait, but can be managed through exhaust after-treatment technologies or combustion 

optimization. (Dharmaraja et al., 2019). 

2.1.7.17. Thevetia peruviana (yellow oleander) 

Thevetia peruviana, commonly known as yellow oleander, belongs to the Apocynaceae family and 

is a fast-growing, drought-tolerant evergreen shrub or small tree native to Central and South 

America(Dharmaraja et al., 2019). It is widely found in tropical and subtropical regions as an 
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ornamental plant. The seeds of T. peruviana are highly toxic to humans and animals due to the 

presence of cardiac glycosides, making the oil non-edible and safe for biofuel application (Ramos-

Silva et al., 2017). 

The seeds contain around 60–65% oil by weight, making it one of the richest oil-bearing non-

edible feedstocks. The oil is composed mainly of oleic (30–50%), linoleic (20–40%), and palmitic 

acid (15–25%), which contribute to favorable fuel properties.(Ramos-Silva et al., 2017) Due to 

moderate free fatty acid (FFA) content, the oil typically requires acid esterification followed by 

base-catalyzed transesterification to produce high-quality biodiesel(Ramos-Silva et al., 2017). 

Studies (Ramos-Silva et al., 2017) have confirmed that Thevetia biodiesel meets key specifications 

under ASTM D6751 and EN 14214 standards, with acceptable kinematic viscosity, cetane number, 

flash point, and calorific value. However, due to its high degree of unsaturation, oxidative stability 

may be relatively low, and cold flow properties may require improvement depending on the region 

of use. 

Engine performance tests using yellow oleander biodiesel blends (especially B20 and B40) 

demonstrate comparable brake thermal efficiency and reduced emissions of carbon monoxide 

(CO), hydrocarbons (HC), and smoke compared to diesel fuel(Ramos-Silva et al., 2017). As with 

most biodiesels, a modest increase in NOx emissions has been observed, which may be addressed 

with EGR or additives. 

2.1.7.18. Sapindus mukorossi (Soapnut) 

Apindus mukorossi, commonly known as soapnut or reetha, is a deciduous tree belonging to the 

family Sapindaceae (Ramos-Silva et al., 2017). It is native to the Indian subcontinent and widely 

distributed in the Himalayan foothills, northeastern India, and parts of Southeast Asia. 

Traditionally valued for its natural saponins used in soaps and detergents, S. mukorossi has 

recently attracted attention as a non-edible biodiesel feedstock due to its oil-rich seeds, drought 

tolerance, and ecological adaptability(Singh & Sharma, 2019). 

The seeds of S. mukorossi contain 30–40% non-edible oil by weight. The oil is characterized by a 

favorable fatty acid profile, rich in oleic acid (40–50%), linoleic acid (30–40%), and palmitic acid 

(10–15%), which make it suitable for biodiesel production(Chang-Chih et al., 2019). The oil has 

a moderate free fatty acid (FFA) content, and biodiesel can be produced either through single-step 

alkaline transesterification (when FFAs are below 2%) or two-step transesterification for higher 

FFA levels (Singh & Sharma, 2019). 

Experimental studies (Chang-Chih et al., 2019) confirm that biodiesel derived from soapnut oil 

complies with ASTM D6751 and EN 14214 standards, with acceptable ranges of viscosity, flash 
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point, cetane number, and energy content (39–41 MJ/kg). The high content of unsaturated fatty 

acids implies that oxidative stability may be a concern, but this can be addressed through 

antioxidants or blending with more saturated biodiesel sources (Fadda et al., 2022). 

2.1.7.19. Cerbera odollam, commonly known as Sea Mango 

Cerbera odollam, commonly known as Sea Mango or Suicide Tree, is a coastal evergreen species 

belonging to the Apocynaceae family(Gaillard et al., 2004).It is native to India and Southeast 

Asiaand typically grows in coastal marshes, estuaries, and mangrove margins. The plant produces 

fruit containing a single large seed rich in non-edible oil, and is widely recognized for its toxicity 

due to the presence of cerberin, a potent cardiac glycoside. Because of this toxicity, the oil is 

unsuitable for food but ideal for biodiesel applications, avoiding competition with edible 

oils(Kumar et al., 2020). 

The seeds of C. odollam yield about 40–50% oil by weight, which contains a significant proportion 

of oleic acid (35–45%), linoleic acid (25–30%), and saturated fatty acids like palmitic (15–20%) 

and stearic acid (5–10%)(Kansedo et al., 2009; Kumar & Sharma, 2011).These properties support 

favorable biodiesel characteristics, such as good lubricity, energy content, and combustion 

behavior. However, due to its high free fatty acid (FFA) content (often >5%), C. odollam oil 

typically requires acid esterification followed by base-catalyzed transesterification for efficient 

biodiesel production. 

Research studies (Rizki et al., 2018) show that biodiesel produced from Cerbera odollam oil meets 

major standards such as ASTM D6751 and EN 14214, with acceptable ranges for kinematic 

viscosity, flash point, density, and cetane number. However, like many biodiesels with high 

unsaturation, the oxidative stability may be limited, requiring the use of antioxidants for long-term 

storage. Its cold flow properties are moderate and may be acceptable in tropical and subtropical 

climates (Rosli et al., 2023). 

2.7.2. Fatty Acid Composition Profile of Various Feedstock 

The fatty acid composition of a biodiesel feedstock is a crucial factor influencing the efficiency of 

biodiesel production(Moser, 2009).This composition largely depends on the plant species and the 

environmental conditions under which they grow. Fatty acids in most biodiesel feed stock are 

typically aliphatic compounds featuring a carboxyl group at the end of a straight hydrocarbon 

chain. The most prevalent types are C16 and C18 fatty acids(De Carvalho & Caramujo, 2018). 

However, certain feed stocks may also contain notable amounts of other fatty acids beyond the 

common C16 and C18 types (Knothe et al., 2010). Table 2.5 presents the fatty acid profiles of 

various feed stocks deemed suitable for biodiesel production.  
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Table 2. 5  The chemical structures of common fatty acids 

2.8. Classification of Biofuels 

Transportation-grade biofuels can be produced from a diverse range of biological resources 

through various production technologies and methods(De Carvalho & Caramujo, 2018). These 

biofuels are generally classified into different generations, depending on the feedstock type and 

the production process used. 

2.8.1. First-Generation Biofuels 

These biofuel production technologies commonly use feed stocks such as sugars, starches, 

vegetable oils, and animal fats. Fuels like biodiesel, ethanol, and bio-methane produced through 

anaerobic digestion and upgraded to meet natural gas standards for transport use and are 

categorized as first-generation biofuels (Arshad et al., 2018) 

2.8.2. Second-Generation Biofuels 

These biofuel generations often refer to a broad spectrum of liquid fuels made using novel, inedible 

feed stocks and a number of intricate, cutting-edge techniques and technologies (Asase et al., 

2024). For instance, the lignocellulose components of various biomass feed stocks can be 

converted into biofuels using a range of techniques and technologies that are at various stages of 

development and commercialization. Bioethanol is made from these components. They either split 

the biomass into lignin, cellulose, and hemicellulose components or pre-treat it using biochemical 

or thermochemical techniques (Gundekari et al., 2020). 

Using enzymes and microorganisms to hydrolyze sugars prior to fermentation in order to make 

ethanol, methanol, butanol, and other biofuels or using the chemical hydrolysis of cellulose 

followed by fermentation are the two natural ways that biochemical production occurs(Fatma et 

al., 2018) . 

Fatty acid Structure  Systematic name Chemical structure 

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

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

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

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

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

Linoleic (18:2) cis-9-cis-12-Octadecadienoic CH3(CH2)4CH=CHCH2CH=CH(CH2)7COOH 

Linolenic (18:3) cis-9-cis-12, CH3CH2CH=CHCH2CH=CHCH2CH=CH(CH2)7COOH 

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

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

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

Stearic (18:0) Octadecanoic CH3(CH2)16COOH 
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Pyrolysis and gasification technologies are employed in the thermochemical process for generating 

biofuels. Fast pyrolysis can be used to create bio-oil, which can then be refined into biofuels. 

Gasification techniques can be used to create syngas, which can then be refined into LPG standards 

for use as car fuel or transformed into biofuel by chemical catalysts or biological processes. (Hirani 

et al., 2018). 

2.8.3. Third-Generation Biofuels 

These biofuel production technologies also include the use of algae and the extraction of hydrogen 

gas from biomass feed stocks (Jain & Sirisha, 2015).  Algae-based biodiesel production is typically 

classified into two categories: microalgae and macroalgae (Suganya et al., 2016). Microalgae are 

photosynthetic microorganisms capable of producing lipids that can be converted into various 

biofuels, including biodiesel. In contrast, macroalgae are larger organisms such as seaweeds and 

can be cultivated and processed into biomethane or bioethanol through anaerobic digestion or 

fermentation, respectively (Rajkumar et al., 2014). 

2.8.4. Fourth-Generation Biofuels 

Fourth-generation biofuels represent an advanced class of biofuels derived from non-food feed 

stocks such as algae, waste biomass, and other inedible organic materials (Morone et al., 2023).  

Unlike first-, second-, and third-generation biofuels, which are often sourced from food crops or 

dedicated energy crops, fourth-generation biofuels do not compete with food production or 

contribute to deforestation. Produced from waste and non-arable sources, they offer a lower carbon 

footprint and are considered more environmentally sustainable. Additionally, these biofuels have 

the potential to be produced in larger quantities without the need for freshwater or arable land, 

enhancing their long-term viability (Paravantis, 2022). 

2.9. Ethiopia and Biofuel 

In Ethiopia, large-scale investments in biofuels have a recent history, with the first large-scale 

biofuel feedstock production being established in 2006 by the UK-based biofuel company Sun 

Biofuels. Since 2006, Ethiopia has become a major destination for Foreign Direct Investment 

(FDI) in biofuels in Africa (Weissleder, 2009). Although most biofuel investments have not yet 

been implemented, in 2011, the amount of capital that biofuel companies committed to investing 

in biofuels represented up to 50% of the FDI flow at the national level (Bossio et al., 2012). Within 

four years, interest in investing in biofuels increased significantly, so by 2010, approximately 83 

companies had been granted licenses to invest in biofuels (Ethiopian Biofuels Directorate, 2010). 

According to the land deals matrix released in April 2012 by the International Land Coalition 
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(Fadda et al.), approximately 1,360,670 hectares of land in Ethiopia were reported to be leased for 

biofuel projects, out of which more than 700,000 hectares were leased for jatropha projects (Keeley 

et al., 2014). 

Global Energy Ethiopia Ltd. also began building a bio-diesel factory in southern Ethiopia, which 

was intended to produce 40,000 tons of crude oil annually (Benti et al., 2023). When the company's 

project began, the planned production capacity was 250 tons of fuel per day from Castor beans and 

Jatropha, which easily grew in SNNP State. The company had four components: the processing 

factory, which spans 15 hectares; the modern farm, covering 30,000 hectares; purchasing seeds 

from farmers; and the introduction of community farming. 

Global Energy Ethiopia Ltd. is an extension of Global Energy Pacific Ltd, based in Nevada, USA, 

and was registered  with a capital of 222 million birr to engage in farming and processing oil seeds 

and extraction of bio-fuel (Besha et al., 2020). 

Global Energy Ethiopia Ltd.'s mission was to commercialize innovative technologies that harness 

energy from waste and renewable sources, contributing to a cleaner environment. It also intends 

to use the most efficient and environmentally friendly of all currently available alternative fuel 

technologies, each originally developed and patented by scientists (Gielen et al., 2019) 

To support the development of the biofuel sector in the country, the Ethiopian government has 

made two main policy amendments. First 2009, the government introduced an ethanol blending 

policy that mandates a 5% ethanol blend with 95% gasoline. The blending mandate was increased 

to 10% in early 2011, and a plan is in place to further increase it to 25% by 2014. Secondly, the 

government has made numerous amendments to its agricultural development and taxation policies 

to attract investments in large-scale agricultural projects, including those related to biofuels. 

Desalegn Rahmato, head of the Ethiopian Forum for Social Studies, described this as an "open 

door policy" that provides numerous incentives to attract investors to biofuels and other 

agricultural projects (Rahmato, 2011) 

2.10. Oil Extraction Method 

The extraction of oil from plant materials is a critical step in the production of biodiesel, 

influencing both the quantity and quality of the final product. Various oil-bearing feedstocks such 

as Jatropha curcas, Azadirachta indica, Thevetia peruviana, and Madhuca indica require efficient, 

cost-effective, and environmentally sound extraction techniques. The main oil extraction methods 
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used are mechanical pressing, solvent extraction, and emerging technologies like supercritical 

fluid extraction, ultrasound-assisted extraction, and enzymatic extraction (Pragya et al., 2013). 

2.10.1. Mechanical extraction 

Mechanical pressing is the most conventional method for oil extraction. It typically involves either 

a manual ram press or an engine-driven screw press. Engine-driven screw presses are more 

efficient, extracting approximately 68–80% of the available oil, while manual ram presses yield 

around 60–65% (Table 2.11). This variability is largely due to the number of extraction cycles that 

seeds undergo in the expeller (Achten et al., 2008; Mahanta & Shrivastava, 2011). However, oil 

obtained through mechanical pressing often requires further processing, such as filtration and 

degumming. A notable limitation of conventional presses is their seed-specific design, which can 

lead to reduced yields when used with other types of seeds. Table 2.6 presents the calculated oil 

yields and associated treatment steps for the mechanical extraction method. Studies have shown 

that pre-treatment methods—such as cooking—can significantly enhance oil recovery, boosting 

screw press yields to about 89% after a single pass and up to 91% with a dual pass (Achten et al., 

2008; Mahanta & Shrivastava, 2011) 

Table 2. 6 Calculated oil yields (% of contained oil) of mechanical extraction 

methods Keneni, Y.G., & Marchetti, J.M. (2017). 

Feedstock Screw Press Yield (% of 

oil content) 

Ram Press Yield (% of 

oil content) 

Oil Content (% by 

weight) 

Jatropha Carcus 75–80% 60–65% 27–40% 

Sunflower 80–85% 60–65% 35–45% 

Soybean 65–75% 55–60% 18–20% 

Rapeseed 80–85% 60–65% 40–45% 

Castor 70–75% 55–60% 36% 

2.10.2. Solvent extraction (chemical extraction) 

Solvent extraction, also known as leaching, is a method that involves extracting a specific 

component from a solid using a liquid solvent (Wilson et al., 2014). The efficiency of this process 

is influenced by several factors, including particle size, solvent type, temperature, and 

agitation(Rajha et al., 2014). Smaller particle sizes are preferred, as they increase the surface area 

for interaction between the solid and liquid phases. An ideal solvent should be highly selective, 

with low viscosity to ensure efficient circulation. Temperature also plays a critical role; as it 

increases, the solubility of the target compound generally improves, thereby enhancing extraction 

efficiency. Agitation further boosts the process by increasing eddy diffusion, which facilitates 

faster mass transfer from the solid particles to the solvent. Solvent extraction becomes 

economically viable only for large-scale operations, typically producing more than 50 tons of 
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biodiesel per day. Common techniques under this method include hot water extraction, Soxhlet 

extraction, and ultra-sonication (Achten et al., 2008; Mahanta & Shrivastava, 2011) 

2.10.3. Enzymatic oil extraction 

Enzymatic oil extraction has gained attention as an effective and eco-friendly approach for 

extracting oil from crushed seeds using specific enzymes. One of its key benefits is that it does not 

release volatile organic compounds, making it environmentally sustainable. However, its major 

drawback is the extended processing time (Mahanta & Shrivastava, 2011). 

Table 2.7 presents a comparison of various chemical and enzymatic extraction methods in terms 

of reaction temperature, pH, processing time, and oil yield. Among these, chemical extraction 

using n-hexane has been found to provide the highest oil yield, which is why it remains the most 

widely used method (Bhuiya et al., 2020). Nonetheless, this method tends to be more time-

consuming and poses significant environmental concerns. The use of n-hexane contributes to 

wastewater generation, higher energy consumption, elevated emissions of volatile organic 

compounds, and health hazards due to its toxic and flammable nature.  

In contrast, aqueous enzymatic extraction offers a safer and more sustainable alternative by 

minimizing these environmental and health risks. When using this method, alkaline protease has 

shown improved oil recovery performance. Additionally, incorporating ultra-sonication as a pre-

treatment step has proven beneficial in enhancing the efficiency of aqueous oil extraction (Achten 

et al., 2008; Mahanta & Shrivastava, 2011). 

Table 2. 7 Reported oil yields for different chemical and enzymatic extraction 

methods of Jatropha Carcus,Castor and Rapeseed 

2.11. Vegetable oil Processing and refining  

Vegetable oil processing involves extracting and refining oils from various plant-based sources 

such as fruits, seeds, and nuts(Ghouila et al., 2019),(Krist, 2020). These raw oils typically contain 

Feedstock Method Yield 

(%) 

Enzymes 

Used 

Reaction 

Time 

pH 

Range 

Reference 

Jatropha 

curcas 

(Hexane) 85–90 – 1–2 hrs Neutral Keneni & Marchetti 

(2017) 

Enzymatic(Naeem et al.) 70–75 Cellulase,Protease 8–12 hrs 4.5–6.0 Keneni & Marchetti 

(2017) 

Castor Chemical (Hexane) 85–90 – 2 hrs Neutral Biodiesel Tech Review 

(2023) 

Enzymatic(Naeem et al.) 65–70 Pectinase 12–16 

hrs 

4.5–5.5 Biodiesel Tech Review 

(2023) 

Rapeseed (Hexane) 85–93 – 1.5–2 hrs Neutral Xu et al. (2019) 

      

Enzymatic(Naeem et al.) 72–80 Protease,Cellulase 10–14hr 4.8–5.8 Xu et al. (2019) 
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impurities like free fatty acids, phospholipids, sterols, water, and odorants even refined oils may 

retain small traces of these(Mahesar et al., 2014). 

Preparation of raw materials includes husking, cleaning, crushing, and conditioning. Oil extraction 

methods include mechanical pressing (for seeds and nuts), boiling (for fruits), or solvent extraction 

using hexane(Srivastav & Karunanithi, 2024). After extraction, the oil is separated by skimming, 

filtering, or evaporating the solvent using a rotary evaporator. Residual solids are dried and utilized 

for by-products like fire briquettes or biogas production(Parliment, 2020). 

Crude oil refining involves stages such as degumming (removal of phospholipids and heavy 

metals), neutralization (with NaOH to remove free fatty acids and phosphatides), bleaching (to 

reduce color and remove residual metals), and decolorization. Caustic soda reacts with impurities 

but may also cause partial hydrolysis of triglycerides into soap(Demirbaş & Kara, 2006). 

A key step in purification is physical refining, where free fatty acids are removed via steam 

stripping under vacuum at 5250 K and 2–3 mm Hg pressure (Gharby, 2022). High-quality crude 

oil is essential for efficient refining and to ensure a high-quality end product. 

2.12. Direct use of vegetable oils in diesel propulsion 

The potential of plant oils competing with petroleum was first proposed in the early 1980s (Ajala 

et al., 2015). Vegetable oils offer several advantages including portability, widespread availability, 

and renewability. They possess a high heat content, approximately 88% that of conventional diesel 

(D2) fuel, and contain a significant amount of oxygen, which can enhance combustion efficiency. 

Additionally, vegetable oils have lower sulfur and aromatic content, making them a cleaner-

burning fuel option (Negm et al., 2017). Their biodegradability further adds to their environmental 

benefits, making them a promising alternative to diesel propulsion (Dimirbas, 2003). 

Perfect combustion requires the presence of a stoichiometric amount of oxygen. However, this 

amount is often insufficient for complete combustion, as conventional fuels are not 

oxygenated(Mishra, 2007). The structural oxygen of the fuel enhances combustion efficiency by 

improving oxygen mixing during combustion. Hence, vegetable oils, which contain higher oxygen 

content, exhibit greater combustion efficiency and a higher cetane number compared to petroleum 

based fuel (Demirbas, 2008b).  

The disadvantages of vegetable oils as diesel fuel include their corrosive nature, higher viscosity, 

lower volatility, and the reactivity of unsaturated hydrocarbon chains. These issues become more 

pronounced after prolonged engine operation, particularly in direct injection engines, which can 

lead to performance and durability concerns (Negm et al., 2017). 
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2.13. Challenges and potential solutions of using plant oils 

The direct application of vegetable oils or their blends in diesel engines, whether direct or indirect 

injection, has largely been deemed impractical (Agarwal et al., 2017). This is primarily due to 

several challenges, including their high viscosity, low volatility, the presence of acids, free fatty 

acids, and moisture(Agnihotri et al., 2022). Additionally, vegetable oils are prone to gum 

formation caused by oxidation and polymerization during storage and combustion. Other 

operational issues include difficulty in cold starting, engine misfires, delayed ignition, incomplete 

combustion, carbon deposits near the nozzle orifice, ring sticking, injector fouling, and thickening 

of the lubricating oil  (Hassan & Kalam, 2013).These challenges are generally classified into short-

term and long-term engine performance issues. Table 2.8 outlines these problems along with their 

likely causes and possible solutions.  

Table 2. 8  Problems, cause and potential solutions for using straight vegetable 

oil 

Problem Probable cause Potential solution 
Short-term 

Cold weather starting 
High viscosity, low cetane number and high 

flash point of vegetable oils 
Preheat fuel prior to injection. 

Plugging and gumming 

of filters, lines and 

injectors 

Natural gums (phosphatides) in vegetable 

oil. Other ash. 
Refine the oil partially to remove gums.  

Engine knocking 
Low cetane numbers. Improper 

injection timing. 

 Adjust injection timing.  

 Use higher compression engines. 

 Preheat fuel prior to injection. 

Chemically alter fuel to an ester. 

Long term 

Cooking of injector on 

piston and engine head 

 High viscosity of vegetable oil. 

 Incomplete combustion of fuel.  

 Poor combustion at part loads with 

vegetable oils. 

 Heat fuel prior to injection.  

 Switch engine to diesel fuel when operation at 

part loads. 

 Chemically alter the vegetable oil to an ester. 

Carbon deposits on 

piston and head of 

engine 

 High viscosity of vegetable oil.  

 Incomplete combustion of fuel.  

 Poor combustion at part load with 

vegetable oils. 

 Heat fuel prior to injection.  

 Switch engine to diesel fuel when operation at 

part loads. 

 Chemically alter the vegetable oil to an ester. 

Excessive engine wear 

 High viscosity of vegetable oil, 

incomplete combustion of fuel. Poor 

combustion at part loads with vegetable 

oils. Possibly free fatty acids in 

vegetable oil. Dilution of engine 

lubricating oil due to blow-by of 

vegetable oil. 

 Heat fuel prior to injection.  

 Switch engine to diesel fuel when operation at 

part loads. 

 Chemically alter the vegetable oil to an ester.  

 Increase motor oil changes.  

 Motor oil additives to inhibit oxidation. 

Failure of engine 

lubricating oil due to 

polymerization 

  

 Collection of polyunsaturated vegetable oil 

blow-by in crankcase to the point where 

polymerization occurs. 

 Heat fuel prior to injection.  

 Switch engine to diesel fuel when operation at 

part loads.  

 Chemically alter the vegetable oil to an ester.  

 Motor oil additives to inhibit oxidation. 
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2.14. Biodiesel production technologies 

Worldwide, numerous initiatives are focused on enhancing the properties of vegetable oil to make 

them comparable to diesel fuel. A significant challenge is viscosity, which hinders the use of pure 

vegetable oils in conventional diesel engines. This issue can be addressed through four methods: 

pyrolysis, dilution with hydrocarbon blending, micro-emulsion, and transesterification (A. 

Demirbas, 2009; S. P. Singh & D. Singh, 2010). (Lin Lin et al., 2011) conducted a comparison of 

various biodiesel production technologies, as illustrated in Table2.9 

Table 2. 9 Comparison of main biodiesel production technologies (L. Lin et 

al., 2011) 

2.14.1. Pyrolysis (thermal cracking) 

Pyrolysis refers to the thermal breakdown of organic substances in the absence of oxygen, typically 

carried out with the aid of a catalyst  (Al-Salem et al., 2017). This process can be applied to a range 

of feedstocks, including vegetable oils, animal fats, natural fatty acids, and methyl esters of fatty 

acids. Researchers have extensively explored the pyrolysis of triglycerides to generate diesel-

engine-compatible fuels, along with byproducts such as carboxylic acids, aromatic compounds, 

and minor quantities of gases(Maher & Bressler, 2007). 

The liquid fraction obtained from the thermal decomposition of vegetable oils bears similarities to 

conventional diesel fuel(Krutof & Hawboldt, 2016). Compared to diesel, the pyrolysis oil 

generally exhibits lower viscosity, flash point, and pour point, while maintaining comparable 

calorific values. However, its cetane number tends to be lower than that of diesel. While the 

pyrolyzed oil meets acceptable standards for sulfur content, moisture levels, copper corrosion, and 

Technologies                  Advantage             Disadvantage 

Dilution (direct 

blending or micro- 

emulsion) 

 Simple process  High viscosity 

 Bad volatility 

 Bad stability 

 

Pyrolysis 
 Simple process 

 No-polluting 

 High temperature is required 

 Equipment is expensive 

 Low purity 

 

 

 

Transesterification 

 Fuel properties is closer to diesel 

 High conversion Efficiency 

 Low cost 

 It is suitable for industrialized 

production 

 Low free fatty acid and water content are 

required (for base catalyst) 

 Pollutants will be produced because products 

must be neutralized and washed 

 Accompanied by side reactions 

 Difficult reaction products separation 

 

Supercritical 

methanol 

 No catalyst 

 Short reaction Time 

 High conversion 

 Good adaptability 

 High temperature and pressure are required 

 Equipment cost is high 

 High energy consumption 
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sediment formation, it falls short in terms of ash content, carbon residue, and pour point(Kaisan et 

al., 2020).  

Despite these drawbacks, pyrolysis is considered an efficient, straightforward, and 

environmentally friendly method that produces minimal waste(S. P. Singh & D. Singh, 2010). 

Based on processing conditions, pyrolysis can be categorized into three main types: conventional, 

fast, and flash pyrolysis, as outlined in Table 2.11 (Demirbas & Arin, 2002). The typical ranges 

for key operating parameters in pyrolysis are detailed in Table 2.10. 

Table 2. 10 The range of the main operating parameters for pyrolysis 

processes 

Parameter Fast pyrolysis Flash pyrolysis Conventional pyrolysis 

Pyrolysis temperature (k) 850-1250 1050-1300 550-950 

Heating rate (k/s) 10-200 >1000 0.1-1 

Particle size (mm) < 1 < 0.2 5-50 

Heating time (Santos et al.) 0.5-10 < 0.5 450-550 

2.14.2. Dilution 

To improve engine performance and reduce the high viscosity of vegetable oils, they are often 

blended with diesel rather than used directly, avoiding the need for chemical processing (Corsini 

et al., 2015).  Using 100% vegetable oil is generally impractical, while blending 20–25% vegetable 

oil with diesel has shown better engine compatibility(S. Singh & D. Singh, 2010). 

Various vegetable oils such as sunflower, coconut, palm, soybean, jatropha, and pongamia have 

been tested in blends with diesel. For example, a 25% sunflower oil and 75% diesel blend exceeded 

ASTM viscosity limits (4.88 cSt at 313 K), making it unsuitable for long-term use in direct-

injection engines (Ziejewski et al., 1986). However, a similar blend with high oleic sunflower oil 

passed the 200-hour EMA test, indicating potential for short-term use. 

In general, both straight vegetable oils and their blends pose challenges for diesel engines, 

especially due to injector clogging and carbon buildup(Demirbaş, 2003). Adding solvents or 

forming microemulsions helps reduce these issues. Ethanol, for instance, not only lowers viscosity 

but also enhances brake thermal efficiency and power output while reducing specific fuel 

consumption, thanks to its lower boiling point which improves combustion(Bilgin et al., 2002) 

2.14.3. Micro-emulsion.  

A micro-emulsion is a thermodynamically stable mixture of two immiscible liquids (usually oil 

and water or biodiesel and diesel) stabilized by surfactants and sometimes co-surfactants(Attwood, 

2014). In biodiesel fuel technology, micro-emulsions are used to improve fuel properties such as 
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viscosity, cold flow, and combustion efficiency without chemically altering the fuel(Burguera & 

Burguera, 2012). 

By forming micro-emulsions, biodiesel or vegetable oils can be blended with water or lighter 

hydrocarbons at the molecular level, resulting in(Bora, 2015): 

 Reduced viscosity and improved atomization during fuel injection. 

 Better cold flow properties, minimizing problems like gelling in low temperatures. 

 Enhanced combustion efficiency leading to lower emissions of pollutants like CO and 

particulate matter. 

Micro-emulsion fuels can allow the use of straight vegetable oils (SVOs) or high-viscosity 

biodiesel blends in engines designed for diesel without major modifications(Sanli et al., 2022). 

Surfactant type and concentration, temperature, and the ratio of components are critical factors in 

micro-emulsion stability and performance(Sanli et al., 2022). 

2.14.4. Transesterification Process 

Plant oils contain impurities such as free fatty acids, phospholipids, water, and sterols, making 

them unsuitable for direct use as fuel(Krist, 2020).To address this, a chemical process called 

transesterification is used to convert the oils into biodiesel a cleaner, renewable alternative to 

conventional diesel (Farouk et al., 2024).Biodiesel consists of fatty acid methyl esters (FAME) 

produced by reacting triglycerides from vegetable oils or animal fats with methanol. This process, 

known as transesterification or alcoholysis, replaces one alcohol group with another and 

significantly reduces the oil's viscosity (Frohlich et al., 2000) 

Transesterification involves a sequence of reversible reactions converting triglycerides into 

diglycerides, monoglycerides, and finally glycerol, releasing one ester molecule at each step. 

Though reversible, the reaction favors biodiesel and glycerol formation(Diaconis & Freedman, 

1986; Freedman et al., 1986).Catalysts such as alkaline, acidic, enzymatic, or heterogeneous can 

be used to accelerate the process(Demirbas, 2008a). 

2.14.5. The mechanism and kinetics 

The alkali-catalyzed transesterification mechanism occurs in three steps (Tiwari & Garg, 2016).  

First, the methoxide ion attacks the carbonyl carbon of the triglyceride, forming a tetrahedral 

intermediate. Next, this intermediate reacts with methanol, regenerating the methoxide ion. 

Finally, the intermediate rearranges to produce a fatty acid ester and a diglyceride. Catalysts like 

NaOH, KOH, or K₂CO₃ react with alcohol to form the active alkoxide species (Vijay Kumar et al., 

2019). However, any water present can lead to unwanted soap formation during the process 

(Chanakaewsomboon et al., 2020).The mechanism is illustrated in Figure 2.12. 
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Figure 2. 11 The transesterification of triglycerides with alcohol 

2.14.6. The effects of moisture and free fatty acids 

For effective alkali-catalyzed transesterification, the feedstock must be nearly free of water and 

have a low acid value. According to  (Foidl et al., 1996)  the acid value should be below 1, and the 

materials should be anhydrous (Ayoub & Abdullah, 2012). Excess free fatty acids require more 

NaOH for neutralization, while water promotes soap formation, reducing catalyst efficiency and 

complicating glycerol separation. Therefore, water content should be below 0.3%, and free fatty 

acids should be under 0.5% (Ma & Hanna, 1999). 

 (Freedman, 1984)) found that failing to meet these standards significantly reduced ester yield. 

Sodium-based catalysts also lose effectiveness when exposed to moisture or CO₂. In studies on 

beef tallow, optimal transesterification was achieved when water content remained below 0.06% 

and free fatty acids below 0.5% (Hanna, 1989) and (Laurens et al., 2012) emphasized that water 

content had a greater negative impact on the reaction than free fatty acids.  

2.14.7. The effect of molar ratio 

The alcohol-to-triglyceride molar ratio is a key factor influencing ester yield in transesterification 

(Tobar & Núñez, 2018). The ideal stoichiometric ratio is 3:1 (alcohol to glyceride), producing 

three esters and one glycerol molecule. However, the actual ratio depends on the catalyst used. 

Acid-catalyzed reactions may require up to 30:1 (e.g., BuOH to soybean oil), while alkali-

catalyzed processes typically need only 6:1 for similar yields (Mathes, 2000). 

Practically, methanol-to-oil ratios range from 3.3:1 to 5.25:1, with 4.8:1 yielding up to 97–98% 

esters, depending on oil quality. A three-step process can reduce this to 3.3:1. Excess methanol 

beyond 1.75 equivalents can hinder glycerol separation, raising costs(Tiwari et al., 2006). 

Higher molar ratios generally speed up ester conversion (Soriano Jr et al., 2009). For example, a 

6:1 ethanol-to-peanut oil ratio released more glycerol than a 3:1 ratio(Feuge & Gros, 1949).For 

rapeseed oil, 6:1 methanol-to-oil with 1% NaOH or KOH gave optimal results (Tariq et al., 2012). 
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Oils with high free fatty acid content may require ratios as high as 15:1 under acid catalysis 

(Hayyan et al., 2011). 

2.14.8. The effect of catalyst 

The catalyst plays a crucial role in the transesterification process by accelerating the reaction 

between oil and alcohol to produce biodiesel. Commonly used catalysts are alkaline types such as 

sodium hydroxide (Tormos et al.) or potassium hydroxide (KOH) (Canakci & Van Gerpen, 2001), 

which are effective for oils with low free fatty acid (FFA) content (Dorado et al., 2004). These 

catalysts increase the reaction rate and yield under mild temperature and pressure conditions. 

However, if the oil contains high FFAs, alkaline catalysts can lead to soap formation, reducing 

biodiesel yield and complicating separation. In such cases, acid catalysts like sulfuric acid (H₂SO₄) 

are used (Encinar et al., 2011).in a pre-treatment step to esterify FFAs into biodiesel-friendly 

compounds (Mamtani et al., 2021). The concentration of the catalyst is also important and too little 

results in incomplete conversion, while too much can promote soap formation and increase 

processing difficulty. Therefore, selecting the right type and amount of catalyst based on the 

feedstock quality is essential for efficient biodiesel production. 

2.14.8. The effect of reaction temperature 

Transesterification temperature varies with oil type. For example, castor oil methanolysis to 

methyl ricinoleate is most effective at 20–35°C with a 6:1–12:1 methanol-to-oil ratio and 0.005–

0.35% NaOH catalyst (Ahmad et al., 2013).In soybean oil transesterification with methanol (6:1) 

and 1% NaOH, ester yields after 0.1 hours were 94% at 60°C, 87% at 45°C, and 64% at 32°C 

(Freedman et al., 1986). After 1 hour, yields at 60°C and 45°C were similar, with a slight drop at 

32°C, showing that higher temperatures accelerate reaction rates and improve initial ester yields 

(Ali & Hanna, 1994).  

2.15. Biodiesel Standard Requirement 

Plant oils are not considered biodiesel in their natural state. However, they must undergo a 

transesterification reaction to convert them into biodiesel that meets the quality of ASTM D6751 

and EN 14214 standards. The physicochemical standards for biodiesel are specified according to 

ASTM D6751 and EN 14214, as presented in Table 2.11. 

 

 



46 

 

Table 2. 11 Biodiesel standard requirements(Bringas, 2004; Carrero & Pérez, 2012). 

Parameter ASTM 

D6751 

EN 14214 Description 

Ester 

Content 

            - ≥ 96.5% Represents the proportion of fatty acid methyl esters in the fuel. (EN 14214 

requires a minimum to ensure proper fuel quality.) 

Kinematic 

Viscosity 

(40°C) 

1.9–6.0 

mm²/s 

3.5–5.0 

mm²/s 

A measure of the fuel’s resistance to flow. Lower viscosity can aid in 

atomization, while too high a value may affect fuel injection and 

combustion. 

Cetane 

Number 

≥ 47 ≥ 51 Indicates the combustion quality of diesel fuel during compression ignition. 

A higher cetane number generally reflects better ignition quality. 

Flash 

Point 

≥ 93°C ≥ 130°C The minimum temperature at which the fuel produces enough vapor to 

ignite. A higher flash point enhances safety during storage and handling. 

Acid 

Number 

≤0.5mg 

KOH/g 

≤0.5mg 

KOH/g 

Measures the free fatty acid content; a low value is critical to prevent engine 

corrosion and maintain fuel stability. 

Density Not 

explicitly 

defined 

860–900 

kg/m³(at 

15°C) 

Density affects the energy content per unit volume. EN 14214 specifies a 

range to ensure consistent energy delivery in engines. 

Iodine 

Value 

≤120g 

I₂/100g 

(Not 

specified) 

Indicates the degree of unsaturation of the biodiesel; a lower value usually 

correlates with better oxidative stability and lower polymerization 

tendencies. 

Pour 

Point 

Not 

specified 

Report  The minimum temperature at which the fuel remains fluid. In practice, this 

is determined by testing but no fixed limit is set in the biodiesel standards. 

Cloud 

point 

Not 

specified  

Report  The temperature at which wax crystals first become visible, affecting 

low-temperature operability. 

Ash 

Content 

 <0.01–

0.02%  

Not  

specified 

Represents the residue remaining after complete combustion; low values 

are desirable to minimize deposit formation in engines. 

Water and 

Sediment 

Maximum 

0.05%  

mass 

Maximum 

0.05% 

mass 

The allowable amount of water and insoluble particles in the fuel; strict 

limits ensure reliable engine performance and long-term stability. 

Glycerin 

Content 

 ≤0.02% 

w/w 

 Not 

specified 

Residual glycerin levels are controlled to ensure proper combustion and 

avoid engine deposits. 

Total 

glycerin 

 ≤0.25% 

w/w 

Not 

specified 

Residual glycerin levels are controlled to ensure proper combustion and 

avoid engine deposits. 

2.16. Engine Performance 

The effectiveness of an engine's performance is a measure of how successfully the stored chemical 

energy in the fuel is converted into practical mechanical work (Descombes et al., 2003). Key 

indicators of engine performance include power, torque, mean effective pressure, and specific fuel 

consumption (Burke & Brace, 2010). These output parameters are predominantly shaped by design 

factors such as cylinder displacement, compression ratio, bore-to-stroke ratio, connecting rod-to-

crank radius ratio, swept volume, clearance volume, and combustion chamber design (Splitter et 

al., 2012). Additionally, operational factors like injection timing, injection volume, injection 

pressure, air intake temperature, and air mass flow rate play a significant role in influencing engine 

performance (Agarwal et al., 2013). The quality of the fuel utilized also impacts engine 

performance efficiency (Zaharin et al., 2017). 
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2.16.1. Engine Design Parameters 

The ongoing stringent regulations governing vehicle exhaust emissions and the global push for 

reduced fuel consumption necessitate a constant improvement in engine thermal efficiency 

(Johnson & Joshi, 2018). Critical aspects for improving overall engine efficiency include 

fundamental engine geometrical configurations, such as cylinder displacement, bore, stroke, bore-

to-stroke ratio, connecting rod to crank radius ratio, and combustion chamber geometry (Johnson 

& Joshi, 2018). These parameters play a crucial role in meeting the challenges posed by current 

emission regulations and the global imperative to enhance fuel efficiency (Ni et al., 2020). 

2.16.2. Engine operating parameters 

The following engine operating parameters are factors that predominantly affecting the engine 

performance characteristics. 

2.16.2.1. Fuel quality 

It is well known that petroleum diesel is a significant contributor to air pollution, having a 

detrimental impact on human health and overall greenhouse gas emissions. Biodiesel offers several 

advantages over petroleum diesel (Ajala et al., 2015). It possesses some environmentally friendly 

properties, including being non-toxic, biodegradable, and safer to breathe. It is a clean-burning and 

stable fuel (Aljaafari et al., 2022). Biodiesel properties are largely influenced by the feedstock used 

for its production (Demirbas, 2010).Properties of biodiesel, such as oxygen content, cetane 

number, viscosity, density, and heat value, are greatly dependent on the sources of biodiesel 

(Demirbas, 2010). Engine performance and emissions depend on the properties of biodiesel 

(Zaharin et al., 2017). Biodiesel is a highly oxygenated fuel that can improve combustion 

efficiency and reduce unburnt hydrocarbons (HCs), carbon dioxide (CO2), carbon monoxide (CO), 

Sulphur dioxides (SO2), nitrogen oxide (NOx), and polycyclic aromatic HC emissions(A 

Demirbas, 2009). The popularity of biodiesel as a renewable alternative to petroleum diesel is 

growing rapidly due to increased environmental awareness and rising diesel prices. The 

advancement of biodiesel fuels in various countries is primarily motivated by the urgent need to 

lower greenhouse gas emissions, a critical global concern. Additionally, the limited availability of 

petroleum diesel further promotes the worldwide development and production of (Suhara et al., 

2024).  

 Rudolf Diesel (1858–1913), who developed the first engine, first used vegetable oil to run an 

engine (Knothe, 2010). However, vegetable oils create adverse effects on engine components, 

which may be due to their different volatility and molecular structure from diesel fuel as well as 

high viscosity compared with diesel fuel (Ramadhas et al., 2004). Currently, this problem is being 
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eliminated by applying different chemical processes, such as transesterification, supercritical, 

catalyst-free process, etc., on vegetable oils to convert them into biodiesel (Mathews, 2008). 

Petroleum fuel properties such as hydrocarbon composition, cetane number, volatility, viscosity, 

and density are interdependent. Lower fuel density often means more paraffinic hydrocarbons, 

leading to higher cetane numbers, greater volatility, and lower viscosity, with multiple factors 

influencing emissions (Lack et al., 2011).. A higher cetane number improves cold starts and 

reduces HC and NOx emissions by shortening ignition delay(Jiaqiang et al., 2019).  However, 

increased volatility can cause overmixing and faster evaporation, raising NOx and HC emissions 

(Yousefi & Birouk, 2017). Higher sulfur content also increases particulate emissions by forming 

more sulfates (Yang et al., 2016). 

2.17. Variables that influence combustion and emission 

The combustion process and emission characteristics of diesel engines are influenced by both 

engine design and operating variables (Diaz et al., 2019). Engine design variables include factors 

such as compression ratio, combustion chamber type, and design, as well as injection system 

parameters like injection pressure, timing, nozzle hole configuration, and nozzle sac volume 

(Köten & Parlakyiğit, 2018). On the other hand, operating variables encompass aspects such as 

exhaust gas recirculation (Mondal et al.), engine speed, engine load, and fuel quality. Together, 

these factors play a crucial role in determining the efficiency of combustion and the levels of 

emissions produced by diesel engines (Agarwal et al., 2011) 

2.17.1. Compression Ratio  

In diesel engines, the minimum usable compression ratio is primarily determined by the engine's 

ability to start reliably in cold conditions(Roberts et al., 2014).   

For direct injection high-speed engines, a compression ratio of  16 to 17.5:1 is used (Milojević et 

al., 2022). The turbocharged heavy-duty engines employ a compression ratio (CR) in the range of 

13 to 14:1. Cold-starting requirements prevent further reduction in the compression ratio 

(Giakoumis & Giakoumis, 2017). A higher compression ratio shortens the ignition delay, reducing 

fuel–air overmixing and lowering HC emissions. It also raises combustion temperatures, 

promoting better oxidation of unburned hydrocarbons (Porpatham et al., 2012).  In contrast, a 

lower compression ratio increases ignition delay, leading to more fuel burning in the premixed 

phase, which raises peak pressures and NOx emissions. However, excessively long delays can 

shift combustion into the expansion stroke, lowering pressure, temperature, NOx emissions, and 

fuel efficiency (Palash et al., 2013). Low compression ratios also cause poor cold-start 

performance and white smoke due to unburned fuel. While high compression ratios raise 
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combustion temperature and soot formation, they also enhance soot oxidation. Therefore, an 

optimal compression ratio is essential to balance NOx and particulate emissions  (Al-Dawody & 

Bhatti, 2013). 

2.17.2. Direct Injection versus Indirect Injection Engines 

Indirect Injection (IDI) engines, once common in small high-speed applications, are now being 

phased out due to poor fuel efficiency, especially with the rise of high-speed direct injection 

(HSDI) engines (Pundir, 2008).In IDI engines, fuel burns in two stages: a rich mixture combusts 

in the pre-chamber, then partially burned gases enter the main chamber, where excess air and high 

turbulence complete combustion as a lean mixture (Rao et al., 2015); (Zhou et al., 2019). 

2.17.3. Fuel Injection Timing and Injection Pressure 

Fuel injection timing in compression ignition (CI) engines affects NOx emissions similarly to 

spark timing in spark ignition (SI) engines (Wooldridge et al., 2023). Retarding injection timing 

significantly reduces NOx but increases smoke, and in naturally aspirated engines, may also raise 

HC emissions (Buyukkaya & Cerit, 2008). Higher injection pressure tends to increase NOx and 

HC emissions while reducing smoke and particulate matter (Ramegouda & Joseph) (Belgiorno et 

al., 2018). 

2.18. Metal Based Nano Particles Additives in Diesel-Biodiesel Blends 

Studies have shown that adding metal oxide nanoparticles to biodiesel improves combustion and 

reduces NOx emissions due to enhanced evaporation, shorter ignition delay, and catalytic effects 

(Sambandam et al., 2023) (Ghanati et al., 2024)found that AgO nanoparticles in biodiesel 

improved fuel properties and reduced NOx by 4.6%. Similarly, (Kishore Pandian et al., 2017) 

reported a 6.7% NOx reduction with titanium oxide. . (Yuvarajan & Ramanan, 2016) observed 

notable decreases in CO, HC, and NOx using ferrofluid. (Appavu et al., 2019) and Anbarasu et al. 

(2016) demonstrated that cerium and aluminum oxide additives lowered emissions, including 

NOx, CO, HC, and smoke, by up to 4.2%.  

2.19. Basic Engine lubricating oil parameters 

Lubricating oil is essential for minimizing friction, cooling components, and preventing wear in 

engines and machinery (Totten, 2017).  The quality of lubricating oil is essential for the longevity 

and efficiency of mechanical components (Raghuvanshi et al., 2024). Lubricating oil quality is 

assessed through indicators such as viscosity, viscosity index, TAN, TBN, oxidation stability, flash 

and fire points, pour and cloud points, water content, and contamination levels. 
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Viscosity measures the oil's resistance to flow and is crucial for effective lubrication. The viscosity 

index determines how viscosity changes with temperature, ensuring stability under varying 

conditions (Khalafvandi et al., 2022). Oxidation stability prevents the formation of sludge and 

deposits, which can damage machinery (Li et al., 2021). The flash and fire points indicate the 

temperature at which the oil ignites, ensuring safety in high-temperature operations (Huang et al., 

2021). Water content and contamination levels, including dirt and metal particles, impact 

performance and longevity. Regular oil analysis helps detect degradation, contamination, and 

depletion of essential additives (Mujahid & Dickert, 2012) 

2.19.1. Viscosity 

Viscosity, the resistance of oil to flow and shear, is one of its most important physical properties, 

significantly impacting engine wear and fuel efficiency (Martini et al., 2018). The most common 

measurement is kinematic viscosity, typically reported at 40 °C and 100 °C in centistokes (cSt), 

though the SI unit is mm²/s (Azman et al., 2020). It indicates how easily oil flows to different 

engine components under the influence of gravity. Over time, contaminants such as fuel, water, 

and combustion by-products can lower oil viscosity, affecting its performance (Zhang et al., 

2021).Viscosity plays a key role in reducing friction; higher viscosity supports heavier loads at 

bearings, while lower viscosity improves oil flow during cold starts and reduces drag (Ting & 

Chen, 2011). However, excessive viscosity can lead to increased power loss and fuel consumption. 

For this reason, an optimal viscosity is selected to balance load-carrying capacity and energy 

efficiency. Accurate measurements are commonly obtained using capillary viscometers in 

temperature-controlled environments (Zhao et al., 2016).  

2.19.2. Viscosity index (VI) 

The viscosity index (VI) is a dimensionless number used to compare how different oils’ viscosities 

change with temperature (Khalafvandi et al., 2022). It’s calculated by measuring kinematic 

viscosity at 40 °C and 100 °C and referencing an empirical scale (Braga et al., 2014; Kalaoja, 

2020). The scale is based on two crude oils: Pennsylvania crude (VI = 100) and Texas Gulf crude 

(VI = 0) (Parker, KITTIWAKE)(Akeredolu, 2014). A higher VI means viscosity is less affected 

by temperature changes(Bashir et al., 2022). Calculation details are provided in ASTM 2270 or IP 

226 standards. Although VI is helpful for comparing base oils, its arbitrary reference points are 

limited temperature range (40–100 °C) restrict its accuracy(Verdier et al., 2009). Extrapolating 

beyond this range can be misleading due to effects like wax crystallization at low 

temperatures(Sirota, 2025). VI also indicates the degree of aromatic removal during refining. 
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Comparisons are only meaningful for oils from the same feedstock, so care must be taken when 

using VI to assess base oil quality (Sarkar et al., 2023). 

2.19.3. Total acid number 

The Total Acid Number (TAN) is an important quality parameter that measures the acidic 

components in biodiesel, expressed as the amount of potassium hydroxide (KOH) in milligrams 

required to neutralize the acids in one gram of fuel (Park et al., 2017). A high TAN indicates the 

presence of free fatty acids (FFAs), oxidation products, or contaminants, which can lead to fuel 

instability, corrosion of engine components, injector fouling, and deposit formation. International 

biodiesel standards, such as ASTM D6751 and EN 14214, typically limit TAN to 0.5 mg KOH/g 

or lower to ensure fuel quality and engine safety(Bazina & He, 2018). Elevated TAN values often 

result from poor storage conditions, prolonged exposure to air and moisture, or the use of low-

quality feedstock with high FFA content(Maina, 2021). Monitoring and controlling TAN is thus 

critical for maintaining biodiesel durability and performance. 

2.19.4. Ash content 

The term "sulfated ash" refers to the number of metallic elements in engine oils, which are 

primarily derived from the detergent and anti-wear additive chemistry of the engine oil (Howard, 

2014). These additive packages contain multiple components, including metals such as calcium, 

magnesium, and zinc (Murphy, 2001). Because a 100 percent seal between the piston rings can 

never be achieved, a certain amount of engine oil will enter the combustion burn (Wu et al., 2014).  

As the engine oil enters the combustion chamber and burns, its residue forms an ash-like material 

(Lakshminarayanan & Nayak, 2011). This ash-like material contributes to deposits in the crown 

land above the piston ring as well as to deposits in the ring grooves(Venderbosch & Prins, 2010). 

These deposits can lead to rubbing wear on the cylinder liner and cause the piston rings to normal 

operation (Lakshminarayanan & Nayak, 2011). As the cylinder liner-to-ring interface is 

compromised, high oil consumption can occur. In addition to these deposits, inorganic compounds 

from the lubricating oil's additives can become oxidized during combustion and generate metal 

oxide particles (Ahmed & Nassar, 2011). These particles can be carried downstream with the 

exhaust and collected on the diesel particulate filter. These ash particles cannot be removed by 

filter regeneration because they are not combustible. As the ash particles accumulate, they cause 

filter blockage, which increases backpressure on the engine, leading to increased fuel consumption 

and reduced power. Ash particle buildup also necessitates more frequent cleaning of the particulate 

filters by mechanical means such as compressed air or water-pulse methods. 
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Engine oil's sulfated ash content also directly relates to engine oil's acid neutralization capabilities 

(Benti et al.), because most of engine oil's BN comes from the metal-containing detergent additives 

(Watson, 2010). Generally, the higher an engine oil's BN, the higher its ash content and the greater 

its ability to prevent acidic corrosion in the engine(Baskov et al., 2020). Fortunately, with the 

mandated use of ultra-low sulfur diesel fuel in on-highway applications, corrosion from fuel  

2.19.5. Carbon Residue 

Engine lubricant carbon residue refers to the carbon deposits that remain after engine oil breaks 

down due to high temperatures, oxidation, and contamination (Boadu et al., 2019). Over time, 

these residues accumulate in critical engine components such as pistons, valves, and bearings, 

leading to sludge formation, reduced lubrication efficiency, and increased wear (Monieta, 2020). 

Carbon build-up can also restrict oil flow, raise operating temperatures, and decrease engine 

performance. Poor-quality lubricants, extended oil change intervals, and high engine loads 

accelerate residue formation (Roberts et al., 2014). Regular oil changes with high-quality, 

detergent-rich lubricants help minimize carbon deposits, ensuring optimal engine efficiency and 

longevity(Van Rensselar, 2020). 

2.20. Engine Friction Wear and Lubricity 

This section covers engine friction, wear, and lubricity, and also explains the lubrication circuit 

and oil flow path within the engine. Additionally, it illustrates the two common lubrication 

conditions involved in oil film formation. 

2.20.1. Engine friction 

Engine friction refers to the resistance that occurs when different components inside an engine 

move against each other or interact with lubricants (Kragelsky & Alisin, 2016). This resistance is 

generated by parts such as pistons, bearings, camshafts, and crankshafts as they operate. While 

some friction is necessary for the engine to function properly, excessive friction can lead to energy 

loss, reduced efficiency, and increased wear on components. Controlling friction is a key aspect 

of engine design and maintenance to enhance performance and longevity (Wong & Tung, 2016). 

If engine friction becomes too high, it can lead to problems such as overheating, loss of power, 

and increased fuel consumption (Wang et al., 2021). Over time, this wear and tear can lead to 

costly repairs and reduced reliability ((Holmberg et al., 2014). To prevent such issues, regular 

maintenance, such as changing the oil, inspecting engine components, and using the 

manufacturer's recommended lubricants, is crucial for keeping friction at manageable levels and 

ensuring smooth engine operation (Mobley, 2011). 
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With continuous advancements in automotive technology, efforts are being made to further reduce 

engine friction for improved efficiency and performance (Tung & McMillan, 2004). Hybrid and 

electric power trains are helping to minimize reliance on internal combustion engines, thereby 

reducing friction-related energy losses (Abebe et al., 2024). In conventional engines, new 

developments such as nanotechnology-based lubricants, advanced surface coatings, and improved 

thermal management systems are driving progress in friction reduction, making modern engines 

more efficient, durable, and environmentally friendly (Chen et al., 2020). 

2.19.2. Engine wear 

Engine wear occurs due to a combination of mechanical, thermal, and chemical factors that 

gradually degrade engine components over time (Lakshminarayanan & Nayak, 2011). One of the 

primary causes is friction, which arises when moving parts, such as pistons, bearings, and 

crankshafts, rub against each other. Without proper lubrication, metal-to-metal contact increases, 

leading to excessive wear. Heat also plays a significant role, as engines operate at high 

temperatures, causing components to expand and contract. Repeated thermal cycling can weaken 

materials, resulting in cracks, warping, or overall deterioration (Zhu et al., 2023). Corrosion further 

accelerates wear, as moisture, combustion by-products, and acidic residues from fuel break down 

metal surfaces (Su et al., 2023). Additionally, contaminants such as dirt, dust, and metal particles 

can enter the engine through inadequate filtration, leading to abrasive wear that grinds away critical 

components (Dziubak & Dziubak, 2022). Poor-quality fuel and degraded lubricants can also 

contribute to chemical damage, weakening engine parts over time. Finally, improper driving 

habits, such as frequent cold starts, rapid acceleration, and overloading, put excessive strain on the 

engine, accelerating the wear process (Morris, 2015). Together, these factors contribute to the 

gradual decline of engine performance, efficiency, and longevity. 

2.19.3. Engine lubrication 

Engine lubrication is a crucial process that reduces friction, minimizes wear, and ensures smooth 

engine operation(Zhang, 2010). The of engine oil to create a thin protective film between moving 

parts, preventing direct metal-to-metal contact. Proper lubrication helps dissipate heat, reduce 

corrosion, and keep the engine clean by carrying away contaminants (Wong & Tung, 2016). 

Without adequate lubrication, engines would experience excessive friction, overheating, and 

premature failure (Totten, 2017). 

A well-functioning lubrication system ensures efficient engine performance and extends the life 

of engine  components such as pistons, crankshafts, camshafts, and bearings (Lei et al., 2024). 

Engine oils are specially formulated with additives that enhance viscosity, prevent oxidation, and 
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provide anti-wear protection. Regular oil changes and maintenance are essential to ensure the 

lubrication system functions optimally, preventing damage and costly repairs (Trotsenko et al., 

2022). 

2.19.3.1. Boundary Lubrication 

Boundary lubrication occurs when a very thin layer of lubricant is present between two surfaces, 

but it is not thick enough to separate (Zhang, 2006) them. This type of lubrication happens in 

situations where high loads, low speeds, or frequent start-stop operations prevent the formation of 

a full lubricant film (Zhang & Meng, 2015). 

In boundary lubrication, the oil molecules form a protective layer that adheres to the metal 

surfaces, reducing direct contact and minimizing wear(Jacobson & Hogmark, 2009). Special 

additives, such as anti-wear (AW) and extreme pressure (EP) additives, are included in lubricating 

oils to enhance boundary lubrication (Hsu & Gates, 2005). These additives chemically react with 

metal surfaces to create a protective film that prevents excessive wear and damage. Characteristics 

of hydrodynamic lubrication include (Matveevsky & Buyanovsky, 1986): 

 In conditions of high pressure and low speed. 

 The lubricant film is very thin, and surfaces may partially touch. 

 Relies on chemical additives to reduce wear. 

 Common in engine startup, braking, and gear systems. 

2.19.3.2. Hydrodynamic Lubrication 

This type of lubrication takes place when a thick lubricant film fully separates two moving 

surfaces, effectively preventing metal-to-metal contact. It typically occurs under high-speed and 

low-load conditions, where component motion enables the formation of a stable oil film  (Stephan 

et al., 2023). 

As moving parts slide against each other, they generate a pressure difference that draws oil into 

the space between them, creating a continuous lubricating layer. This effect is especially important 

in components such as crankshaft bearings, where smooth and efficient motion is essential for 

engine performance (Hamel et al., 2023). 

Key features of hydrodynamic lubrication (Spurk & Aksel, 2019): 

 Develops at high speeds under moderate loading. 

 A continuous and thick oil film completely separates the surfaces. 

 Friction is greatly reduced, enhancing overall efficiency. 

 Commonly found in engine bearings, journal bearings, and rotating shafts. 
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The path followed by lubricating oil within the engine, along with the two types of oil film 

formation, is shown in Figures 2.13 and 2.14, respectively. 

 

Figure 2. 12 Lubrication Circuit and Flow Path of Oil in Engine 

 

a)  Hydrodynamic lubrication       b) Boundary lubrication  

Figure 2. 13 The two typical lubricating condition of oil film formation  

 2.20. Contamination of lubricant 

Contamination of engine lubricating oil by diesel fuel is a serious issue that can significantly 

impact engine performance, lubrication efficiency, and component longevity (Ragupathi & Mani, 

2021). Diesel fuel can enter the lubrication system through several mechanisms, including fuel 

injector leaks, excessive idling, incomplete combustion, or worn piston rings (Vasilakos, 2017). 

When diesel fuel mixes with engine oil, it alters its viscosity, reduces its lubrication properties, 

and accelerates wear and damage to critical engine components(Macian et al., 2016). 

The primary consequences of diesel fuel contamination is the dilution of engine oil(Tormos et al., 

2019). Since diesel fuel has a much lower viscosity than engine oil, its presence reduces the oil's 

ability to protect the friction of   moving parts. This leads to increased metal-to-metal contact, 

resulting in higher friction, accelerated wear, and potential engine failure. Additionally, reduced 

oil viscosity can cause oil pressure to drop, leading to inadequate lubrication of bearings, 

camshafts, and other vital components(Wolak et al., 2018). 
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Another major issue associated with diesel fuel contamination is the loss of essential additives in 

the engine oil. Modern lubricants contain detergents, dispersants, anti-wear agents, and oxidation 

inhibitors that help protect the engine and maintain oil stability(Aldajah et al., 2007). However, 

when diluted with diesel fuel, these additives become less effective, leading to increased sludge 

formation, varnish deposits, and reduced oil film strength. This can result in premature wear of 

engine components, poor sealing performance, and potential overheating due to increased friction 

(Chybowski et al., 2023). 

Furthermore, contamination of lubricating oil by diesel fuel can contribute to excessive carbon 

buildup and soot formation within the engine. Diesel fuel contamination disrupts the combustion 

process, resulting in incomplete fuel combustion and the formation of excessive carbon deposits 

on pistons, valves, and cylinder walls. These deposits can lead to increased engine knock, reduced 

fuel efficiency, and clogged oil passages, further aggravating lubrication problems(Kurre et al., 

2017). 

Preventing diesel fuel contamination in engine oil requires proper maintenance and early detection 

of potential leaks. Regular oil analysis can help identify fuel dilution levels, allowing corrective 

actions to be taken before severe engine damage occurs(Kurre et al., 2017). Using high-quality 

fuel, ensuring proper injector function, and avoiding prolonged idling can also help minimize the 

risk of contamination. Routine oil changes and adhering to the manufacturer's recommended 

service intervals are crucial for maintaining optimal lubrication and preventing the adverse effects 

of diesel fuel contamination(Lacey et al., 2012). The flow path of blow-by gas leaks is illustrated 

in Figure 2.15 below. 

 

 Figure 2. 14 Basic path of the blow by of partially burn fuel 
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2.20.1. Engine Oil Dilution When Using Biodiesel 

Engine oil dilution by biodiesel occurs when unburned biodiesel fuel enters the crankcase and 

mixes with the lubricating oil. This dilution can negatively impact engine performance, lubrication 

efficiency, and overall longevity (Shanta, 2011). The primary cause of this issue is incomplete 

combustion, which allows fuel to bypass the piston rings and accumulate in the oil sump. Several 

factors contribute to this process, including fuel injection timing, cold starts, and post-injection 

strategies used in modern diesel engines (da S. Bezerra et al., 2021). 

A major cause of engine oil dilution by biodiesel is the use of post-injection during diesel 

particulate filter (DPF) regeneration(Chen et al., 2014). In many modern diesel engines, extra fuel 

is injected late in the combustion cycle to raise exhaust temperatures and burn off soot in the DP 

(Luo et al., 2023). However, some of this unburned biodiesel can bypass the piston rings and enter 

the crankcase, mixing with the engine oil. Due to biodiesel’s higher boiling point compared to 

petroleum diesel, it evaporates more slowly, leading to gradual accumulation in the lubricating 

oil(Luo et al., 2023). 

Biodiesel requires higher temperatures for complete combustion, and it may not burn efficiently 

in cold conditions(Tompkins & Jacobs, 2013). When the engine does not reach an optimal 

operating temperature, unburned biodiesel is more likely to condense on cylinder walls and seep 

into the crankcase. Similarly, frequent short trips prevent the engine oil from reaching temperatures 

high enough to vaporize and remove small amounts of fuel contamination (Imtenan et al., 2014). 

Additionally, fuel injector issues can lead to excessive oil dilution. Faulty or leaking fuel injectors 

may introduce excess biodiesel into the combustion chamber, increasing the chances of unburned 

fuel washing down the cylinder walls into the sump(Hu et al., 2015). Worn piston rings and 

cylinder liners can further worsen this issue by reducing the engine's ability to create a tight seal, 

allowing more fuel to pass through (Tormos et al., 2019). 

Regular maintenance is essential to minimize oil dilution by biodiesel (Abd Manaf et al., 2019). 

Ensuring proper fuel injector function, avoiding excessive idling, and using high-quality biodiesel 

blends can help reduce the risk. Additionally, following recommended oil change intervals and 

using engine oils formulated for biodiesel compatibility can help maintain proper lubrication and 

engine performance (Thornton et al., 2009). 

Some degree of engine oil dilution from diesel fuel is normal in all engines. However, when 

biodiesel or biodiesel blends are used, the dilution rate and its impacts can differ significantly from 

those of conventional diesel (S. Lahane & K. Subramanian, 2015). According to the study by (Tilli 

et al., 2018), there are three main reasons for increased oil dilution with biodiesel: 



58 

 

a)  Biodiesel, being an ester-based fluid, exhibits stronger solvency and penetration than hydro    

carbon-based diesel, making it more likely to infiltrate and mix with engine oil. 

b)  Modern diesel engines equipped with diesel particulate filters (DPFs) often use post-

injection strategies to raise exhaust temperatures and enable soot burn-off. This process can 

lead to increased amounts of unburned biodiesel entering the crankcase. 

c)  Biodiesel has a distillation temperature approximately 100 °C higher than that of diesel 

fuel, reducing its volatility. As a result, it evaporates more slowly and tends to accumulate in 

the engine oil over time, contributing to long-term dilution. 

2.20.2. Problems Associated with Engine oil Dilution by Diesel Engine Fuel 

Engine oil dilution by diesel fuel is a significant issue that can lead to mechanical problems, 

reduced lubrication efficiency, and long-term engine damage(Wolak et al., 2018). When diesel 

fuel mixes with engine oil, it alters the oil's physical and chemical properties, reducing its ability 

to protect moving components (Wattrus, 2013). The severity of the impact depends on the extent 

of dilution and the duration for which the contaminated oil remains in the engine. Below are some 

of the key problems associated with engine oil dilution by diesel fuel. 

2.20.3. Reduced Oil Viscosity and Lubrication Efficiency 

One of the primary issues with fuel dilution is the reduction in oil viscosity(Yu et al., 2023). Diesel 

fuel has a much lower viscosity than engine oil. When it contaminates the oil, it thins the lubricant, 

making it less effective at forming a protective film between moving parts. This increased friction 

leads to accelerated wear of critical components, such as pistons, bearings, and camshafts, 

ultimately shortening the engine's lifespan (Zhang et al., 2021). 

2.20.4. Increased Engine Wear and Component Damage 

Proper lubrication is essential for reducing friction and preventing metal-to-metal contact. Diluted 

oil loses its ability to provide sufficient lubrication, leading to excessive wear on engine parts 

(MAcián et al., 2020). Components such as cylinder walls, piston rings, and crankshaft bearings 

are particularly vulnerable to increased wear, which can cause performance issues and, in severe 

cases, lead to engine failure (Dziubak & Dziubak, 2022). 

2.20.5. Decreased Oil Pressure 

Since fuel contamination reduces oil viscosity, it also affects the engine's ability to maintain proper 

oil pressure(Green & Lewis, 2008). Lower viscosity oil flows more quickly, potentially causing 

oil pressure to drop below the recommended levels. Insufficient oil pressure can lead to inadequate 
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lubrication, especially in high-speed or high-load conditions, increasing the risk of engine damage 

(Nikolakopoulos et al., 2018). 

2.20.6. Increased Sludge and Deposit Formation 

Fuel dilution can cause the breakdown of oil additives, forming sludge, varnish, and carbon 

deposits inside the engine(Wattrus, 2013). These contaminants can clog oil passages, restrict 

lubrication flow, and reduce engine efficiency. Additionally, excessive sludge build-up can cause 

sticking of critical components, such as piston rings and hydraulic lifters, leading to reduced 

performance and higher maintenance costs (Kouame et al., 2015). 

2.20.7. Higher Oil Consumption and Blow-by Gases 

When engine oil is diluted with diesel fuel, it is more likely to be burned off during combustion, 

increasing oil consumption (Hasannuddin et al., 2016). This can result in more frequent oil top-

ups and higher maintenance costs. Additionally, fuel-contaminated oil can increase blow-by gases, 

including unburned fuel and oil vapors, which escape past the piston rings into the crankcase. 

These gases contribute to further oil degradation and increased emissions (Mitchell et al., 2017). 

2.20.8. Poor Engine Performance and Reduced Efficiency 

An engine operating with diluted oil may experience reduced efficiency due to increased internal 

friction and improper combustion(Hasannuddin et al., 2016). The thinning of oil reduces its ability 

to properly seal the gaps between the piston rings and cylinder walls, leading to compression loss 

and decreased power output. Additionally, incomplete combustion caused by fuel dilution can 

result in poor fuel economy and higher emissions (Devlin, 2018). 

2.20.9. Potential for Engine Overheating 

The role of lubricating oil is crucial in dissipating heat from engine components (Ali & Xianjun, 

2020). When oil is diluted with diesel fuel, its ability to transfer heat is compromised, resulting in 

localized overheating of engine parts(Abou-Ziyan, 2004). Excessive heat can cause the warping 

of engine components, accelerate oil oxidation, and increase thermal stress on vital parts, 

ultimately reducing engine longevity (Ali et al., 2016). 

Therefore, engine oil dilution by diesel fuel presents a serious risk to engine performance, 

longevity, and efficiency. Reduced oil viscosity, increased wear, sludge formation, lower oil 

pressure, and overheating are among the key problems associated with this issue(da Silva et al., 

2012). Regular maintenance, timely oil changes, proper fuel injection system checks, and oil 

quality monitoring are essential to mitigate these risks. Identifying and addressing the root causes 

of fuel dilution early can help prevent severe engine damage and ensure optimal performance. 
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2.21. Engine endurance test 

Engine endurance measurement is critical to assessing an engine's durability and performance over 

extended periods(Piancastelli, 2012). Various methods with their specific standard procedures are 

employed to evaluate how engines withstand prolonged operational stresses in various regulatory 

documents and industry standards (Kumar & Chauhan, 2015) 

2.21.1. Federal Aviation Administration (Rosli et al.) Regulations 

It specifies that each engine must undergo an endurance test totaling at least 150 hours of operation 

(Atwood, 2010). The test consists of a series of runs designed to evaluate the engine's durability 

under various conditions. The regulation mandates that the prescribed 6-hour test sequence be 

conducted 25 times to complete 150 hours. Additionally, it provides guidance on the test objectives 

and methodologies for engine endurance testing (This, 1911). It emphasizes demonstrating an 

accelerated durability test of the engine to ensure a minimum level of operability and durability 

throughout the engine's assigned ratings and operating limitations. 

2.21.2. Environmental Protection Agency (EPA) Regulations 

For engines subject to emission standards, the EPA's 40 CFR Part 1065 outlines standardized 

testing procedures (Bougher et al., 2010). These procedures ensure that engines meet 

environmental requirements and include specifications for equipment, calibration, and test 

protocols. Engines are subjected to controlled environments to study their behavior under varying 

conditions, including changes in temperature and altitude. This helps in understanding how 

environmental factors impact engine performance and endurance.  

2.21.3. Industry Standards: 

The engine endurance test methods and procedures are outlined in the following section, according 

to ISO standards, Indian standards, and European standards. 

2.21.4. The ISO Engine Endurance Test Standard 

The International Organization for Standardization (Benti et al.) has developed a series of 

guidelines to assess the performance, durability, and lifespan of internal combustion engines across 

different operational conditions. ISO standards like ISO 15550:2016 and ISO 2534:2020 focus 

primarily on performance testing, such as power output and fuel consumption, while also laying 

the foundation for endurance testing through baseline measurements. ISO 3046-1:2002 specifies 

testing methods for industrial reciprocating engines, including endurance tests for power 

generation and heavy machinery, with durations ranging from a few hours to 500 hours. 

Meanwhile, ISO 8178 addresses off-road engine exhaust emissions, incorporating endurance tests 

up to 500 hours to replicate real-world conditions. 
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These endurance tests typically involve running engines under full load, partial load, and idle 

conditions while assessing performance over extended periods to ensure long-term reliability and 

efficiency. Engines are tested under varied thermal and environmental conditions to simulate real-

world stress, with critical components monitored for wear and degradation. These tests also 

confirm that engines meet emission standards, fuel efficiency requirements, and maintain 

consistent performance over prolonged use. Industries such as automotive, industrial, and marine 

rely on these tests to verify engine reliability in harsh conditions, including high temperatures, 

heavy loads, and extended operation. 

The 100-hour endurance test under the ISO 8178 standard offers a thorough evaluation of an 

engine’s ability to perform reliably over long periods. By simulating different load conditions (full 

load, partial load, idle), it assesses durability, fuel efficiency, and compliance with emission 

standards, ensuring the engine can withstand real-world conditions without significant 

performance degradation or component failure. And the procedures for the 100-Hour Endurance 

Test under ISO 8178 are as follows(Broman, 2012): 

1.  Preparation for the Test: 

 Engine Setup: The engine is mounted on a dynamometer (test bench) that simulates real-

world operational loads. All necessary instrumentation is in place to measure parameters 

such as fuel consumption, exhaust emissions, engine speed, and load. 

 Fuel and Lubricants: The engine is fueled with the appropriate fuel (e.g., diesel, biodiesel) 

and lubricants, as specified by the manufacturer. The fuel must meet relevant standards (EN 

590 for diesel or ISO 14214 for biodiesel). 

 Test Conditions: Ambient conditions (temperature, humidity, atmospheric pressure) are 

carefully controlled and monitored to maintain consistency throughout the test. 

2. Start-Up and Initial Measurements: 

 Engine Warm-Up: The engine is started and allowed to reach normal operating 

temperatures (approximately 15-30 minutes, depending on the engine size). During this 

period, baseline measurements for emissions and fuel consumption are recorded. 

 Baseline Data: Key parameters such as idle fuel consumption, emissions levels (NOx, 

CO2, particulate matter), and engine power output are recorded for future comparison. 

3. Test Cycles and Duration: The 100-hour test consists of several cycles simulating various 

operating conditions: 

 Full Load Operation (typically 25% of test time): The engine operates at its maximum rated 

power output, simulating high-load scenarios such as heavy machinery under full capacity. 
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 Partial Load Operation (typically 50% of test time): The engine runs at varying loads to 

mimic typical operating conditions such as transportation or medium-load machinery use. 

 Idle Operation (typically 15-25% of test time): The engine runs at idle speed, simulating 

stop-and-go traffic, idle periods in construction or agriculture, or rest phases between active 

works. 

The test cycles vary in terms of full load, partial load, and idle operation, with the total test duration 

being 100 hours. 

2.21.5. Indian engine endurance test standards 

The Indian Standard for Engine Endurance Testing, primarily outlined in IS 10000-9:1980, offers 

a comprehensive method for evaluating the durability and performance of internal combustion 

engines over extended use. According to this standard, engines must undergo a test lasting 512 

hours, divided into 32 cycles of 16 hours each. During these cycles, the engine is subjected to 

varying load conditions, including full load, partial load, and idling, to simulate real-world 

operational scenarios. The test also includes running the engine at different speeds and under 

diverse environmental conditions, assessing its overall reliability, performance, and fuel efficiency 

over time. The main goals of the test are to evaluate engine wear, fuel consumption, oil 

consumption, and emission levels during prolonged use, ensuring that the engine can endure long-

term operation without significant performance degradation. This standard is specifically tailored 

to the diverse operating conditions found in India, making it essential for verifying engine 

durability in the country’s unique climate and road environments. The IS 10000 (Part IX) - 1980 

Section II standard also includes procedures for a 100-hour endurance test, which is a critical 

procedure for evaluating engine reliability, performance, and durability. The following outlines 

the steps for conducting   100-Hour Engine Endurance Test Procedure (IS 10000 - 1980 Section 

II)(Raj et al., 2009): 

1. Test Duration and Cycles: 

 The total duration of the test is 100 hours, divided into multiple cycles where the engine is 

subjected to different load and speed conditions. 

 Each cycle includes periods of full load, partial load, and idle operation, simulating typical 

real-world usage over an extended period. 

2.  Cycle Breakdown: 

 Full Load Cycle: The engine operates at its maximum rated load for a designated portion of 

the test, simulating high-stress conditions and testing the engine’s performance under 

maximum power demand. 
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 Partial Load Cycle: The engine is run under partial load conditions for another segment of 

the test, ensuring that it remains efficient under less demanding conditions. 

 Idle Cycle: Periods of idle operation simulate stop-and-go driving, such as in traffic or when 

a vehicle is stationary. 

 Speed Variation: The engine’s speed is varied throughout the test to replicate the speed 

fluctuations typical in normal vehicle operation, including acceleration and deceleration. 

The following outlines the steps for conducting   100-Hour Engine Endurance Test Procedure (IS 

10000 - 1980 Section II): is essential for assessing engine reliability, performance, and durability. 

It simulates long-term operational stresses to ensure the engine performs as expected under real-

world conditions while maintaining fuel efficiency, controlling emissions, and avoiding excessive 

wear(Prahladbhai & Brahmbhatt, 2023). 

2.21.6. European engine endurance test standards 

European engine endurance test standards primarily aim to ensure that engines remain durable and 

perform reliably under extended operational conditions (Giakoumis, 2017). A key set of 

regulations is the EURO 6, which governs emissions and performance for passenger vehicles 

(Giakoumis, 2016). These regulations require engines to undergo endurance tests that replicate 

real-world driving scenarios, such as city, highway, and idling cycles. These tests evaluate the 

engine's ability to maintain fuel efficiency, minimize emissions, and sustain performance over long 

periods. Moreover, the EURO 6 standards also set durability criteria for components like exhaust 

after-treatment systems, ensuring their continued effectiveness throughout the engine's lifespan. 

For aviation engines, the EASA CS-E 740 regulation mandates a minimum of 150 hours of 

endurance testing. These tests involve cycles with varying power settings and operational 

conditions to simulate long-duration flight. Additionally, European standards like ISO 15550 and 

ISO 2534 are commonly used across Europe to assess the performance and durability of internal 

combustion engines. These standards focus on testing engines under continuous stress, fluctuating 

thermal conditions, and extended use, ensuring consistent performance, fuel efficiency, and 

emissions control. The overall goal of these European standards is to guarantee that engines in the 

European market can operate efficiently, reliably, and in compliance with environmental 

regulations throughout their service life. 

The European engine endurance test standards for a 100-hour test are governed by various 

European Union regulations and standards aimed at evaluating engine durability, emissions, and 

performance. These tests simulate real-world operating conditions to confirm that engines meet 

strict performance and environmental criteria over long durations. 
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While there isn't a specific "100-hour endurance test" standard, many engines, especially those 

used in automotive, off-road, and marine applications, are tested for 100 hours or more, depending 

on the engine type and regulatory requirements. Below is a general outline of the 

procedures(Giakoumis, 2017): 

a) Preparation: 

 The engine is installed on the test rig following manufacturer specifications. 

 Fuel, lubricants, and cooling fluids are checked and filled in accordance with the engine’s 

specifications. 

 A monitoring system is set up to record performance metrics, including speed, load, 

temperature, and fuel consumption. 

b)   Test Conditions: 

 The engine is run under various load and speed conditions, including idle, full load, and partial 

load, simulating real-world operational use. 

 Predefined testing conditions replicate the engine’s typical usage over an extended period. 

c) Monitoring: 

 Key parameters, such as exhaust emissions, engine temperatures, and vibrations, are 

continuously monitored throughout the test. 

 Periodic maintenance tasks, such as oil changes or filter replacements, are carried out at 

designated intervals to mimic real-life usage. 

d) Test Duration: 

 The test runs for 100 continuous hours, though in some cases, it may be split into smaller blocks 

(50-hour blocks with breaks). 

 The engine’s performance is assessed based on its ability to endure wear and maintain 

operational standards during the test.5. Evaluation:     

 After the 100-hour test, the engine is thoroughly inspected for signs of wear, damage, or 

performance degradation. 

 The test results are analyzed to ensure the engine meets European standards for durability, 

emissions, and efficiency. 

2.22. Engine vibration 

Engine vibration analysis is an essential aspect of engine endurance testing. It helps assess the 

structural integrity, reliability, and durability of engine components under prolonged operational 

conditions(De Donno, 2023). Excessive vibrations can lead to fatigue failure, misalignment, and 

premature wear of engine parts. By monitoring vibration levels during an endurance test, engineers 
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can identify potential failure points, optimize engine design, and ensure compliance with 

performance standards(Greuter & Zima, 2012). 

Engine vibration analysis under steady and dynamic conditions plays a significant role in 

enhancing engine performance, reliability, and longevity(Boysal & Rahnejat, 1997; Tienhaara, 

2004). Understanding fundamental equations and analytical methods allows engineers to diagnose 

vibration sources effectively and implement mitigation strategies. Further research in this area 

focuses on advanced signal processing techniques and machine learning applications for real-time 

vibration monitoring and fault diagnosis. 

2.22.1. Primary vibration 

The primary vibration, often referred to as the base or fundamental vibration, is the predominant 

oscillatory motion associated directly with the engine's rotational speed(Mahdisoozani et al., 

2019). This type of vibration is a natural consequence of the repetitive movement of the engine's 

rotating components, such as the crankshaft, flywheel, pistons, connecting rods, and other 

associated parts(Schmitz & Smith, 2012). As the engine operates, the crankshaft undergoes 

rotational motion to convert linear piston movement into usable torque. This motion, while smooth 

in theory, inherently causes periodic forces and moments that generate vibrations. These vibrations 

are cyclic, following a predictable pattern that is synchronized with the engine's rotational 

speed(Tschöke et al., 2021). For instance, an engine running at 3000 revolutions per minute (RPM) 

will exhibit primary vibrations with a frequency corresponding to this speed. The primary vibration 

is influenced by several factors, including the design and balance of the rotating components, the 

engine's firing order, and the distribution of forces during combustion. When these forces are 

unevenly distributed or if the rotating parts are imbalanced, the intensity of the primary vibration 

can increase, potentially leading to mechanical wear, noise, and reduced efficiency. In automotive 

and mechanical engineering, managing primary vibrations is critical to ensuring smooth operation 

and prolonging the lifespan of the engine and connected systems(Hoag & Dondlinger, 2015). 

Techniques such as dynamic balancing of rotating parts, the use of vibration dampers, and 

optimizing the engine's mounting system are commonly employed to minimize the adverse effects 

of primary vibrations. Additionally, engineers analyse these vibrations during the design phase 

using tools such as finite element analysis (FEA) and vibration modelling to predict and mitigate 

potential issues. According to (Bishop et al., 2011),the mathematical expression for primary 

vibration is: 

 𝑎𝑝𝑟𝑖𝑚𝑎𝑟𝑦(𝑡) = 𝐴1𝑠𝑖𝑛(2𝜋𝑓1𝑡 + ∅1)                                          (Eqn. 1 )    
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Where; A1 is the peak value of acceleration, representing the strength of the vibration. Larger A1 

values indicate more severe oscillations. f1 is The fundamental frequency, calculated as 

f1=RPM/60, representing the number of oscillations per second. For instance, an engine running 

at 3000 RPM produces a fundamental frequency of 50 Hz. ϕ1\phi is the phase angle, which 

indicates the starting point of the wave relative to time zero. The primary vibration is the most 

prominent component in the vibration signal, forming the basis for further analysis. It is often used 

to evaluate the engine's mechanical health, as excessive amplitude or irregular frequency could 

indicate issues such as misalignment, imbalanced components, or faulty bearings. 

2.22.2. Secondary Vibration 

Secondary vibrations arise due to the inherent complexities of an engine's mechanical and 

operational dynamics(Ewins, 2010). These vibrations are not directly linked to the primary 

rotational motion but are a result of factors such as imbalances in the moving parts, resonance 

effects, and minor imperfections in the manufacturing or assembly processes(Benaroya et al., 

2017). While they may appear less significant than primary vibrations, secondary vibrations can 

still impact the overall performance, durability, and noise levels of the engine system. These 

vibrations are characterized as harmonics of the fundamental frequency f1, which is the frequency 

of the primary vibration directly tied to the engine's rotational speed. Harmonics are integer 

multiples of this fundamental frequency(Marín & Rhea, 2010). For instance: The second harmonic 

occurs at 2f1, meaning it oscillates at twice the frequency of the primary vibration. The third 

harmonic occurs at 3f1, oscillating three times faster than the fundamental frequency. Higher-order 

harmonics, such as the fourth (4f1) and fifth (5f1) harmonics, continue to follow this pattern. The 

presence of these harmonics is due to non-linearity and asymmetries within the engine system(Ji, 

2014). These could include variations in the mass or geometry of rotating components, uneven 

combustion forces, or misalignment of the crankshaft and connecting rods. Manufacturing 

tolerances, wear and tear, and external factors such as load variations and environmental conditions 

can further amplify secondary vibrations. Secondary vibrations are particularly significant when 

they coincide with the natural frequencies of the engine or its components, a condition known as 

resonance. Resonance amplifies the vibration amplitudes and can lead to severe mechanical stress, 

increased noise, and potential failure if not addressed. Engineers actively work to identify and 

mitigate secondary vibrations during the design and testing phases. This involves the use of 

advanced computational modeling, including harmonic analysis and modal testing, to predict the 

behavior of these vibrations. Solutions to control secondary vibrations include precision balancing 

of components, optimized engine designs, damping materials, and tuning engine mounts to isolate 
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vibrations. Additionally, modern systems may incorporate active vibration control mechanisms to 

dynamically counteract the effects of secondary harmonics, ensuring smoother and more reliable 

engine operation. 

According to(Bishop et al., 2011) the equation  for secondary vibration is: 

𝑎𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦(𝑡) = 𝐴2𝑠𝑖𝑛(2𝜋𝑛𝑓1𝑡 + ∅2)                                                      (Eqn. 2)      

Where, A2: The amplitude of the harmonic, typically smaller than A1but still significant: The 

harmonic order, an integer (n=2, 3, 4…). Higher-order harmonics are less pronounced but can still 

impact vibration behavior. ϕ2 is the phase angle for the harmonic, affecting the relative timing of 

the harmonic waveform. Secondary vibrations provide insights into specific issues within the 

engine. For instance: Second Harmonic (n=2) is may indicate shaft misalignment or crankshaft 

imbalances. Higher-Order Harmonics (n>2): Often associated with resonance, nonlinearities, or 

structural vibrations. Analyzing secondary vibrations is essential in understanding the overall 

vibration spectrum and diagnosing issues that cannot be detected from the primary vibration alone. 

2.23. Summary and Research Gap  

Several researchers have examined the combustion, emissions, performance, and tribological 

behavior of compression ignition (CI) engines fueled with biodiesel, biodiesel-diesel blends, and 

biodiesel-diesel-alcohol mixtures, both with and without additives. However, after careful review 

process of biodiesel production and engine performance test of the selected articles of shown in 

the Tables 1.1 and 1.2 below, variability in the physio-chemical properties of biodiesel derived 

from different feed stocks and negligence of the total glycine content removed from the 

esterification reaction is observed which causes a major challenge especially on the ash content 

and carbon deposited formation. For example, the viscosity, fatty acid composition, carbon chain 

length, and oxygen content vary significantly between oils such as castor and Jatropha Carcus, 

affecting fuel atomization, spray pattern, and ultimately combustion and engine performance. 

Despite this, many experimental studies lack critical data on total and free glycerin content, which 

is essential for evaluating fuel quality. Glycerin residues can lead to carbon deposits in the 

combustion chamber and gum formation in the fuel system. Additionally, the causes and 

characteristics of particulate matter emissions, as well as the roles of viscosity, glycerin content, 

and volatility, are not well documented. 

Although there is growing interest in using metal oxide nanoparticles like aluminum oxide (Al2O3) 

to enhance the performance and emissions profile of biodiesel-diesel blends, comprehensive 

research on this topic remains limited. Specifically, there is insufficient clarity on the optimal 
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concentration of Al2O3 that balances combustion efficiency, emissions reduction, fuel stability, 

and engine wear. 

Most existing studies emphasize performance and emissions, while overlooking essential 

tribological aspects such as lubricity, friction reduction, and wear resistance. The lack of 

standardized experimental procedures, nanoparticle dispersion methods, and blend ratios further 

complicates cross-study comparisons. 

Therefore, there is a clear research gap in understanding the combined effects of biodiesel-diesel 

blends and Al2O3 nanoparticles on both engine performance and long-term durability. Systematic 

studies are needed to investigate the performance, combustion, and tribological behavior of these 

nano-enhanced fuels to support the development of efficient, reliable, and sustainable engine 

operation. 

Table 2. 12 Comparison of total glycerol removal and transesterification 

method 

N0 Authors & 

year 

Catalyst Methaoxilate 

oil ratio 

(T0C) Time 

(min) 

Optimization 

method 

Maximum 

ester 

Total 

glycerine 

1 
Jain et al. 

(2012) 
Homogeneous NaOH 11:1 55 110 RSM (CCD) 98.3 0.12 

2 Otieno et 

al.(2022) 

Heterogeneous 

NaOH (zeolite Na–X) 
10:1 70 300 

Taguchi L₁₆ 

design 
93.94 – 

3 
Zarei et 

al.(2014) 

Enzyme 

(immobilized R. 

oryzae lipase) 

5:1 40 1020 
RSM (CCD) + 

ANN 
87.1 – 

4 Goyal et 

al(2012) 
Homogeneous NaOH 6:1 60 40 RSM 98.6 – 

5 Singh et 

al.(2012) 
Homogeneous NaOH 6:1 60 30 Empirical 87 10 

6 Kumar et 

al.(2012) 
Homogeneous NaOH 6:1 60 40 Empirical 98.6 – 

7 Sharma et 

al.(2012) 
Homogeneous NaOH 25% v/v 

55–

60 
5–6 Empirical 76 – 
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Table 2. 13 Summary review of literature 

No Author 

& year 

Title Findings Future work References 

1 Chauhan 

et al.(2012) 

A study on the performance and emission 

of a diesel engine fueled with Jatropha 

biodiesel oil and its blends 

A  significant reduction of 

CO,UHC and smoke 

Prediction of best blend at different 

engine operating parameters 

Energy37(12)616-622 

2 J. Sadhik 

Basha • R. B. 

Anand 

The influence of nano additive blended 

biodiesel fuels 

on the working characteristics of a diesel 

engine 

Peak pressure and heat release 

rate reduced with NPs. The brake 

thermal efficiency and BSFC 

with Nps blended  are  improved 

Use multi-cylinder engines; 

evaluate lubricant degradation and 

engine wear. 

J Braz. Soc. Mech. Sci. Eng. 

(2013) 35:257–264 

DOI 10.1007/s40430-013-0023-0 

3 H.K. 

Rashedul et 

al(2014) 

The effect of additives on properties, 

performance and emission 

of biodiesel fuelled compression ignition 

engine 

Improved combustion and 

emission profile; indications of 

wear reduction. 

If a deposit is formed on the valve 

surface, the ratio and flow of air 

will alter and fuel does not 

completely burn. 

Energy Conversion and 

Management 

Volume 88, December 2014, 

Pages 348-364 

4 [Singh*, 4.(6): 

June, 2015] 

Performance, combustion and emission 

characteristics of 

Compression ignition engine using nano-

fuel: a review 

performance improvements with 

nano-additives 

Tribological and wear testing, long-

duration tests, and real-world field 

validation. 

International journal of 

engineering sciences & research 

Technology 

5 Aalam et al. 

(2015) 

Experimental investigations on a CRDI 

system assisted diesel engine fuelled 

with aluminium oxide nanoparticles 

blended biodiesel 

Al₂O₃ nanoparticles improved 

combustion characteristics and 

reduced emissions. 

Effects of different nanoparticle 

sizes and concentrations on engine 

performance, modified injection 

strategies 

Alexanderia Engineering 

Journal,54(3),351-358 

6 Prabu (2016) Engine Characteristic Studies 

by Application of Antioxidants 

and Nanoparticles as Additives 

in Biodiesel Diesel Blends 

Increased BTE; reduced CO and 

HC emissions significantly 

Explore different engine loads and 

nanoparticle types; investigate post-

combustion wear patterns 

Journal of Energy Resources 

Technology AUGUST 2018, Vol. 

140 / 082203-1 

7 Ashish 

Dewangan et 

al (2019) 

Effect of metal oxide nanoparticles and 

engine parameters on the performance of 

a diesel engine: A review 

Better combustion and lower CO 

and HC; marginal NOₓ increase 

To examining nanoparticle 

dispersion stability, engine wear 

effects, and lubricant interaction 

IJRASET,5,358-372 

8 Chen et al. 

(2018) 

Combustion and Emission 

Characteristics of Diesel Engine Fueled 

with Diesel/Biodiesel/Aluminum Oxide 

Nanoparticles 

Improved combustion and 

emissions; NOₓ marginally 

increased 

Emphasize exhaust after-treatment 

compatibility, fuel stability, and 

impact on injector wear. 

Energy conversion management  

171,461-477 

9 El-Seesy et al. 

(2018) 

Performance, combustion, and emission 

characteristics of a diesel engine fueled 

graphene oxide nanoparticles 

improved combustion  and 

reduced emissions 

Investigate the long-term effects of 

nanoparticle additives on engine 

wear and durability 

Energy conversion and 

management 166,674-686 
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with Jatropha methyl ester and graphene 

oxide additives 

10 Soudagar et 

al. (2018) 

The potential of nanoparticle additives in 

biodiesel:- A fundamental outset 

All the oxygenated additives 

increased the cetane number and 

reduced the ignition delay period. 

Deeper investigation into 

nanoparticle-lubricant interaction 

and long-term engine integrity 

https://doi.org/10.1063/5.0003775 

11 Abul Kalam 

Hossain * and 

Abdul 

Hussain(2019) 

Impact of Nanoadditives on the 

Performance and 

Combustion Characteristics of Neat 

Jatropha Biodiesel 

Increased BTE; significant 

emission reduction with 

nanoparticle use. 

To test other nanoparticles. and  

investigate long-term engine wear 

and combustion chamber deposits 

MDPI 

Energies, 

12 Prabu (2018) Effect of Al2O3 nano-additives on the 

performance and 

emission characteristics of jatropha and 

pongamia methyl esters in compression 

ignition engine 

Al₂O₃ nanoparticles enhanced 

brake thermal efficiency and 

reduced CO and HC emissions. 

Explore the optimal concentration 

of nanoparticles for balancing 

performance and emissions. Effect 

of nanoparticles in the environment. 

Energies 12(5),921 

13 Manjunath et 

al. (2019) 

Influence of the aluminium oxide (Al₂O₃) 

nanoparticle additive with biodiesel on 

modified diesel engine performance 

Addition of Al₂O₃ nanoparticles 

to biodiesel blends enhanced 

engine performance and reduced 

emissions 

Conduct long-term  assessment of 

the engine components and 

lubricating oil 

International Journal of Ambient 

Energy 

14 (Mukul 

Tomar & 

Naveen 

Kumar 

(2019)) 

Influence of Nano additives on the 

performanceand  emission characteristics 

of a CI engine fuelled 

with diesel, biodiesel, and blends – a 

review 

Al₂O₃ improves BTE and reduces 

emissions; results vary with 

blend ratio. 

Tapping unburned particles 

Stability of nanoparticles 

Tailor and Francis 

Energy  journal 

15 Jaikumar et al. 

(2021) 

Experimental studies on the performance 

and emission parameters of a direct 

injection diesel engine fueled with 

nanoparticle-dispersed biodiesel blend 

Nanoparticle dispersion in 

biodiesel blends led to improved 

combustion efficiency and lower 

emissions. 

Investigate the stability of 

nanoparticle dispersions over 

extended periods and their effects 

on engine wear. 

International Journal of 

Thermophysics (2021) 42:91 

https://doi.org/10.1007/s10765-

021-02842-9 
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Table 2. 14 Sumary of esterification 

Summary of Esterification 

N0 Authors & year Catalyst Methaoxilate 

oil ratio 

Temperature 

(T0C) 

Time 

(min) 

Optimization 

method 

Maximum 

ester 

Total glycerine 

1 
Jain et al. (2012) 

Homogeneous 

NaOH 
11:1 55 110 RSM (CCD) 98.3 0.12 

2 

Otieno et al. (2022) 

Heterogeneous 

NaOH (zeolite 

Na–X) 

10:1 70 300 Taguchi L₁₆ design 93.94 – 

3 

Zarei et al. (2014) 

Enzyme 

(immobilized R. 

oryzae lipase) 

5:1 40 1020 
RSM (CCD) + 

ANN 
87.1 – 

4 
Goyal et al. (2012) 

Homogeneous 

NaOH 
6:1 60 40 RSM 98.6 – 

5 
Singh et al. (2012) 

Homogeneous 

NaOH 
6:1 60 30 Empirical 87 10 

6 
Kumar et al. (2012) 

Homogeneous 

NaOH 
6:1 60 40 Empirical 98.6 – 

7 
Sharma et al. (2012) 

Homogeneous 

NaOH 
25% v/v 55–60 5–6 Empirical 76 – 
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CHAPTER THREE 

MATERIALS AND METHODS 

This chapter outlines the research plan, methodology, selected feedstock, test fuel preparation 

procedures, and fuel additives used. It also provides an overview of the experimental process.   

 3.1. Materials and reagents 

The research conducted required the use of specific equipment, materials, and reagents, which 

included the Gunt Model CT110 engine test stand, exhaust gas analyzer, two identical Robin 

DY-23 direct injection mono-cylinder diesel Engines, Expert II vibration tester, tachometer, 

screw press, Soxhlet apparatus, Jatropha curcas seeds, n-hexane, sulfuric acid, methanol, 

sodium hydroxide, aluminum oxide nanoparticles (Al2O3 NPs), and Cetyl-Trimethyl-

Ammonium Bromide (CTAB) extra pure, AR, 99%. The equipment, laboratory ware, and 

chemicals are depicted in Table 3.1 

Table 3.  1 Specification of equipment, laboratory ware, and chemicals 

SN Item Specification 

A Equipment 

1 Screw oil pressing machine Model 6YL68 Henan VIC Machinery Co., Ltd., China, 

specifications: capacity of 40 kg/h, power rating of 5.5 kW 

2 Engine test stand Gunt Model CT110, air-cooled, naturally aspirated 7.5 kW 

3 Exhaust gas analyzer Model, FD-600M-5GAS, USA 

4 Diesel engine Robin DY-23 2D, Japan 

5 Vibration tester Model, VIBXpert II Germany 

6 Tachometer Monarch PT99 Digital Non-Contact Optical Tachometer - 

made in the USA 

7 Smoke or soot?? tester Oakland RT-6000 Opacity Meter 

B Laboratory equipment and glassware  

1 Bath ultrasonicator  

2 Digital balance  

3 Hot plate with a magnetic 

stirrer 

 

4 Soxhlet extraction apparatus Fisher Chemical, USA 

5 Thermometers ASTU Chemistry laboratory, Range 0-1000C 
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3.1.1. Screw Oil Pressing Machine 

The seeds of Jatropha curcas were pressed using a screw oil press machine illustrated in Figure 

3.1 to obtain seed oil.                

 

Figure 3.  1 Screw oil pressing machine 

3.1.2. Soxhlet Apparatus 

The Soxhlet extractor, initially designed for extracting lipids from solid materials, is vital 

laboratory equipment. It finds utility in cases where the desired compound exhibits limited 

solubility in a solvent and the impurity remains insoluble. When the desired compound has 

substantial solubility in a solvent, a straightforward filtration process can effectively separate 

6 Beakers 250-1000 mL 

7 Graduated  cylinders  100- 1000 mL 

8 Burettes ASTU Chemistry laboratory, Range250ml -1000ml 

C Raw materials and chemicals 

1 Jatropha carcus seeds Purchased from local  farmers (Bati-Amhara region) 

2 Sodium hydroxide pellets Fisher Chemical, Certified ACS, ≥ 97.0 %  

3 n-Hexane Fisher Chemical, HPLC Grade, 95% min 

4 Methanol Fisher Chemical, ≥ 99.8% 

5 Sulfuric acid Fisher Chemical, Certified ACS, 95.0 to 98.0 % (w/w) 

6 Cetyltrimethylammonium 

bromide (CTAB) 

Sigma-Aldrich, Extra pure, AR,99% 

7 Aluminum oxide nanoparticles Sigma-Aldrich, particle size 30-60nm 

8 Diesel no 2 From filling gas station recommended by Ethiopian 

Petroleum Enterprise 

9 SAE-30W lubricating oil From filling gas station recommended by Ethiopian 

Petroleum Enterprise 
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the compound from the insoluble substance. The Soxhlet extractor's design (Figure 3.2) 

addresses the complexities of extracting compounds with restricted solubility, making it an 

invaluable tool in laboratory processes. 

 

Figure 3.  2  Soxhlet apparatus 

3.1.3. Sodium Hydroxide 

In the biodiesel esterification process, the methoxide catalyst is formed by reacting methanol 

with a base ,like  sodium hydroxide (Tormos et al.) pilates as shown in the figure3.3 below. 

 

Figure 3.3 Sodium hydroxide Pilates   

In the reaction, NaOH dissociates into sodium ions (Na+) and hydroxyl ions (OH-). The OH- 

ions then abstract hydrogen ions (H+) from methanol (CH3OH) to form water, leaving CH3O- 

ions, which are then available for the esterification reaction(Kocián et al., 2022). Keeping 

CH3OH as dry as possible is crucial to prevent the formation of unwanted byproducts. Excess 

water increases the risk of undesired side reactions with free fatty acids, leading to soap 

formation(Ahmed Elgharbawy, 2021). Excess methanol is essential to ensure a complete 

response. Once the catalyst is added, triglycerides react with three moles of methanol. The 

three carbons attached to hydrogen react with OH- ions, forming glycerin. Simultaneously, 
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the CH3 groups react with free fatty acids, producing fatty acid methyl ester(Sahani et al., 

2020), as illustrated in Figure 3.4. 

.  

Figure 3.  4 Scheme of the transesterification reaction 

3.1.4. Aluminum Oxide Nanoparticles 

Aluminum oxide or alumina nanoparticles (Al2O3 NPs) exhibit a spherical morphology resembling a 

white pilates as shown in the Figure 3.5 below. The NPs, which possess high surface area, 

thermal stability, conductivity, mechanical strength, stiffness, inertness to most acids and 

alkalis, high adsorption capacity, wear resistance, electrical insulation, and non-toxicity, have 

potential applications in various industrial fields. 

Incorporating Al2O3 nanoparticles (NPs) improves diesel engine performance and reduces 

emissions in diesel-biodiesel blends. Adding the NPs to the diesel–biodiesel blends 

substantially increases torque, brake power, cylinder pressure, temperature, and heat release 

rate. The Al2O3 NPs utilized in this study were procured from Sigma Aldrich and characterized 

by particle sizes ranging from 30 to 60 nanometers (nm).   

 

Figure 3.  5 Scheme of the transesterification reaction 
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3.1.5. Surfactant  

The fundamental role of the cationic surfactant Cetyltrimethylammonium bromide (CTAB) is 

to modify the surface of NPs (Peetla & Labhasetwar, 2009). Its purpose is to create a coating 

on the NP surface, maintain colloidal stability, and prevent agglomeration (Anna et al., 2020). 

Introducing the surfactant and using ultrasonication at a specified surfactant-to-nanoparticle 

catalyst ratio facilitate the dispersion of nanoparticle catalysts(Abitbol et al., 2014). This 

process is crucial for achieving a homogeneous NP suspension and even distribution in the 

fuel medium. The surfactant (CMAB) is shown in Figure 3.6 below. 

 

Figure 3.  6 Cetyl-trimethyl-ammonium bromide 

3.1.6. Bath Ultra-sonicator 

In diesel-biodiesel blends incorporating NPs, ultrasonicators ensure good NP dispersion 

(Elkelawy et al., 2023). The ultrasonicator is shown in Figure 3.7. The 2-liter capacity water 

bath sonicator employed for the experiments operated at a maximum temperature of 100°C 

and a 60-90 kHz frequency.   

 

Figure 3.  7 Bath ultra-Sonicator 
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3.1.7. Zeta potential meter 

When particles or droplets are suspended in a liquid, they create an electrical double layer 

comprising ions from the liquid. This occurs due to the surface charge carried by the particles, 

which attracts ions from the surrounding medium. As the particles move within the liquid, the 

electrical double layer moves along with them along a slipping plane. The electric potential at 

this slipping plane is referred to as the zeta potential. Zeta potential, typically measured in 

millivolts, falls within the range of -200mV to +200mV. Researchers classify the degree of 

stability of a Nano fluid dispersion based on the zeta potential voltage reading as shown in the 

Figure 3.8 below. 

 

Figure 3.  8 Zeta potential meter 

The stability of nanoparticle dispersion at different Zeta potential voltage reading is outlined 

in the table 3.2 below. 

Table 3.  2  Stability of Nano fluids (Verma et al., 2017) 

 

 

 

 

 

3.1.8. Engine Test Stand 

The experiment was conducted  in Jima University Institute of Technology and  a Gunt engine 

test stand (Gunt CT110, G.U.N.T. Gerätebau GmbH, Germany), was utilized as shown in 

Figure 3.9, to investigate the effects of different blends of diesel and biodiesel blend fuels on 

key performance indicators for small diesel engines. The stand setup comprised three primary 

Zeta potential(Mv) Degree of stability 

0 Slight to no stability 

±15 Less stability with light settling 

±30 Moderate stability 

±45 Decent stability with possible settling 

±60 Excellent stability with lesser possible of   settling 
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components: the CT 110, the engine mount and control unit; a universal drive and brake unit 

(dynamometer) acting as the load unit; and a four-stroke diesel engine, the CT 100.22. The 

test stand performed essential functions, including engine mounting, fuel supply, and 

recording and displaying measured data. The CT 100.22 engine, employed for performance 

and emission studies, was an air-cooled, single-cylinder, 4-stroke diesel engine. The engine 

specification is depicted in Table 3.3. A flywheel with fan blades facilitated engine cooling, 

and an asynchronous motor within the CT 110 served as the starter motor. The engine had a 

temperature sensor for measuring exhaust gas temperature, connected to the CT 110 for 

electrical shutdown and fuel supply. The lower section of the mobile frame accommodated 

the fuel tanks, an air intake vessel, and a fuel consumption measuring tube. Speed and torque 

adjustments were made on the test stand and displayed accordingly.  

Figure 3.  9 Engine test stand 

 

B = fuel consumption            M= Torque                  1=Air filter 

2 = Settling tank                    3 = Fuel tank               4 = Drain 

F1 = Air flow rate                  P = intake pressure      N = Speed 

T1 = Intake temperature        5 = filling valve           6 = Fuel measuring tube 

7 = fuel line                            T2 = fuel T0C              T3 = Exhaust T0 
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Table 3.  3 Specification of CT 100.22 engine 

SN Parameter Specification 

1 Company Hatz  

2 Type 1B30-2 

3 Output power at 3500rpm 5.5kW 

4 Compression ratio 22: 1 

5 Bore 80 mm 

6 Stroke 69 mm 

7 Stop solenoid 12V 

8 Method of loading Electrical load 

9 Method of cooling Air-cooled 

10 Type of ignition Compression ignition 

11 Rod length 114.5mm 

12 Crank length 34.5 mm 

3.1.9. Exhaust Gas Analyzer 

An additional component for the engine test stand was the exhaust gas analyzer. This device 

measured exhaust gas composition, including CO, HC, NOx, and O2, and the engine's excess 

air factor, lambda (λ). The device's menu display operated, calibrated and showcased the 

measured data (Figure 3.10).   

 

Figure 3.  10 Exhaust gas analyzer 

3.1.10. Soot Tester 

Although small and often overlooked, soot particles pose a significant environmental hazard because 

they contribute to emissions (Tang et al., 2024). Flue gas losses from vehicles and heating 

systems are a pressing concern, highlighting the need to follow performance indicators to 

minimize environmental contamination (Nyakuma et al., 2023). Some portable instruments 
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designed for soot measurement also assess the degree of blackening. These instruments can 

be conveniently taken to various operational locations for immediate on-site analysis, crucial 

in diesel engine testing to minimize emissions effectively. As shown in Figure 3.11, this study 

utilized a soot tester, Model Oakland RT-6000, to measure the soot opacity.  

 

Figure 3.  11 Soot tester 

3.1.11. Robin DY-23 -2D Diesel Engines 

Due to its innovative features, the Robin DY23-2D diesel engine, was selected for endurance 

and tribology testing. The engine specification is depicted in Table 3.4. One notable attribute 

was its newly developed micro-fuel injection pump, which ensured superior combustion 

efficiency and reduced fuel consumption. The engine featured a light recoil and centrifugal 

decompressor, facilitating effortless starting. Its advantage was also the auxiliary fuel inlet, 

which was designed to enable easy starting in cold weather conditions. Furthermore, the 

engine featured a lightweight design for its reciprocating parts and incorporated a balancer 

shaft to promote smooth operation and minimize vibration. During the engine endurance test, 

which involved the operational engine running on baseline diesel and biodiesel-diesel blends, 

ensuring that both engines operated at identical speeds was imperative. A digital tachometer 

was employed to achieve this synchronization. This device is shown in Figure 3.12.below. 

 

Figure 3.  12 Robin DY-23 -2D Diesel Engines and Tacho-meter   



84 

 

Table 3.  4 Robin DY23-2D diesel engine specification 

3.1.12. Vibration tester 

Elevated machine vibrations are undesirable as they can adversely affect parts, subjecting them to 

strain and compromising operational safety (Živković et al., 2024). The primary reason for 

such vibrations is often imbalances, resulting in premature wear of machine components  

(Linhares et al., 2024).  

Vibration testing was conducted using a VIBXPERT II tester from PRUFTECHNIC, 

Germany, as shown in Figure 3.13, to promptly and reliably identify imbalances and 

vibrations. 

 

Figure 3.  13 Vibration tester 

 

SN Model DY23-2D 

1. Type Air-cooled.4-cycle, overhead valve, 

single vertical cylinder, diesel engine 

2. Bore  70  

3. Stroke 60 mm 

4. Displacement 230 cc 

5. Compression ratio 21 

6 Output     HP/rpm 4.8/3600 

7 Torque kg-m/rpm 1.07/2200 

8 Rotation  Counter-clockwise  

9 Fuel Automotive diesel fuel 

10 Fuel tank capacity 3.2 litres 

11 Combustion system Direct injection type 

12 Starting system Recoil starter 

13 Dry weight 29 kg 

329 x 357 x 402 mm 14 Dimension   L x W x  H 
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3.1.13. Engine disassembly and measuring devices 

The tools that were used for disassembly and measuring the physical wear of the vital engine 

components are shown on Figure 3.14 below 

 

Figure 3. 14Assembly and measuring tools 

 

3.2. Methodology 

The approach employed in this study primarily involved experimentation, coupled with 

subsequent statistical analysis of the data, encompassing the following phases: 

 Biodiesel Production: This encompassed both the extraction and transesterification 

processes. 

 Physicochemical characterization: Fuel's physicochemical properties were examined. 

 Evaluation of biodiesel-diesel blends: Testing of these blends, both with and without 

the addition of Al2O3 NPs, was performed in a Gunt Model CT110 engine test stand 

equipped with a data logger and exhaust gas analyzer to assess the emission, 

combustion, and performance characteristics of the fuels. 

 Endurance test and tribological analysis: An endurance test and a tribological analysis 

of physical wear and oil properties were conducted. 

Figures 3.15. and, 3.16 Illustrates the pictorial abstract and the overall conceptual 

framework of the research method respectively. 
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Figure 3.  15 Graphical abstract 
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Figure 3.  16  Conceptual framework 
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3.2.1 Preparation for Biodiesel Production 

Prior to biodiesel production, seed preparation and drying are essential to remove impurities 

and lower the moisture content of the feedstock. This step helps stabilize the transesterification 

process and minimizes the risk of saponification. 

3.2.1.1. Seed Preparation 

Seed preparation involves several steps: first, cleaning the samples to remove impurities; then 

drying them to a constant weight to reduce moisture content below 10%; and finally grinding 

them to weaken or break the cell walls, making it easier to release the vegetable oil during 

extraction(Lim et al., 2015). 

 

 Figure 3.  17 Dried Jatropha Seeds and weighed 

3.2.1.2. Extraction and Determination of Oil Content 

Two methods were used for the extraction process. The first method was solvent extraction, 

in which ten kilograms (kg) of dried Jatropha seeds were crushed and soaked in hexane. The 

mixture was stirred continuously for 24 hours and then allowed to settle for 24 hours. The 

filtered oil solution was fractionally distilled using a Rota vapor, and 2,200 mL of crude oil 

was collected and filtered. This crude oil was tried for esterification by taking a 100 ml sample 

of the oil to optimize the reaction temperature and time, which was achieved after six trials. 

A pressing machine compressed 27 kg of Jatropha seeds to produce 9.18 L of crude oil. The 

crude oil, which contained some impurities, was mixed with hexane and allowed to settle for 

24 hours. The Rota vapor separated the oil from the solvent, and 10.6 L of crude Jatropha oil 

was collected.   
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The procedure of this process is indicated further below  

3.2.1.3. Oil extraction   

 Jatropha seeds were mechanically crushed. 

  The crushed seeds were soaked in hexane and stirred for 24 hours, allowed to settle 

stirred,and stored in plastic containers, as shown in Figure 3.18. 

 

 

 

 

 

 

 

 

 

 

Figure 3.  18 Mechanically crushed and soaked Jatropha seeds with hexane 

The settled oil solution was filtered using Whatman filter paper, Grade 41, and poured into 

glass beakers, as shown in Figure 3.19. 

 

 

 

           

 

 

 

 

 

 

 

Figure 3.  19  Filtered solution of crude oil and hexane 
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  The oil solution was filtered again using Whatman filter paper Grade 41 into a round 

bottom flask, as shown in Figure 3.20. 

 

 

 

 

 

 

 

 

 

 

Figure 3.  20 Filtration of crude oil by using Whatman paper Grade 41 

 The oil and hexane mixture was separated using a rotary evaporator (Rotavapor) to 

recover the n-hexane solvent, as illustrated in Figure 3.21.  

 

 

 

 

 

 

 

 

 

 

Figure 3.  21 Hexane recovery 

 



91 

 

 Water trace removal was done by adding sodium sulfate (Na2SO4), after which the oil 

was allowed to settle for about eight hours and then filtered by Whatman filter paper 

Grade 41, as shown in Figure 3.22. 

 

 

 

 

 

 

 

 

Figure 3.  22 Water removal by addition of sodium sulfate 

 The crude Jatropha oil was collected into a separating vessel and boiled for one hour 

at a temperature of 120 °C in an air oven to eliminate water traces during washing, as 

shown in Figure 3.23.  

 

Figure 3.  23 Water-free crude Jatropha oil 

 

3.2.2. Transesterification of Oil 

The effectiveness and outcome of biodiesel production are intricately linked to various pivotal 

factors, including the reaction temperature, reaction time, catalyst concentration, catalyst-to-

oil ratio, and stirring speed. To methodically scrutinize and optimize these variables, an initial 

step involved creating a design of experiments. In this investigation, a central composite 
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design was employed, providing a comprehensive and systematic exploration of the 

esterification process prior to its actual implementation. The independent parameters were 

established to achieve the maximum yield and quality of biodiesel production, and a reduced 

number of experimental runs was generated, as depicted in Table 3.5. 

Table 3.  5  Design of experiment for transesterification 
  

Factor 1 Factor 2 Factor 3 Factor 4 Response 

1 

Response 

2 

Std Run A:Temperature B:Time C:Catalyst 

concentration 

D:Catalyst 

to oil ratio 

Biodiesel Glycerin 

  
C min g/l 

 
  

16 1 80 30 25 0.33   

13 2 50 20 25 0.33   

1 3 50 20 15 0.166   

25 4 65 25 20 0.248   

8 5 80 30 25 0.166   

5 6 50 20 25 0.166   

7 7 50 30 25 0.166   

21 8 65 25 10 0.248   

19 9 65 15 20 0.248   

2 10 80 20 15 0.166   

26 11 65 25 20 0.248   

14 12 80 20 25 0.33   

17 13 35 25 20 0.248   

20 14 65 35 20 0.248   

24 15 65 25 20 0.412   

10 16 80 20 15 0.33   

18 17 95 25 20 0.248   

9 18 50 20 15 0.33   

12 19 80 30 15 0.33   

4 20 80 30 15 0.166   

22 21 65 25 30 0.248   

15 22 50 30 25 0.33   

11 23 50 30 15 0.33   

23 24 65 25 20 0.084   

3 25 50 30 15 0.166   

6 26 80 20 25 0.166   

27 27 65 25 20 0.248   

 

Twenty-seven samples of biodiesel were meticulously prepared based on the experimental 

design outlined in the table, adhering to the input parameters assigned for the experiment, 

which spanned from 1 to 27. Moreover, the transesterification process was executed randomly, 

following the prescribed standard sequence stipulated by the central composite design 

methodology employed in the experiment. The oil samples used in the experiment are shown 

in Figure 3.24. 
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Figure 3.  24 Samples of biodiesel 

Transesterification Procedure 

 The potassium hydroxide pellets were measured and dissolved in methanol according 

to the experimental design specified in the table for each sample. 

 The solution was thoroughly stirred while heating on a hot plate with a magnetic 

stirrer, gradually raising the temperature from 40°C to 60°C as shown in Figure 3.25.  

 The catalyst was introduced to the oil via reflux, with the temperature carefully 

monitored based on the experiment's design for each oil sample 

 

 

 

 

 

 

 

 

Figure 3.  25 Temperature control 

 Once the oil completed the designated boiling time as per the experimental design, it 

was transferred into a separating vessel.  

 Glycerin was separated after 24 hours of settling time, as shown in Figure 3.26. 
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Figure 3.  26 Separation of glycerin 

 Glycerin were separated and collected into a glass container by opening the 

separating vessel's valve 

 Any residual oil was collected using a pipette to recover waste oil, as shown in 

Figure 3.27. 

 

 

                                                                

 

 

 

 

 

 

 

 

Figure 3.  27 Waste oil recovery 
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Finally, biodiesel was collected for further processing, as shown in Figure 3.28. This 

procedure was repeated for all the oil samples as designated by the experimental design. 

 

Figure 3.  28 Pure biodiesel 

Washing procedure 

   The biodiesel was poured into a decanter and suspended on a stand, as illustrated in 

Figure 3.29. 

 

 

 

 

 

Figure 3.  29 Preparing the biodiesel for washing Figure 

 Water was boiled to 500C 

  Using the spray gun, water was slowly sprayed into the oil, as illustrated in Figure 

3.30. 

 

 

 

 

 

 

 

Figure 3.  30 Washing the biodiesel by spray method  
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 The oil was left to hang in a decanter for 24 hours. 

 Soap water and were separated by opening the valve, as shown in Figure 3.31. 

                        

Figure 3.  31 Separation of soap and the biodiesel 

 This procedure is repeated three times to get the biodiesel free from soap and glycerin. 

 The collected biodiesel was heated in a furnace at 120 °C for one hour to remove any 

residual water left from the washing process through evaporation.  

 Finally, Biodiesel was collected as shown in Figure 3.32. 

 

 

 

 

 

 

 

Figure 3.  32 Biodiesel, glycerin, and soap 

3.3. Fourier Transform Infrared Spectroscopy 

To conclusively ascertain the transesterification of the oil into biodiesel, a Fourier Transform 

Infrared (FTIR) spectrometer  was used to determine the purity of the biodiesel in the 

wavenumber range of 500 - 4000 cm-1. The formation of biodiesel was monitored by the ester 

C=O group stretching at a wavenumber of 1742 cm⁻¹ (Lamichhane et al., 2020). 

3.4. Engine Performance Test 

The efficiency of converting stored potential energy into fuel reflects the engine's 

performance. The performance attributes of a reciprocating engine are predominantly 

determined by factors such as engine design geometry, operational parameters, and the quality 
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of the fuel employed. Figure 3.33 illustrates the fundamental engine geometry, and Equations 

3-8 further elucidate the parameters (Khurmi, R. S., & Gupta, J. K., 2005)  

 

Figure 3.  33  Engine geometry 

The following parameters define the basic geometry of a reciprocating engine. The relative 

location of the piston with respect to the crank axis at any crank angle,S(θ), is given by Eqn. 3: 

              𝑆(𝜃) = 𝑎𝑐𝑜𝑠𝜃 + (𝑙2 − 𝑎2𝑠𝑖𝑛𝜃)1/2                                                                             (Eqn. 3) 

Where “l” is connecting rod length, and “a” is crank radius 

The instantaneous surface area of the thermodynamics system, A(θ), is given by Eqn. 4:   

               𝐴(𝜃) = 𝐴𝑐ℎ + 𝐴𝑝 + 𝐴𝑤𝑎𝑙𝑙(𝜃)                                                                     (Eqn. 4) 

Where𝐴𝑐ℎ,  𝐴𝑝 and𝐴𝑤𝑎𝑙𝑙   are the area of the cylinder head, the area of the piston head, and the 

area of the cylinder wall, respectively. 

The cylinder volume when the piston is at TDC (S = l + a) is defined as the clearance volume, 

VC. The cylinder volume at any crank angle (θ), is given by Eqn.5: 

              𝑉(𝜃) = 𝐴𝑐ℎ +
𝜋𝑑2

4
(𝑙 + 𝑎 − 𝑠(𝜃))                                                                  (Eqn.5) 

Where𝑉(𝜃), 𝐴𝑐ℎ, 𝑙, 𝑎 𝑎𝑛𝑑 𝑠 are instantaneous cylinder volume, area of the cylinder head, 

connecting rod length, and crank radius piston displacement, respectively. 

The maximum displacement, or swept volume,     𝑉𝑑 =
𝜋𝐵2 

4
 𝑙 

Where ‘B’ and ′𝑙′ are bore and connecting rod, respectively. 

And the compression ratio,  𝑟 =
𝑉𝑐+𝑉𝑑

𝑉𝑑
                                                                          (Eqn. 6) 

Where 𝑉𝑐and 𝑉𝑑 are clearance volume and swept volume, respectively. 

Cylinder bore-to-stroke ratio: 

                  𝑅𝐵𝑆 =
𝐵𝑜𝑟𝑒

𝑠𝑡𝑟𝑜𝑘𝑒 𝐿𝑒𝑛𝑔𝑡ℎ
=

𝐵

2𝑎
                                                              (Eqn.7)                 
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RBS = 0.8 – 1.2 for small and medium-sized engines, decreasing to about 0.5 for large, low-

speed compression ignition engines. However, for most engines, B~L (square engine) 

Kinematic Rod Ratio 

                   𝑅𝑅 =
𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑛𝑔 𝑟𝑜𝑑 𝑙𝑒𝑛𝑔𝑡ℎ

𝐶𝑟𝑎𝑛𝑘 𝑅𝑎𝑑𝑖𝑢𝑠
=

𝑙

𝑎  
                                                                  (Eqn.8) 

RR= 3-4 for small and medium size engines 

RR=5-9 for large low-speed compression ignition engines  

In engine designs, l and a are related by l=2a 

3.4.1. Experimental Setup 

In this study, fuel samples were evaluated using the Gunt CT110 test setup, as shown in Figure 

3.5. The system consisted of a CT110 engine mount, a dynamometer, and a CT110.22 mono-

cylinder, naturally aspirated diesel engine (see Table 3.2). The engine was started by an 

asynchronous motor and equipped with an exhaust gas temperature sensor. The engine mount 

served to record and display test data via the dashboard. The mobile frame included the fuel 

tank, air intake vessel, and fuel flow meter. The performance and emission measurements 

were conducted at 80% load across engine speeds ranging from 1600 to 3000 rpm. A data 

acquisition system displayed combustion and performance results on a PC, while an exhaust 

gas analyzer measured HC, CO, NOx, and soot opacity emissions at each speed. 

Engine Performance test procedure 

 The fuel system of the test engine was cleaned and flashed by diesel fuel. 

 The baseline diesel No 2 operated the test engine until it reached the operating 

temperature of the engine. 

 The test engine was set at 80% load. 

 The baseline fuel's combustion, emission, and performance were tested from the speed 

range 1800 to 3000 rpm at intervals of 100, and data was collected. 

 After the baseline diesel fuel, the B5 biodiesel-diesel blend was measured similarly 

and recorded data. 

 Before proceeding to the following sample test, the test engine was operated by diesel 

fuel until the diesel biodiesel flashed from the fuel system. 

 The remaining biodiesel-diesel samples were tested similarly to the procedure above. 

3.4.2. Method of Performance Test 

The power available at the engine shaft is referred to as brake power, typically derived from 

the engine's torque measurements when driving against the brake. The brake utilizes 
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mechanical friction, with a band acting on the flywheel. An electrical dynamometer loads the 

engine, dissipating power through a resistor network. The engine's torque is quantified through 

the electrical output of a linear potentiometer, which measures the displacement of a spring 

that counteracts the force exerted by the dynamometer casing as it rotates with the engine. 

Consequently, brake power and brake torque are interconnected as described by Equation 19, 

and were simultaneously recorded on the dashboard and retrieved from the data acquisition 

system for all fuel sample types (B0, B5, B10, B20, and B40), both with and without Al2O3 

nano-additives. 

Brake power is the sound power output from the engine, available at the crankshaft. 

                    𝑃𝑏 = 𝜔 × 𝑇𝑏                                                                                             (Eqn.9)  

                                 Where  

                  ω =angular velocity of crankshaft = 
2𝜋𝑁

60
 𝑟𝑎𝑑/𝑠𝑒𝑐 

                       N = RPM  

                               Tb = Brake torque in N-m  

                     Therefore, 𝑃𝑏 =
2𝜋𝑁𝑇𝑏

60000
  [𝑘𝑊] (Heywood, 1988) 

Pm, the brake mean effective pressure, is the average pressure of the engine cycle. 

Alternatively, it can be written as: -  

       𝑃
𝑚=

𝑏𝑟𝑎𝑘𝑒 𝑤𝑜𝑟𝑘 𝑑𝑜𝑛𝑒/𝑐𝑦𝑐𝑙𝑒

𝑆𝑤𝑒𝑝𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
 [𝑁/𝑚2]

   (Cengel et al., 2019)                                         (Eqn. 10) 

Work done/cycle / = Brake work done/sec   sec/cycle 

                    = 𝑃𝑏 × 1000 ×
1

𝑛/60
                                                                                (Eqn. 11) 

               𝑆𝑤𝑒𝑝𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑉ℎ) = 𝐿 × 𝐴 × 𝐾                                                              (Eqn. 12) 

                Where L = stroke length in, m; 

                              A = B2 = Bore area in m2; 

                                 B = Bore diameter in, m; 

                                  K = number of cylinders 

                                   n = number of cycles per minute =N/2 for four-stroke cycle engine and 

N for two stroke cycle engine 

Therefore, 𝑃𝑚 =
𝑃𝑏×60×1000

𝐿𝐴𝑁𝐾
 𝑁/𝑚2    (Cengel et al., 2019)                                       (Eqn.13) 

The friction torque of the test engine was measured from each motor speed when the test 

engine was operated with the dynamometer acting as a motor. Therefore, the friction torque 

at each motor RPM is tabulated and the indicated power was calculated from the relation: -   



4


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                   𝑃𝑓 =
2𝜋𝑁𝑇𝑓

60000 
𝑘𝑊          (Heywood, 1988)                                                (Eqn. 14) 

The combustion engine, standard in all its parts, is braked on a test rig at operating temperature 

and with a fully activated injection pump using a braking device. "Full load" is the stress that 

an engine's combustion can overcome without a speed reduction. In this case, the most 

significant possible quantity of fuel is made available. The values determined over the entire 

speed range under various loads serve as the basis for the progression of torque, output, and 

specific fuel consumption curves. 

Reduced Output Power 

The power data obtained should be referenced to standard conditions, which include a 

geodetic height above sea level, an air pressure of 1013 hPa, and an air temperature of 20°C, 

as specified by DIN 70200. 

     𝑃𝑟𝑒𝑑 = √
𝑇𝑎𝑚𝑏+2730𝐾

2930𝐶
×

1.013𝑏𝑎𝑟

𝑃𝑎𝑚𝑏
× 𝑃                                                                    (Eqn. 15) 

The formula provides the reduced output power Pred. Here, the ambient temperature in °C 

must be used for 𝑇𝑎𝑚𝑏 and the current ambient pressure in the bar for𝑃𝑎𝑏𝑚. 

The reduced output power can be greater than the output power values determined. 

Measurement of Specific Fuel Consumption 

Fuel consumption over a specified period was measured by volume. The test engine is 

equipped with a rotameter connected to the fuel tank. During the test, fuel consumption was 

recorded using a stopwatch. The consumption rate was calculated by dividing the volume of 

fuel consumed by the time taken to measure that volume. 

Total fuel consumption 

Total fuel consumption (TFC) is the amount of fuel consumed by the engine over a specific 

time period. It is defined by Equation 13 and is usually measured in kilograms per hour (kg/h). 

    𝑇𝐹𝐶 =
𝑥

𝑡
× 3.6 × 𝑆. 𝑔[

𝑘𝑔

ℎ
]               (Stone, 1999)                                                                         (Eqn.16) 

              Where x =fuel consumed in cc,  

                          t = time in seconds, 

                       S.g = specific gravity of the fuel. Specific fuel consumption is a valuable 

criterion for evaluating the economic efficiency of power production.   
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Brake-specific Fuel Consumption 

Brake-specific fuel consumption refers to the fuel consumed per unit of time for each unit of 

brake power output, as described in Equation (17). 

𝐵𝑆𝐹𝐶 =
𝑇𝐹𝐶(𝑚𝑎𝑠𝑠 𝑡𝑖𝑚𝑒)⁄

𝐵𝑟𝑎𝑘𝑒 𝑝𝑜𝑤𝑒𝑟
 [𝑘𝑔 𝑘𝑊ℎ⁄ ]  (Stone, 1999)                                                (Eqn. 17) 

Efficiency 

The efficiency of internal comustion engines is characterized by the ratio of the work done to 

the energy supplied to the engine. Brake thermal, mechanical, and volumetric efficiency are 

the most referenced efficiencies in engine performance tests.    

Thermal Efficiency  

The efficiency, known as brake thermal efficiency, is the ratio of brake power (Pb) or indicated 

power (Pi) to the heat energy of the fuel supplied during the same time interval. This efficiency 

is represented by Equation 18. 

                𝜂𝑏𝑡ℎ =
𝑃𝑏

𝑚𝑓×𝑐𝑣
 × 100%                                                                                 (Eqn.18) 

                         Where mf = mass flow rate of fuel (kg/s) 

                                      Cv = calorific value of fuel in kJ/kg               

Equation 16 provides the indicated thermal efficiency of the engine, calculated based on its 

indicated power. 

                         𝜂𝐼𝑇𝐻 =
𝑃𝐼

𝑚𝑓
× 100%    (Pulkrabek, 2004)                                         (Eqn. 19) 

Where ŋITH indicates thermal efficiency, PI is the stated power, mf is the mass flow rate of fuel, 

and cv is the calorific value of the fuel. 

Mechanical Efficiency 

Mechanical efficiency depends on the engine's design, piston and rotary speeds, cooling 

conditions, methods and quality of lubrication, and the accuracy of manufacturing, fitting, and 

aligning various engine parts when assembling the engine. 

    𝜂𝑚 =
𝐵𝑟𝑎𝑘𝑒 𝑝𝑜𝑤𝑒𝑟

𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟
× 100% (Pulkrabek, 2004)                                              (Eqn.20) 

Volumetric Efficiency 

The power output of an engine depends on the amount of charge that can be induced into the 

cylinder. In practice, the engine does not induce a complete cylinder of air on each stroke, and 

it is convenient to define the volumetric efficiency by Equation 21and its derivatives 

(Heywood, 1988).                                                
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𝜂𝑣 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎𝑖𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑/𝑡𝑖𝑚𝑒

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎𝑖𝑟 𝑡ℎ𝑎𝑡 𝑓𝑖𝑙𝑙𝑠 𝑡ℎ𝑒 𝑠𝑤𝑒𝑝𝑡 𝑣𝑜𝑙𝑢𝑚@𝑃𝑎
× 100%                                                  (Equ.21) 

Where 𝜂𝑣 is volumetric efficiency and 𝑃𝑎𝑡𝑚 is air pressure. 

The engine has a swept volume of 582 cm3. Equation 21 gives the mass flow of air required 

to fill this volume in unit time. 

          𝑚𝑎 = 𝜌
𝑎×58210−6 𝑁

2×60
=4.8510−6𝜌𝑎×𝑁

                                                                  (Eqn. 22)            

The volumetric efficiency is therefore given by Equation 23  

   𝜂𝑣 =
𝑚𝑎𝑁

4.85×10−6×𝜌𝑎×𝑁
                                                                 (Eqn. 23) 

Where ma is the air consumption in kg/s and N is engine rpm.                                      

In practice, since the value of ma is minimal, it is usual to redefine ma in terms of kg/h given 

by Equation 23. 

𝜂𝑣=
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎𝑖𝑟/ℎ

0.0175×𝜌𝑎×𝑁
× 100%                                                                                          (Eqn.24)                                        

𝜌𝑎 is the density of air @270C taken from a standard table = 1.162kg/m3 

Combustion  

The combustion characteristics within an internal combustion engine are primarily shaped by 

factors such as fuel quality, engine geometry, combustion chamber design, and operating 

parameters. These elements collectively influence crucial aspects, such as engine cylinder 

pressure, heat release rate, and emission outputs. The engine combustion analysis determined 

the net heat release rate by integrating the pressure crank angle diagram derived from the 

engine dynamometer's data acquisition system. This integration was performed using the 

equation provided below. Subsequently, the heat release rate was plotted against the crank 

angle, and the results of different fuel samples were compared. 

               𝐻𝑅𝑅 =
𝛾

𝛾−1
𝑃

𝑑𝑣

𝑑𝜃
+

1

𝛾−1
𝑉

𝑑𝑝

𝑑𝜃
  (Eriksson & Sivertsson, 2015)                       (Eqn. 25) 

Where 𝛾 is the ratio of specific heat capacities, P is in-cylinder pressure, V is cylinder volume, and 

θ is the crank angle. 

The heat release diagram provides information about the ignition delay and combustion 

duration. Combustion initiates when the heat release rate shifts to a positive value, typically 

near the end of the compression stroke. In contrast, combustion completion is characterized 

by the heat release rate decreasing to zero during the expansion stroke. 
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3.5. Emission Test 

Fuel samples of biodiesel-diesel blends, both with and without Al2O3 nanoparticles (NPs), 

were assessed for their emission characteristics using the Gunt model CT110 engine 

dynamometer. An exhaust gas analyzer quantified the emission species in the exhaust. The 

tested fuels included B0, B5, B10, B20, and B40, each evaluated with and without a 100 ppm 

dose of Al2O3 NPs, under an 80% load and within a speed range of 1600 to 3000 rpm. 

Emissions measured included carbon monoxide (CO), unburned hydrocarbons (UHC), and 

nitrogen oxides (NOx). Additionally, the soot opacity of the engine exhaust was determined 

using a Blue-MS 101 opacity meter. A comparative evaluation of the emissions were 

followed. 

3.6. Uncertainty Analysis 

The highest mean percentage uncertainty (Ūmax) in engine exhaust emissions and combustion 

performance measurements is attributed to the accuracy of the measuring instruments, as presented in 

Table 3.6. 

Table 3.  6  Accuracy and uncertainties 

Measured 

parameters 

Instrument Measuring 

range 

Accuracy% Ūmax 

(%) 

NOx Kane AUTO plus gas analyzer 0–5000 ppm ± 12 PPM 17.5 

CO CT159.02 Exhaust gas analyzer 0–10 % vol ± 0.06% Vol. 8.7 

HC   0–2500 ppm ± 3 ppm 6.2 

Speed CT 100.10 0–5000 rpm ±12rpm 0.51 

BrakePower CT 100.10  ±0.1 2.87 

3.7. Endurance Test 

Following combustion, emission and performance assessments of biodiesel-diesel blends, 

both with and without Al2O3 NPs, were conducted using the Gunt model CT110-Engine test 

stand. The optimal blend, B20 with a 100 ppm NP dose, was selected for the endurance test 

to assess its compatibility with the engine hardware and lubricating oil characteristics. Two 

identical Robin DY23-2D single-cylinder engines were chosen for a comprehensive 

comparison due to their specific features. 

For comparative analysis, the study utilized diesel No. 2 and a biodiesel-diesel blend (B20) 

containing 100 ppm Al2O3 nanoparticles. The engines underwent a rigorous 100-hour 

operation, following the Indian Standard endurance test (IS: 10000 (Part IX)-1980, Section 
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II). During the testing period, close monitoring was implemented to identify and promptly 

address maintenance requirements. 

Endurance Test Procedure 

The endurance test was conducted according to the procedure outlined in IS: 10000 (Part IX)-

1980, Section II. 

 The test was conducted for a total running time of 100 hours, with each running period 

lasting 10 hours. 

 Each running period comprises five cycles lasting two hours, following the sequence 

below: a) 50 minutes at 75% of full load and maximum speed. b) 45 minutes at full load 

corresponding to the maximum torque. c) 5 minutes at idle. d) 20 minutes at full load and 

maximum speed. 

 Utilize the recommended lubricating oil throughout the test. 

 The engine speed readings must not fall by more than 5% of the initial reading for more 

than two consecutive readings at any point during the test. 

 Before commencing the next cycle, the engine must reach a temperature of 50C above 

room temperature. 

 A maximum of two interruptions is allowed to address any faults or maladjustments. 

 If the engine requires minor attention and a stoppage is needed, the running time will not 

be counted. 

 In a significant breakdown, the entire test must be repeated. 

 Conduct periodic checks on the oil, ensuring it conforms to the manufacturer's 

specification 

3.8. Vibration Measurement  

Vibration tests were conducted to assess the engines' reliability using the Expert II Vibration 

tester on both engines. Vibration measurements were taken at three points using a tri-axis 

accelerometer, as indicated on the engine block, as shown in Figure 3.34.  
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Figure 3.  34 Points of vibration measurement 

Vibration data for the engine were evaluated as root mean square (RMS) values of the test 

engine on the x (longitudinal), y (lateral), and z (vertical) axes. 

                          
T

Ww dtta
T

a
0

2 )(
1

                                                                          (Eqn. 26) 

Where aw (m/s2) represents the weighted acceleration and T represents measurement time. 

A combination of vertical (ax), lateral (ay), and longitudinal (az) weighted accelerations were 

calculated for evaluation of the resultant vibration acceleration using Equation       

222

zyxtotal aaaa                                                                                               (Eqn. 27) 

 The vibration measurements were carried out without loading the engine to ensure minimal 

vibrations. During the experiments, the engines were operated from 1800 to 3000 rpm, and  

the analysis aimed to compare their susceptibility to failure. Additionally, the lubricants' 

physio-chemical properties were systematically measured at intervals of 25, 50, 75, and 100 

operating hours.  

The net resultant vibration of the two test engines was compared with the vibration 

acceleration limit of the severity standard.  

As part of the comprehensive evaluation, the two identical engines were disassembled to 

examine carbon deposits at vital engine components, allowing for a detailed comparison. 

Finally, physical wear measurements of essential engine components were taken and 

subjected to a comparative analysis. This methodical approach comprehensively understood 

the engines' performance and durability under the specified experimental conditions. 

ax 

az 

ay 
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 Figure 3.  35 a) diesel b) B20+Al203 100ppm fueled 

Soot Particle Size Measurement Procedure 

The morphological characteristics of soot collected from the test engines were analyzed using 

a Transmission Electron Microscope (FEI, Tecnai G2 12 Twin TEM 120 kV) to determine 

the carbonaceous structure and particulate size distribution. This TEM can perform high-

contrast cryogenic microscopy. The particulate-laden quartz filters were cut into pieces, and 

then these particulates were suspended in benzene. Soot particles detached from the filter 

paper and got transferred into benzene. The benzene drops with particulates were then 

deposited on the TEM copper grids (300 mesh), and the solvent (benzene) was allowed to 

evaporate, leaving the particulates deposited on the grid for TEM analysis (Aher et al., 2017). 

3.9. Engine Disassembly and Measurement of Carbon Deposited 

After the engines are disassembled, the carbon deposits on main engine components, such as 

the piston head, cylinder head, injector tips, piston side, exhaust and intake ports, and intake 

and exhaust valves, were measured and quantified for both engines operating on diesel and 

biodiesel-diesel blends with Al2O3 nanoparticles. The amount of carbon deposited on these 

components was measured in grams using the following procedure. 

 After disassembling the engine, the components were dried, and their weight was 

measured using a digital gram measuring device. 

 After the measured weight was recorded, the components were carefully cleaned to 

remove the carbon deposits from the components. 

 They were again weighed,  

 The difference in weight was taken as the amount of carbon deposits on the components. 

 

a) b) 
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3.9.1. Physical Wear Measurements 

Prolonged engine operation leads to wear of various moving parts(Wong & Tung, 2017). The 

two engines were operated under identical conditions with similar loading cycles. The only 

difference was the use of different fuels, which allowed for a direct comparison of each fuel's 

effect on engine hardware life. The dimensions of the main working parts were checked and 

recorded according to IS: 10000 (Part V) (Preparation for Tests and Measurements for Wear). 

The wear of critical components was documented in a preformatted document prepared in 

accordance with Indian Standards (IS) and compared with the manufacturer's declarations. 

Prior to measurement, all engine parts were thoroughly cleaned to remove dirt, oil, and carbon 

deposits. The working area was also kept clean and organized to facilitate efficient 

performance. Measurements were conducted in the ASTU workshop using a logical, step-by-

step procedure aligned with ISO standards to ensure accurate wear assessment. 

The main engine parts included in comparison wear measurements are:   

 Piston  

 piston rings   

 Cylinder bore  

 Connecting rod  

 Connecting Rod (Gudgeon Pin, Pin Bore, and Small End Bush)   

 Inlet and exhaust valve  

 Valve spring and   

 Rocker arm.   

3.9.2. Measurement of the Cylinder Bore  

The cylinder and crankcase of DY23 engines are made from a single-piece aluminum die-

casting. The cylinder liner, crafted from special cast iron, is integrated into the aluminum 

casting. The following outlines the procedure and equipment used for measuring the cylinder 

bore. 

To measure the engine's cylinder bore, a bore gauge and micrometer were employed. An 

extension rod, measuring between 60-75 mm, was selected for obtaining readings. The gauge 

was calibrated to zero by measuring across the indicator with an outside micrometer, set to 

the specified bore size of 70 mm, and adjusting the dial face until the needle aligned with zero. 

The gauge was then inserted into the bore at depths of 1, 2, and 3 mm in both the X and Y 

directions, following the standard measurement procedure, as illustrated in Figure 30. The 

gauge was rocked back and forth until the lowest reading was obtained, which occurred when 
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the gauge was square to the bore and the indicator needle reversed direction. The measurement 

points are indicated in Figure 3.36. 

 

Figure 3.  36 Measurement of cylinder bore (IS standard) 

3.9.3. Measurement of Connecting Rod Bearing Bore  

The connecting rod is constructed from a forged aluminum alloy, designed to withstand high 

combustion pressures and tensions during heavy loads and high-speed operation. Kelmet 

bearings are used as large end bearings, while the connecting rod material itself functions as 

a small end bearing. The following describes the measurement procedure for the connecting 

rod and the equipment used. To measure the connecting rod bearing bore, a telescopic gauge 

and micrometer were employed. The measurement process began by selecting the appropriate 

size of the telescopic gauge, which is a "transfer-type" measuring instrument that is not 

calibrated. It records a distance that is then transferred to a micrometer. For the measurement, 

a 30-35 mm telescopic gauge was inserted into the two ends of the connecting rod, labeled 

"C" and "D." Measurements were taken at the center position "l" and at points "m" and "n," 

which are 40° apart, as illustrated in Figure 3.37, following the IS standard for connecting rod 

bearing bore measurements. After aligning the gauge handle with the centerline of the bearing 

bore, the handle was locked, and the gauge was removed to measure and record the setting 

with a micrometer. The measurement points are as indicated in the figure 3.37 below. 
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Figure 3.  37 Measurement of connecting rod bearing (IS standard)   

3.9.4. Measurement of the Gudgeon Pin, Pin Bore, and Small End Bushing 

The steps followed were consistent with those outlined in Section 3.9.3. However, the 

positions and measurement locations vary, as illustrated in Figure 3.38. Measurements were 

taken on the gudgeon pin bore or the piston at point’s a1 and a2 in both the "X" and "Y" 

directions, and on the gudgeon pin or piston pin diameter at point’s b1, b2, and b3 in the same 

directions. Additionally, measurements were made on the small end bush at points C1 and C2 

in the "X" and "Y" directions. The telescopic gauge and micrometer used had ranges of 15 to 

20 (units?) and 0 to 25 millimeters, respectively. 

 

Figure 3.38   Connecting rod Gudgeon pin, pin bore, and small end bush (IS standard) 
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3.9.5. Measurement of Piston Wear 

The piston is constructed from aluminum alloy casting and features three grooves for piston 

rings. At the top of the piston, a combustion chamber is designed for the mixing and ignition 

of injected fuel and air. The piston profile is optimized to reduce noise during operation. 

Details regarding the measurement procedures for the piston and the measuring equipment are 

provided. 

To assess piston wear, measurements were taken at points a, b, and c in both the X and Y 

directions, as illustrated in Figure 3.39. A precise micrometer with a range of 50 to 75 

millimeters was employed for these measurements. The dimensions were recorded by 

positioning and rotating the thimble of the micrometer until the two faces made contact with 

the piston at the specified points. 

 

Figure 3.  39  Measurement of piston (IS standard) 

3.9.6. Measurement of Piston Ring Wear 

The piston rings are crafted from a special type of cast iron. The top ring features a barrel face 

profile, while the second ring has a tapered design with an undercut. The oil ring combines 

cutter rings and an expander, which effectively seals gas and minimizes oil consumption. The 

measurement procedure for the piston and the measuring equipment is outlined. A 

micrometer, feeler gauge, and Vernier caliper were utilized to assess piston ring wear. Four 

types of measurements were conducted on the piston rings, as illustrated in Figure 3.40. The 

first two measurements, radial wall thickness (a1) and axial width (h1), were taken using a 

micrometer with a 0-25 mm range. The remaining two measurements, closed gap (s1) and 

piston ring end gap, were obtained using a Vernier caliper and feeler gauge, respectively. To 
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read a Vernier dial caliper, add the value on the blade to the value on the dial. For the feeler 

gauge, measure the gap by adjusting the thickness of the steel pieces until the gauge of the 

correct size fits snugly into the ring gap. 

 

Figure 3.  40 Measurement of piston rings (IS standard) 

3.9.7. Measurement of Inlet and Exhaust Valve  

The valves are constructed from a forged heat-resistant alloy. To enhance durability, Stellite 

is fused to the head of the exhaust valve. The procedure for measuring the valves and the 

measuring equipment is outlined. A micrometer and a vernier caliper were utilized for the 

measurements. The steps for using this measuring equipment are consistent with the procedure 

described in the piston wear section. The valve length was measured using a vernier caliper 

with a range of less than 200 mm, while the stem diameter was measured with a micrometer 

ranging from 0 to 25 mm. The measuring positions are illustrated in Figure 3.41 below. 

 

Figure 3.  41 Measurement of piston rings (IS standard)   
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3.9.8. Measurement of the Rocker Arm  

Rocker arms are constructed from forged steel and are entirely sintered. Each rocker arm 

features a screw at its end for adjusting valve clearance. They are lubricated by oil mist from 

the crankcase's breathing air. To measure the rocker arms, a telescope gauge and a micrometer 

were utilized. The measurement points are illustrated in Figure 3.42 below. The steps for using 

the measuring equipment follow the same procedure outlined in the section on piston wear. 

 

 Figure 3.  42 Measurement of rocker arm (IS standard) 
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CHAPTER FOUR 

RESULT AND DISCUSSION 

4.1. Introduction 

This study encompassed a range of activities, starting from the extraction of oil from Jatropha 

Physio-chemical properties of biodiesel. Moreover, it included testing the performance and 

emission characteristics of biodiesel-diesel blends. Specifically, the study examined blends 

containing 100ppm of Al2O3 nano additive alongside the Table 4.1 dose without nano additive 

in a diesel engine. The blend showing optimal results, labeled as B20, underwent an endurance 

test using two identical Robin DY-23D mono cylinder diesel engines. One engine operated 

on the baseline diesel no-2, while the other utilized the B20 biodiesel-diesel blend with 

100ppm aluminum oxide nano additive. The study primarily focused on investigating the 

impact of the Al2O3 nano additive on engine combustion, emissions, performance, endurance, 

and its tribological effect on engine hardware. 

Recent research has suggested that nanoparticles could offer a novel approach to improve 

engine efficiency when used as diesel additives. Prior investigations, which focused on a 

single diesel engine and a diesel-biodiesel blend derived from Jatropha carcus methyl ester, 

noted a gap in research in this domain. Consequently, it is essential to assess Jatropha diesel-

biodiesel blends containing 100ppm Al2O3 nanoparticles to address emission reduction and 

enhance engine performance.  

The goals of this investigation encompass reducing emissions, employing eco-friendly 

biodiesel-diesel blends sourced from Jatropha oil, and establishing the best operational 

parameters for diesel engines. The ensuing sections of this study will explore the outcomes 

obtained from all the conducted experiments. 

4.2. Oil Extraction from Jatropha Carcus Seeds 

In this research project, Jatropha curcas seeds sourced from local farmers were utilized as the 

primary material for biodiesel synthesis. The extraction process involved a pilot test solvent 

method to ascertain the oil content of the seeds. Initially, the seeds were crushed and soaked 

for a duration of forty-eight hours, with frequent stirring. Subsequently, the solution was left 

to settle for an additional twenty-four hours, followed by filtration using filter paper to separate 

it from the residue. The mixture of oil and solvent was then separated using a Rota-Vapor. For 

large-scale oil production, a mechanical screw press in conjunction with the Soxhelt method 

was employed. The oil extraction process yielded 22% (v/w) using the solvent method and 
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34.5% (v/w) with a combination of the screw press and Soxhelt method. The yield of the original 

oil was calculated using the equation provided below. 

(%𝑦𝑖𝑒𝑙𝑑) =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑜𝑖𝑙 𝑖𝑛 𝑙𝑖𝑡𝑟𝑒 (𝑙)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑒𝑒𝑑 (𝑘𝑔)
× 100%                                                                            (Equ.28)                 

4.3. Determination of percentage of free fatty acid 

Prior to advancing to the transesterification phase, it is essential to assess the percentage of 

free fatty acids to ascertain if esterification treatment, involving acid treatment, is necessary. 

This step is crucial because oils with free fatty acid levels exceeding 1% necessitate 

esterification to prevent saponification, which can decrease biodiesel yield. The relationship 

between the percentage of free fatty acids and the acid value of the oil is determined by the 

equations 28 and 29 provided below. 

                𝐴𝑐𝑖𝑑 𝑉𝑎𝑙𝑢𝑒 
𝑁𝑎𝑂𝐻 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑖𝑛(𝑚𝑙)×𝑁×40

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑖𝑙
 × 100%                                         (Eqn. 29)                          

Where=Normality of NaOH (i.e., 0.5) 

                 %𝐹𝐹𝐴 =
𝐴𝑐𝑖𝑑 𝑛𝑢𝑚𝑏𝑒𝑟

2
                                                                                  (Eqn.30)                

The parent oil initially had an acid value of 4.6 mg KOH/g, posing a risk of saponification. To reduce 

this, esterification was carried out using sulfuric acid (H₂SO₄) and analytical-grade methanol at a 6:1 

alcohol-to-oil molar ratio, with 1% sulfuric acid by volume. The reaction was conducted on a hotplate 

at 65 °C and 600 rpm for one hour. As a result, the acid value  

4.4. Transesterification and optimization of biodiesel yield  

In order to achieve an optimized biodiesel yield, the Central Composite design of experiments, 

implemented through the Response Surface Method software package, was utilized. This 

approach generated twenty-seven experimental runs. Consequently, twenty-seven oil samples 

were prepared as shown in the Figure 4.1 and the experiment was conducted as to the input 

parameters set on the Table 4.1.  

 

Figure 4. 1 Oil samples 
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In the transesterification process, the methyl ester and glycerin were separated using a 

decanter after a settling period of twenty-four hours. The methyl ester then underwent three 

wash cycles to remove any residual soap. To eliminate moisture from the biodiesel, a furnace 

set to 120°C was employed. The yields of both biodiesel and glycerin were measured, and the 

optimal operating conditions that produced the highest biodiesel yield were identified, as 

shown in Table 4.1. 

Table4. 1 Optimization of the esterification reaction 

  Factor 1 Factor 2 Factor 3 Factor 4 Response 1 Response 2 

Std Run 
A:Temperature 

(0c) 

B:Time 

(min) 

C:Catalicst 

Concentration( g/l) 

D:Catalyist to oil 

ratio 
Biodiesel (%) Glycerine (%) 

16 1 80 30 25 0.33 71 7 

13 2 50 20 25 0.33 64 5.5 

1 3 50 20 15 0.166 46 4 

25 4 65 25 20 0.248 98 17 

8 5 80 30 25 0.166 75 8 

5 6 50 20 25 0.166 55 5 

7 7 50 30 25 0.166 66 6 

21 8 65 25 10 0.248 67 5 

19 9 65 15 20 0.248 70 8 

2 10 80 20 15 0.166 64 5 

26 11 65 25 20 0.248 98 17 

14 12 80 20 25 0.33 70 6 

17 13 35 25 20 0.248 10 0 

20 14 65 35 20 0.248 84 8 

24 15 65 25 20 0.412 78.8 9 

10 16 80 20 15 0.33 62 6 

18 17 95 25 20 0.248 22 0 

9 18 50 20 15 0.33 57 5 

12 19 80 30 15 0.33 67 5 

4 20 80 30 15 0.166 70 6 

22 21 65 25 30 0.248 87 8 

15 22 50 30 25 0.33 65 5 

11 23 50 30 15 0.33 60 4 

23 24 65 25 20 0.084 88 9 

3 25 50 30 15 0.166 63 5 

6 26 80 20 25 0.166 70 8 

27 27 65 25 20 0.248 98 17 

The results indicated that the highest biodiesel yield was achieved under the conditions illustrated in 

Figure 4.2 below: a reaction temperature of 65°C, a reaction time of 25 minutes, a catalyst 

concentration of 20 g/l, a parent oil to catalyst ratio of 1:4, and a stirring speed of 600 rpm. The yield 

of Jatropha methyl ester was 97.89% by volume, while the yield of glycine was 17.75% by volume of 

the crude oil transesterified during the transesterification process. 
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Figure 4. 2 Maximum biodiesel yield based on temperature and time 

 

The multiple interaction plot of the input parameters are shown on the Figure 4.3 below. 

 

Figure 4. 3 Multiple interaction plot of the input parameters 

 

Finally, a Fourier Transform Infrared (FTIR) test was conducted to confirm the presence of 

methyl ester in the oil after transesterification, as shown in Figure 4.4. The FTIR results 

indicated that the conversion of the parent oil to methyl ester was monitored by the C=O ester 

stretch at a wavelength of 1742 cm⁻¹. This strong ester peak confirms the formation of 

biodiesel(Lamichhane et al., 2020).  
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Figure 4. 4 Fourier Transform infrared test (FTIR) 

4.5. Fatty Acid Profile Jatropha Carcus Biodiesel 

The fatty acid analysis of Jatropha oil methyl ester was performed using a Varian 3800 model 

gas chromatograph (GC) with a flame ionization detector (FID). Additionally, a Varian CP-

3800 GC, equipped with a DB-5 column and an FID detector, was utilized for this analysis, 

as detailed in Table 4.2. The free fatty acid composition of Jatropha curcas oil was also 

assessed using a Varian 450 GC, as indicated in the table below. 

Table4. 2  Fatty acid profile of Jatropha Carcus 

Oil seeds Palmitic acid 

(C16:0) 

Stearic acid 

(C18:0) 

Oleic acid 

(C18:1) 

Linoleic acid 

(C18:2) 

Linolenic 

acid (C18:3) 

Jatropha oil 6.1 3.9 52.8 33.6 3.3 

4.6. Characterization of fuel samples 

After the transesterification of the biodiesel was completed, it was blended with No. 2 diesel 

in the ratios of B0, B5, B10, B20, and B40. The physicochemical properties of these blends 

were characterized and measured according to the ASTM D6751-07B test standard, as shown 

in Table 4.3. All oil samples met the criteria for biodiesel, as their physicochemical properties 

fell within the limits set by the ASTM standards for diesel engine fuel. The cetane number or 

index was calculated using the ASTM D 796 standard equation. 

Cetane Index = 454.74 -1641.416D + 774.74D2 – 0.554B +97.803(Kanyane et al.)2              

(Eqn. 31) 

Where, D = Density at 150C, g/ml 
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The physio-chemical properties of the diesel fuel (B0) and biodiesel diesel blends are shown 

in the table 4.3 shown below.  

Table4. 3 Physiochemical properties of biodiesel blends 

4.7. Optimization of Nanoparticle Dose for Engine Performance (pilot test) 

Prior to conducting full emission and performance tests on diesel-biodiesel blends enhanced 

with aluminium oxide nanoparticles, a pilot study was carried out to determine the optimal 

nanoparticle dose. The goal was to identify the concentration that minimized emissions of 

carbon monoxide (CO), unburned hydrocarbons (HC), and nitrogen oxides (NOx), which are 

key indicators of efficient combustion and for engine performance. The diesel–biodiesel 

blends tested included B5, B10, B20, and B40, with pure diesel (B0) serving as the reference 

fuel. 

A full factorial design of experiment was employed as, involving two factors at four levels 

each as shown in the table 4.4 below, and the results were analyzed using ANOVA statistical 

methods to identify the most effective combination. Literature review indicated that most 

studies utilized nanoparticle doses around 50 to 60 ppm, though some explored concentrations 

exceeding 120 ppm. To ensure a comprehensive evaluation, we conducted the pilot test at the 

engine's rated speed of 2400 rpm where maximum torque and power are typically achieved 

using nanoparticle doses of 60 ppm, 80 ppm, 100 ppm, and 120 ppm. 

 

NO 

 

PROPERTY TESTS  

ASTM 

   LIMIT 

6751-07B 

                                         TEST RESULT    

        B40      B20   B1O    B5    B0 

1. Density@150C, kg/m3 D1298 Report         869 855.6    861.6   849.6   847.4 

2. Density@200C, kg/m3 D1298   Report         855 852.2    858.2    846.2     844 

3 Flashpoint (PMCC) D93 100M        78.8 76.8      74.8    72.8   71.8 

4. Cu-Strip-corrosion D130 Max3        1a 1a         1a       1a   1a 

5. Cloud point, 0C D2500 Report        0 - 1        -1      - 1    0 

6. Pour point, 0C D97 Repot      < - 8 < - 8    < - 8 < - 8  < - 8 

7.  viscosity (mm2/s) D445 1.9__ 6      3.828 3.5116  3.2865 3.2013 3.1637 

8. Cetain Index D976 Min47.0      51.34 51.127    47.56 50.46 52.905 

9 ASTM colour D1500 Max =3  1<x<1.5 1<x<1.5 1<x<1.5 1<x<1.5         1 

10 Water& segment, %V D2709 Max0.03    <0.025 <0.025 <0.025 <0.025 <0.025 

11 Acidity, mg KOH/g D974 0.5      0.113 0.0534  0.0327 0.02136 0.0106 

12 Ash content, mass% D482 Max0.01      0.006 0.0006  0.0006 0.0006 0.0001 

13 Calorific value, MJ/kg  __ Report      41.99 44.45 44.77 45.21 46.51 
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Table4. 4  Experimental design 

The results demonstrated a consistent reduction in emissions as the nanoparticle dose 

increased up to 100 ppm. Beyond this point, at 120 ppm, emissions stabilized and showed no 

further improvement compared to the 100 ppm dose. Based on these findings, a nanoparticle 

concentration of 100 ppm was selected as the optimal dose for subsequent experiments. The 

design of experiment and the measured results are as shown in the table 4.5 below. 

Table4. 5 Pilot test emission results of measurement 

 

 

 

 

Factors                                           Levels 

1 2 3 4 

Blend ratio B5 B10 B20 B40 

Nps dose(ppm) 60 80 100 120 

Test No. Blends Nps dose (ppm) NOx (ppm) UHC (ppm) CO (%V) 

1 B5 60 155 85 0.27 

2 B5 80 108 81 0.27 

3 B5 100 86 88 0.29 

4 B5 120 88 87 0.3 

5 B10 60 136 124 0.29 

6 B10 80 105 103 0.28 

7 B10 100 85 87 0.26 

8 B10 120 85 88 0.26 

9 B20 60 86 78 0.26 

10 B20 80 74 75 0.25 

11 B20 100 66 73 0.23 

12 B20 120 67 74 0.24 

13 B40 60 115 69 0.37 

14 B40 80 93 62 0.36 

15 B40 100 71 60 0.32 

16 B40 120 72 61 0.33 
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4.7.1. Two-way ANOVA analysis 

Two-Way ANOVA was performed without replication as each combination has one 

measurement. Accordingly, the response  emission were computed by determining the sum of 

squares (SS), degree  of freedom, F-value and P-value as it is indicated on the table 4.6  below. 

Table4. 6 Two-way ANOVA analysis 

Response source Sum of squares (SS) df F-value P-value 

NOx Blends 3106.0 3 11.07 0.0022 

Nps dose 5539.0 3 19.74 0.0003 

Residue 842.0 9   

UHC Blends 3033.19 3 14.71 0.0008 

Nps dose 371.19 3 1.80 0.2171 

Residue 618.56 9   

CO Blends 0.0214 3 26.51 0.0001 

Nps dose 0.0011 3 1.39 0.3072 

Residue 0.0024 9   

 

From the ANOVA result, both Blends and Nps dose have statistically significant effects on 

NOx emissions as the p-values  is less than 0.05 which is at (F (11.07), P=0.0022). And the 

Nps dose showed a stronger influence than blends based on the higher (F (19.74), P= 0.0003). 

The response UHC, is significantly affected by the blend ratio as indicated from the table at 

(F (14.71), P= 0.0008) and the Nps dose doesn’t have significant effect because at F (1.80), 

P=0.2171 which is greater than 0.05. Similarly blends also significantly affect CO emissions, 

but Nps dose does not as F (26.51), P=0.0001 and F (1.39), P=0.3072 respectively. Therefore 

the influences of the factors of blend ratio and NPs dose are summarized on the table 4.7 

below. 

 Table4. 7 Emission influencing factors  

Response Significant Factor(s) Dominant Influence 

NOx Blends, Nps dose Nps dose (higher F-value) 

UHC Blends only Blends 

CO Blends only Blends 

The interaction plots for NOx, UHC, and CO are indicated in the Figure 4 below 

 NOx showed a clear decreasing trend with increasing Nps dose, especially for lower blend 

 UHC varies more with blend type than with Nps dose.  
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 CO remains fairly stable across Nps doses but differs noticeably by blend 

Figure 4. 5 Interaction plot for CO, UHC, and NOx 

4.7.2. Response optimization of CO, UHC and NOx 

The graph illustrates the outcomes of a multi-response optimization process that uses 

composite desirability to determine the best combination of two input variables Blends and 

Dosage for minimizing emissions of CO (Carbon Monoxide), HC (Hydrocarbons), and NOx 

(Nitrogen Oxides). The optimal configuration identified consists of a Blend value of 

approximately 24.2 and a Dosage of 100 ppm. This combination yields a composite 

desirability score of 0.8861, signifying a well-balanced and effective reduction across all three 

targeted emissions. 

Among the individual responses, NOx exhibits the highest optimization, achieving a perfect 

desirability score of 1.0000. This suggests that under the given settings, NOx emissions are 

reduced to their minimum possible value. CO emissions also show a strong performance, with 

a desirability of 0.87818. Although HC emissions are slightly less optimized, their desirability 

score of 0.79225 still indicates an acceptable level of emission control. 

Desirability plots indicated in Figure 4.6 demonstrate that the chosen input settings align 

closely with the minimum points on each emission curve. The red lines in the plots, 

representing current settings, visually confirm this optimal positioning. These results 

collectively validate the chosen settings as a robust solution for simultaneously reducing CO, 

HC, and NOx emissions.  
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Figure 4. 6 Desirability plots for CO,UHC and NOx 

In the analysis of emissions data based on nanoparticle doses and fuel blends, the 100 ppm 

nanoparticle dose emerges as the most effective in minimizing emissions. Across all three 

emission types NOx, UHC (Unburned Hydrocarbons), and CO the 100 ppm dose consistently 

delivers the lowest recorded values as shown in the surface plot indicated in Figure 4.7 below. 

For instance, the B20 blend at 100 ppm results in the lowest NOx (66 ppm) and CO (0.23%) 

emissions. Meanwhile, the B40 blend at the same dose produces the lowest UHC emissions, 

recorded at 60 ppm. 

These findings reinforce that a 100 ppm nanoparticle dose is optimal for emission control. It 

offers a significant and consistent reduction across multiple emission types, making it the 

preferred setting for achieving cleaner combustion in this experimental context. 

 

 

 

 

 

 



123 

 

Surface plots of emission versus Dosage of NPS,Blends  

  

 

A)    CO B)  UHC C)  NOx 

Figure 4. 7 Surface plots of emission versus Dose of NPs 

 4.8. Inclusion of Aluminum oxide nanoparticles (Al2O3) 

The Nano additive used for the biodiesel-diesel mix was Al2O3, sized between 30-50 nm and 

commercially sourced from Sigma Aldrich, USA. To ensure proper dispersion of the 

nanoparticles, ultra-sonication was performed for 45 minutes at a frequency of 60-90 kHz 

during their incorporation. Additionally, Cetyl Methyl Ammonium Bromide (CTAB), an 

ultra-pure surfactant with 99% purity, was used to reduce the surface tension of the base fluid 

and stabilize the nanoparticles. The fuel samples prepared were B0, B5, B10, B20, and B40, 

each containing Al2O3 at a dosage of 100 ppm. This dosage was chosen based on pilot tests 

conducted with doses of 60, 80, 100, and 120 ppm, which showed only a slight reduction in 

UHC and NOx as the dosage increased, with stability observed at 100 ppm. Thus, the 100 

ppm dosage was selected for this experimental research. 

4.9. Combustion analysis 

This section discusses the key characteristics that define the behavior of the fuel being 

analyzed. These parameters include in-cylinder pressure, heat release rate, ignition delay, and 

combustion duration. 

4.9.1. Engine cylinder pressure 

Figure 4.8a and b display the engine cylinder pressure results for biodiesel-diesel blends, both 

with and without the additive Al2O3 Nps 
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 Figure 4. 8  Cylinder pressure vs. CA with and without Al2O3 Nps 

The maximum cylinder pressure in a diesel engine's combustion is influenced by the premixed 

burning phase. Additionally, the ignition delay interval and the duration of air-fuel mixture 

formation play key roles in controlling premixed combustion.(Disassa et al., 2023; Sakthivel 

et al., 2014). Engine cylinder pressure is primarily influenced by the type of fuel, the air-fuel 

ratio, and additives that enhance the combustion reaction, alongside the engine's design and 

operating parameters.(Lü et al., 2005; Ramegouda & Joseph, 2021). The maximum cylinder 

pressure was measured at the rated engine speed of 2400 rpm, where the test engine generates 

its peak power and torque. In the absence of the additional Al2O3 nanoparticles, the peak 

cylinder pressures for the blends B0, B5, B10, B20, and B40 were recorded as follows: 49.63 

bar at 378 CA, 51.4 bar at 375 CA, 49.1 bar at 374 CA, 48.8 bar at 382 CA, and 48 bar at 377 

CA, respectively. These results indicate that, except for B5, diesel fuel exhibits higher peak 

cylinder pressures compared to the other biodiesel-diesel blends. The decrease in peak 

cylinder pressure with increasing biodiesel content can be attributed to biodiesel's lower 

volatility and higher viscosity. Similar findings have been reported by other 

researchers.(Giakoumis, 2013; Qi et al., 2009; Sakthivel et al., 2014). The inclusion of Al2O3 

nanoparticles resulted in the following peak cylinder pressures for the biodiesel-diesel blends: 

49.85 bar at 375 CA for B0, 52 bar at 372.8 CA for B5, 50.5 bar at 369 CA for B10, 51.27 bar 

at 374 CA for B20, and 50.7 bar at 373 CA for B40. Compared to biodiesel-diesel blends 

without Al2O3 nanoparticles, the cylinder pressures increased with the addition of these 

nanoparticles, showing percentage increases of 0.44%, 1.16%, 2.85%, 5.06%, and 5.63% for 

blends B0, B5, B10, B20, and B40, respectively. Moreover, as the biodiesel blend ratio 

increased, the maximum cylinder pressure of the test engine also rose. This engine operated 
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on biodiesel-diesel blends that included Al2O3 nanoparticles, which contributed to the 

increased cylinder pressure due to the presence of oxygen atoms in both the Al2O3 and the 

biodiesel. This enhancement accelerated the combustion reaction, reduced ignition delay, and 

improved overall combustion efficiency(Shaafi et al., 2015; Shaafi & Velraj, 2015). The 

challenges associated with higher biodiesel ratios in blends include a lower calorific value, 

which results in decreased cylinder pressure. Additionally, longer combustion durations are 

required for the larger molecules of ester oil to decompose into smaller fractions. 

4.9.2. Heat release rate 

Diesel engine combustion relies on the compression pressure within the engine cylinder, 

which raises the temperature of the air-fuel mixture to the point of self-ignition. For optimal 

combustion, it is essential that the air and fuel are thoroughly mixed within the combustion 

chamber. This proper mixing promotes an efficient combustion reaction.(Bibin et al., 2021). 

The combustion process was examined using the heat release rate (HRR), derived from 

readings of cylinder pressure and crank angle. The first law of thermodynamics and the 

equation of state were applied to calculate the heat release rate.(Heywood, 2018). The HRR 

was obtained from the equation after rearranging and simplification:  

                             
𝑑𝑄

𝑑𝜃
=

𝛾

𝛾−1
𝑃

𝑑𝑉

𝑑𝜃
+

1

𝛾−1
𝑉

𝑑𝑃

𝑑𝜃
                                                                         (Eqn. 32) 

Where    is the ratio specific heat capacities, P   is in-cylinder pressure, V is cylinder 

volume,    is crank angle.  

The Heat Release Rate (HRR) is also known as the net heat release rate (NHRR) due to factors 

such as heat transfer to the walls, airflow dynamics, and the effects of fuel injection. The total 

net heat released is determined by integrating Equation 1 over the crank angle. Figures 4.9a 

and 4.9b illustrate the variation in HRR for different fuel mixtures, both with and without 

aluminum oxide nanoparticle additives, from idle to maximum engine RPM. Without the 

Al2O3 nanoparticles, the maximum HRRs for the Jatropha curcas biodiesel-diesel blends—

B0, B5, B10, B20, and B40—were recorded at 25@367CA, 27.04@371.9CA, 24.5@382CA, 

25@369CA, and 26@369CA, respectively. In contrast, with the addition of Al2O3 

nanoparticles, the highest HRRs for B0, B5, B10, B20, and B40 were 26.5@366CA, 

27.8@366CA, 27.1@367CA, and 28.5@337CA, respectively. Notably, the NHRR for blend 

B10 was lower than that of all other biodiesel-diesel blends, as shown in Figure 4.6.  

mailto:27.04@371.9CA
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When comparing the NHRR of blends B0, B5, B10, B20, and B40 without Al2O3 

nanoparticles to those with the additive, the NHRR increased by 6%, 2.8%, 12.6%, 8.4%, and 

9.6%, respectively. One challenge associated with higher proportions of biodiesel in the 

blends is their lower calorific value, which results in a decreased heat release rate. 

Additionally, the combustion duration is prolonged as the larger molecules of ester oil take 

longer to decompose into smaller fractions. 
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                                 Figure 4. 9  HRR vs. with and without Al2O3 Nps 

4.9.3. Ignition delay 

The increase in viscosity, especially for petroleum-derived fuels, leads to poor atomization. 

The ignition delay period (IDP) is the time measured in crank angle between the start of fuel 

injection and the onset of fuel ignition.(Rajak et al., 2019; Singh & Verma, 2019). As the 

ignition delay lengthens, more fuel will be atomized, vaporized, and mixed with air, leading 

to an increase in both the amount of fuel burned and the heat generated during pre-combustion. 

Figure 4.10 illustrates the variation of ignition delay period (IDP) at the engine's rated speed, 

where the test engine achieves its maximum power and torque, for various blends (B0, B5, 

B10, B20, and B40) with and without the addition of Al2O3 nanoparticles. This results in 

slower mixing and a reduced cone angle, which contributes to a longer ignition delay. In 

contrast, the behavior of biodiesel and its blends exhibited opposing trends(El_Kassaby & 

Nemit_allah, 2013). The increased amount of fuel in the premixed combustion leads to a 

longer delay period, resulting in an acceptable rate of cylinder pressure rise that causes diesel 

knock. The ignition delay period (IDP) for biodiesel blends with 100-ppm aluminum oxide 

(Al2O3) nanoparticles was reduced by 30 degrees Celsius for all blends except for B5, which 

experienced a reduction of 20 degrees Celsius. Due to the lower cetane number of diesel, its 
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IDP was higher than that of all tested fuel blends, as shown in Figure 4.7. The addition of 

Al2O3 nanoparticles to the biodiesel-diesel blends significantly reduced the ignition delay 

period, increased the homogeneity of the fuel-air mixture, and enhanced the heat release rate 

of the blends(Sathiyamoorthi & Sankaranarayanan, 2017).  

 

Figure 4. 10  Ignition delay 

4.9.4. Combustion duration 

The variation in combustion time for biodiesel-diesel mixes with and without Al2O3 

nanoparticles is shown in Figure.4.11. The time it took for the fuel to completely burn is 

indicated by the term "combustion duration"(Selim, 2003). Without Al2O3 nanoparticles, the 

variation in combustion duration period in the degree of crank angle for the fuel samples was 

480CA, 510CA, 510CA, 530CA, and 540CA, respectively, and it was 450CA, 470CA, 490CA, 

520CA, and 530CA, respectively, for B0, B5, B10, B20, and B40 with Al2O3 nanoparticles. From 

the result of the experiment, diesel has less combustion duration for both with and without 

Al2O3 nanoparticles, whereas B40 has more combustion duration for both with and without 

Al2O3 nanoparticles. Moreover, the duration of combustion increased for all the fuel mixes as 

the biodiesel ratio increased. According to (S. Lahane & K. J. F. Subramanian, 2015; Li et al., 

2017) the reason why the combustion duration is increased with higher percentage mix of 

biodiesel in the blend is because, during the injection of fuel at the higher cylinder 

temperature, the higher molecular weight esters break-down in to smaller fractions which 
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leads to lower volatility to commence early combustion and increases the combustion 

duration. 
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  Figure 4. 11 Combustion Duration (0CA) of all blends 

4.10. Emission analysis 

The emission species of the two fuel samples are measured and analyzed in these section 

4.10.1. Carbon monoxide (CO) 

The generation of CO in engine cylinders occurs when the flame front reaches cooler areas of 

the cylinder and piston surfaces. This temperature difference inhibits the formation of CO2, 

leading to incomplete combustion(Lalvani et al., 2015). As illustrated in Figures 4.9a and 

4.9b, the carbon monoxide (CO) emissions from biodiesel-diesel blends, both with and 

without Al2O3 nano additives, were generally lower than those from standard diesel fuel across 

the entire range from rated idle speed to maximum speed. 

Figure 4.12a shows that CO emissions decrease across the engine speed range as the biodiesel 

ratio increases, with the exception of the B40 blend at speeds up to 2400 rpm. For all blends 

except B20, CO emissions decreased as engine speed increased from 2400 rpm to 3000 rpm. 

B20 consistently emitted less CO than both base diesel fuel and the other blends across all 

speed ranges, as demonstrated in Figures 4.12a and 4.12b. Additionally, Figure 4.12b 

indicates that the inclusion of Al2O3 nano additives further reduced CO emissions for all 

biodiesel-diesel blends at various engine speeds. The average percentage reductions in CO 

emissions were 31.6%, 32.9%, 29.5%, 30.0%, and 22.9% for B0, B5, B10, B20, and B40, 

respectively. These findings are consistent with several earlier studies(Gad et al., 2018; 

Ibrahim et al., 2014). The mechanism by which Al2O3 nanoparticles reduce CO emissions 
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during the combustion process in a diesel engine involves the oxidation of carbon monoxide 

into carbon dioxide by the oxygen atoms in the nanoparticles. 

 

Figure 4. 12  CO a) without Al2O3, b) with Al2O3 Nps 

4.10.2. Unburned hydrocarbons (UHC) 

The relationship between engine speed and unburned hydrocarbon (UHC) emissions is 

illustrated in Figures 4.13a and 4.13b for engines with and without Al2O3 Nps. With the 

exception of B10 at the highest engine speed, HC concentrations decreased as the proportion 

of biodiesel increased. These findings align with earlier research conducted by(Ganapathy et 

al., 2011).Furthermore, HC emissions were reduced across all blend types, both with and 

without Al2O3 nano additions, and across all speed ranges. This reduction can be attributed to 

the higher cetane number, increased oxygen content, and the presence of Al2O3 in the 

biodiesel-diesel blends, which collectively minimize UHC formation in the engine cylinder  

(Agarwal et al., 2015; Shukla et al., 2017).The average percentage reductions in UHC 

emissions were 12.6%, 11.12%, 9.9%, 8.9%, and 8.1% for B0, B5, B10, B20, and B40, 

respectively. The mechanism by which Al2O3Nps reduce UHC emissions during combustion 
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in diesel engines involves the oxidation of hydrocarbons into water vapor and carbon dioxide 

by the oxygen atoms present in the Al2O3 nanoparticles.  

Figure 4. 13  UHC a) without Al2O3, b) with Al2O3 Nps 

4.10.3. Nitrogen oxide emission (NOX) 

NOx generation is influenced by the combustion temperature, the concentrations of N2 and 

O2, and the duration of the reaction. Figures 4.14a and 4.14b illustrate the variation in NOx 

emissions with engine speed for biodiesel-diesel blends, both with and without Al2O3 nano 

additives. The highest NOx emissions occur at the rated speed of 2600 rpm, where maximum 

power and torque are achieved. 

As engine speed increases, NOx emissions also rise. However, an increase in the biodiesel 

ratio within the blend leads to a decrease in NOx emissions for both types of blends, as 

demonstrated by Agarwal et al. (2015). Furthermore, the addition of Al2O3 nano additives 

resulted in reductions of NOx emissions by 19.7%, 15.9%, 14.0%, 7.6%, and 12.5% for B0, 

B5, B10, B20, and B40 blends, respectively. 
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Figure 4. 14   NOx a) without Al2O3, b) with Al2O3 Nps 

4.10.4. Soot opacity 

The ASTM D6216 standard defines soot opacity as a measurement of soot density, which 

compares the amount of light received by a sensor to the light blocked by particles in a 

vehicle's exhaust gas. Several factors contribute to incomplete fuel combustion and 

subsequent soot formation in compression ignition (CI) engines: inadequate fuel atomization 

due to increased viscosity, insufficient oxygen in the fuel, a shortage of air entering the engine, 

and lower in-cylinder temperatures (Dinkins & Jones). The soot opacity results from the 

experiment are presented in Figure 4.15a and 4.15b for biodiesel-diesel blends, both with and 

without the Al2O3 additive. The B20 blend, without the additive, exhibited less than 8% 

smoke opacity, the lowest observed at 2200 rpm. Notably, biodiesel-diesel blends consistently 

showed soot opacity of less than 10% between 2050 and 2550 rpm for both conditions—

without and with the Al2O3 nano additive. Throughout all engine speeds, the fuel sample with 

the highest soot opacity was B0. However, the introduction of the Al2O3 nano additive to the 

biodiesel-diesel blends resulted in a significant average reduction in soot opacity by 8.4% 

across all blends within the tested engine operating speed range. This finding aligns with the 

study's overall conclusions(Wang et al., 2016).  
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Figure 4. 15  Soot opacity a) without Al2O3, b) with Al2O3 Nps 

4.11. Evaluation of engine performance 

4.11.1. Brake power 

When evaluating the brake power output of the test engine operated on diesel and biodiesel-

diesel blends without Al2O3, the baseline diesel fuel produced the highest brake power. 

However, comparisons among the biodiesel-diesel blends revealed a significant increase in 

brake power as the percentage of biodiesel increased. Notably, the brake power of the B40 

blend was 2.21% lower than that of the B20 blend. This finding aligns with results reported 

by other researchers(Ganapathy et al., 2011; Gebru, 2023). Under the same engine operating 

conditions that yield maximum power and torque, the brake power output of the baseline fuel 

was 3.3%, 1.78%, 0%, and 2.6% higher than those of B5, B10, B20, and B40, respectively. 

The slight decrease in power compared to the baseline fuel performance, as shown in Figure 

4.16, can be attributed to the increased viscosity and lower calorific value of the alternative 

fuels. This finding is consistent with recent research (Carraretto et al., 2004; Tamrat et al., 

2023). The inclusion of Al2O3 in the test engine resulted in an average increase in brake power 

output of 3.06%, 8.02%, 0.79%, 5.46%, and 4.55% for biodiesel blends B0, B5, B10, B20, 

and B40, respectively. Additionally, as the biodiesel blend ratio increased, the maximum 

power output shifted from 2400 rpm to 2700 rpm, as illustrated in Figures 4.16a and b. The 
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presence of Al2O3 Nps also contributed to a smoother power output across a wider operating 

speed range. 

Figure 4. 16   Brake power vs. engine speed and blend ratio 

4.11.2. Brake torque 

This study presents the contour plot of torque for diesel-biodiesel blends with and without 

Al2O3 Nps, revealing similar patterns. However, the addition of Al2O3 nanoparticles 

significantly increased engine torque, particularly for the B20 blend, within the engine speed 

range of 2500 to 2800 rpm. The average brake torque output for the test engine with Al2O3 

additives increased by 2.68%, 1.53%, 1.64%, 4.66%, and 4.34% for the blends B0, B5, B10, 

B20, and B40, respectively. Additionally, the maximum torque output shifted from the rated 

speed of 2400 rpm to 2200 rpm as the biodiesel proportion in the blend increased. As 

illustrated in Figure 4.17b, the inclusion of Al2O3 Nps resulted in a smooth torque output 

across a wide operational speed range. 

Figure 4. 17  Brake torque vs. engine speed and blend ratio 
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4.11.3. Brake-specific fuel consumption 

Figures 4.18a and b illustrate the effect of brake-specific fuel consumption (BSFC) in relation 

to engine speed and biodiesel-diesel blends, both with and without Al2O3 Nps. This study 

found that BSFC for all blends, regardless of Al2O3 inclusion, was at a minimum within the 

engine's economic speed range of 2100 to 2800 RPM. Within this range, the BSFC for the 

biodiesel-diesel blends with Al2O3 showed reductions of 0.20%, 0.51%, 0.52%, 0.70%, and 

0.90% for B0, B5, B10, B20, and B40, respectively. These findings align with previous 

research conducted by (Kalaimurugan et al., 2020) with a similar reported trends. 

Additionally, fuel consumption decreased as the biodiesel ratio in the blends increased, 

consistent with the findings of(Ganapathy et al., 2011). 

Figure 4. 18  BSFC vs. engine speed and blend ratio 

4.11.4. Equivalence ratio 

Figure 4.19a and b illustrate the impact of the equivalence ratio on engine speed for biodiesel-

diesel blends, both with and without Al2O3 Nps. The study shows that the equivalence ratio 

decreases from the reference diesel fuel for both types of blends, ranging from 2500 to 2700 

rpm. The plot indicates a reduction in the equivalence ratio as the biodiesel content increases, 

aligning with findings from previous studies by (Boldaji et al., 2011).Additionally, Figures 

4.16a and 4.16b reveal that as engine speed rises, the equivalence ratio also increases for all 

blends. However, the equivalence ratio decreases as the percentage of biodiesel in the blends 

increased.  
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Figure 4. 19  Equivalence ratio vs. engine speed and blend ratio 

4.11.5. Brake thermal efficiency (BTE) 

For all the samples used with and without Al2O3 nanoparticles, the BTE of B20 and B40 were 

better in the entire engine operating range as shown in Fig.20a and b. However, B20 was with 

the greatest brake thermal efficiency at 2600 rpm for the blend without Al2O3 as shown in 

Figure.4.20a. Based on previous study, Jatropha biodiesel increases BTE when compared to 

diesel fuel (Ganapathy et al., 2011). The BTE decreased as the biodiesel ratio in the blends 

increased (Bibin et al., 2019; Bibin et al., 2020; Tamrat et al., 2023). However, this study 

demonstrated an increase in BTE with the addition of Al2O3 nanoparticles alongside the rising 

biodiesel ratio. The thermal efficiency of the biodiesel-diesel blends with Al2O3 showed 

improvements of 0.9%, 2.3%, 0.13%, 1.55%, and 1.43% for B0, B5, B10, B20, and B40, 

respectively, as indicated in Figures 4.20a and 4.20b. 

Figure 4. 20  Thermal efficiency vs. engine speed and blend ratio 
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4.11.6. Mechanical efficiency 

As seen from Figure.4.21a and b the mechanical efficiency of B20 was better than all fuel 

samples used in the experiment at 2400 rpm. As engine speed increased, the mechanical 

efficiency decreased for both biodiesel-diesel blends with and without Al2O3 Nps.  However, 

the mechanical efficiency of the biodiesel-diesel blends containing Al2O3 improved by 1%, 

5.8%, 0.15%, 1.1%, and 0.48% for B0, B5, B10, B20, and B40, respectively, as shown in 

Figures 4.18a and 9b. The results indicate that incorporating Al2O3 Nps into biodiesel-diesel 

blends is beneficial for enhancing mechanical efficiency in high-speed and constant-speed 

engines. 

 

 Figure 4. 21 Mechanical efficiency vs. engine speed and blend ratio 

4.12. Engine endurance Test 

The primary goal of the comparative short-term endurance test was to evaluate the wear 

characteristics of key engine components and any changes in lubricating properties. This test 

compared the performance of baseline diesel No. 2 fuel with a biodiesel-diesel blend (B20) 

that included Al2O3 Nps of 100 ppm. Following the Indian standard IS: 10000 Part IX, 1980 

Section II, and the short-term endurance test lasted 100 hours. During this period, 

measurements were taken for vibration, lubricating oil properties, metallic traces in lubricants, 

and soot particle size, emphasizing a comparative analysis. After the test, both engines were 

disassembled to assess carbon deposits and physical wear, enabling a thorough evaluation of 

the compatibility of the test fuels. 

This engine endurance test compares the performance of two identical engines under different 

fuel conditions. The key findings are: 

The endurance test was conducted on two identical engines following the Indian Standard IS: 

10000 (Part IX)-1980, Section II. The first engine, operated with the reference fuel (B0), 
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exhibited excessive vibration when running between 1800 rpm and 3000 rpm, requiring valve 

clearance adjustments at 75 hours and 100 hours. Additionally, the engine produced excessive 

noise, indicating possible combustion instability or mechanical stress. In contrast, the second 

test engine, a Robin DY-23-2D Diesel Engine running on B20 fuel with a 100 ppm dose of 

Al2O3 nanoparticles, demonstrated smooth operation throughout the test and completed the 

endurance run without requiring any maintenance. The improved performance of the B20 + 

Al2O3 engine suggests that the addition of nanoparticles enhanced combustion efficiency, 

reduced mechanical wear, and minimized vibrations, leading to better overall engine 

durability compared to the reference fuel engine. 

4.12.1. Steady state Vibration analysis the two test fuels 

The results, depicted in Figure 4.22, reveal the cumulative vibration acceleration for the tested 

fuels. It was observed that total vibration acceleration increased with engine speed for both 

fuel samples. Notably, the test fuel B20, enhanced with Al2O3 nanoparticles at a dosage of 

100 ppm, exhibited the least vibration generation. Comparing the test fuels, B20 with 100-

ppm Al2O3 nano additive displayed a noteworthy 12% reduction in total vibration acceleration 

relative to diesel no-2. Furthermore, when evaluating the vibration acceleration of both test 

fuels against the standard severity for internal combustion engines, they remained within 

acceptable limits. 

 

Figure 4. 22   Vibration acceleration 

4.12.2. Dynamic Vibrational acceleration of engine operated by B0  

The engine's dynamic vibration acceleration increases with engine speed as shown in Figure 

4.23 below. At 1800 RPM, the maximum vibration acceleration (B0) is 17 m/s², and the RMS 

vibration acceleration is 4.61 m/s², reflecting a lower level of vibration at this speed. At 2400 

RPM, the maximum vibration acceleration rises to 30.5 m/s², and the RMS value increases to 
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9.3 m/s², indicating that vibration levels are stronger at moderate speeds. The highest vibration 

acceleration occurs at 2900 RPM, where the maximum value reaches 37 m/s², and the RMS 

is 11.76 m/s², showing the substantial impact of higher speeds on vibration intensity. This 

pattern highlights the direct correlation between engine speed and vibration acceleration, 

which plays a crucial role in determining the engine’s operational characteristics and lifespan. 

 

Figure 4. 23  Dynamic vibration acceleration for B0 

4.12.3. Dynamic Vibrational acceleration of engine operated by B20 with 100ppm 

The engine's maximum dynamic vibration acceleration, when operating on a diesel-biodiesel 

blend (B20+100ppm), increases as the speed rises as shown in Figure 4.24 below. At 1800 

RPM, the maximum vibration acceleration (B0) is 15 m/s², and the RMS value is 3.97 m/s², 

reflecting lower vibration levels. At 2400 RPM, the maximum vibration acceleration increases 

to 22 m/s², with the RMS vibration acceleration at 7.75 m/s², showing a moderate increase in 

vibration intensity. At 2900 RPM, the vibration acceleration peaks at 30 m/s², accompanied 

by an RMS value of 9.54 m/s², indicating the highest vibration intensity at this speed. These 

results   underscore the relationship between engine speed and vibration acceleration for 

engines powered by a diesel-biodiesel blend. 
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Figure 4. 24   Dynamic vibration acceleration for (B20+100ppm), 

In contrast, the dynamic vibration acceleration increases with engine speed for both diesel and 

diesel-biodiesel blend engines. At 1800 RPM, the diesel engine's vibration acceleration (17 

m/s²) is 13.33% higher than the biodiesel blend (15 m/s²). At 2400 RPM, diesel's acceleration 

(30.5 m/s²) surpasses the blend's (22 m/s²) by 38.64%. At 2900 RPM, diesel reaches 37 m/s², 

23.33% higher than the biodiesel blend’s 30 m/s². These results highlight that the diesel engine 

consistently produces higher vibration levels compared to the biodiesel blend at each speed. 

4.13. Soot particle size (TEM) 

The TEM pictures of the soot particles in the engine oils from the engines running on biodiesel 

and diesel, respectively, are displayed in Figures 4.25a and 4.25b. The shape of the 

morphological features vary according to the type of fuel, which affects combustion and the 

creation of pollutants. The images reveal that the size and distribution of the primary and 

secondary particles are two crucial factors. Typically, primary particles consist of 105–106 

carbon atoms. The biodiesel soot comprises several primary particles of near-spherical shape 

with diameters varying from 20 to 40 nm (Figure. 4.25a). The microstructure of primary 

particles is turbostratic and consists of several concentric carbon layers around single or 

multiple nuclei. The engine combustion chamber's somewhat lower temperatures encouraged 

the formation of amorphous or turbostratic structures for the particulates, where the 

overlapping graphene fragments have none too little graphite crystal registry. Secondary 

particles encircle each primary particle, creating clusters of tiny, chain-like structures 

comprised of one-to-many particles. This could be because of collisions occurring inside the 



140 

 

combustion chamber, as the combustion proceeds, between particles and sub-particles 

(precursors). As a result, these particles and sub-particles fuse to form fractal chains and 

clusters (Calcote, 1981; Glassman, 1989; Palmer & Cullis, 1965). A greater quantity of 

organic carbon may prevent the particles from aggregating. The main soot particles form 

chains or clusters by tight or loose connections through thick joints or thin necks. The fact that 

soot particles lacked larger, bulky structures is a crucial characteristic. In addition, there may 

be more condensation and organic volatile adsorption/absorption due to lower combustion 

temperatures. The soot particles in the engine oil from the engine run on diesel appear 

agglomerated and lack chain structures (Figure. 4.25b). The primary particles, however, are 

of the same size distribution (20–40 nm size range) as the soot in the engine oil from the 

engine run on biodiesel. Within the agglomerates, the primary particles have distinct particle 

boundaries and are only slightly merged.   

 

 

 

 

 

 

 

(a)                                                                    (b) 

     (B20) Biodiesel diesel blend +100ppm Al2O3                       Diesel no-2 

Figure 4. 25  Soot particle size (TEM) 

4.14. Lubricant properties 

The performance characteristics of engine lubricating oil gradually degrade over time due to 

factors such as aging, exposure to mechanical and thermal loads, and contamination from 

external particles. In this research, SAE 30 grade oil was selected for use in both test engines. 

This lubricant was applied to engines running on conventional diesel as well as those fueled 

with a biodiesel-diesel (B20) blend containing Aluminum oxide (Al2O3) nanoparticles. The 

tribological behavior and changes in lubricant properties were assessed following the ASTM 

6571 standard testing procedure. Measurements of lubricant properties were conducted after 

each operating cycle for both B0 and B20 with Al2O3 nanoparticles, and the results are 

presented in Tables 4.8 and 4.9, respectively. 
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Evaluating the impact of alternative fuels on lubricating oil properties is essential to determine 

their compatibility with existing engine systems. Several analyses were conducted on the 

lubricating oil to gauge its condition and, indirectly, the health of the engine. These 

evaluations serve as indirect indicators of how well a new fuel performs in engines without 

modifications. A comparative analysis was carried out to examine the behavior of engine oil 

when operating on conventional diesel and a biodiesel-diesel blend (B20) enhanced with 100 

ppm of Al2O3 nanoparticles. The outcomes of these tests on the lubricant samples are detailed 

in Tables 4.8. and 4.9 below. 

Table4. 8 Physio-chemical property of diesel operated used oil 

Table4. 9  Physio-chemical property of B20+Al2O3 operated engine   used 

oil 

NO 

 

PROPERTY TESTS  

ASTM 

   LIMIT 

6751-07B 

 Test result for lubricant of diesel operated   engine 

Base 

oil 

   

@25hr 

  

@50hr 

  

@75hr 

 

@100hr 

1. Kinematic 

viscosity@40 

D445 90-110cSt 112 102 95 94 86 

 
Kinematic 

viscosity@100 

 9.3-

12.5cSt 

12 11 10.25 9.8 9 

2. Density@150C, kg/m3 D4052 0.88-0.89  893 892 891   890 891 
 

Density@200C, kg/m3  870-890  890 888   889   888 887 

3. Flashpoint (PMCC) D93 200-2200C  210  218  224  218 205 

4. Viscosity index(VI) D2270 ~85-100 95.74 91.35 86.67 78.25 71.46 

5. Carbon residue %wt D189 0.3-1.5 1.15 1.24 1.4 2.2 2.4 

6. Water& segment, %V D4007 <0.05  0.84 0.93 1.06 1.42 1.85 

7. Ash content, mass% D482 0.5-1.5 0.80 0.88 0.93 0.96 1.23 

8. TAN, mg KOH/g D664 0.05-1.0 0.84 0.93 1.06 1.42 1.85 

NO 

 

PROPERTY TESTS  

ASTM 

   LIMIT 

6751-07B 

 Test result for lubricant of B20+Al2O3 operated   

engine   

Base oil    

@25hr 

  

@50hr 

  @75hr  

@100hr 

1. Kinematic 

viscosity@40 

D445 90-110cSt 112 106 100 96 94 

 
Kinematic 

viscosity@100 

 9.312.5cSt 12 11.4 10.8 10.3 9.6 

2. Density@150C, kg/m3 D4052 880-890  893 892   894  898   900 
 

Density@200C, kg/m3  887-890  890 891 892 896 896 

3. Flashpoint (PMCC) D93 200-2200c  210 222 227 221 216 

4. Viscosity index(VI) D2270 ~85-100 95.74 93.15 90.31 84.29 73.30 

5. Carbon residue D189 0.3-1.5 1.15 1.26 1.6 2.25 2.46 

6. Water& segment, %V D4007 <0.05  0.84 0.98 1.17 1.76 2.1 

7. Ash content, mass% D482 0.5-1.5  0.80 0.85 0.88 0.91 1.12 

8. TAN, mg KOH/g D664 0.05-1.0  0.84 0.98 1.17 1.76 2.1 



142 

 

4.14.1. Kinematic viscosity  

Figures 4.26 and 4.27 present the viscosity data for lubricating oil at 40°C and 100°C for 

diesel-fueled engines and Biodiesel-diesel blend (B20) engines with 100-ppm Al2O3 Nps. 

 

Figure 4. 26    Variation of Kinematic viscosity @ 40°C 

    

Figure 4. 27 Variation of Kinematic viscosity @ 100°C 

Viscosity must remain within acceptable limits to ensure effective lubrication. Over time, it 

may increase due to oxidation, additive depletion, and contamination, or decrease because of 

fuel dilution, moisture, and mechanical shear. The dominant factor determines the overall 

change, which varies by engine system. 

If oxidation and additive loss dominate, viscosity rises; if fuel dilution prevails, it drops. In 

this study, a greater viscosity reduction was observed in the diesel-fueled engine compared to 

the one using a B20 biodiesel-diesel blend with 100 ppm Al2O3. This is likely due to diesel's 
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lower viscosity and the biodiesel's larger triglyceride molecules, which enhance oil stability 

and help retain its lubricating properties longer 

4.14.2. Viscosity Index 

Viscosity index is an empirical number and indicates the effect of change in temperature on 

viscosity. It is calculated using the empirical equations of ASTM D2270 formula, as shown 

in equations 32 and 35 for the kinematic viscosity less than 100 centistoke and greater than 

100 centistoke receptively 

           𝐹𝑜𝑟 𝜐100 ≤ 100𝑐𝑆𝑡 

                         𝑉𝐼 =
𝐿−𝑈

𝐿−𝐻
× 100                                                                                   (Eqn33) 

     Where: 

U = kinematic viscosity at 40°C (in centistokes, cSt) 

L = reference viscosity at 40°C for a standard oil with the same ν100 

H = reference viscosity at 40°C for another standard oil with the same ν100 

To avoid using reference tables, the following simplified formula is commonly used:                                                

𝑉𝐼 = 100 +
10(log 𝐻−log 𝜈40)−1

0.00715
                                               (Eqn.34) 

               Where: 

                 𝜈40 = kinematic viscosity at 40°𝐶 (𝑐𝑆𝑡) 

                  𝐻 =  0.168 × (10(0.835×log 𝜈100+0.168))                                                   (Eqn.35) 

                      For 𝜈100 >  100 𝑐𝑆𝑡: 

                      𝑉𝐼 = 10
(

log 𝐻−log 𝜈40

0.7+0.168 log 𝜈100
)
                                                                         (Eqn.36) 

During an engine endurance test, the viscosity index (VI) decreases over time due to fuel 

dilution, oxidation, thermal degradation, shear-induced breakdown, and contaminant 

accumulation. As the engine operates for extended periods, unburned fuel leaks into the 

lubricant, reducing its viscosity, particularly at high temperatures. Continuous exposure to 

heat accelerates oxidation, leading to the formation of low-molecular-weight degradation 

products that thin the oil and lower its VI. Additionally, mechanical stress causes viscosity 

improvers in the lubricant to break down, making it less resistant to temperature variations. 

The accumulation of soot, wear metals, and acidic combustion by-products further alters the 

oil’s composition, negatively impacting viscosity stability. In biodiesel-fueled engines, 

moisture absorption worsens oil degradation, contributing to a faster decline in VI. Overall, 

the combined effects of fuel contamination, oxidation, mechanical shear, and contaminant 
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build up progressively degrade the lubricant, reducing its ability to maintain viscosity over 

time. However, when the used oil of the engines operated by diesel (B0) and biodiesel-diesel 

blend (B2O) with the inclusion of 100 ppm of Al2O3 are compared, they showed similar trend 

of reduction of viscosity index (VI) but the engine that was fuelled by B20 with Al2O3was 

more stable at 50 hour and 75 hours endurance test. Figure 4.28 illustrates that the viscosity 

index of a Biodiesel-diesel blend (B20) with a 100-ppm Al2O3 Nps fueled engine continually 

increases compared to that of a diesel-fueled engine. A high viscosity index signifies minimal 

changes in viscosity with temperature, which provides better protection for engines operating 

under wide temperature variations. Additionally, it indicates good thermal stability and 

favorable low-temperature flow characteristics. 

 

Figure 4. 28  Variation of viscosity index of lubricating oil 

4.14.3. Density  

Engine oil density can fluctuate due to oxidation, contamination, additive depletion, thermal 

breakdown, and mechanical stress. Regular oil analysis is essential for maintaining engine 

performance and longevity, while timely oil changes help keep density within optimal limits. 

When engines run on different fuels, variations in fuel composition and combustion behavior 

can influence oil density. In this study, lubricant density was compared for engines operating 

on B0 and B20 blended with 100 ppm Al2O3 nanoparticles. Results showed that, over time, 

oil density increased in the B20 with Al2O3-powered engine while it decreased in the diesel-

fueled engine. Figures 4.29 and 4.30 illustrate the density variations and overall change during 

a 100-hour endurance test at 15°C and 20°C. 
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Figure 4. 29  Variation of density of lube oil @ 15°C 

 

Figure 4. 30  Variation of density of lube oil @ 20°C 

Figures 4.29 and 4.30 showed, the density of used lubricating oil in the B0-fueled engine 

decreased consistently at both 15°C and 20°C during the endurance test. This reduction, 0.34% 

at 15°C and 0.67% at 20°C, is attributed to diesel dilution, which lowers oil viscosity and thus 

density. In contrast, the engine running on the B20 biodiesel-diesel blend with 100 ppm Al₂O₃ 

nanoparticles exhibited an increase in oil density of 0.77% at 15°C and 5.6% at 20°C over 100 

hours. This rise is linked to the presence of large triglyceride molecules in biodiesel, which 

contribute to higher viscosity and density. Additional factors include biodiesel dilution due to 

its higher molecular weight, its hygroscopic nature, and the oxidative behavior of Al2O3 

nanoparticles, all of which promote increased oil density. 
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4.14.4. Flash Point  

The data on flash point of lubricating oil for diesel and Biodiesel-diesel blend (B20) with 100-

ppm Al2O3 fuelled engines is presented in the figure 4.31.  

 

Figure 4. 31  Variation of Flash point of lube oil 

During the endurance test, the flash point of used lubricating oil in both B0- and B20 with 

Al2O3 NPs fueled engines initially increased up to 50 hours, then declined by the 100-hour 

mark. This early rise was due to the evaporation of light volatiles and the formation of heavier, 

high-molecular-weight compounds through oxidation. Any initial fuel contamination from 

incomplete combustion also diminished, further raising the flash point. 

After 50 hours, the flash point decreased as fuel dilution became more prominent—unburned 

fuel entered the lubricant, particularly under high load or with worn piston rings. The presence 

of fuel, with its lower boiling point, reduced the oil’s flash point. Thermal degradation over 

time also produced lighter, low-flash-point compounds. 

As shown in Figure 4.28, the flash point for B0 oil rose from 210°C to 224°C at 50 hours, 

then dropped to 205°C at 100 hours. For B20 with 100 ppm Al2O3, it increased to 227°C 

before falling to 214°C. This trend reflects the influence of fuel type and nanoparticle additives 

on the lubricant's thermal stability over prolonged use. 

4.14.5. Carbon Residue  

Figure 4.32 shows the variation in carbon residue of lubricating oil samples from engines 

fueled by mineral diesel and a B20 biodiesel-diesel blend with 100 ppm Al2O3. The results 

indicate a general increase in carbon residue over time, with the diesel-fueled engine showing 

a slightly higher carbon residue at 50 hours (Figure 4.29). This increase is a qualitative 

190

195

200

205

210

215

220

225

230

Reference
@0hr

25hrs 50hrs 75hrs 100hrs

T
em

p
er

a
tu

re
  

0
C

Engine operating hours

Flash  point

B0 B20+Al2O3 Nps



147 

 

indicator of oil polymerization, where non-combustible, high-molecular-weight compounds 

accumulate as carbon residue after combustion. 

The rise in carbon residue negatively affects engine performance by forming deposits and 

sludge in critical components like piston rings, cylinder walls, and valves, leading to reduced 

efficiency and potential engine knock. As residue builds up, the oil thickens, impairing its 

lubrication abilities, increasing friction, and accelerating wear on engine parts. This not only 

shortens engine lifespan but also increases fuel consumption and reduces overall fuel 

efficiency. Furthermore, carbon buildup can obstruct heat dissipation, raising engine 

temperatures and the risk of overheating. Incomplete combustion due to carbon accumulation 

also leads to higher emissions, such as CO, unburned hydrocarbons, and particulate matter, 

which negatively affect environmental performance. Regular oil changes and engine 

maintenance are crucial to prevent these issues and maintain optimal engine performance. 

 

Figure 4. 32  Variation of Carbon residue lube oil 

4.14.6. Water and Sediment  

Water contamination in engine oil significantly affects oil quality, engine health, and 

component wear. Water content is influenced by factors such as oil composition, production 

methods, and operating conditions. It can enter engine oil through moisture absorption, 

condensation, leaks in heat exchangers, and combustion by-products seeping through worn 

engine rings. Oxidation, neutralization reactions, and even water entry during oil changes also 

contribute to water accumulation. 

Water in engine oil triggers chemical reactions like hydrolysis, which degrades the base oil, 

additives, and contaminants. Combined with heat, oxygen, and metal surfaces, water 

accelerates oxidation, breaking down additives such as oxidation inhibitors and rust 
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preventatives, leading to sludge formation and reduced lubricant performance. High water 

content can also cause corrosion and operational inefficiencies. 

As shown in Figure 4.33, the diesel engine maintained water and sediment content below 

0.05% throughout the endurance test. However, for the B20 biodiesel-diesel blend with 100 

ppm Al2O3, the water and sediment content rose to 0.3% after 25 hours. This increase may be 

linked to impurities like wax in the biodiesel blend, which enhances water retention and 

sediment accumulation. 

 

Figure 4. 33  Variation of Water and sediment lube oil 

4.14.7. Ash Content  

Figure 4.34 illustrates the difference of ash content of lubricant from engines operating on 

diesel and a biodiesel-diesel blend (B20) with 100-ppm Al2O3. The results show that after 50 

hours of operation, the lubricating oil from the biodiesel-diesel blend (B20) with 100-ppm 

Al2O3 exhibits a higher ash content compared to the diesel-fueled engine, which maintains a 

lower ash content. Therefore, differences in ash content are likely due to variations in engine 

component wear. Physical wear measurements further confirm that the biodiesel-diesel blend 

(B20) with 100-ppm Al2O3 results in lower engine wear compared to the diesel-fueled engine, 

which may contribute to the observed differences in ash content. 

The higher ash content in the biodiesel-diesel blend (B20) with 100-ppm Al2O3 suggests that 

the lubricant accumulates more combustion residues and additive by-products. However, 

since wear is lower in this engine, it indicates that the biodiesel-diesel blend, along with the 

nanoparticle additive, provides better lubrication and protection for engine components. This 

highlights the potential of biodiesel blends with nanoparticle additives in reducing engine 
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wear while maintaining effective lubrication, making them a viable alternative to conventional 

diesel fuel 

 

 Figure 4. 34  Variation of Ash Content 

4.14.8. Total Acid number  

The Total Acid Number (TAN) is a key indicator of engine oil quality, as it reflects the levels 

of oxidation. In engine oil, oxygen and hydrocarbons can trigger chemical reactions that form 

carbonyl compounds which further oxidize to produce carboxylic acids, raising the TAN 

value.As engine oil ages and undergoes oxidation, the resulting products can polymerize into 

sludge, reducing oil efficiency and increasing wear. Figure 4.35 shows that TAN increases in 

both engines, with the diesel engine experiencing a 24% increase and the biodiesel-diesel 

blend (B20) with 100-ppm Al2O3 showing a 33% rise. The TAN of the biodiesel-diesel blend 

is higher than that of diesel fuel, primarily because the blend has a naturally higher TAN of 

9.05 mg KOH/g. Additionally, the presence of oxidation by-products, including organic and 

inorganic compounds, metal salts, resins, and corrosive materials, further elevates the TAN. 

 

Figure 4. 35  Variation of Total acid number 
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4.15. Metallic traces in lubricants 

Lubricating oil analysis was taken into consideration as a means of comparative assessment 

of the tribological impacts of the engines fuelled with B20 with Al203 Nps and diesel No-2 on 

Robin DY23-2D diesel engines. This technique provided us with information on the internal 

workings of the engine and aided in the prompt identification of wear issues with its parts as 

well as lubricant degradation and contamination. During the engines' 100-hour endurance test, 

the oil was checked and tested four times every 25 hours of operation. 

The goal of the lubricating oil analysis was to determine the amount of metals present in the 

lubricants such as zinc, lead, and magnesium after use in order to ensure their stability and 

proper operation. This makes it possible to determine the level of wear on components 

including copper, iron, aluminium, and chromium. 

The new lubricating oil content of metallic traces served as a benchmark for this comparative 

analysis. Iron, copper, and chromium were not detected in any of the reference lubricating oil 

samples that were examined. Figure 4.33 displays the metallic traces found in the lubricating 

oil samples that were analysed. These samples were obtained from the engine crankcase every 

other twenty-five hours during the 100-hour endurance test during engine operating times of 

25, 50, 75, and 100 hours. Numerous sliding components were examined in this investigation, 

and the lubricating oil under test had metallic residues in it. The following figures display the 

elements, including Fe, Al, Cu, Cr, Mg, and Pb, that were subjected to AAS analysis. 

Magnesium: - The oil formulation had magnesium metallic traces that came from the 

additives. When the two test engines running on diesel fuel and diesel-biodiesel with the 

inclusion of Al2O3Nps were compared, the metallic traces in the lubricant decreased by 29% 

and 26%, respectively. 

Lead: - Bearing wear and grease addition may be the cause of the concentration of lead 

metallic traces in the lubricating oil. Lead trace concentrations increased steadily and at a 

consistent rate for both test engines. While there was a 20% reduction in wear seen in the 

lubricant from the engine running on B20 with the addition of Al2O3Nps, there were 25% lead 

metallic traces in the engine running on diesel No-2 

Copper: - Wear on bushings and bearings is the source of the copper in wear debris. 

According to the findings regarding copper concentration versus oil duration, copper grows 

at a constant rate in both test engines. The most crucial finding, therefore, was that lubricant 

from the engine fueled with B20 + Al2O3 showed 17.5% reduction in copper concentration, 

which translated into reduced wear. 
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 Chrome. Because of wear on the cylinder liner, compression rings, gears, bearings, and 

crankshaft, lubricating oil contains chromium. According to the results of the chromium 

content as a function of oil usage, the engine fueled with the fuel sample B20 with Al2O3 Nps 

had the lowest percentage of metallic traces during the endurance test, at about 11.11%. This 

indicates that the diesel biodiesel with the nano component has worn the least. 

Aluminum:- The piston is the engine component that contains aluminum most frequently. 

Pistons are almost always constructed of aluminum or one of its alloys. The metal can also be 

used to make bushes, thrust washers, and plain bearings. Additionally, aluminum may be 

contaminated. Aluminum may be present if grease is transferring into an oil-wet component 

because it is an added component of some greases. Therefore, all these possible sources of 

aluminum contributes metallic traces to the engine lubricating oil during operation. During 

the comparative investigation of the endurance test, the engine which was operated by the fuel 

B20 with the inclusion of Al2O3 Nps has shown a reduction of 25% from the engine fueled 

with diesel No-2 indicating superior lubricity. 

Iron. Wear of the crankshaft, cylinder liner, piston, rings, valves, valve guides, gears, shafts, 

and bearings may be the cause of the iron in wear debris in the engine lubricating oil. The 

findings regarding the iron content in relation to operating hours showed a greater magnitude 

of change than the other metallic element traces in the lubricant. Iron metallic traces, however, 

are evidently increasing for both fuel samples at a steady rate throughout the engine endurance 

test. The most significant finding was that, thanks to the increased lubricating efficiency of 

biodiesel fuel, lubricants from B20 with the addition of Al2O3 Nps fuelled engines showed a 

smaller rise in iron content of almost 14% and, thus, less wear. 

The figure 4.36 depict the periodic comparative analysis of metallic traces during the two oil 

samples' endurance test. 
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The periodic comparative investigation of metallic traces during the endurance test of the two 

oil samples are shown in the Table 4.10 and Figure 4.36.respectively. 

Table4. 10 Metallic contents of lubricating oil [ppm] and the standard 

limit 

 

Figure 4. 36 Metallic traces in lubricants 

 

* ppm @25 hrs. test @50 hrs. test @75 hrs. test @100 hrs. test Standard limit of metallic 

traces for diesel engine 

Element Ref. 

oil 

B0 B20+Al2O3 B0 B20+Al2O3 B0 B20+Al2O3 B0 B20+Al2O3 Normal  Abnormal Critical 

Al 0 5 4 12 7 17 9 22 13 < 20 20-30 >30 

Fe 12 35 31 48 42 69 57 84 73 < 100 100-200 >200 

Cu 0 8 6 14 15 18 16 22 19 <30 30-75 >75 

Cr 0 3 3 6 5 8 7 10 9 <10 10-25 >25 

Mg 62 42 43 47 46 45 48 41 44 < 20 20-30 >30 

Pb 20 15 16 29 32 38 42 41 47 < 30 30-75 >75 
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4.16. Engine disassembly and quantifying carbon deposited 

As Carbon deposits reduce engine efficiency and durability this study compares deposits in 

two identical Robin DY-23 engines one using pure diesel (B0) and the other a biodiesel–diesel 

blend (B20) with Al2O3 nanoparticles. Key components analyzed include the piston crown, 

injector tips, and cylinder head. After disassembly as shown in Figure 4.37, deposits were 

mainly found in the clearance volume areas such as injector tips, piston crown, and valves as 

shown in Table 4.5. 

 

Figure 4. 37  Engine disassembly and quantifying carbon deposited 

4.17. Carbon deposit formed on engine components   

Results showed clear differences in carbon deposit formation between the two fuels. The 

diesel engine (B0) developed heavy deposits on the piston crown, injector tips, and cylinder 

head due to incomplete combustion, reducing efficiency and causing wear. In contrast, the 

B20 blend with 100 ppm Al2O3nanoparticles produced fewer deposits, as the oxygen in 

biodiesel improved combustion and heat dissipation. Measured deposits for B20 were 936 mg 

on the piston, 1040 mg on the cylinder head, and 483 mg on the injector tip, compared to 1155 

mg, 1283 mg, and 282 mg respectively for B0. As shown in Figure 4.38 and Table 4.11, B0 

produced about 21% more carbon deposits, while B20 with Al2O3 yielded cleaner combustion, 

higher efficiency, and lower soot emissions making it a more sustainable alternative despite 

slightly higher ash content. 
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Table4. 11  Comparison of Carbon deposit  

Engine parts 

 

Diesel fuelled 

engine 

B20 withAl2O3 Nps 

fuelled engine 

Cylinder head 

 

 
  

Piston side 

 

 
  

Piston head 

 

  

Exhaust port 

 

  

Intake port 

 

 
  

Exhaust valve 

 
  

Intake valve 

 
  

Injector 
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Figure 4. 38   Carbon deposits (B20) with 100-ppm Al2O3 and diesel 

4.18. Engine Parts Wear Measurements after Endurance Test 

Engine wear results from prolonged operation. This study compared two engines under 

identical conditions, differing only by fuel type, to assess the impact on component lifespan. 

Critical parts were cleaned and measured following IS: 10000 (Part V) standards. Wear was 

recorded for both standard diesel and a B20 biodiesel blend with 100 ppm Al2O3 NPs enabling 

a direct comparison of fuel effects on engine durability and material compatibility. 

4.18.1. Measurement of wear on vital engine parts 

Engine oil reduces friction and wear by forming a protective film on moving parts, preventing 

heat damage and extending engine life. A 100-hour endurance test on DY23-2D engines 

compared wear using B20 biodiesel with 100 ppm Al2O3 nanoparticles versus conventional 

diesel (B0) under identical conditions. Critical components including the cylinder bore, piston 

and rings, gudgeon pin, valves, connecting rod, bearings, and rocker arm were measured 

before and after testing. Wear, expressed relative to manufacturer limits as shown in Tables 

4.12–4.18, highlights the comparative durability and performance of the two fuels. 

4.18.2. Piston rings  

Piston rings maintain compression, control oil consumption, and reduce friction. During 

extended operation, they experience high temperatures and continuous stress, leading to wear, 

increased blow-by, and reduced efficiency. 

After a 100-hour endurance test, piston ring wear was measured using a micrometer and feeler 

gauge, focusing on ring thickness reduction, end-gap expansion, and surface wear (scoring, 

pitting, material degradation). Wear values were compared to manufacturer limits. 

Engines running on B20 biodiesel with 100 ppm Al₂O₃ nanoparticles showed lower wear, 

indicating improved lubrication and reduced friction, while diesel-fueled engines experienced 
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greater wear. Table 4.12 summarizes the results, highlighting the effectiveness of nano-

additive biodiesel blends in enhancing durability. 

Table4. 12 Comparison of wear of piston ring 

 

 

                       Piston Ring measurement ( in mm) 

                    a1 = Radial thickness, s1= Ring gap, h1=Axial thickness 
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 R
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N
o
 

Before  Endurance 

Test 

After Endurance Test 

a1 s1 h1 a1 s1 h1 

D
ie

se
l 

1(top) 3 10 1.3 2.98 10.14 1.3 

2(mid) 3 13 1.5 3 13..08 1.5 

3(bottom) 2 8.5 3.5 2.98 8.05 3.5 

B
2
0

+
A

l 2

O
3

 N
p

s 

1(top) 3 10 1.3 3 10.11 1.3 

2(mid) 3 13 1.5 3 13.04 1.5 

3(bottom) 2 8.5 3.5 2 8.5 3.5 

Max.limit 1st ring S1=10.7(0.7mm) 

a1= 2.65(0.35mm) 

2nd  ring S1= 13.6 

 ( 0.6 mm)            

  a1= 2.7(0.30 mm) 

3rd ring S1= 9 ( 0.5 

mm) a1= 2.5(0.5 

mm) 

4.18.3. Cylinder bore 

 The cylinder bore is vital for combustion efficiency and piston movement but wears over time 

due to friction, heat, and material degradation, reducing compression and efficiency. After a 

100-hour test, bore wear was measured using a bore gauge, micrometer, and surface roughness 

tester at the top, middle, and bottom positions. Wear percentages were compared to 

manufacturer limits. Engines running on B20 biodiesel with 100 ppm Al2O3 nanoparticles 

showed lower wear than diesel-fueled engines, indicating improved lubrication and reduced 

friction. Detailed results are in Table 4.13 

Table4. 13 Comparison of wear of cylinder between B20 biodiesel-diesel 

and diesel 
 

 

 

 
 

Before endurance test for 

diesel and B20+Al2O3 (x-

direction ‘mm’) 

After endurance test 

Diesel B20+Al2O3 

1 2 3 1 2 3 1 2 3 

70.000 70.000 70.000 70.053 70.044 70.012 70.038 70.035 70.010 

Diesel and B20+Al2O3 Nps 

X-direction  

Diesel B20+Al2O3 Nps 

1 2 3 1 2 3 1 2 3 

70.00 70.00 70.00 70.046 70.042 70.008 70.038 70.032 70.006 

Max. limit =70.25mm Difference =70.25-70 = 0.25mm 
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4.18.4. Piston skirt  

The piston skirt stabilizes piston movement, reduces side forces, and ensures smooth engine 

operation but wears over time due to friction, heat, and lateral forces, causing higher friction 

and reduced efficiency. After a 100-hour test, skirt wear was measured using a micrometer 

and dial gauge, assessing diameter reduction, ovality, and taper. Engines running on B20 

biodiesel with 100 ppm Al2O3 nanoparticles showed lower wear than diesel-fueled engines, 

indicating improved lubrication and reduced friction. Detailed results are in Table 4.14, 

highlighting the effectiveness of nano-additive biodiesel blends in enhancing durability 

 

Table4. 14 Comparison of wear on Piston skirt  

4.18.5. Valve train  

The diesel engine valve train, comprising camshafts, rocker arms, pushrods, lifters, and valve 

springs, controls valve timing but is exposed to friction, high temperatures, and stress that 

cause wear. Endurance testing evaluates long-term wear patterns, material degradation, and 

reliability. In this study, engines fueled with B20 biodiesel + 100 ppm Al₂O₃ nanoparticles 

were compared to diesel engines, focusing on valves and rocker arms. Results are shown in 

Tables 4.15 and 4.16. 

 

 

 

 

 

 

position Before 

Endurance  

Test Diesel 

& B20+Al2O3 

After Endurance Test 

Diesel B20+Al2O3 

a 69.98  69.98  69.94  69.93  69.96  69.94  

b 69.98 69.98 69.95 69.94 69.97 69.95 

Max limit = 69.87 69.98 -69.87 = 0.11% wear 
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Table4. 15 Wear on valve  

 

 

 

Dimensions 

Measuring 

 points 

Valves Before endurance 

test 

After Endurance test 

Diesel B20+Al2O3 

Stem  

Diameter 

IV 5.30 5.30 5.30 

EV 5.30 5.30 5.30 

Length ,l IV 70.00 70.00 70.00  

EV 70.00 70.00 70.00  

Steam diameter = 5.32 Limit = 5.25 Difference:-5.32-5.25=0.07 

(100%)wear 

Table4. 16 Wear on rocker arm  

 

Rocker arm shaft 

diameter 

Before 

test 

After endurance test 

Diesel B20+Al2O3 

Intake 12 12.02 12.01 

Exhaust 12 12.03 12.02 

Max Limit  = 12.08 12.08 -12 = 0.08 

4.18.6. Connecting rod big end bore 

The connecting rod transfers power from the piston to the crankshaft and is prone to wear 

from high loads, cyclic stress, and friction. After a 100-hour test, big-end bore wear was 

measured using micrometers, bore gauges, and dial indicators. Engines running on B20 

biodiesel with 100 ppm Al2O3 nanoparticles showed lower wear than diesel engines, 

indicating improved lubrication and reduced friction. Detailed results are in Table 4.17, 

highlighting the durability benefits of nano-additive biodiesel blends. 

Table4. 17 Wear on connecting rod big end bore 

 

Axis of 

measurement 

Measurements 

Pre-endurance After endurance 

B0 and B20 with 

Al2O3 Nps 

B0  B20with 

Al2O3 Nps 

C l 33.06 33.09 33.08 

m 33.06 33.08 33.09 

n 33.06 33.08 33.07 

D l 33.06 33.09 33.08 

m 33.06 33.08 33.08 

n 33.06 33.09 33.08 

Maximum limit = 33.20,  33.20-33.06 =0.14 (100)% 
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Table4. 18 Wear on Gudgeon pin bore  

 

Dimensions 

Before Endurance Test diesel  and B20+Al2O3Nps 

Gudgeon pin bore Gudgeon 

pin 

diameter 

Clearance 

between 

Small end 

 

Between 

 a1 a2 b1 b2 b3 a1&b1 a2&b3 c1 c2 b2&c1 b2&c2 

Diesel 18.01 18.01 18 18 18 0.01 0.01 18.13 18.03 0.03 0.03 

B20+Al2O3 18.01 18.01 18 18 18 0.01 0.01 18.13 18.03 0.03 0.03 

 

Maximum limit 

a=0.029,b=0.02,&c=0.021 

Maximum limit between a, b,& c 

a+b =0.049(100%) wear, b+c =0.041(100%) 

 

The observation of physical wear provided a basis for comparing the performance of engines 

fueled with B20 biodiesel with Al2O3 nanoparticles versus conventional diesel in terms of gudgeon 

pin bore and pin diameter, as shown in Table 4.14. The identical wear observed in the connecting 

rod bearing bore across both endurance tests can be explained by several factors. Consistent 

operating conditions including engine load, RPM, oil pressure, and temperature directly affect 

wear patterns. Additionally, an effective lubrication system maintains a stable oil film between the 

bearing and journal, minimizing friction and wear. The use of high-quality materials and surface 

treatments in the bearing bore further ensures uniform wear. Precision in manufacturing and 

assembly, particularly proper bearing clearances and surface finishes, also contributes to consistent 

results. Moreover, bearing wear typically stabilizes after the initial break-in phase, meaning 

subsequent wear is minimal. Finally, following identical endurance cycles with the same duration, 

speed variations, and stop-start sequences ensures similar wear characteristics across tests. These 

factors collectively account for the identical wear outcomes observed. 

 

 

 

 

 

 

 

 



160 

 

CHAPTER FIVE 

CONCLUSIONS AND RECOMENDATION 

This section elaborates on the physicochemical properties of the test fuel produced from 

Jatropha Curcas, focusing on biodiesel production and optimization, as well as its 

physicochemical characteristics, combustion and emissions, endurance, performance, and 

tribological properties. The current study investigated the effects of Al2O3 Nps on four fuel 

blends in a single-cylinder direct injection diesel engine. This was achieved by adjusting the 

blend ratio and engine speed, both with and without Al2O3, while maintaining a fixed 

compression ratio and operating at 80% load, using a dose level of 100 ppm. The findings and 

recommendations based on this study are presented below. 

5.1. Conclusion Based on the production method 

 The yield of parent oil was found to be 22% (v/w) using the solvent method and 33.3% 

(v/w) using a combination of mechanical pressing and the solvent method. The 

mechanical extraction method for biodiesel yielded more oil, making it both more 

economical and time-efficient. 

 When the crude oil was converted into biodiesel, the resulting oil was found to be 97% 

pure biodiesel. Additionally, the volume of glycerin collected accounted for 18.75% of 

the crude oil that was esterified, hence this is a promising feature to supply to cosmetic 

industry to generate money for the coverage of production cost. 

 The pressed residue from biodiesel extraction can be used as a cake break for baking 

purposes.. 

 The other alternative of using the residue of the biodiesel is, for fertilizer, because about 

64% by weight is extracted and it can reduce importation of fertilizer 

 Another alternative for using biodiesel residue is as a fertilizer. Approximately 64% by 

weight of the residue can be utilized, which could help reduce fertilizer imports. 

5.2. Based on the physio-chemical properties 

 The flash point of biodiesel is 173.8°C, significantly higher than that of conventional 

petro-diesel, which is 71.8°C. This higher flash point makes biodiesel safer in terms of 

fire hazards during storage and fuel handling. 

 The cloud point, which is the lowest temperature at which biodiesel begins to form 

haze or wax crystals, is 7°C significantly higher than that of pure diesel, which has a 
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cloud point of 0°C. Therefore, biodiesel produced from Jatropha curcas should only 

be used in climates where temperatures remain above 7°C, unless the fuel system is 

modified or cold flow improvers are added to lower the freezing point. 

 Biodiesel produced from Jatropha curcas is safer for storage and handling due to its 

higher density compared to petro-diesel. The densities are 0.8812 g/mL for biodiesel 

and 0.8440 g/mL for diesel, which contributes to lower volatility and reduced fire 

hazards. 

 The initial boiling point of neat Jatropha curcas biodiesel is 298°C, significantly higher 

than that of diesel fuel, which is 176°C. This higher boiling point can hinder cold 

starting performance and may lead to increased fuel consumption during engine start-

up. Additionally, at low engine speeds, an increase in unburned hydrocarbon emissions 

has been observed. 

 This test evaluates the potential corrosiveness of fuel on copper, brass, and bronze 

components within the fuel system. Biodiesel and diesel fuels were rated [1b] and [1a], 

respectively. These ratings fall within the acceptable corrosion range ([1a–3a]) as per 

fuel standards for automotive, aviation, and marine applications, indicating that 

biodiesel's corrosive effect is comparable to that of diesel. 

 The kinematic viscosity of Jatropha curcas biodiesel is 5.12 mm²/s, while that of diesel 

fuel is 3.16 mm²/s. Due to its higher viscosity and density, biodiesel tends to show 

slightly lower fuel consumption, though it may require proper injector calibration to 

ensure efficient combustion. 

  The cetane index of biodiesel is 47.13, compared to 52.9 for diesel fuel. The lower 

cetane index suggests that biodiesel requires more advanced injection timing to 

achieve complete and efficient combustion. 

 The color of Jatropha curcas biodiesel varies with the extraction method. Biodiesel 

produced via solvent extraction appears yellow, while that obtained through 

mechanical pressing exhibits a golden amber hue. These characteristic colors can help 

detect adulteration or contamination during storage or use. 

 The biodiesel showed a water and sediment content of less than 0.025% by volume. 

Ash formation in biodiesel can result from water-soluble or oil-soluble metal 

compounds, as well as contaminants such as rust or dirt. However, the measured values 

indicate minimal risk of fouling or damage to fuel system components. 
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 The total acid number (TAN) of biodiesel and diesel fuel is 0.1686 mg KOH/g and 

0.0106 mg KOH/g, respectively. While the acidity of biodiesel is higher, it remains 

within acceptable limits. This measurement reflects the potential oxidative degradation 

of biodiesel during use. 

 The higher heating value (HHV) of Jatropha curcas biodiesel is 9,633.06 cal/g (40.26 

kJ/g), while diesel fuel registers at 11,111.36 cal/g (46.44 kJ/g). This indicates that 

biodiesel has approximately 13.3% lower energy content compared to diesel, which 

may influence engine power output and fuel economy. 

5.3. Based on emission and combustion  

 Al₂O₃ nanoparticles significantly reduced carbon monoxide emissions across all 

biodiesel–diesel blends and engine speeds. Average reductions were 31.6% (B0), 

32.9% (B5), 29.5% (B10), 30.0% (B20), and 22.9% (B40). 

 Unburned hydrocarbon emissions decreased with increasing biodiesel content, except 

for B10 at maximum engine speed. This reduction is attributed to the higher cetane 

number and oxygen content of biodiesel, combined with the catalytic effect of Al₂O₃ 

nanoparticles. Average UHC reductions were 12.6% (B0), 11.12% (B5), 9.9% (B10), 

8.9% (B20), and 8.1% (B40). 

 Al₂O₃ additives led to notable reductions in nitrogen oxide emissions, with average 

decreases of 19.7% (B0), 15.9% (B5), 14.0% (B10), 7.6% (B20), and 12.5% (B40), 

likely due to improved combustion uniformity. 

 The addition of Al₂O₃ nanoparticles resulted in an average reduction of 8.4% in soot 

opacity across all blends, indicating cleaner combustion. 

 Al₂O₃ nanoparticles enhanced combustion by increasing the net heat release rate by 

6% (B0), 2.8% (B5), 12.6% (B10), 8.4% (B20), and 9.6% (B40). 

 : The high surface area of the nanoparticles contributed to reduced ignition delay. 

While diesel generally exhibited shorter combustion durations, B40 showed the 

longest. Combustion duration also increased progressively with higher biodiesel 

content. 

 Al₂O₃ nanoparticles improve combustion efficiency, reduce emissions, and enhance 

the overall performance of biodiesel–diesel blends, making them a promising additive 

for cleaner diesel engine operation. 
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5.4. Based performance characteristics 

 Increasing biodiesel content reduced peak cylinder pressure due to lower volatility and 

higher viscosity, but adding Al₂O₃ nanoparticles boosted pressure and improved 

engine performance by providing extra oxygen. 

 Brake power slightly decreased with biodiesel blends because of lower calorific value 

and higher viscosity. 

  Brake thermal efficiency improved with Al₂O₃ nanoparticles as biodiesel proportion 

increased. 

  Mechanical efficiency increased overall with higher biodiesel content in the blends. 

5.5. Based on the endurance characteristics 

The engine that was operated by the reference fuel showed excessive noise and 

vibration at 75 hour and 100 hour endurance test and required valve clearance 

adjustment and maintenance. But the engine that was operated by B20 with Al2O3 Nps 

has passed through out the test cycle with smooth engine operation. 

5.6. Based on the tribological properties 

 Some scratches were observed on the cylinder, caused by carbon deposits on the 

piston rings and piston grooves in the diesel-fueled engine. 

 The improved performance of the B20 with Al2O3 fueled engine suggests that the 

addition of nanoparticles reduced mechanical wear, and minimized vibrations, leading 

to better overall engine durability compared to the reference fuel operated engine. 

  The engine endurance test revealed heavy carbon deposits on the top two compression 

rings of the diesel-fueled engine, while the third ring remained in good condition. 

   Inlet and exhaust valves, as well as the ports, showed higher carbon buildup in the 

diesel engine compared to the B20 blend with Al2O3additive. 

   Excessive carbon deposits were observed on the piston crown and cylinder head in 

the diesel engine, leading to reduced piston ring groove clearance. The injector tips 

also exhibited greater carbon accumulation in diesel engines. 

  Cylinder scratches found in the diesel engine were attributed to carbon deposits on 

the piston rings and grooves. 
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5.7. Recommendation 

 For optimal diesel engine performance, further studies should investigate how injection 

timing, compression ratio, and injection rate affect combustion, emissions, performance, 

and tribological behavior. 

 Using Jatropha curcas biodiesel with alumina nanoparticles shows great promise as an 

alternative fuel; thus, producing alumina nanoparticle fuel sticks for distribution at gas 

stations is recommended. 

 The biodiesel for the purpose of engine test should be Trans esterified by monitoring the 

parameters of esterification reaction which yields maximum yield of biodiesel and 

glycerin. 

 The pressed residue during the extraction of the biodiesel can be used as a break cake for 

baking purpose. 

 The other alternative of using the residue of the biodiesel is, for fertilizer, because about 

64% by weight is extracted and it can reduce importation of fertilizer 

 Finally, I recommend the Department of Mechanical and Vehicle Engineering of Adama 

University  to Set–up a biodiesel Laboratory which is very important to make a research 

work on renewable energy sources  like bioethanol ,biodiesel from cotton seed, biodiesel 

from jatropha ,and biodiesel from palm trees so that the undergraduate students, post 

graduate students and staff members  can participate in energy research work activities 

5.8. Future work 

 To reduce elevated NOₓ emissions, further research into modified injection 

strategies, such as multiple injection events, is recommended for optimizing diesel 

engine performance. 

 Long-term engine endurance tests across various engine types and operating 

conditions are necessary to fully understand the effects of biodiesel–diesel blends. 
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Appendix 

The percentage uncertainty of the measured parameters and derived parameters of the experimentation of the research work are shown in the tables below. 

Appendix: Table 1: Percentage Uncertainty of indicated power 

 

 

 

 

 

 

                                                               Appendix: Table 2: Percentage Uncertainty of brake power 

 

 

 

 

 

 

Measured parameters Accuracy Derived 

parameter 

Equation Equation of Uncertainty Maximum 

uncertainty in % 

N(rpm) Ti(N-m) N 

30 

Ti  0.01 (P) (kw) 
Pi =  

+  
{  + }*100% 

1900 20.89      1.627 

2100 21.60      1.475 

2300 23.55      1.347 

2500 23.00      1.243 

2700 23.02      1.155 

2900 17.31      1.092 

Measured parameters Accuracy Derived 

parameter 

Equation Equation of Uncertainty Maximum 

uncertainty in % 

N(rpm) Tb(N-m) N=30 Tb = 0.01 Pb  (kw) Pb=  +  
{  + }*100% 

1900 18.38      1.633 

2100 17.96      1.484 

2300 18.57      1.358 

2500 17.65      1.257 

2700 17.71      1.168 

2900 12.04      1.118 

 

000,60

2 NTi NcTi TicN

N

N

Ti

Ti

000,60

2 NTb NcTb TbcN

N

N

Tb

Tb
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Appendix: Table 3: Percentage Uncertainty of friction power 

 

 

 

 

 

 

Appendix: Table 4: Percentage Uncertainty of total fuel consumption 

 

 

 

 

Appendix Table5: Percentage Uncertainty of brake specific fuel consumption 

Measured  

parameters 

Accuracy Derived 

parameter 

Equation Equation of 

Uncertainty 

Maximum 

uncertainty in % 

N(rpm) Tf(N-m) N =30 Tf=0.01 Pf (kw) 
Pf=  

+  
{  + }*100% 

1900 0.500      3.579 

2100 0.800      2.679 

2300 1.200      2.138 

2500 1.400      1.914 

2700 1.500      1.778 

2900 1.600      1.659 

Measured parameters 

 

Accuracy Derived 

parameter 

Equation Equation of  

Uncertainty 

Maximum 

uncertainty in % 

N(rpm) X(cm3) t(sec.) X=0.05 t=0.01 (TFC) 
TFC=3.6*s,g*  c  + c  { + }*100% 

1900 10 47.42      0.521 

2100 10 36.76      0.527 

2300 10 34.12      0.529 

2500 10 29.52      0.534 

2700 10 25.43      0.539 

2900 10 23.42      0.543 

000,60

2 NTf NcTf TfcN

N

N

Tf

Tf

t

x

t

x
2t

tx

x

x

t

t
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Appendix Table 6: Percentage Uncertainty of brake thermal efficiency 

 

 

 

 

 

 

 

 

 

Measured parameters Accuracy Derived 

parameter 

Equation Equation of  

Uncertainty 

Maximum 

uncertainty in % 

N(rpm) 

 

Tb(N-m) X(cm3) t(sec.) N= 30 

 

Tb= 

0.01 

X = 

0.05 

t=  

0.01 

(BFC) 

 
  

 
 

{ + + +

}*100% 

1900 18.38 10 47.42      2.004 

2100 17.96 10 36.76      0.583 

2300 18.57 10 34.12      0.583 

2500 17.65 10 29.52      1.791 

2700 17.71 10 25.43      1.707 

2900 12.04 10 23.42      1.660 

Measured parameters Accuracy Derived 

parameter 

Equation Equation of 

Uncertainty 

Maximum 

uncertainty in % 

N(rpm) Tb(N-m) mf 

(g/s) 

N 

30 

Tb 

0.01 

mf 

0.008 
( BTH  ) BTH   =  + +  

 

{+ + }*100% 

1900 18.38 0.228       5.142 

2100 17.96 0.226       5.024 

2300 18.57 0.225       4.914 

2500 17.65 0.232       4.705 

2700 17.71 0.256       4.293 

2900 12.04 0.273       4.048 

x

x

t

t

N

N

Tb

Tb

 
Cvmf

Pb

*
N Tb fm

N

N

Tb

Tb

f

f

m

m
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Appendix Table7: Percentage Uncertainty of volumetric efficiency 

 

 

 

 

 

 

Appendix Table 8: Percentage Uncertainty of mechanical efficiency 

 

 

 

 

 

 

 

Measured parameters Accuracy Derived 

parameter 

Equation Uncertainty Maximum 

uncertainty in % 

N(rpm) ma (kg/h) N 

30 

ma 

(kg/h)=0.08 

 

 
=  { + } 

 
{  + }*100% 

1900 10.239      2.360 

2100 11.317      2.135 

2300 12.394      1.950 

2500 13.331      1.800 

2700 14.244      1.673 

2900 14.969      1.569 

Measured parameters Accuracy Derived 

parameter 

Equation Uncertainty Maximum 

uncertainty in % 

N(rpm) Tb 

(N-m) 

Ti (N-

m) 

Tb 

0.01 

Ti 

0.01 
( ) 

=  +  { + }*100% 

1900 18.38 20.89      0.102 

2100 17.96 21.60      0.102 

2300 18.57 23.55      0.096 

2500 17.65 23.00      0.100 

2700 17.71 23.02      0.100 

2900 12.04 17.31      0.141 

v v
Na

ma

*10*85.4 6 

ma N

N

N

ma

ma

m
m

Ti

Tb

Ti

Tb
2Ti

TiTb

Tb

Tb

Ti

Ti
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Appendix Table 10: Percentage Uncertainty of combustion heat release rate 

Blends parameters Accuracy Equation U max (%) 

P(bar) Vnormalized 0.25 0.02 

 

% error 

B0 10.57 1 0.25 0.02 4.4% 

B5 12.49 1 0.25 0.02 4.0% 

B10 14.10 1 0.25 0.02 Equation of  Umax 3.8% 

B20 13.46 1 0.25 0.02 Umax = (
Δ𝑉

𝑉
+

Δ𝑝

𝑃
) ∗ 100% 

 

3.9% 

B40 12.73 1 0.25 0.02 4.0% 

      

 

 

 

1

1 1

dQ dv dp
P V

d d d



    
 

 

Measured parameters accuracy Derived 

parameter 

Equation Equation of 

Uncertainty 

Maximum 

uncertainty in % 

N(rpm

) 

ma (kg/h) mf 

(g/s) 

Ti 

(N-m) 

Ti 

0.01 

Ma 

(kg/h) 

mf 

0.008 ( )(kg/h) =  +  { + + }*100% 

1900 10.239 0.228 20.89       5.136 

2100 11.317 0.226 21.60       5.015 

2300 12.394 0.225 23.55       4.902 

2500 13.331 0.232 23.00       4.692 

2700 14.244 0.256 23.02       4.280 

2900 14.969 0.273 17.31       4.023 


F

A

F

A

mf
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ma
2
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mfma

N
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Ti
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f
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Appendix Table11:  Accuracy and percentage uncertainty for exhaust gas emission 

Parameters Instrument Measurement range Accuracy (%) Ūmax (%) 

NOx Kane AUTO plus gas analyzer 0 – 5000 ppm ± 12 ppm 17.5 

CO CT159.02 exhaust gas analyzer 0 – 10 % vol. ± 0.06% vol. 8.7 

UHC  0 – 2500 ppm ± 3 ppm 6.2 

 

 

 

 

 

 

 

 

Appendix Table12 Vibration evaluation standard for reciprocating machine 
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Appendix Table13   Scheme of Indian standard endurance test for IC Engines 
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