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Abstract

Abstract

The rising global energy demand, the depletion of fossil fuel reserves, and the environmental
challenges associated with waste cooking oil disposal highlight the need for cleaner and more
sustainable fuel alternatives. This thesis investigates the production, characterization, and en-
gine application of biodiesel derived from waste cooking oil, aiming to establish an efficient
and environmentally responsible pathway for its utilization in existing diesel engines.

Waste cooking oil was collected, stored, and pretreated following proper handling practices to
ensure feedstock quality. Biodiesel was produced through an optimized transesterification pro-
cess in which the effects of alcohol-to-oil ratio, catalyst concentration, reaction time, and reac-
tion temperature were evaluated. The produced biodiesel was purified and assessed according
to ASTM D6751 and EN 14214 standards to verify its physicochemical suitability as a diesel
substitute. Fuel blends of B5, B10, B20, and B30 were then formulated and evaluated to en-
hance fuel stability and better understand the influence of biodiesel concentration on engine
behaviour.

Engine tests were conducted on a Deutz Z-MWM D302-1 single-cylinder, naturally aspirated,
direct-injection diesel engine. Performance characteristics, fuel consumption, and pollutant
emissions were examined across the different biodiesel blends. The validated experimental data
were further used to develop a combustion model in CONVERGE CFD, providing numerical
access to key spray and combustion characteristics such as in-cylinder pressure, temperature,
heat release rate, and ignition delay.

The optimized production process yielded high-quality biodiesel fully compliant with ASTM
D6751 and EN 14214 specifications. Engine results showed stable operation for all blends, with
a modest increase in CO emissions and a clear reduction in NOx, attributed to the intrinsic
oxygenated nature of biodiesel and its lower combustion temperature. The modelling results
supported and deepened the experimental findings, overcoming limitations in available meas-
urement techniques. Overall, this work demonstrates the viability of waste cooking oil biodiesel
as a sustainable fuel and provides both experimental and computational contributions to the
understanding of its combustion behaviour in diesel engines, confirming that WCO biodiesel
and its blends represent an efficient, low-cost, and environmentally responsible fuel pathway
with strong potential for real-world implementation.

Keywords

Waste cooking oil, biodiesel, transesterification, diesel engine, performance, combustion, pol-
lutant emissions, modelling, CONVERGE.
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Abstract

Résumé

La croissance soutenue de la demande énergétique mondiale, 1’épuisement progressif des res-
sources fossiles et les impacts environnementaux liés a 1’élimination des huiles de cuisson usa-
gées soulignent I’importance de développer des carburants alternatifs plus propres et durables.
Dans cette optique, cette thése porte sur la production, la caractérisation et I’application moteur
d’un biodiesel issu d’huiles de friture usagées, dans le but de proposer une filiére énergétique
performante et respectueuse de 1’environnement, compatible avec les moteurs diesel actuels.
Les huiles collectées ont été stockees et prétraitées selon des protocoles garantissant la qualité
de la matiere premiére. Le biodiesel a été obtenu par un procédé de transestérification optimisé,
tenant compte du rapport alcool/huile, de la concentration en catalyseur ainsi que du temps et
de la température de réaction. Apres purification, le carburant a été évalué conformément aux
normes ASTM D6751 et EN 14214. Des mélanges B5, B10, B20 et B30 ont été élaborés afin
d’étudier I’influence de la teneur en biodiesel sur le comportement moteur.

Les essais expérimentaux ont été réalisés sur un moteur diesel monocylindre a injection directe
et aspiration naturelle de type Deutz Z-MWM D302-1. Les performances, la consommation de
carburant et les émissions polluantes ont été analysées pour chaque mélange. Les données va-
lidées ont ensuite servi a développer un modele de combustion sous CONVERGE CFD, offrant
un acces détaillé aux phénomeénes de pulvérisation et d’auto-inflammation, ainsi qu’aux évolu-
tions de pression, de température et de dégagement de chaleur dans le cylindre.

Les résultats montrent que le procédé optimisé permet d’obtenir un biodiesel de haute qualité
conforme aux exigences internationales. Les tests moteur révélent un fonctionnement stable des
différents mélanges, accompagné d’une Iégere augmentation du CO et d’une réduction marquée
des NOx, attribuées a la nature oxygénée du biodiesel et a ses températures de combustion plus
faibles. La modélisation numérique a apporté un éclairage plus approfondi que les mesures
expérimentales seules, dépassant leurs limitations. Globalement, ce travail confirme que le bio-
diesel issu des huiles de cuisson usagées constitue une solution énergétique efficace, écono-
mique et écologique, présentant un fort potentiel d’application réelle.

Mots-clés

Huiles usagées, biodiesel, transestérification, moteur diesel, combustion, performances, émis-
sions polluantes, modélisation, CONVERGE.
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General introduction

The global energy landscape is under increasing strain due to the depletion of fossil fuel re-
serves, price instability, and geopolitical tensions. Despite the growing availability of alterna-
tive energy sources, fossil fuels continue to meet approximately 80% of worldwide energy de-
mand, with diesel consumption rising from 3.5 million tonnes in 2010 to 3.9 million tonnes in
2019 (Ali ljaz Malik et al., 2024). This reliance, coupled with the volatility of global oil mar-
kets, underscores the urgent need for locally available and sustainable energy alternatives.
Algeria’s economy is particularly dependent on fossil fuel exports, with oil and natural gas
representing 93.6% of its total export revenue. The sharp fluctuations in crude oil prices over
the past decade have negatively impacted national economic stability. In response, the Algerian
government has prioritized the transition toward renewable energy technologies and the green
economy, aiming to secure future energy supply while mitigating environmental risks.

Among potential renewable options, biodiesel derived from waste cooking oil (WCO) emerges
as a promising solution. It offers dual benefits: mitigating environmental pollution associated
with WCO disposal and enhancing energy security (Maheshwari et al., 2022; Ali & Akbar,
2020). Improper management of WCO is a pressing issue worldwide and in Algeria, where the
food industry and domestic sectors collectively produced around 469,332 metric tons of WCO
in 2020, a figure projected to reach 561,286 metric tons by 2028 (Agence Nationale des Dé-
chets, 2021). Improper disposal (through sewer systems or landfills) can lead to serious conse-
guences, including water contamination, soil degradation, sewer blockages, and broader eco-
system disruption. For instance, China has faced long-standing challenges with “gutter oil”
management, generating approximately five million tonnes of WCO annually, a significant por-
tion of which re-enters the food supply or pollutes urban infrastructures. Similar issues are ob-
served in Europe, the United States, Malaysia, and the United Kingdom, where fats, oils, and
greases are major contributors to sewer blockages, imposing substantial economic burdens (
Lopresto et al., 2024).

Converting WCO into biodiesel provides a sustainable and circular solution, simultaneously
promoting energy independence, reducing waste, and safeguarding public health. Developed
regions such as the European Union, the United States, Japan, and Korea have implemented
policies to encourage biodiesel production from WCO, including bans on its use in animal feed
and mandates for renewable energy integration in the transport sector. Notably, the EU Renew-
able Energy Directive targeted a 10% share of renewable energy in transport by 2020, with

WCO-based biodiesel expected to replace up to 1.5% of diesel consumption.



General introduction

Biodiesel, as a renewable and environmentally friendly fuel, can be produced from a variety of
lipid feedstocks, including WCO, palm oil, soybean oil, rapeseed oil, and microalgae (Tabata-
baei et al., 2019). Research on WCO-based biodiesel has expanded due to its potential to ad-
dress energy scarcity, reduce greenhouse gas emissions, promote sustainable economic growth,
and prevent the illegal reuse of WCO in food production (Hosseinzadeh-Bandbafha et al.,
2022). Historically, interest in WCO biodiesel intensified alongside global environmental
awareness and renewable energy policies, with significant research developments occurring in
the early 2000s, particularly in countries seeking to integrate circular economy principles into
energy production.

From a technical perspective, biodiesel production from WCO is comparable to conventional
biodiesel processes, involving alkaline, acidic, or enzymatic transesterification. However, it of-
ten requires additional steps for collection, pretreatment, and quality control, which can increase
energy and material inputs, thereby influencing the overall sustainability and economic feasi-
bility of the process. Nevertheless, the multiple benefits, which extend from environmental pro-
tection to energy security, make WCO-based biodiesel a compelling focus for both research

and industrial development.

Despite growing awareness of the environmental and economic implications of fossil fuel de-
pendence, diesel remains a dominant energy source for transportation and industrial sectors.
The persistent rise in diesel demand, coupled with the depletion of petroleum reserves and fluc-
tuations in global oil prices, continues to challenge the stability of energy systems, particularly
in economies reliant on fossil fuel exports such as Algeria. This dependence limits progress
toward sustainable energy diversification and exposes the national economy to external market
vulnerabilities.

At the same time, the management of waste cooking oil (WCO) represents a significant envi-
ronmental and public health concern. In Algeria, large quantities of WCO are generated annu-
ally from domestic and industrial activities, yet systematic collection and valorization practices
remain underdeveloped. Improper disposal of WCO through drainage systems or landfills con-
tributes to water and soil contamination, sewer blockages, and the emission of harmful degra-
dation by-products. Furthermore, the absence of structured recycling mechanisms results in the
loss of a potentially valuable energy resource.

Although converting WCO into biodiesel presents a technically viable and environmentally

responsible alternative, several challenges persist. The variability in WCO composition, its high
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free fatty acid content, and the presence of impurities complicate the transesterification process
and can reduce biodiesel yield and quality. In addition, production costs associated with collec-
tion, pretreatment, and processing may affect the overall economic feasibility of WCO-based
biodiesel compared with conventional diesel.

Existing research on biodiesel production from various feedstocks has established its potential
as a clean and renewable substitute for fossil fuels; however, localized optimization that con-
siders feedstock quality, reaction conditions, and process-specific limitations remains necessary
to ensure its practical application. For Algeria, in particular, there is a lack of comprehensive
studies addressing the optimization of WCO transesterification, the physicochemical character-
ization of the produced biodiesel, and its performance and emission behaviour in diesel engines.
Thus, there is a clear need to investigate the potential of WCO as a sustainable feedstock for
biodiesel production under local conditions, to develop optimized conversion methods, and to
evaluate the resulting fuel’s suitability for engine applications. Addressing these gaps would
contribute not only to waste management and energy diversification in Algeria but also to the

broader global effort toward cleaner and more sustainable fuel technologies.

The motivation for this study arises from the combined challenges of energy security, environ-
mental protection, and sustainable waste management. Algeria’s dependence on fossil fuels for
both domestic consumption and export leaves its economy highly vulnerable to price fluctua-
tions and market instabilities. At the same time, the growing generation of waste cooking oil
presents an environmental burden but also an underutilized opportunity for renewable energy
production.

Valorizing WCO as a feedstock for biodiesel production represents a practical pathway toward
achieving national and global sustainability objectives. This approach aligns with the Algerian
government’s strategic vision to diversify energy sources and promote a green economy. By
transforming waste into energy, WCO-based biodiesel production can simultaneously address
waste management concerns, mitigate environmental pollution, and enhance local energy inde-
pendence. Biodiesel provides a practical and adaptable energy option that does not require the
large-scale infrastructure typical of solar, wind, or hydroelectric systems. Its flexibility makes
it suitable for powering small, distributed energy setups for homes, community facilities, and
essential services such as schools, clinics, or farms. This capability is particularly valuable in
rural, remote, or disaster-affected areas where deploying conventional renewable energy tech-

nologies may be challenging.
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From a scientific perspective, this research is motivated by the need to establish an integrated
understanding of the entire WCO-to-biodiesel chain. While numerous studies have optimized
the transesterification reaction, fewer have systematically examined the upstream variables
(feedstock characterization, collection, storage, and pretreatment) that determine the quality
and yield of the final product. Furthermore, comprehensive evaluation of biodiesel-diesel
blends, combining experimental investigations with modeling analysis, is indispensable for val-
idating their applicability under real engine operating conditions.
This study therefore contributes to filling critical research and practical gaps by:
« Emphasizing the significance of upstream processing in achieving consistent biodiesel
quality;
« Optimizing transesterification conditions tailored to locally sourced WCO;
« Evaluating the performance of biodiesel-diesel blends in engine operation; and
« Promoting a circular economy model that integrates waste recovery with renewable fuel
production.
By addressing these dimensions in a unified framework, this research aims to support Algeria’s
transition toward cleaner, more sustainable energy systems while providing insights relevant to

other regions facing similar challenges.

This PhD research aligns with the global vision of promoting sustainable waste-to-energy pro-
cesses as a viable pathway to mitigate the dual challenges of waste accumulation and energy
scarcity. As global waste generation continues to increase due to economic and demographic
growth, the transformation of waste streams into renewable energy carriers becomes an imper-
ative component of the circular economy. In this context, waste cooking oil (WCO) represents
a promising renewable resource that can be converted into biodiesel, thereby addressing both
waste management and sustainable energy production goals.

General Objective

The overarching objective of this thesis is to develop and assess an integrated framework for
the production, optimization, and utilization of biodiesel derived from waste cooking oil. The
study seeks to simplify the biodiesel production process while ensuring that the resulting fuel
meets international standards of quality and performance. Furthermore, it aims to evaluate the
potential of biodiesel-diesel blends as a technically feasible and environmentally sustainable

alternative to conventional diesel.
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Specific Objectives

To achieve the general aim, the following specific objectives were established:

1.

Waste Characterization and Pre-treatment

To investigate and establish procedures for the efficient collection, controlled storage,
and pre-treatment of locally sourced waste cooking oil, ensuring feedstock consistency
and suitability for biodiesel conversion.

Optimization of the Transesterification Process

To determine the optimal reaction parameters, such as catalyst concentration, molar
ratio, temperature, and reaction time, for maximizing biodiesel yield and purity using
both experimental and statistical tools.

Physicochemical Characterization of Biodiesel

To evaluate the produced biodiesel against international quality standards (ASTM
D6751 and EN 14214) and analyse its physicochemical properties in comparison with
conventional diesel.

Blend Formulation and Performance Assessment

To formulate different biodiesel-diesel blends and assess their combustion, perfor-
mance, and emission characteristics through experimental engine testing under various
operating conditions.

Computational Modeling and Simulation

To complement the experimental study with numerical simulations using CON-
VERGE software, enabling the prediction and analysis of in-cylinder phenomena such
as spray behaviour, combustion dynamics, and emission formation, as well as the im-
pact of engine parameters (e.g., EGR rate, injection timing).

Evaluation of Environmental and Practical Implications

To analyse the potential of WCO biodiesel as a scalable and practical energy solution
for decentralized applications, particularly in regions with limited access to conven-

tional renewable systems.

Methodological Approach

The methodological framework of this research integrates experimental investigation and com-

putational modelling to ensure comprehensive analysis and validation. The experimental phase

involves the production of biodiesel from locally collected WCO, followed by characterization

according to ASTM and EN standards. Subsequently, various biodiesel-diesel blends are pre-

pared and tested in a single-cylinder, four-stroke compression ignition engine to evaluate key
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performance parameters such as brake thermal efficiency, fuel consumption, and exhaust emis-
sions (CO and NO,).

In parallel, computational fluid dynamics (CFD) simulations are performed using CONVERGE
software to model the in-cylinder combustion process of biodiesel-diesel blends. This simula-
tion approach allows for the exploration of parameters that are difficult or costly to measure
experimentally, offering detailed insight into spray evolution, ignition delay, and emission for-
mation mechanisms. Together, the experimental and computational analyses provide a robust
understanding of biodiesel behaviour under real-world engine conditions and contribute to the

advancement of predictive models for renewable fuel performance.

The thesis begins with a general introduction, which situates the research within the broader
global and local context. It discusses the pressing challenges of fossil fuel dependence, envi-
ronmental pollution, and the growing need for renewable energy solutions. Within this frame-
work, the introduction presents the problem statement, research motivation, objectives, and
methodology, establishing the foundation for the subsequent chapters and clarifying the ra-
tionale behind the study.

The first chapter provides a comprehensive literature review. It examines the global energy
situation, presenting quantitative data and trends to illustrate the scale of energy demand and
the environmental consequences of conventional fuels. Biofuels are defined and classified as a
renewable energy source, with particular emphasis on waste cooking oil (WCO) as a promising
feedstock for alternative fuel production. The chapter presents a holistic approach to biodiesel
production, detailing the critical stages from collection and storage to transesterification and
final biodiesel recovery. Issues and considerations at each stage, including quality control and
characterization according to international standards, are discussed. Furthermore, the chapter
reviews studies on engine performance and emissions when using biodiesel, providing a foun-
dation for interpreting experimental results. In addition, it identifies limitations in current stud-
ies and highlights gaps that the present research aims to address.

The second chapter is dedicated to the case study of WCO biodiesel production. It presents an
integrated valorisation of waste cooking oil into biodiesel covering all stages of the production
process, including feedstock collection, storage, pre-treatment, transesterification, and bio-
diesel recovery. Detailed descriptions of the materials, experimental procedures, and methods
are provided, and the physicochemical properties of the produced biodiesel are characterized

according to international standards such as ASTM and EN. This chapter critically discusses
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the challenges encountered, the optimization strategies employed, and the practical feasibility
of WCO biodiesel production, emphasizing the scalability of the process and its potential for
sustainable waste-to-energy applications.

The third chapter focuses on the experimental evaluation of engine performance and emissions
using WCO biodiesel-diesel blends. It describes the engine test bench, instrumentation, and
experimental protocols, followed by a presentation and discussion of the results. Key perfor-
mance indicators, such as brake thermal efficiency and fuel consumption, as well as emission
parameters, including CO and NOx are analysed to understand the practical implications of bi-
odiesel blending on engine operation. This chapter provides insights into the real-world ap-
plicability of WCO biodiesel as an alternative fuel in conventional compression-ignition en-
gines.

The fourth chapter transitions to computational modeling and simulation of biodiesel combus-
tion. Using CONVERGE software, the study models in-cylinder phenomena including spray
dynamics, turbulence, combustion, and emissions. The chapter details the mathematical mod-
els, boundary conditions, and validation procedures used to ensure accuracy. Simulation results
are compared with the experimental findings from Chapter 3 to confirm model reliability. Once
validated, the simulations explore different biodiesel-diesel blend ratios and engine operating
conditions, offering predictive insights that complement the experimental observations and fur-
ther inform optimization strategies.

Finally, the thesis concludes with conclusions and future perspectives section. This section
summarizes the key findings of the research, highlighting both technical contributions and prac-
tical implications. It discusses the limitations of the experimental and computational ap-
proaches, and provides recommendations for future work, including potential scale-up, explo-
ration of alternative feedstocks, different engine configurations, and the broader environmental

and socio-economic impacts of WCO biodiesel adoption.



CHAPTER 1

Research Context: From Waste Cooking QOil to Engine
Applications

This chapter provides a comprehensive overview of existing knowledge relevant to biodiesel
production from waste cooking oil (WCO). It examines the global energy context, the classifi-
cation and significance of biofuels as renewable energy sources, and the specific advantages of
WCO as a feedstock for alternative fuels. The chapter further reviews previous studies on bio-
diesel production processes, feedstock characterization, fuel quality assessment, and engine
performance and emissions. By identifying gaps and limitations in the current literature, this
chapter establishes the foundation for the experimental and computational investigations pre-
sented in the subsequent chapters.



Chapter 1 Research Context: From Waste Cooking Oil to Engine Applications

1.1 Global Energy and Economic Development

Energy is widely acknowledged as a fundamental driver of modern development and prosperity.
It is not only a fuel source but also a determinant of economic resilience, technological progress,
and social well-being. Historically, the large-scale discovery and exploitation of fossil fuels
reshaped the economic landscape of nations, enabling industrialization, mechanization, and ur-
banization. Countries with access to abundant energy resources were able to accelerate growth,
strengthen their industrial capacity, and consolidate geopolitical influence.

In contemporary times, the interdependence between energy and economic performance re-
mains central to global power dynamics. Energy availability and affordability directly affect
productivity, trade, and social stability. The persistent rise in global energy demand underscores
this relationship, as rapid industrial expansion, urban population growth, and rising living stand-
ards drive increasing consumption. Major producers such as the United States, China, and Rus-
sia together account for nearly 38% of the global energy supply, illustrating how resource con-
trol translates into economic leverage and strategic influence. At the same time, the volatility
of energy markets highlights the vulnerability of economies dependent on fossil fuel revenues,
with fluctuations in oil and gas prices often triggering broad economic consequences.

1.2 Energy Resources and the Rising Demand

The increasing demand for energy is one of the defining challenges of the twenty-first century.
With global population growth, industrialization in emerging economies, and the expansion of
energy-intensive technologies, the pressure on available resources continues to intensify. This
has amplified concerns about the long-term security of energy supply and its implications for
both economic stability and environmental sustainability.

Primary energy demand
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Figure 1.1 Global primary energy demand by sector, region, and fuel type, 1970-2040 (BP, 2019b)



Chapter 1 Research Context: From Waste Cooking Oil to Engine Applications

Energy resources are generally divided into two main categories: non-renewable and renewa-
ble. Non-renewable sources, such as crude oil, natural gas, coal, and nuclear power, have his-
torically dominated the global energy system (Figure 1.1). Their high energy density and estab-
lished infrastructure enabled the industrial revolution and sustained modern economic growth.
However, these resources are finite, formed over geological timescales, and their depletion is
inevitable. This raises questions about the ability of future generations to meet rising energy
needs with diminishing reserves.

In contrast, renewable sources such as hydropower, biomass, solar, wind, and marine energy
are replenishable on much shorter timescales. Their availability is more compatible with the
objectives of long-term sustainability, and their share in the global mix has grown steadily in

recent years as shown in.

Figure 1.2 Share of energy demand growth by source, 2024

Advances in technology, coupled with policy incentives, have accelerated their integration, po-
sitioning them as essential components of the energy transition.

Nevertheless, fossil fuels are expected to remain the cornerstone of global energy in the near
future, particularly in sectors such as transport and heavy industry where alternatives are not
yet widely scalable. This continued reliance highlights the dual challenge of meeting immediate

demand while simultaneously preparing for a long-term shift to sustainable energy.
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Figure 1.3 Global investment in clean energy and fossil fuels, 2015-2025

The Global investment in clean energy and fossil fuels, 2015-2025 as shown by Figure 1.3 Global
investment in clean energy and fossil fuels, 2015-2025underscores a dual reality: fossil fuels remain
indispensable in the short term, but renewables are shaping the long-term path of energy diver-
sification.

1.3 Emissions and Global Regulatory Responses

The increase in atmospheric greenhouse gas levels is largely attributable to the extensive com-
bustion of fossil fuels. This accumulation, carbon dioxide (CO-) particularly, has intensified
global warming and contributed to climate-related challenges such as sea-level rise, extreme
weather events, and long-term ecological disruptions. The environmental cost of continued de-
pendence on coal, oil, and natural gas has therefore become a central concern of the interna-
tional community.

In response, governments and multilateral organisations have established regulatory frame-
works aimed at mitigating harmful emissions from industry, transport, and energy production.
Policy interventions include mechanisms for carbon pricing, emissions trading schemes, man-
dates for renewable energy adoption, and efficiency regulations applied across multiple sectors.
Collectively, such policies form the foundation of global climate governance, shaping both na-

tional energy strategies and international cooperation.
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Chapter 1 Research Context: From Waste Cooking Oil to Engine Applications

A landmark development in this regard was the adoption of the Paris Agreement in 2015, under
which participating countries committed to limiting the global temperature increase to well be-
low 2 °C above pre-industrial levels, with efforts to restrict the rise to 1.5 °C. To achieve these
objectives, nations have submitted Nationally Determined Contributions (NDCs), outlining
their specific emission reduction targets and timelines.

The pursuit of global emission reduction targets requires not only efficiency improvements and
stricter controls on fossil fuel use but also the integration of alternative energy sources capable
of meeting rising demand without worsening environmental degradation. Among these alterna-
tives, biofuels have emerged as a strategic option. As renewable and replenishable energy car-
riers, they reduce greenhouse gas emissions, lessen dependence on imported fossil resources,
and contribute to agricultural and rural development.

1.4 Biofuels

Biofuels can provide both power and transport fuel, positioning them as a viable substitute for
conventional fossil fuels. Unlike finite reserves of oil, coal, and natural gas, they can be replen-
ished within relatively short cycles, supporting long-term sustainability. Their adoption also
addresses a key challenge of the twenty-first century: meeting the vast and growing energy
requirements of industrial, transport, and residential sectors while safeguarding energy security.
Governments and international agencies have promoted supportive policies and invested in re-
search to accelerate biofuel deployment as a means of reducing oil dependence and mitigating

climate change impacts.
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@ Others @ Petrochemical Feedstocks @ Biofuels @ Total

Figure 1.4 Global oil demand forecast, 2017-2030 (IEA, 2024).

12



Chapter 1 Research Context: From Waste Cooking Oil to Engine Applications

Since the early 2000s, the biofuel market has expanded steadily, driven by the need to diversify
energy sources and enhance rural economies. A prominent example is Brazil, where large-scale
biodiesel and bioethanol production has demonstrated the viability of biofuels as both an energy
strategy and a development pathway. Data from the International Energy Agency illustrated by
Figure 0.5 (IEA, 2024) confirm the consistent rise in demand for biodiesel and biogasoline be-

tween 1980 and 2022, underscoring their growing role in the global energy mix.

@ Rest of the world biodiesel demand @ Rest of the world biogasoline demand  © Brazil biodiesel demand @ Brazil biogasoline demand

o~ T T T
1980 1985 1990 1995 2000 2005 2010 2015 2020

Figure 1.5 demand for biodiesel and biogasoline between 1980 and 2022

Biofuels are fuels obtained from plant-based biomass, which includes both recently deceased
organic matter and metabolic by-products of living organisms (Bungay, 1982; Demirbas, 2009).
Such biomass can be transformed into usable fuels through thermal, chemical, or biochemical
conversion processes. Human societies have relied on biomass as an energy source for centu-
ries, with its use passing through successive generations.

1.4.1 Types of Biofuels

Biofuels can be broadly classified into liquid, gaseous, and solid forms, each with distinct ap-
plications and production pathways.

1.4.1.1 Liquid Biofuels

These are the most practical substitutes for fossil fuels because they can be transported and
stored within existing infrastructure. The two major liquid biofuels are bioethanol and biodiesel.

Bioethanol, derived from sugar- and starch-based feedstocks such as sugarcane or maize, has
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long been used as a gasoline additive due to its high octane rating and cleaner combustion (Park
et al., 2012). Its blends, such as E10 and E85, are already widespread in global markets, with
Brazil standing out as a pioneer in large-scale ethanol adoption (Sunggyu & Shah, 2012). Bio-
diesel, in contrast, is a diesel substitute produced mainly through transesterification of plant
oils, animal fats, or waste oils. It is renewable, biodegradable, and has combustion properties
similar to petroleum diesel, making it suitable for use either in pure form or in blends (Eevera
et al., 2009; Bashir et al., 2022). Importantly, feedstock selection influences production cost
and sustainability, with waste oils offering significant advantages over edible crops.

1.4.1.2 Gaseous Biofuels

These include biogas and syngas, both obtained from the decomposition or gasification of or-
ganic matter. Biogas, composed mainly of methane and carbon dioxide, is generated via anaer-
obic digestion of agricultural residues, manures, and organic wastes, offering both energy re-
covery and waste management benefits. Syngas, rich in hydrogen and carbon monoxide, is pro-
duced through gasification processes and can serve as an intermediate for fuels and chemicals
(Singh et al., 2016).

1.4.1.3 Solid Biofuels

Traditional forms such as wood and charcoal remain in use, but modern applications rely on
biochar and pellets made from agricultural residues or forestry by-products. These denser,
standardised fuels provide higher energy content and greater efficiency in heating and electric-
ity generation (Singh et al., 2016).

Overall, while a variety of biofuels exist, biodiesel and bioethanol dominate the current market,
with biodiesel receiving particular attention due to its compatibility with diesel engines and
potential to reduce greenhouse gas emissions.

1.4.2 Generations of Biofuels

Biofuels are commonly categorized into four generations based on the type of feedstock and
the conversion technologies employed. Each generation reflects a step forward in addressing
the limitations of its predecessor while attempting to balance energy security, environmental
sustainability, and economic feasibility.

1.4.2.1 First-Generation Biofuels (G1) (Sunggyu & Shah, 2012)

G1 biofuels are derived from edible crops, including starchy feedstocks such as cereals, cas-
sava, and potatoes, sugar crops like sugarcane, sugar beet, and sorghum, and oilseed crops such

as rapeseed, soybean, and sunflower .Bioethanol is typically produced from starch and sugar
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crops via fermentation, while biodiesel is produced from vegetable oils through transesterifica-
tion. The dominant feedstocks vary by region, with corn widely used in the United States, wheat
in the European Union, and sugarcane in Brazil. Today, nearly 99% of biofuels used in EU road
transport are first generation. Despite their established technologies and large-scale production,
G1 biofuels face criticism for competing directly with food production and requiring extensive
cultivation areas, and sometimes offering limited energy gains. Even when non-edible grades
such as animal feed wheat or broken rice are used, these resources still represent a diversion of
potential food supply, raising concerns for global food security.

1.4.2.2 Second-Generation Biofuels (G2)

To overcome the food vs fuel competition, G2 biofuels utilize non-edible biomass such as lig-
nocellulosic residues, dedicated energy crops, wood, and municipal solid waste. Their feed-
stocks are composed mainly of cellulose, hemicellulose, and lignin, which require pre-treatment
to disrupt the plant matrix before enzymatic hydrolysis can release fermentable sugars. While
offering a more sustainable alternative, the complexity of processing lignocellulosic material
increases production costs and remains a barrier to large-scale commercialization.

1.4.2.3 Third-Generation Biofuels (G3) (Abomohra et al., 2022)

G3 biofuels are based on algal biomass, which does not compete for arable land or freshwater
and can grow in diverse environments ranging from oceans and rivers to wastewater systems.
Algae are categorized into macroalgae (seaweeds) and microalgae, the latter including both
prokaryotic cyanobacteria and eukaryotic green algae.Seaweeds, rich in carbohydrates, are pri-
marily investigated for bioethanol production via fermentation, although they can also be pro-
cessed into syngas or biodiesel through pyrolysis, gasification, or hydrothermal liquefaction.
Microalgae, by contrast, are widely studied for biodiesel due to their ability to accumulate high
lipid contents, but they can also yield bioethanol, biogas, and hydrogen depending on the con-
version pathway. Their versatility and productivity make them a promising feedstock, though
economic and technical barriers persist.

1.4.2.4 Fourth-Generation Biofuels (G4) (Sunggyu & Shah, 2012)

Building on the potential of microalgae, G4 biofuels involve genetically modified (GM) strains
designed to enhance photosynthetic efficiency, CO: fixation, and accumulation of lipids or car-
bohydrates. Genetic and metabolic engineering of species such as Chlamydomonas reinhardtii
has demonstrated substantial improvements. Cultivation systems include closed photobioreac-

tors, which reduce contamination risks but require high capital costs, and open raceway ponds,
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which are cheaper but carry environmental risks of GM organism release. Although laboratory
studies show promising results for biodiesel, biohydrogen, and bioethanol production, the com-
plexity of algal genomes and unresolved biosafety issues remain major challenges. Addressing
these constraints is crucial for scaling up G4 biofuels while ensuring environmental and health

safety.

Waste cooking oil (WCO) has gained recognition as a valuable feedstock for biodiesel produc-
tion due to its classification as an advanced biofuel resource derived from waste streams rather
than primary agricultural crops. Unlike edible vegetable oils, WCO utilization does not compete
with food supplies, thereby avoiding the food-versus-fuel dilemma and contributing to more
sustainable biofuel development (Singh & Guldhe, 2022). Although Many authors classify
WCO-based biodiesel as “advanced biofuel” or under second-generation biofuels in policy
frameworks (e.g., the EU Renewable Energy Directive) underscoring its role in waste valoriza-
tion, greenhouse gas mitigation, and sustainable energy generation (Singh et al., 2020).

WCO is widely available from households, restaurants, and the food industry, where it has
traditionally been discarded through improper disposal methods or reused in applications such
as soap making or animal feed. However, health and environmental concerns have led to regu-
latory restrictions to avoid the reintroduction of harmful substances into the food chain. For
instance, the European Union banned the blending of WCO into animal feed in 2002, thereby
reinforcing biodiesel production as the most appropriate recycling pathway (Singh, Pandey, &
Gnansounou, 2016).

From a market perspective, WCO represents a significant and underutilized resource. Estimates
suggest that the United States, Japan, China, Europe, and Malaysia together generate around 15
million tonnes annually, while India alone produces approximately 9.2 million tonnes per year.
Converting this readily available waste into biodiesel offers cost-effective, technically feasible,
and environmentally benign solutions to energy and waste management challenges. As illus-
trated in Figure 1.6, WCO is not only generated at large volumes but is also collected and uti-
lized across diverse regions worldwide, ranging from North America and Europe to Asia and
Oceania. This global distribution highlights its omnipresence and underscores its potential as a
unifying feedstock for biodiesel production.

Overall, WCO offers a dual benefit: it addresses waste disposal challenges while contributing

to affordable and sustainable biodiesel production. Its classification as an advanced biofuel
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highlights its central role in strategies aimed at reducing dependence on fossil fuels, cutting
emissions, and supporting the circular economy.
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Figure 1.6 Biodiesel sources around the world (Kegl, Kegl, & Pehan, 2013)

1.5.1 Quality Changes in cooking oils

The waste cooking oil (WCO) for biodiesel production is considered suitable depending on the
physicochemical transformations it undergoes during frying. A process typically conducted at
temperatures between 160 °C and 190 °C under atmospheric conditions, often over prolonged
periods and repeated use cycles. Exposure to heat, oxygen, and moisture from food initiates a
series of complex reactions; oxidation, polymerization, and hydrolysis (see figure 1.7). Choe &
Min (2007) and Awogbemi et al.( 2021) asses that these reactions progressively impair oil
quality. Hydrolysis occurs when water from the food reacts with triglycerides, producing free
fatty acids (FFAs), mono- and diglycerides, and glycerol,with reaction rates accelerated by high
temperatures, extended heating, and catalytic metal ions. Oxidation involves the reaction of
unsaturated fatty acids with oxygen during repeated heating, leading to hydroperoxides and
secondary products such as aldehydes and ketones, which contribute to darkening, off-odors,
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and reduced oxidative stability. Polymerization results from the recombination of oxidized rad-
icals to form high-molecular-weight compounds, including dimers and oligomers, which in-
crease viscosity, promote foaming, and generate sticky residues. These chemical processes col-
lectively alter critical fuel-related properties, reducing the suitability of WCO for direct trans-
esterification without pre-treatment (Kulkarni & Dalai, 2006). Physically, frying induces
marked increases in viscosity, color changes, and the formation of polar compounds and pol-
ymerized triglycerides, alongside shifts in key indicators such as iodine value, peroxide value,
acidity, and total polar compounds (TPC), which rise with extended use as a result of oxidative
and hydrolytic deterioration (Awogbemi et al., 2021). Oxidative cleavage of double bonds re-
duces the degree of unsaturation, potentially lowering the cetane number of the derived bio-
diesel, although density changes are often reported to be insignificant (Kulkarni & Dalai, 2006).
Prolonged frying also promotes the accumulation of hazardous substances such as polycyclic
aromatic hydrocarbons (Kalogianni et al., 2011), raising both fuel quality and environmental
safety concerns. The rate and severity of these changes depend on the fatty acid composition of
the oil, with polyunsaturated-rich oils being less stable than those rich in monounsaturated or
saturated fatty acids. They are also influenced by frying conditions such as temperature, dura-
tion, and reuse cycles, while intermittent frying further exacerbates oxidation because oxygen
solubility increases during cooling. Additional factors include the properties of the fried food,
which can introduce moisture, starch, proteins, and catalytic metals, and fryer design, as high
surface-to-volume ratios and metallic surfaces, particularly copper and iron, accelerate oxida-
tive reactions. Empirical studies confirm that repeated frying increases viscosity, decreases un-
saturated fatty acid content, and elevates degradation product concentrations, reinforcing the
necessity for pre-treatment to restore oil quality before its conversion into biodiesel (Awogbemi
et al., 2021; Kalogianni et al., 2011).
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Figure 1.7 Physical and chemical changes of oil during deep-fat frying (Choe & Min, 2007)

1.5.2 Suitable Waste Cooking Oils for Biodiesel: Key Indicators
The quality of waste cooking oils (WCOs) is a decisive factor in the cost-effectiveness and
technical feasibility of biodiesel production. Pre-treatment processes can substantially increase
production costs, potentially rendering WCOs economically uncompetitive. To reduce these
burdens, the feedstock should be of the highest possible quality, with minimal degradation
caused by inappropriate collection or prolonged storage. This section outlines the key indicators
used to assess the suitability of WCOs for biodiesel production via alkaline transesterification,
drawing attention to the underlying degradation mechanisms and acceptable threshold values.
1.5.2.1 Chemical Quality Indicators
Chemical degradation in WCOs arises primarily from hydrolysis, oxidation, and polymeriza-
tion, processes that occur during frying and storage.
o Acidity and Moisture Content
Hydrolysis of acylglycerols produces polar compounds such as monoglycerides, di-
glycerides, and free fatty acids (FFASs). These changes are typically quantified by
measuring FFA content and water content.Elevated moisture accelerates hydrolysis, as
water promotes triglyceride breakdown, and is often correlated with increased FFA
levels resulting from thermal and oxidative decomposition of long-chain fatty acids.
High water content also promotes microbial growth during storage. For optimal bio-

diesel yield and quality, WCOs should have an acidity number below 4 mg KOH/g
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and a moisture content below 0.2% w/w (Ujong et al., 2023 ; Cordero-Ravelo &
Schallenberg-Rodriguez, 2018).

o Oxidative Stability
Oxidation originates from the double bonds in unsaturated fatty acids, forming unsta-
ble hydroperoxides that subsequently degrade into aldehydes, ketones, and polymers.
This process is accelerated by air exposure and the depletion of natural antioxidants
such as polyphenols and flavonoids. Two key parameters are used to track oxidative
changes (Catia Giovanna Lopresto et al., 2024):

- lodine number that reflects the degree of unsaturation and thus susceptibility to
rancidity. A reduction in iodine value during frying indicates deterioration due
to loss of double bonds via thermolysis and oxidation.

- Peroxide number measures primary oxidation products (hydroperoxides), which
initially increase and then decline as these compounds decompose.

o Viscosity
Polymeric degradation, driven by the formation of oil oligomers and polymers during
frying, results in higher viscosity. Fresh oil viscosity depends on fatty acid chain length
and degree of unsaturation, but polymerization significantly increases this parameter
(Cordero-Ravelo & Schallenberg-Rodriguez, 2018). For efficient single-stage alkaline
transesterification, the kinematic viscosity at 40 °C should be below 38.46 mm3/s.
WCOs with viscosities between 39.74 and 56.04 mm?2/s have been shown to produce
substandard biodiesel (Adhikesavan et al., 2022).

o Total Polar Materials (TPM)
TPM is a comprehensive measure of degradation, encompassing polar compounds
from both hydrolytic and oxidative reactions, including FFAs, monoglycerides, di-
glycerides, and oxidation derivatives. TPM increases with frying time, temperature,
and the moisture content of the cooked food. In many jurisdictions, frying oil is con-
sidered unsuitable for further use when TPM exceeds 25%. For reference, fresh sun-
flower and palm oils have TPM values of ~4% and 9.3%, respectively, which can rise
to 29-43% and 27-42.5% after frying (Sanli et al., 2011)Elevated TPM affects kine-
matic viscosity, which in turn influences engine performance and emissions of WCO
derived biodiesel, though it does not significantly alter properties such as flash point,

pour point, or density.
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1.5.2.2 Biological Quality Indicators

Biological contamination can accelerate WCO degradation during storage. Oils stored under
non-refrigerated, humid conditions are susceptible to microbial growth, particularly fungi.
Some species produce lipases that hydrolyze triglycerides, increasing acidity and peroxide val-
ues Thermoresistant spores enable these microorganisms to survive the anaerobic conditions
typical of stored oils, making hygienic handling and airtight storage essential (Catia Giovanna
Lopresto et al., 2024).

1.5.2.3 Physical Quality Indicators

Density is a further critical parameter for assessing WCO suitability. Oil density tends to in-
crease with repeated frying cycles and decrease during transesterification. WCOs with densities
below 930 kg/m? at 15 °C yield biodiesel that meets the European standard, ensuring acceptable
combustion characteristics and fuel performance (Cordero-Ravelo & Schallenberg-Rodriguez,
2018).

In summary, the suitability of WCOs for biodiesel production can be reliably determined
through a combination of chemical, biological, and physical indicators. Maintaining low acidity
and moisture levels, controlling oxidative and polymeric degradation, preventing microbial
contamination, and ensuring compliant density values are essential to producing high-quality
biodiesel while minimizing costly pre-treatments

1.5.3 Collection and Storage of Waste Cooking Oil for Biodiesel Production

The preservation of WCO quality depends heavily on how the oil is collected and stored prior
to processing. Even when initial quality indicators such as acidity, moisture content, viscosity,
and total polar materials (TPM) are within acceptable limits, improper handling during these
stages can accelerate hydrolytic, oxidative, polymeric, and microbial degradation. Such deteri-
oration increases pre-treatment requirements, reduces biodiesel yield, and raises production
costs.

Waste cooking oils (WCOs) can be classified into two main categories: household WCOs and
commercial WCOs collected from sources such as restaurants, hotels, fast-food outlets, hospi-
tals, schools, universities, prisons, and workplace canteens. These two types differ notably in
their characteristics. Household WCOs are typically exposed to shorter frying durations and
fewer reuse cycles, whereas commercial WCOs undergo longer and more frequent frying. As a
result, commercial WCOs generally contain higher levels of saturated fatty acids, which en-

hance their oxidative stability and improve fuel qualities such as flash point and cetane number.
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Figure 1.8 Per capita vegetable oil consumption and used cooking oil (UCO) collection rates in 2022
(GlobalData, 2023).

1.5.3.1 Waste Cooking Oil Collection Practices

The collection of waste cooking oil (WCO) varies widely across countries, influenced by veg-
etable oil consumption patterns and the existence of collection networks. Despite significant
consumption, the proportion of WCO collected remains low worldwide as shown in Figure 1.8.
Two main approaches to WCO management are evident. The first relies on second-generation
economic instruments, where targeted regulations and subsidies stimulate private sector in-
volvement in collection and valorization, as observed in countries such as the United States,
Brazil, Singapore, Australia, and New Zealand. The second employs third-generation instru-
ments, such as environmental taxes applied to consumer products, which encourage recovery
and recycling in regions like the European Union, Argentina, and Japan (Teixeira et al., 2018).
However, available data on WCO collection, particularly outside Europe, remain limited and
fragmented.

Domestic WCO collection is generally underdeveloped. For example, in the United States,
household collection systems are virtually absent due to economic constraints. In most coun-
tries, no dedicated recycling infrastructure exists for individuals, and WCO from households is
typically stored in plastic containers and deposited at collection points or bins, later retrieved
by specialized vehicles. Alternative models, such as door-to-door collection, are practiced in
some municipalities with varying frequencies (from weekly to on-demand) depending on local

waste policies. However, household WCO is often stored under uncontrolled conditions, with

22



Chapter 1 Research Context: From Waste Cooking Oil to Engine Applications

food residues and moisture contributing to microbial growth and degradation. Certification of
household WCO for sustainability is also challenging, as the fragmented supply chain and risk
of contamination increase treatment and cleaning costs.

By contrast, commercial and industrial WCO streams are more accessible and of higher quality.
Restaurants, hotels, and catering outlets are usually served by collection companies that inte-
grate the supply of fresh oil with the removal and recycling of used oil. These companies often
provide standardized, food-grade storage containers tailored to kitchen requirements. Regula-
tory enforcement and economic incentives are key factors influencing proper disposal practices
in the commercial sector. Additionally, professional kitchens equipped with thermostatically
controlled fryers and outlet filters can produce higher-quality WCO, provided that excessive
frying cycles are avoided.

Several studies have sought to optimize WCO collection networks. For example, mathematical
modeling has been applied to determine optimal locations for collection centers, household as-
signments, container numbers, and vehicle routing to biodiesel facilities (Olmez et al., 2018).
Caldeira et al. (2015) in Portugal have assessed household and catering collection systems using
Life Cycle Assessment (LCA) and have indicated that door-to-door collection systems had the
highest climate change impact, while street-container systems had the lowest. In the catering
sector, monthly collection from restaurants using plastic containers was identified as a viable
model.

Despite progress, substantial gaps remain in the literature concerning WCO collection and stor-
age practices for biodiesel conversion. Most research to date has concentrated on designing
efficient local or national collection networks, leaving broader questions on long-term sustain-
ability, quality assurance, and household participation insufficiently addressed.

1.5.3.2 Current Storage Practices and Recommended Methods

After collection, waste cooking oils (WCOs) are often stored under uncontrolled conditions,
frequently in containers that are neither airtight nor protected from light. Traditional storage in
metal drums remains common, but it presents several challenges. These drums are inefficient
in terms of space and are highly vulnerable to environmental factors. In hot climates, thermal
expansion increases the likelihood of leaks, while exposure to rain can lead to water infiltration.
During daily heating and cooling cycles, air exchange between the drum and the atmosphere

can draw water into the oil. Over time, this water settles at the bottom, increasing the liquid
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level and potentially deforming the container. Such conditions not only accelerate the degrada-
tion of WCO but also increase the risk of costly spills.
To address these issues, high-quality storage solutions are recommended. Stainless steel tanks,
for example, offer durability and minimize risks of corrosion, leakage, and water contamina-
tion, making them more suitable for outdoor storage.
Maintaining hygienic conditions in storage containers is essential to prevent microbial contam-
ination, which can compromise oil quality
1.5.4 Pretreatment of Waste Cooking Oil
The quality of waste cooking oil (WCO) plays a decisive role in obtaining biodiesel of accepta-
ble standards. Due to repeated thermal exposure and food contact, WCO is often heterogeneous
and contains significant levels of suspended solids, free fatty acids (FFASs), water, and degra-
dation products. Such impurities can hinder the efficiency of transesterification, reduce bio-
diesel yield, and promote the formation of undesirable by-products. Consequently, adequate
pretreatment is essential prior to the reaction stage. The main pretreatment steps include filtra-
tion, deacidification or neutralization, and water removal.

a) Filtration and removal of suspended solids (Cardenas et al., 2021)
The initial pretreatment of waste cooking oil (WCO) aims to eliminate suspended food par-
ticles and other insoluble contaminants. This typically starts with a coarse filtration using
fabric bags or stainless-steel strainers with openings of 150-200 pum. The oil is then gently
heated to around 60-65 °C to melt solidified fats, release entrapped materials, lower vis-
cosity, and enhance flow. A subsequent fine filtration through stainless-steel meshes of 70—
100 um is performed, followed by storage at 60 °C to facilitate emulsion breaking, water
separation, and sedimentation. Finally, the oil undergoes a polishing filtration using a 5 um
mesh to obtain a clarified product.

For the removal of solids, conventional filtration is commonly employed. This approach
uses cellulose filters or stainless-steel screens. Cellulose filters are inexpensive and suitable
for laboratory-scale work but have limited durability, higher oil retention, and lower me-
chanical strength. Stainless-steel filters, although more expensive, can be reused indefi-
nitely and withstand industrial conditions. Filtration efficiency can be further improved by
adding filter aids (materials such as diatomaceous earth, clays, silicates, or activated carbon)

which adsorb fine particles and, in some cases, help remove free fatty acids. While these
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b)

inorganic aids generally have macroporous structures and moderate surface areas, mesopo-
rous and microporous materials (e.g., certain metals like aluminum, zinc, or titanium) can
capture ultrafine particles smaller than 0.5 um.
Industrial-scale processes may employ multi-stage setups, such as an electronically con-
trolled self-cleaning steel filter for gross separation (>100 um), followed by deep-bed fil-
tration using clays in fiberglass containers to remove pigments and trace metals. Pilot-scale
operations have also used adsorbent full-flow oil filters. As an alternative, centrifugation
systems can continuously separate WCO into pure oil, wastewater, and solids in one step.
Deacidification (C. G. Lopresto, 2024)
Waste cooking oil (WCO) contains free fatty acids (FFAS), which pose a significant chal-
lenge for alkaline transesterification. These FFAs react with alkaline catalysts to produce
soap and water, both of which reduce biodiesel yield and make product separation more
difficult. Additionally, the water formed can accelerate triglyceride hydrolysis, further in-
creasing the FFA content.
Reducing FFAs is often the most costly pretreatment step, involving high energy consump-
tion, material losses, waste generation, and substantial water use. When the FFA content
exceeds about 1% (or 2.5% according to some sources), pretreatment is required before
transesterification. Available methods can be grouped into chemical and physical processes:
Neutralization : Addition of an alkaline solution (e.g., NaOH, KOH) to convert FFAs
into soaps, which are then removed. Suitable for oils of any quality and energy-efficient,
but produces wastewater, consumes large amounts of water, and reduces triglyceride
content.
Esterification : conversion of FFAS into esters using an alcohol (commonly methanol)
and an acid or enzymatic catalyst. Highly efficient and can be integrated with transester-
ification, but is costly, generates wastewater, and may corrode equipment.
Biological treatment : Use of microorganisms or enzymes to degrade or transform
FFAs. Environmentally friendly and can produce valuable biomass, but unsuitable for
short-chain fatty acids and sensitive to inhibitory compounds.
Distillation : Thermal separation of FFAs under vacuum or steam conditions. Produces
high-purity FFAs and avoids by-products, but is energy-intensive and less effective for
short-chain FFAs.
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Adsorption : Use of porous solids (e.g., activated carbon, silica) to trap FFAs. Low
energy use and removes other impurities, but requires large adsorbent quantities, has
limited capacity, and generates solid waste.
Membrane separation : Physical separation based on molecular size differences. Chem-
ical-free and efficient, but effectiveness can be limited by small molecular weight dif-
ferences, and costs are high.
Solvent extraction : Dissolution of FFAs in a selective solvent, followed by recovery.
Produces good-quality FFAs and minimizes oil loss, but may not achieve full deacidi-
fication and requires strict solvent handling.
Supercritical fluid extraction : Use of supercritical CO: or other fluids to extract FFAs.
Avoids by-products and suits diverse oils, but requires extreme operating conditions and
expensive equipment.
c) De-watering (Cardenas et al., 2021)
Water in waste cooking oil (WCO) accelerates the hydrolysis of acylglycerols into free fatty
acids (FFAs) and facilitates microbial and enzymatic degradation during storage and han-
dling.For biodiesel production, water content should be below 0.05 wt% (500 ppm) to min-
imize side reactions and quality loss.
Water removal can be achieved through adsorption, thermal treatment, membrane separa-
tion, or centrifugation. Adsorbents such as silica gel, bentonite ,anhydrous sodium sulfate,
and magnesium sulfate have been shown to effectively reduce moisture, often combined
with vacuum filtration. Activated charcoal, derived from agricultural wastes, can simulta-
neously remove water, pigments, and other impurities.
Thermal drying is common, with pre-heating at 50-54 °C sufficient for most applications
,while higher temperatures (70-150 °C) under reduced pressure (< 40 mbar) can reduce
residual water to below 200 ppm .Ultrafiltration and microfiltration can also separate water
but face industrial limitations due to low permeation rates and high maintenance costs. Cen-

trifugation is a promising alternative, especially for large-scale operations.
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The direct use of neat vegetable oils or waste cooking oils in diesel engines is limited by their
high viscosity (approximately 11 to 17 times greater than that of conventional diesel ) and even-
tually by other unfavourable physicochemical properties. These characteristics lead to poor at-
omization, incomplete combustion, and engine deposits. To address these issues, four main
approaches have been used ( see figure 1.9) blending with petroleum diesel, microemulsifica-
tion, pyrolysis, and transesterification.Among these, transesterification has become the domi-
nant and most widely adopted method for biodiesel production, producing alkyl esters of veg-
etable oils or animal fats or waste oils that meet international fuel standards.

o Blending involves diluting vegetable oils with petrodiesel to reduce viscosity and im-
prove combustion properties. Low-level blends (10-20%) have been shown to sustain
engine performance without requiring major modifications, whereas higher blends (up
to 50%) further reduce viscosity but increase the risk of incomplete combustion and
carbon deposits (Ambat et al., 2018).

o Microemulsification forms stable, colloidal mixtures of oils and polar solvents with
the aid of surfactants and co-surfactants (Jain & Sharma, 2010; Bora et al., 2016). To
reduce viscosity, short-chain alcohols such as methanol, ethanol, or butanol are com-
monly added, and additional compounds can be included to improve the fuel’s ignition
properties (Attaphong et al., 2012). This approach can enhance fuel atomization and
spray characteristics during injection, which may improve combustion efficiency. How-
ever, it also presents challenges, including lower cetane numbers, reduced cold-flow
performance, incomplete combustion, and the potential for injector deposits, all of
which can affect engine reliability and performance (Ziejewski et al., 1984; Jain &
Sharma, 2010; Ambat et al., 2018). Overall, while microemulsification offers benefits
for spray behavior, careful formulation is needed to balance its advantages and limita-
tions for engine applications.

o Pyrolysis is a thermochemical process in which oils or biomass are decomposed at tem-
peratures above 350 °C in the absence of oxygen, and sometimes in the presence of
catalysts. This treatment generates a mixture of hydrocarbons, including alkanes, al-
kenes, aromatics, and carboxylic acids, along with char, gases, and water (Avhad &
Marchetti, 2015). The process can be adjusted to favour char production through slow

pyrolysis or maximize liquid fuel yields via fast pyrolysis, typically conducted at 400-
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600 °C with short residence times. Using catalysts during pyrolysis can further improve
fuel quality and increase aromatic content (Bwapwa et al., 2017). Despite producing
diesel-like liquids, challenges such as high viscosity, poor cold-flow properties, and the
loss of oxygenated functional groups limit the practical application of pyrolysis-derived
fuels (Lee et al., 2017).

Transesterification is now the most commonly used and effective method for produc-
ing biodiesel, to the point that the term “biodiesel” is largely associated with fuels made
via this process. This reaction converts triglycerides into fatty acid esters using short-
chain alcohols and was first reported in 1852. It later found practical applications in the
soap and fat industries during the early 20th century. One of the earliest patents related
to biodiesel described the production of palm oil ethyl esters in Belgium (Ramadhas,
2011).Since then, numerous reviews have examined technological progress in trans-
esterification, highlighting its central role in both scientific research and industrial-scale
biofuel production (Duran, 2019;Awogbemi et al., 2021;Ali ljaz Malik et al., 2024;C.
Chen et al., 2021).

Biodiesel production methods

|

|

Blending of crude oil or Micro-emulsion Pyrolysis Transesterification

dilution |

l

Catalytic

| l

Homogeneous Heterogeneous Biological
l l [ Enzyme
Acid Base Acid Base

lon-exchange resin,
heteropoly acid, acidic

zeolite
Inorganic base Organic base
Metal hydroxide, metal Biomass waste materials

carbonates, mixed
oxides, hydrotalcite,
basic zeolite

Figure 1.9 Classification of biodiesel production process.
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1.7 Basics of transesterification reaction

This process involves triglycerides and short-chain alcohols (typically methanol or ethanol) as
the reactants and the fatty acid methyl or ethyl esters and glycerol as the products , all in the
presence of a catalyst. The reaction is governed by chemical equilibrium and depends on effec-
tive mixing of the reactants. It occurs through three consecutive reversible stages: triglycerides
are first transformed into diglycerides, then into monoglycerides, and ultimately into fatty acid

monoesters and glycerol (Demirbas, 2009; Orege et al., 2022) as described in Figure 1.10.
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Figure 1.10 Transesterification reaction.
1.7.1 Catalytic Transesterification
The immiscibility of alcohol and oil makes it difficult to form a homogeneous reaction mixture,

which slows the transesterification process. To overcome this, factors such as vigorous stirring,
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higher temperatures, and the addition of a catalyst are introduced, all of which improve solu-
bility and reaction efficiency. The use of a catalyst at elevated temperatures significantly re-
duces the reaction time compared with reactions conducted under ambient conditions. Trans-
esterification using catalysts is generally classified into three main categories: homogeneous
(acidic and basic), heterogeneous (acidic and basic), and enzymatic catalysis (Figure 1.9).
Homogeneous catalysis, which commonly involves liquid-phase strong acids or bases, is ex-
tensively used in industrial-scale biodiesel production. Acid catalysts, including sulphuric, hy-
drochloric, and sulphonic acids, are capable of producing high ester yields; however, the reac-
tion rate is comparatively slow and largely insensitive to the nature of the feedstock. Excess
alcohol is typically required to facilitate phase separation after the reaction. In acid catalysis,
the catalyst first activates the triglyceride molecule by making the carbonyl group more reac-
tive. This allows the alcohol to easily attack the molecule and form an intermediate structure.
The intermediate then breaks apart, producing fatty acid esters and glycerol, while the acid
catalyst is released and reused in the reaction. Alkaline catalysts, such as sodium hydroxide and
potassium carbonate, promote rapid transesterification and efficiently convert triglycerides into
fatty acid esters when the feedstock contains low levels of free fatty acids (FFAs). Compared
with acid-catalysed systems, base-catalysed reactions proceed at a much faster rate. However,
when oils with high FFA content are used, soap formation may occur, leading to difficulties in
product separation and purification. Despite their high catalytic activity, homogeneous catalysts
present several significant limitations, including poor reusability, substantial wastewater pro-
duction, and increased corrosion of processing equipment (Demirbas, 2009).

To address these issues, heterogeneous catalysis has gained attention. Heterogeneous catalysts,
which are solid acids or bases, are easier to separate from the reaction mixture and create less
waste. However, they usually work more slowly because the reaction involves three phases: oil,
alcohol, and solid catalyst, and they can lose activity over time due to leaching or contamina-
tion. (Thangaraj et al., 2019). Solid acid catalysts are particularly effective for oils with high
free fatty acid (FFA) content because they reduce soap formation. However, they are sensitive
to temperature and usually require conditions above 170 °C to achieve high conversion rates.
On the other hand, solid base catalysts; such as calcium oxide, magnesium oxide, and zinc
oxide; typically exhibit higher catalytic activity because of their stronger basicity and better
solubility in alcohols(Pydimalla et al., 2023). Recently, naturally derived catalysts from bio-

mass, including eggshells, bones, and agricultural residues, have gained attention due to their
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abundance, low cost, and stability after calcination. These catalysts offer high thermal stability,
can be reused multiple times, and exhibit minimal leaching, making them promising for sus-
tainable biodiesel production. (Erchamo et al., 2021).

Enzymes offer a third method for producing biodiesel. Lipases can catalyse both esterification
and transesterification reactions under moderate conditions. Using immobilized enzymes al-
lows them to be reused and makes it easier to separate biodiesel from glycerol. This approach
works well even with oils that have high levels of free fatty acids and produces biodiesel with
fewer impurities. However, the reaction is relatively slow, and glycerol can sometimes inhibit
the enzymes, reducing their effectiveness. (Tabatabaei & Aghbashlo, 2019)

1.7.2 Non-Catalytic Transesterification

Non-catalytic transesterification, also known as supercritical alcohol transesterification, in-
volves the reaction of alcohol with triglycerides at elevated temperatures (350 - 400 °C) and
pressures (10 - 25 MPa) without requiring a catalyst. In this method, alcohol serves not only as
a reactant but also as a medium that improves solubility and mass transfer between the reactants.
Consequently, the reaction is usually completed in a shorter time than under conventional con-
ditions (Karki et al., 2017).

This approach was developed as an alternative to catalytic transesterification to overcome op-
erational issues such as sensitivity to moisture and high free fatty acid (FFA) content, difficul-
ties in product separation, catalyst costs, and wastewater generation. Without a catalyst, the
reaction between alcohol and oil proceeds very slowly due to limited solubility. However, by
heating the mixture above the alcohol’s critical temperature and pressure, transesterification
can occur efficiently. For methanol, the critical conditions are 239 °C and 8.09 MPa, whereas
for ethanol, they are 243 °C and 6.3 MPa (Bashir et al., 2022).

The non-catalytic supercritical process differs from catalytic methods in both its operating con-
ditions and the by-products it produces. This approach typically prevents soap formation, elim-
inates wastewater associated with catalyst neutralisation, and enables simpler separation of bi-
odiesel and glycerol. Additionally, it can process a wide variety of feedstocks, including those
with high free fatty acid and water content, without the need for prior pretreatment. In this
context, water, which is usually a limiting factor in catalytic reactions, may contribute positively

by promoting ester formation in supercritical systems (Bashir et al., 2022)
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Table 1.1 Biodiesel production through various transesterification processes. (Dinesh Kumar, Kavitha, & Banu, 2020)
Substrate Catalyst/enzymes Amount of catalyst Alcohol Alcohol:oil Reaction Tempera- Yield
used (wt.%0) used molar ratio time (h) ture (°C) (%)
Acid catalytic transesterification
Waste vegetable oil Carbon-based acid 0.2 Methanol 16.8 45 220 80.5
Waste olive pomace H.SO. 20 Methanol 35:1 1 40 97.8
Fish waste S0+*/Sn0>-Zr0O: 5 Ethanol 6.5:1 6 78 82.58
Waste cooking oil Sulfamic acid 1 n-Butanol 10:1 2 110 95.6
Alkaline or base catalytic transesterification
Waste vegetable oil CHsONa 1.4 Ethanol 8:1 2 45 99.08
Waste cooking oil Activated carbon-CaO 11 Methanol 40:1 7 120 96
catalyst
Waste cooking oil KOH 1 Methanol 1:3 50 60 94
Enzymatic or lipase transesterification
Waste cooking oil Novozym-435 1 Methanol 6.2:1 10 50 90
Waste cooking oil Pseudomonas aeru- 0.782¢ Methanol 3.05:1 24 44.2 86
ginosa
Waste cooking oil Rhizomucor miehei - Methanol 3:1 10 - 91.5
and Candida antarctica
Fish waste Novozym-435 50 Ethanol 4.66:1 8 35 82.91
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The efficiency of transesterification is influenced by multiple factors, such as the type of feed-
stock, the molar ratio of alcohol to oil, the choice and concentration of catalyst, reaction tem-
perature, intensity of mixing, and the purity of the reactants (Ramadhas, 2011). Optimizing

these parameters ensures high yields and biodiesel that complies with fuel standards.

weight of biodiesel produced

Yield(%) = X 100% ......... (1.1)

Weight of raw oil used

1.8.1 Type of alcohols

Several alcohols, such as ethanol, propanol, butanol, and amyl alcohol, can be used to produce
biodiesel through transesterification. Among them, methanol is preferred in industrial applica-
tions due to its low cost, high polarity, and short carbon chain, which simplify separation from
the biodiesel product and enhance overall process efficiency. Conversely, ethanol is often pre-
ferred for its renewable origin from agricultural sources and its lower environmental impact.
Studies on the effect of alcohol-to-oil ratios have shown that the highest biodiesel yield, around
99.5%, is achieved when the oil-to-methanol ratio is 1:6. In contrast, increasing the methanol
ratio beyond this point continues to improve biodiesel production, indicating a positive corre-
lation between methanol excess and yield (Gashaw & Teshita, 2014).

1.8.2 Alcohol-to-oil ratio

Transesterification theoretically requires three moles of alcohol per mole of triglyceride to pro-
duce one mole of alkyl ester (Thangaraj et al., 2019; Topare et al., 2022). Based on Le Chate-
lier’s principle, increasing the concentration of reactants shifts the equilibrium toward product
formation. Therefore, using a higher alcohol-to-oil ratio generally results in greater biodiesel
yields (Musa, 2016). However, separating glycerol from unreacted methanol can be difficult,
as their interaction in water may cause emulsion formation due to saponification. During bio-
diesel synthesis, two distinct phases are generated due to differences in density and polarity:
the upper layer contains biodiesel, while the lower layer consists of crude glycerol. This crude
glycerol mixture generally contains alcohol, glycerol, water, soaps, and other non-glycerol or-
ganic compounds, with the composition varying depending on feedstock quality (Ma & Hanna,
1999).
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1.8.3 Catalyst type

Various types of catalysts, such as homogeneous, heterogeneous, and enzymatic systems, have
been used for alkyl ester production. For the homogeneous basic transesterification, Vicente et
al. (2004) conducted a comparative study of sodium hydroxide (NaOH) and potassium hydrox-
ide (KOH) as catalysts to produce sunflower oil biodiesel. Under the same reaction conditions, it
is found that ester yields reached 85.9 wt% with NaOH and 91.67 wt% with KOH. While in-
creasing the catalyst concentration initially improved the conversion rate, no further gains were
observed beyond a concentration of 1 % w/w.

Acid catalysts are less commonly employed in biodiesel synthesis than their basic counterparts,
primarily due to slower reaction rates. Sulfuric acid, sulphonic acid, hydrochloric acid, and
ferrous sulfate are the commonly used acids , with sulfuric and hydrochloric acids being the
most frequently selected as reported by Bashir et al.(2022).

Vyas et al.(2010) investigated sulfuric acid as a catalyst for FAME production. It is effective
but requires prolonged reaction times and harsh operating conditions; nevertheless, even a con-
centration of 1 mol% sulfuric acid can contribute to 99% yield. Both homogeneous and heter-
ogeneous acid catalysts are especially effective for feedstocks containing high levels of free
fatty acids (FFAS), as they are capable of catalysing esterification and transesterification reac-
tions at the same time (Daramola et al., 2016). Homogeneous catalysts face drawbacks includ-
ing the formation of soaps and difficulties in removing the catalyst from the final biodiesel
product. To overcome these issues, heterogeneous catalysts have been increasingly investi-
gated, as they are less sensitive to high free fatty acid content and moisture in the feedstock (Di
Serio et al., 2007). Enzymatic catalysts, although significantly slower than chemical catalysts,
can also be applied to both esterification and transesterification processes. Their use simplifies
product separation, but the preparation and stabilization of enzyme catalysts remain a major
challenge (Macario et al., 2010).

1.8.4 Catalyst concentration

Oils or fats can be converted into FAME at elevated temperatures without a catalyst; however,
adding a catalyst significantly enhances both the reaction rate and overall yield (M. Agarwal et
al., 2012). Generally, increasing the catalyst concentration improves product formation by
providing more active sites, but using too much catalyst can raise solution viscosity and then

reduce conversion efficiency (Zhang et al., 2012).
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Researchers have investigated various catalyst types and concentrations to optimise biodiesel
production and recovery as depicted in table 1.1. From an economic perspective, excessive
catalyst use is not feasible due to cost implications. Thus, as with the oil-to-alcohol ratio, opti-
misation of catalyst concentration is crucial to ensure both efficiency and economic viability.
1.8.,5 Reaction Temperature

The temperature at which transesterification is carried out has a major impact on both the reac-
tion rate and the amount of biodiesel produced. Higher temperatures generally speed up the
reaction and enhance yield, whereas lower temperatures below 50 °C) can result in increased
viscosity of the biodiesel (Daramola et al., 2016). For WCO as biodiesel feedstock, it is pre-
heated to around 120 °C and then cooled to 60 °C as the reaction temperature.

Enzymatic transesterification shows optimal conversion within the range of 30-55 °C. For in-
stance, Shah and Gupta (2007) reported maximum conversion at 55 °C when using lipase with
Jatropha oil, whereas 50 °C was most effective for cottonseed oil.

Similarly, Freedman et al. (1984) observed little difference in conversion between 45 °C and
60 °C, and at 32 °C, conversion was marginally lower. Interestingly, after four hours at 32 °C,
conversion levels surpassed those obtained at higher temperatures, suggesting time-temperature
interactions also influence yields.

1.8.6 Reaction Time

Transesterification efficiency relate to the availability of reactants within the reaction mixture,
and poorly controlled parameters may encourage reverse reactions, thereby reducing overall
yield. Longer durations contribute to achieve conversions of up to 99%.

For enzymatic processes, reaction time is particularly critical. Lipase-catalysed transesterifica-
tion has been reported to require between 7 and 48 hours, depending on operating conditions
(Silitonga et al., 2017). Reaction time also has economic implications, as extended durations
increase production costs. Refaat et al. (2008) found a conversion efficiency of 96.1% after one
hour, with only a negligible increase to 96.35% between one and three hours. These findings
suggest that beyond a certain threshold, extending reaction time provides minimal improve-
ments in yield while adding to process costs.

1.8.7 Stirrer speed

Proper mixing of reactants promotes complete reaction. The ideal stirring speed depends on the
feedstock, since different substrates have unique physical properties (Abd Rabu et al., 2013).
Agitation increases collisions and dispersion within catalysts , which reduces reaction time and
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improves conversion. However, once a certain threshold of stirring speed is reached, increasing
stirrer speed do not mark the biodiesel yield anymore (Khodadadi et al., 2020).

1.8.8 Moisture and FFA

High water content in the feedstock accelerates triglyceride hydrolysis, which lowers the ester
yield (Felizardo et al., 2007). In enzymatic transesterification, a small amount of water is re-
quired to maintain lipase activity; however, excess moisture can deactivate the enzyme and
decrease conversion efficiency (Norjannah et al., 2016).

Similarly, high FFA content promotes soap formation, reducing biodiesel recovery and com-
plicating product separation. When the FFA concentration exceeds 3%, homogeneous base cat-
alysts become ineffective; in such cases, acid or heterogeneous catalysts are preferred for ester-

ification pretreatment to convert FFAS into esters (Adenuga et al., 2021).

Biodiesel is a biodegradable, sulfur-free, oxygen-containing fuel that serves as an environmen-
tally friendly alternative to conventional diesel. The performance of biodiesel in diesel engines,
as well as its environmental and economic impacts, is influenced by key physico-chemical char-
acteristics, including stability, density, viscosity, bulk modulus, sound velocity, cetane number,
cold-flow properties (cloud point, pour point, cold filter plugging point), flash point, chemical
composition, and water content (Mahmudul et al., 2017).

Effective quality control is essential, with volatility parameters such as vapour pressure and
boiling point serving as useful indicators (Awogbemi et al., 2019).

1.9.1 Density, Viscosity, Bulk Modulus, and Sound Velocity

Density refers to fuel mass per unit volume, while viscosity is its resistance to flow caused by
internal friction. Bulk modulus describes fluid compressibility under pressure, and sound ve-

locity is the speed of pressure-wave propagation within the fuel.
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Table 1.2 Density and viscosity of Biodiesel and Mineral Diesel fuels. (Kegl, Kegl, & Pehan, 2013)

Fuel Density [kg/m3j Kinematic viscosity [mm2/s]
Mineral diesel 835 2.8
Canola (CaBIO) 880-886 3.9-47
Coconut (CoBIO) 865-875 2.7-3.0
Hazelnut (HaBIO) 863-885 3.1-54
Jatropha (JaBIO) 873-875 4.2-43
Karanja (KaBIO) 871-883 4.2-43
Olive (OIBIO) 870 4.6
Palm (PaBIO) 870-880 43-57
Rapeseed (RaBIO) 877-893 4.2-5.1
Soybean (SoBIO) 880-885 3.9-4.6
Sunflower (SuBIO) 880-884 4.0-4.7
Waste cooking oil (WcBIO) 880-888 4.9

These properties strongly influence fuel injection performance. At low temperatures, increased
density and viscosity raise pressure losses in filters and pumps and hinder atomization, promot-
ing deposit formation. In mechanical injection systems, higher viscosity reduces leakage and
advances injection timing, necessitating consideration of biodiesel’s temperature-dependent
viscosity when designing fuel supply components. Bulk modulus rises with injection pressure,
enhancing pressure-wave transmission and advancing needle lift. Since viscosity and bulk mod-
ulus jointly determine sound velocity, they are critical for optimizing mechanically controlled
injection systems (Kegl, Kegl, & Pehan, 2013).

1.9.2 Chemical Composition

Both biodiesel and mineral diesel primarily consist of carbon and hydrogen, with smaller
amounts of oxygen and nitrogen. The higher oxygen content in biodiesel enhances combustion
efficiency and typically results in lower soot emissions compared to mineral diesel (Zhang et
al., 2018). Furthermore, while conventional diesel may contain up to 0.05 wt.% sulfur, biodiesel
is essentially sulfur-free, providing an additional advantage by reducing the potential for acid
rain formation (D. Agarwal et al., 2008) .

1.9.3 Cetane Number

The cetane number indicates the ignition quality of a diesel fuel and determines mostly engine
performance. For biodiesel, it varies widely (48-67) depending on feedstock, climatic condi-
tions, and production methods (Eevera et al., 2009) .This property influences engine startability,
combustion noise, and exhaust emissions. Different biodiesels and their cetane number are pre-
sented in table 1.3 (Agarwal, 2007; Kegl, Kegl, & Pehan, 2013)
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Table 1.3 Cetane number of biodiesel and mineral diesel fuels.

Fuel Cetane number
Mineral diesel 48-50
Canola (CaBIO) 52-55
Coconut (CoBIO) 60-65
Hazelnut (HaBIO) 52-55
Jatropha (JaBIO) 48-58
Karanja (KaBIO) 55-58
Olive (OIBIO) 61-62
Palm (PaBIO) 62-70
Rapeseed (RaBIO) 51-64
Soybean (SoBIO) 45-56
Sunflower (SuBIO) 49-52
Waste cooking oil (WcBIO) 51-53

1.9.4 Flash Point

The flash point is the minimum temperature at which fuel vapors ignite when mixed with air,
making it an important parameter for storage and transport classification. Fuels with lower flash
points require stricter safety measures, as this property is inversely related to volatility (Kaisan
etal., 2020).

1.9.5 Cloud Point, Pour Point, and Cold Filter Plugging Point

Cloud point (CP), pour point (PP), and cold filter plugging point (CFPP) provide important
information on cold weather behaviour of the fuel. Cold flow properties are critical for assessing
diesel fuels in low-temperature environments. The cloud point marks the temperature at which
wax crystals begin to form, while the pour point indicates the lowest temperature at which the
fuel remains flowable; typically, occurs at a higher temperature than pour point. The cold filter
plugging point measures the lowest temperature at which fuel can pass through a filter under
standardized conditions. Elevated Cloud Point, Pour Point, and Cold Filter Plugging point val-
ues promote crystal growth, clogging of filters and fuel lines, and serious operability issues
(Yuan, Chen, Chen, & Luo, 2017). To ensure reliable performance, especially in colder cli-
mates, fuels should exhibit a low cold filter plugging point.

1.9.6 Water Content and Corrosiveness

Excess water in biodiesel promotes microbial growth, which can block fuel injection systems,
and must therefore be strictly controlled (Torres et al., 2010). It also lowers methyl ester yields
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during production (Demirbas, 2009), reduces combustion efficiency with harder starts, more
smoke, and power loss and accelerates gelling at sub-zero temperatures due to ice crystal for-
mation. In addition, water induces corrosion in fuel tanks and injection components, posing
risks to engine durability.

1.9.7 Fuel Stability

Fuel stability in biodiesel is influenced by degradation, phase separation, and oxidation. While
biodiesel is environmentally favourable due to its high biodegradability, this property also ac-
celerates microbial growth, leading to fuel degradation and storage challenges. Phase separation
is another concern, particularly in biodiesel blends. Variations in temperature and storage time
can cause fuel layers to separate, resulting in inconsistent injection and combustion perfor-
mance; in some cases, remixed blending is required to maintain engine operation (Torres et al.,
2010).Oxidative stability also poses risks, as biodiesel’s susceptibility to oxidation depends on
feedstock type, storage conditions, and fuel age. Poor stability can lead to compromised engine

performance and reduced fuel reliability.

The establishment of fuel quality regulations is essential to ensuring reliable engine perfor-
mance. The characteristics of biodiesel are influenced by several factors, including the fatty
acid ester composition of the feedstock, the presence of by-products, the degree of product
purification, as well as post-production handling and storage conditions. Specific physicochem-
ical attributes strongly influence biodiesel’s quality and, in turn, its suitability as an alternative
fuel capable of delivering efficient performance across diverse applications and climatic con-
ditions worldwide. To ensure quality, biodiesel specifications focus on fatty alkyl esters and
emphasize several critical factors: complete conversion of oils to esters, removal of free glycer-
ides, elimination of catalyst residues through ash content analysis, reduction of excess alcohol
via flash point measurement, and verification of the absence of free fatty acids (FFA) through
acid number determination. Thus, defining biodiesel quality standards and developing corre-
sponding testing methods are fundamental for its efficient application and commercial viability.
ASTM and EN standards (Arumugam, 2022)

Austria was the earliest country to establish quality specifications for biodiesel, introducing the
O-NORM C-1190 standard in 1991, which was based on rapeseed oil methyl esters as an alter-
native to conventional diesel fuel. Germany subsequently adopted its own specification, DIN
51606. In the United States, standardization efforts began in 1994 when ASTM International
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created a task force comprising researchers, producers, and manufacturers to define biodiesel
fuel requirements. These efforts resulted in the provisional PS121 specification in 1999, fol-
lowed by the publication of the first official ASTM biodiesel standard, ASTM D6751, in 2002.
In Europe, the EN 14214 standard was introduced in 2003, largely derived from the German
DIN 51606. Following these developments, numerous countries, including the Czech Republic,
China, Argentina, Brazil, India, Italy, Japan, and South Africa, established national biodiesel
standards adapted to their regulatory frameworks.

At present, ASTM D6751 and EN 14214 serve as the main international reference standards for
biodiesel quality. The ASTM D6751 specification was initially established to regulate the prop-
erties of neat biodiesel (B100), primarily intended for use as a blending component rather than
as a direct substitute for conventional automotive diesel fuel. In addition, ASTM fuel standards
were later extended to include biodiesel-diesel mixtures, with ASTM D975 (2008) authorizing
biodiesel contents of up to 5% (B5) in petroleum diesel, and ASTM D7467 defining quality
requirements for blends ranging from B6 to B20.

In Europe, EN 14214 governs fatty acid methyl esters (FAME) for both pure biodiesel (B100)
and blends. Diesel blends are regulated under EN 590, which initially allowed up to 5% FAME
in 2004 and later 7% in 2009. EN 14214:2012 extended coverage to heating oil applications,
permitting B10 blends, while EN 16709 (2015) introduced standards for B20 and B30 blends
for fleet use.

Table 1.4 summarizes the specifications of neat biodiesel (B100) in comparison with conven-
tional diesel fuel, along with the corresponding test methods specified in the ASTM D6751 and
EN 14214 standards (Arumugam, 2022).
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Diesel Biodiesel
Property ASTM D975| Test Method] ASTM D6751-1B| Test Method EN 14214 Test Method
Water and sediment, % volume, max 0.050 D2709 0.050 D2709 500 mg/kg EN ISO 12937
Water, max — — — — — EN 1SO 2719
Flash point (closed cup), °C, min 60-80 D93 93 D93 101 EN 1SO 2719
Distillation temperature (90% ), °C, max 282-338 | D86 360 D1160 — —
Density — — — — 860-900 kg/m3 EN ISO 12185
Kinematic viscosity, mmz?/s at 40°C 1941 D445 1.9-6.0 D445 3.5-5.0 EN ISO 3104
Ester content 5% vol.max| EN 14078 |— — 96.5% min EN 14103
Copper strip corrosion, max No. 3 D130 No. 3 D130 Class 1 EN ISO 2160/ 1SO 3987
Sulfated ash, % mass, max — — 0.020 D874 0.02 —
Ash, max 0.01wt% |D482 — — — —
Cetane number, min 40 D613 47 D613 51.0 EN ISO 5165
Carbon residue, % mass, max 0.35 D524 0.050 D4530 — —
Cloud point,°C -35to—5 |D2500 Report D2500 Location and season| EN 23015
Acid number, mg KOH/g, max — — 0.50 D664 0.50 EN 14104
lodine value, max — — — — 120 g/100 g EN 14111
Oxidation stability, h, min — — 3 EN 15751 8 EN 15751
Alcohol control — flash point °C (min) / methanol content - - 13002 D93/ EN 141101 ~0.2 _EN 14110
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Diesel Biodiesel
Property ASTM D975| Test Method] ASTM D6751-1B| Test Method EN 14214 Test Method

Sodium & potassium (Group | metals), ppm, max — — 5 — 5 EN 14538
Calcium & magnesium (Group Il metals), ppm, max — — 5 — 5 EN 14538
Free glycerin, % mass, max — — 0.020 D6584 0.02 EN 14105
Total glycerin, % mass, max — — 0.240 D6584 0.25 EN 14105
Phosphorus content, max — — 0.001 wt % D4951 4.0 mg/kg EN 14107
Sulfur content, % mass, max 0.0015 D5453 0-0.0015 D5453 10 mg/kg max EN 1SO 20846
Monoglycerides, % mass, max — — 0.4 D6584 0.70 EN 14105
Diglycerides, % mass, max — — — — 0.20 EN 14105
Triglycerides, % mass, max — — — — 0.20 EN 14105
Cold soak filterability, max — — 200 s D7501 — —

Table 1.4 American and European biodiesel standards and associated test procedures
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The enhancement of biodiesel properties has been approached through blending, feedstock and

product modification, and the use of chemical or metallic additives.

O

Blending with conventional diesel

Blending biodiesel with mineral diesel improves its low-temperature operability with-
out altering its chemical structure. Effective blends typically contain up to 30% bio-
diesel, achieving cloud points of around —10 °C (A. K. Agarwal, 2007).

Modification of oil feedstock

Winterization, which separates oil fractions with different solidification points, en-
hances pour and handling qualities. This can be achieved through controlled refrigera-
tion or by natural exposure to cold climates. Furthermore, genetic modification of
oilseeds provides long-term potential for altering fatty acid profiles to improve cold-
flow properties.

Modification of biodiesel product

Fractionation processes, including dry and solvent fractionation, reduce the proportion
of saturated esters, improving low-temperature performance. Dry fractionation is cost-
effective but less efficient, while solvent fractionation offers better yields but higher
cost and safety concerns. An alternative approach involves electrophilic addition to
unsaturated fatty acids, such as epoxidising isopropyl oleate, to form branched esters
with improved cold properties.

Additives

The incorporation of additives is commonly employed to improve fuel performance.
Conventional additives used in petroleum diesel, such as pour point depressants and
wax crystal modifiers, enhance low-temperature behaviour by restricting crystal for-
mation and altering crystallization mechanisms. In addition, several additives developed
specifically for biodiesel have demonstrated a marked ability to reduce both pour point
such as Tween-80, dihydroxy fatty acids, acrylated polyester pre-polymers, palm-de-
rived polyols, and castor oil-based ricinoleate and cloud point temperatures.
Metal-Based Fuel Additives

Metallic additives act as combustion catalysts, promoting complete combustion and
lowering the oxidation temperature. Common examples include cerium, platinum,

iron, manganese, calcium, and copper. These not only enhance engine efficiency and
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reduce emissions but also improve biodiesel’s viscosity and pour point (Kannan et al.
2011).
o Blending with Other Fuels (Bioethanol)
Another approach is the addition of bioethanol to biodiesel. Torres et al. (2010) tested
RaBIO-bioethanol blends (B95E05, B9OE10, B85E15), finding that increasing bioethanol
concentration reduces density and viscosity while slightly lowering lubricity. Importantly,
bioethanol improves cold-flow properties (cloud point, pour point, CFPP) by altering par-
affin crystallization. However, both biodiesel and bioethanol are hygroscopic, and higher

ethanol concentrations increase water absorption risk during storage

Engine performance parameters, including power output, brake thermal efficiency (BTE), and
brake specific fuel consumption (BSFC), are commonly used to assess engine compatibility
with alternative fuels. Accordingly, this section reviews studies that examine BSFC, BTE, and
power output for different engine configurations operating on biodiesel-diesel fuel blends.
1.12.1 Brake Specific Fuel Consumption (BSFC)

Brake specific fuel consumption (BSFC) is an indicator of an engine’s fuel utilization efficiency
during power generation. It represents the rate of fuel consumption relative to the effective
power delivered by the engine over a given operating period and is commonly reported in units

of grams per kilowatt-hour (g/kWh).

fuel consumed in g/h

BSFC =

brake power in kW

It is consistently reported that biodiesel and its blends tend to increase BSFC compared to con-
ventional diesel. This effect is largely attributed to biodiesel’s intrinsic physicochemical prop-
erties, such as lower calorific value, higher viscosity, and higher density, which alter combus-
tion and fuel injection characteristics.

Gaur and Goyal (2025) experimentally evaluated the performance of a single-cylinder, four-
stroke, water-cooled, multi-fuel diesel engine operating at a constant speed of 1500 rpm under
load conditions ranging from 0 to 100% in steps of 20%. Biodiesel produced from a mixed oil
feedstock comprising equal proportions of waste cooking oil and pongamia oil was blended
with diesel at ratios varying from D95BWP5 to D75BWP25. The results indicated that brake

specific energy consumption (BSEC) decreased as engine load increased; however, BSEC val-
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ues for all biodiesel blends were consistently higher than those obtained with neat diesel. More-

over, the magnitude of BSEC increase was directly related to the biodiesel fraction in the blend.

At 80% load, BSEC rose by 5.06%, 7.23%, 10.80%, 15.30%, and 21.15% for D95BWP5,

D90BWP10, D85BWP15, D80BWP20, and D75BWP25, respectively, relative to diesel fuel.
Table 1.5 Fuel properties for Gaur and Goyal (2025) experimental study

Fuel Diesel Mixedoil D95BWP5 D90BWP10 D85BWP15 D80BWP20 D75BWP25
properties biodiesel

Viscosity 2.63 4.8 2.75 2.86 3.0 3.12 3.2
(40°C)

mm?/s

Density 836 876 838 841 843 846 849
(kg/m3)

Calorific 42.5 39.3 42.34 42.24 42.02 41.86 41.7
value

(MJ/kg)

Similarly, Fareed et al. (2024) investigated the performance of biodiesel-diesel blends using a
four-stroke, direct-injection diesel engine and observed that brake specific fuel consumption
(BSFC) was consistently higher for biodiesel-fueled operation. This behavior was attributed to
the lower calorific value, higher viscosity, and reduced volatility of biodiesel, which affected
spray atomization and air—fuel mixing. As a result, a greater quantity of biodiesel was required
to produce the same brake power output. Among the tested fuels, the WB10+CB10 blend
demonstrated better performance, which was associated with its lower viscosity, reduced den-
sity, and higher heating value. At full load, the BSFC increased by 2%, 3.5%, 5.5%, 6%, and
8.5% for WB10, CB10, WB10+CB10, WB20, and CB20, respectively, relative to diesel fuel.
Table 1.6 fuel properties of Fareed et al. (2024) investigations.

Properties Method Diesel oil WB100 CB100 WB20 CB20 WB10+CB10

Density at 15.56 (°C), kg/m* ASTM D-4052 827 873 890 840 855 835

Calorific Value, kJ/kg ASTM D-224 42100 39200 38400 41800 40700 42000
Kinematic Viscosity at 40 (°C), cSt ASTM D-445 2.4 4.2 65 30 34 2.8
Cetane Number ASTM D-13 44 51 53 47 49 46
Flash Point (°C) ASTM D-93 72 150 170 92 110 81
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Complementary findings were reported by Chen et al. (2023). A numerical investigation was
carried out using CONVERGE software on a four-cylinder, four-stroke, medium-speed inline
diesel engine, typical of power generation applications. The study demonstrated that brake spe-
cific fuel consumption (BSFC) increased progressively as the biodiesel fraction in the fuel blend
was raised.: at 50% load, D95B5, D90B10, D85B15, and D80B20 exhibited increases of 0.61%,
1.34%, 1.42%, and 2.17%, respectively, relative to diesel (D100). The trend was attributed to

the lower heating value of biodiesel, necessitating higher fuel consumption to meet power de-

mands.
Table 1.7 Fuel properties of Chen et al. (2023) study.
Fuel Diesel Biodiesel D95B5 D90B10 D85B15 D80B20
(RME)
Flash point tem- 67 168 72.05 77.1 82.15 87.2
perature (°C)
Oxygen volume 0.0 10.7 0.535 1.07 1.605 2.14
fraction (%)
Density (g/m3,at  0.82-0.86 0.882 0.8231- 0.8262— 0.8293- 0.8324—
20 °C) 0.8611 0.8622 0.8633 0.8644
Latent heat of va- 253.31 273.86 254.31 255.315 256.32 257.32
porization
(kI kg ™)
Viscosity (MPa-s, 3.0-8.0 4.556 3.08 3.16 3.23 3.31
at 20 °C)
Cetane number 45-66 53.88 45.444 45.888 46.332 46.776
(CN)
Low heating 42.5 39.53 42.3515 42.203 42.0545 41.906

value (MJ-kg™)

Beyond blend ratio, engine speed and load conditions also influence BSFC. (Habibullah et al.,
2014) investigated biodiesel blends deriverd from palm and coconut oil in a single-cylinder
diesel engine under speeds between 1400 and 2400 rpm. They observed that the lowest BSFC
occurred at 1800 rpm, with fuel consumption rising at higher speeds due to declining volumetric
efficiency. At low load (105 Nm), BSFC increased with speed (800-2000 rpm), whereas at high
load (420 Nm), it decreased as speed rose, indicating the strong interaction between speed, load,

and fuel type.
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Source dependency of biodiesel is another important factor,Ozsezen et al. (2009) compared
diesel (D100) with palm biodiesel (PaBIO) and canola biodiesel (CaBIO) in a naturally aspi-
rated DI engine under full load. While brake power differences were minor, BSFC values varied
significantly across fuels. Both biodiesels showed higher BSFC than diesel, consistent with
their lower heating values. Among them, PaBIO exhibited the highest BSFC, attributed to its
lower energy content and shorter carbon chains. Other comparative studies similarly demon-
strated that biodiesel feedstock strongly influences BSFC due to differences in density, viscos-
ity, and energy content. Explanations for higher BSFC vary in the literature, with some attrib-
uting it to higher density leading to greater mass injection at constant volume and pressure
(Buyukkaya, 2010;Qi et al., 2009), while others emphasize combined effects of higher viscos-
ity, lower energy content, and density ;(Aydin & Bayindir, 2010). Finally, feedstock type, bio-
diesel concentration, blends properties, engine speed, and load collectively determine fuel con-
sumption patterns.

1.12.2 Brake Power (BP)

Brake power (BP) refers to the effective power output measured at the engine crankshaft and is
directly affected by both the characteristics of the fuel and the engine’s operating conditions.
Chen et al. (2023) reported that BP increased with load for both diesel and biodiesel blends, but
diesel consistently delivered the highest BP. At full load, BP reductions of 0.64%, 1.31%,
1.88%, and 2.62% were observed for D95B5, D90B10, D85B15, and D80B20, respectively,
relative to diesel. This decline was attributed to the lower calorific value of biodiesel.

Similar results were reported by Habibullah et al.( 2014) who found that PB30 had the lowest
average BP, 3.92% less than diesel. Gaur and Goyal (2025) also noted reduced BP for mixed
biodiesel blends, with diesel consistently outperforming all blends. These reductions in brake
power reflect the inherent energy deficit of biodiesel compared to mineral diesel.

1.12.3 Brake Thermal Efficiency (BTE)

Brake thermal efficiency (BTE), indicates the proportion of the fuel’s thermal energy that is

converted into useful brake power. It is calculated as:

BTE = Brake Power (Kw)

" Fuel Energy input

The fuel energy input is simply the mass flow rate of fuel multiplied by its lower heating value
(LHV)
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(Gaur & Goyal, 2025) reported that diesel fuel consistently delivered the highest BTE compared
to mixed biodiesel blends (waste cooking oil + pongamia oil) Table 1.55. At 80% load, diesel
reached a maximum BTE of 23.62%, while the lowest value, 19.56%, was recorded for
D75BWP25. The percentage reduction in BTE relative to diesel was 5.0%, 7.75%, 10.47%,
12.57%, and 17.20% for blends D95BWP5, D90BWP10, D85BWP15, D80OBWP20, and
D75BWP25, respectively. This decline was attributed to the lower calorific value, higher vis-
cosity, and higher density of biodiesel, which hinder vaporization and atomization, reducing
combustion efficiency. Among the blends, D8OBWP20 achieved better BTE than D75BWP25,
suggesting that an optimal balance between oxygen content and energy density is needed for
efficient combustion.

Chen et al. (2023) emphasized the dual aspects of performance, reporting both brake power
and BTE for various biodiesel-diesel blends. Their results showed that BP rose with engine
load, with D100 consistently achieving the highest BP, followed by D95B5, D90B10, D85B15,
and D80B20. At full load, BP reductions of 0.64%, 1.31%, 1.88%, and 2.62% were observed
for these blends relative to diesel. The decrease was also linked to the lower calorific value of
biodiesel, which reduces in-cylinder pressure and temperature. In contrast, BTE improved with
increasing load and higher biodiesel proportion, as the oxygen content in biodiesel promoted
more complete combustion. At 50% load, D80B20 achieved the highest BTE, 3.82% greater
than diesel, with a consistent increasing trend across blends.

(Fareed et al., 2024) further noted that BTE is strongly influenced by load and fuel composition.
They observed that BTE initially increased with engine load but decreased beyond a certain
point due to rising frictional and thermal losses. Biodiesel blends showed lower BTE than die-
sel, primarily due to higher viscosity, poor volatility, and atomization challenges, which com-
promise combustion quality. At maximum output power, the BTE of WB10, CB10,
WB10+CB10, WB20, and CB20 were reduced by 2.5%, 4%, 5%, 6%, and 9.5%, respectively,
compared to diesel. Among the blends, CB10+WB10 exhibited improved efficiency because of
its lower viscosity, reduced density, and higher calorific value.

Several studies confirm that BTE of biodiesel is often slightly lower than diesel, though out-
comes vary with feedstock and test conditions.(Gad et al., 2018) found that palm oil biodiesel
blends (PO20, B20, and B100) showed reduced BTE compared to diesel across loads. At 4 kW,
BTE values for diesel, B20, B100, and PO20 were 28.7%, 27.7%, 24.7%, and 26.8%, respec-
tively. Habibullah et al. (2014) reported similar trends, where PB30 had the lowest average BP
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(3.92% less than diesel) and biodiesel BTE values were 3.84-5.03% lower, consistent with their
lower LHV. Conversely, some studies suggest biodiesel blends can achieve comparable or even
higher BTE than diesel. (Muralidharan et al., 2011) demonstrated that waste cooking oil bio-
diesel blends (B20 and B40) achieved BTE values of 37.18% and 38.46%, surpassing diesel
(34.45%). These improvements are attributed to biodiesel’s oxygen content, which promotes
better combustion phasing and increased peak pressures.

In summary, biodiesel generally reduces brake power compared to diesel because of its lower
calorific value, but its higher oxygen content can enhance combustion efficiency, sometimes
leading to comparable or even improved BTE under specific conditions. The combined influ-
ence of blend ratio, feedstock type, and engine load is critical in determining whether biodiesel

will result in lower or higher thermal efficiency relative to diesel.

The primary harmful emissions from diesel engines include nitrogen oxides (NOXx), particulate
matter (PM) or smoke, carbon monoxide (CO), and unburned hydrocarbons (HC). The use of
biodiesel as a substitute for conventional diesel can significantly affect the levels of these emis-
sions.

Carbon monoxide (CO) is a key indicator of incomplete combustion in diesel engines .A con-
sistent observation across studies is that biodiesel and its blends generally produce lower CO
emissions than conventional diesel due to their higher oxygen content and lower carbon-to-
hydrogen ratio (Agarwal, 2007; Enweremadu & Rutto, 2010)

Habibullah et al.( 2014) reported that palm biodiesel blends (PB30) reduced CO emissions by
about 13.75% compared to diesel when tested on a single-cylinder engine operating between
1400 and 2400 rpm. They explained this reduction by the oxygenated nature of biodiesel, which
promotes more complete combustion, particularly at higher engine speeds where cylinder tem-
peratures increase and facilitate the conversion of CO to CO.. Similarly, Buyukkaya (2010)
observed a progressive decline in CO emissions with higher rapeseed biodiesel substitution:
12% for B5, 25% for B20, 31% for B70, and 35% for B100, with the trend more pronounced
at increased engine speeds. Abed et al. (2018) also confirmed these findings using waste cook-
ing oil biodiesel blends (B10-B30), showing that CO emissions decreased with increasing brake
power at lower loads, again attributed to the higher oxygen availability in biodiesel compared
to diesel.Chen et al. (2023) further emphasized that incomplete combustion is the main source

of CO emissions, and that effective CO oxidation plays a central role in reducing them. Their
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experiments demonstrated that CO emissions increased with engine load due to higher fuel
consumption but decreased systematically as the biodiesel share in the blends rose. For instance,
at full load, D80B20 produced 2.71% lower CO emissions than pure diesel (D100), reinforcing
the role of biodiesel’s inherent oxygen in promoting complete combustion.

Gaur and Goyal (2025) found that CO emissions were comparable to diesel at low and medium
loads but rose progressively at high loads due to localized fuel-rich regions with limited oxygen.
Nevertheless, the biodiesel blends consistently outperformed diesel, with average CO reduc-
tions of 3.57% (D95BWP5), 4.5% (D90BWP10), 17.53% (D85BWP15), 24.53%
(D80BWP20), and 35.32% (D75BWP25). Among the tested blends, D8OBWP20 exhibited the
lowest CO emissions, beyond which no significant reduction was observed.Finally, higher ox-
ygen concentration in biodiesel enhances CO oxidation to CO: and contributes to emission re-
duction (Loo et al., 2021; Abed et al., 2018; Chen et al., 2023).

1.13.1 NOx Emissions

Nitrogen oxides (NOXx) are primarily formed in diesel engines due to the interaction between
nitrogen and oxygen at elevated combustion temperatures. Their formation is strongly influ-
enced by oxygen concentration, residence time, in-cylinder temperature, fuel composition, and
ignition delay (Fareed et al., 2024; Chen et al., 2023). As engine load increases, fuel consump-
tion and combustion temperature rise, which in turn elevates NOx emissions. During premixed
combustion, the higher cylinder gas temperature enhances the reaction between dissociated ni-
trogen and oxygen, leading to the formation of thermal NOx.Fareed et al. (2024) observed that
biodiesel blends typically produce higher NOx emissions than diesel, mainly due to their greater
oxygen content and higher adiabatic flame temperature. At full load, blends such as WB10,
CB10, WB10+CB10, WB20, and CB20 showed NOx increases of 1.5%, 2.5%, 3.5%, 5%, and
6.5% respectively, compared to diesel. Gaur and Goyal (2025) investigated mixed biodiesel
blends (50% waste cooking oil + 50% pongamia oil) and reported that NOx emissions were
consistently higher than those of neat diesel across different loads. Emissions rose gradually
from low to medium load conditions due to increased in-cylinder temperature, but at full load,
the limited oxygen availability slightly constrained NOx formation despite higher injection vol-
umes. On average, NOx emissions increased by 7.40%, 10.89%, 17.94%, 24.24%, and 30.42%
for D95BWP5, D90BWP10, D85BWP15, D80BWP20, and D75BWP25, respectively, com-
pared to diesel. However, DBOBWP20 showed lower NOx emissions than D75BWP25, indi-

cating that excessive biodiesel content may not linearly increase NOx.Chen et al. (2023) further
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confirmed that NOx emissions grow with biodiesel proportion and engine load. At 50% and
100% loads, blends with higher biodiesel content (e.g., D80B20) produced more NOx than
diesel. This was attributed to the higher oxygen content of biodiesel, which prolongs combus-
tion and raises in-cylinder temperatures. At very low loads, however, biodiesel blends tended
to produce less NOx than diesel due to lower calorific value and higher evaporation heat, which
reduced combustion temperature.Other investigations also demonstrated that biodiesel from
soybean, palm, and waste frying oils increased NOx emissions as test loads rose, with the largest
increase (92.6%) reported for POME20 at 75 kW(Vieira da Silva et al., 2017)). In general,
biodiesel-diesel blends generate more NOXx at partial and high loads due to the unsaturation
level and inherent oxygen in biodiesel molecules, which promote higher flame tempera-
tures.(Mueller & Martin, 2009) highlighted that the NOX rise is associated with stoichiometric
conditions during premixed autoignition, which elevate in-cylinder temperatures and reduce
radiative heat losses. Fuel properties also play a role; higher cetane numbers tend to suppress
NOx emissions by shortening combustion duration, while lower cetane fuels can intensify them.
Overall, NOx emissions from biodiesel blends are a complex outcome of engine operating con-
ditions, combustion dynamics, and biodiesel characteristics such as oxygen content, degree of
unsaturation, and cetane number.

1.13.2 Hydrocarbon (HC) Emissions

The emission of unburned hydrocarbons (HC) in diesel engines is closely related to fuel compo,
cetane number, oxygen content, and combustion efficiency. Biodiesel blends generally exhibit
lower HC emissions than neat diesel because of their intrinsic oxygen content and higher cetane
number, which enhance fuel oxidation and shorten ignition delay (Habibullah et al., 2020). Gaur
and Goyal (2025) reported that blends of waste cooking oil and pongamia oil biodiesel (BWP)
consistently reduced HC emissions compared with diesel across different engine loads. At 80%
load, the reductions were 11.69%, 16.87%, 25.63%, 34.32%, and 38.65% for D95BWP5,
D90BWP10, D85BWP15, D80BWP20, and D75BWP25, respectively. The authors attributed
these reductions to the higher oxygen availability and improved combustion efficiency of bio-
diesel blends.

Similar findings were presented by Fareed et al. (2024), who examined waste cooking oil me-
thyl ester-diesel blends. HC emissions generally rose with increasing engine load due to richer
fuel-air mixtures, but biodiesel blends still emitted lower HC than diesel at all loads. The re-

ductions were explained by enhanced oxidation from biodiesel’s oxygenated structure and the
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improved ignition quality of blends with higher cetane number. Among the tested blends,
WB10, CB10, WB10+CB10, WB20, and CB20 showed HC reductions of 6%, 7%, 10%, 12%,
and 14% at full load, respectively, compared to diesel. Overall, the literature demon-strates that
biodiesel-diesel blends substantially reduce HC emissions compared to diesel. This effect be-
comes more pronounced at higher biodiesel proportions due to enhanced oxidation and com-
bustion stability, though differences among biodiesel types reflect variations in oxy-gen con-
tent, unsaturation level, and ignition characteristics.

1.13.3 Smoke Emissions

Smoke is a visible pollutant in diesel exhaust, primarily formed due to incomplete oxidation of
fuel in oxygen-deficient regions of the combustion chamber. Conventional diesel combustion
often produces high smoke levels because of the limited availability of oxygen during fuel ox-
idation. In contrast, biodiesel contains intrinsic oxygen within its molecular structure, which
promotes more complete combustion and reduces smoke formation (Gaur & Goyal, 2025).Ex-
perimental findings consistently demonstrate this trend. For instance, Gaur and Goyal (2025)
observed reductions in smoke opacity of approximately 15%, 20.09%, 24.9%, 35.48%, and
39.35% for blends D95BWP5, D90BWP10, D85BWP15, D80BWP20, and D75BWP25, re-
spectively, compared with mineral diesel at 80% engine load. Fareed et al. (2024) similarly
reported that neat diesel produced higher smoke concentrations than biodiesel blends, with re-
ductions being more pronounced at elevated loads. The enhanced oxidation of carbonaceous
particles during diffusion combustion, enabled by the oxygen content of biodiesel, was identi-
fied as the primary mechanism for smoke reduction.Nonetheless, smoke emissions increase
with engine load for all fuels, as richer mixtures pre-vail under higher fueling conditions.
Raheman and Ghadge (2007) demonstrated that in a sin-gle-cylinder diesel engine, smoke lev-
els rose sharply with load due to reduced air-fuel ratios, causing a greater fraction of unburned
fuel to escape combustion. Furthermore, engine operat-ing conditions such as speed and tem-

perature influence smoke behaviour.

Particulate Matter (PM) Emissions
Particulate matter (PM) refers to microscopic solid or liquid particles emitted in engine exhaust,

including soot, organic carbon, and sulfates. PM formation in diesel engines is strongly influ-
enced by fuel composition, combustion conditions, and engine operating parameters. Compared
with mineral diesel, biodiesel consistently produces lower PM emissions, a reduction largely
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attributed to its higher oxygen content, lower aromatic fraction, and reduced stoichiometric air-
fuel ratio.

Several studies have quantified this effect. Salamanca et al. (2012) found that 100% palm oil
biodiesel reduced PM emissions by about 65% compared with diesel, with progressive reduc-
tions observed as biodiesel concentration in blends increased. These reductions are linked to
improved oxidation during combustion and the absence of aromatic compounds, which limits
soot nucleation and growth. The relationship between PM emissions and engine operating con-
ditions is also well documented. PM levels generally increase with load due to richer combus-
tion conditions, but decrease with rising engine speed (Kaplan et al., 2006; Buyukkaya, 2010).
However, under low-temperature or cold-start conditions, biodiesel may exhibit elevated PM

emissions.

In summary, the literature review underscores the critical role of biodiesel in addressing global
energy and environmental challenges while identifying waste cooking oil as one of the most
sustainable and scalable feedstocks. The analysis of production techniques and associated con-
straints has clarified the parameters influencing biodiesel yield and quality, particularly those
related to feedstock composition and reaction optimization. This foundational understanding
supports the experimental design of the present study, ensuring that the selected methodologies
are both scientifically grounded and contextually relevant. Ultimately, the insights gained from
this chapter form the conceptual bridge between the theoretical knowledge of biodiesel produc-
tion and the practical investigations developed in the following chapters, including the case

study, engine testing, and computational modelling.
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Chapter 2

Biodiesel Production and Characterization

Following the theoretical background and literature insights outlined in the previous chapter.
This chapter presents the experimental investigation of biodiesel production from waste cook-
ing oil (WCOQO), emphasizing the upstream stages and their influence on fuel quality. The study
begins with the collection, storage, and pretreatment of WCO, as these steps play a decisive
role in determining the efficiency of the conversion process and the purity of the final product.
The transesterification reaction is then optimized by adjusting key parameters to achieve max-
imum yield and fuel stability. Following production, the recovered biodiesel is characterized
through a series of physicochemical analyses and compared with international standards
(ASTM D6751 and EN 14214) to assess its compliance and suitability for engine applications.
The outcomes of this chapter provide the experimental basis for the following stages of this
research, where the produced biodiesel is evaluated in engine performance tests and computa-
tional simulations. The results presented in this section are partly derived from the author’s
previously published work (Medjahed et al., 2025).
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A comprehensive procedure was established for producing biodiesel from waste cooking oil
(WCO), covering all stages from collection to conversion, as shown in the process diagram in
Figure 2.1. The first stage involved selecting a suitable feedstock. For this study, WCO was
obtained from the fish restaurant "LeVoilier 2 freres" in Oran, Algeria, chosen for its consistent
frying operations and high oil turnover (Medjahed et al., 2025).

The oil used at this restaurant was originally soybean oil and was mainly employed for frying
fish, following typical Mediterranean culinary practices. Frying was generally performed at
moderate temperatures between 100 °C and 150 °C. Additionally, the oil was reused no more

than seven times, which helped limit its degradation and the buildup of residues.

Table 2.1 Conditions for storage and environment of WCO samples (Medjahed et al., 2025).

Parameter Sample 1 (May) Sample 2 (November)

Collection Date May November
Weather Conditions Warm and dry Cool and humid
Estimated Ambient Temperature ~28-32 °C (daytime) ~15-20 °C (daytime)

Humidity Level Low (~40-50%) High (~70-80%)
Container Type Transparent plastic Opaque plastic
Light Exposure Exposed to lab light (possibly sunlight) Stored in dark conditions

Air Contact Frequent exposure (opened occasionally) Minimal exposure (remained sealed)

Two samples of waste cooking oil (WCO) were obtained from the same restaurant at two sep-
arate time points, six months apart, in order to assess the impact of storage conditions on oil
quality . Each sample was maintained under distinct environmental conditions, specifically tem-
perature and relative humidity, using data provided by the Office Nationale de la Météorologie
(ONM) for the Oran region, as summarized in Table 2.1. Before undergoing chemical conver-

sion, both samples were subjected to the same pretreatment procedure.
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Figure 2.1 Biodiesel production methodology (Medjahed et al., 2025).

2.2 Pretreatment

The pretreatment process for waste cooking oil (WCO) began with the separation of insoluble
contaminants, primarily food particles, through gravity settling. This was followed by a sequen-
tial filtration procedure. In the initial stage, the oil underwent coarse filtration using a cotton
fabric, after which it was passed through a stainless-steel sieve with a pore size ranging from
150 to 200 um. Subsequently, the oil was heated to approximately 110-120 °C to liquefy any
solidified fats, facilitate the release of trapped impurities, and lower the viscosity, thereby im-
proving handling. A secondary filtration step was then carried out using stainless-steel meshes
with apertures of 70—100 pum. This was followed by a tertiary filtration employing a 5 um mesh
to remove residual fine particulates. In the final stage, the treated oil was filtered through a
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1 cm thick quartz bed composed of silicon dioxide (SiO2), which functioned as an organic

filtering medium to adsorb moisture and capture any remaining fine and ultrafine particles (as
illustrated in Figures 2.2 and 2.3).

-

~

"

Figure 2.2 Waste cooking oil sample pre- Figure 2.3 quartz layer composed of silicon diox-
treatement ide (Si0O2)

2.3 Sample analysis

An initial characterization of the waste cooking oil (WCQ) was conducted to determine the
necessity of an esterification step for acid reduction during pretreatment. This analysis also
determine the oil’s quality for biodiesel production, particularly in preparation for the trans-
esterification reaction.Potentiometric titration with a TitroLine automatic titrator is done to
mesure free fatty acid (FFA) content. First, oil samples were dissolved in a solvent mixture of
ethanol and diethyl ether. Then, the titration with a potassium hydroxide (KOH) solution pre-
pared in isopropyl alcohol is conducted. The acid value is the milligrams of KOH needed to
neutralize the acids in 1 g of oil and it is used then to calculate the FFA percentage using the

following equation (assuming oleic acid as the predominant fatty acid):

__ (Acid Value x Molecular Weight of Oleic Acid)

FFA (%) = ~2oa e X e e o e O e, (2.1)

(10 x 1000)

(Acid Value x 282.47)

FFA (%) - 10,000

=Acid Value x 0.503............. (2.2)

2.4 Feedstock Characterisation and Storage effects

To investigate how storage conditions affect waste cooking oil and its potential for biodiesel
production, two samples were selected and analysed, with results summarised in Table 2.2
Both samples were collected from the same restaurant at different moments of the year and
stored under environmental conditions distinct (see Table 2.1).
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Sample 1, stored in a transparent plastic container exposed to light and air, exhibited a remark-
able degradation seen as dark brown colour and strong odour. For Sample 2, stored in an
opaque, airtight container, underwent a minimal deterioration because it maintained a lighter
yellow colour and milder odour.These colour and odour changes are attributed to oxidation,
which breaks down natural pigments and darkens the oil (Sikorska et al., 2007). The elevated
free fatty acid (FFA) content in Sample 1 also contribute to this degradation. Topi (2020) clas-
sify darker oils with high FFA levels as “brown grease”.Sample 1 had a high viscosity of
83.589 mm?/s at 40 °C, while Sample 2 measured 40.32 mm?/s. Increased viscosity is also as-
sociated to oxidation, which supports polymer formation (Gertz, 2000). According to Cordero-
Ravelo and Schallenberg-Rodriguez (2018), oils with viscosities below 38.46 mm?/s at 40 °C
can generally be converted to biodiesel in a single reaction stage, whereas oils within the 39.74-
56.04 mm?/s range may Yield lower-quality biodiesel (Alias et al., 2018).In addition, both sam-
ples revealed FFA levels below 2%, indicating that they could be directly subjected to base-
catalysed transesterification without a prior esterification step. These results emphasise the im-
portance of controlled storage conditions, particularly protection from light, heat, and air, in
preserving WCO quality for biodiesel production (Adhikesavan et al., 2022; Bruun et al., 2021).
Table 2.2 Waste cooking oil samples properties (Medjahed et al., 2025).

Property Sample 1 (May) Sample 2 (November)
Darkbrown to )
Color Light yellow and clear
black
Odor Mild, less intense Strong, pungent
FFA (%) 1.25 0. 885
Acid Value (mg KOH/g) 2.50 1.77
Density at 15 °C ( g/cm3) 0.9424 0.9393

Kinematic Viscosity at 40°C

(mm?/s)

83.589 40.32

2.5 Transesterification

In this study of Medjahed et al.(2025) , biodiesel was synthesized from waste cooking oil

through a homogeneous base-catalysed transesterification of triglycerides, using potassium hy-

droxide (KOH) as the catalyst and methanol as the alcohol. Potassium hydroxide was selected

because of its high reactivity and cost-effectiveness, while methanol was preferred due to its

availability, lower environmental impact, and economic feasibility (Topare et al., 2022;
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Yaakob, Mohammad, Alherbawi, Alam, and Sopian, 2013). The reaction was conducted in a
300 mL flask placed on a hot plate equipped with a regulated magnetic stirrer and a temperature
sensor.
The reaction parameters highly effect the chemical and physical properties of the resulting bi-
odiesel, both. In this work (Medjahed et al., 2025) , the effects of key parameters on biodiesel
production from WCO were systematically investigated. The selected values for each parameter
were chosen based on ranges reported in the literature (Liazid et al., 2019; Duran, 2019; Saxena,
Jawale, and Joshipura, 2013) as follows (see Table 2.3):

= Catalyst amount (mass of KOH /mass of WCO): 0.60, 0.8, 1.00, 1.20.

= Reaction temperatures: 40, 45, 50,55,60,65.

= Reaction times, minute: 30,45,60, 90.

= Oil to Methanol molar ratios: 1:6, 1:9 and 1:12.
Prior to initiating transesterification, the required amount of KOH was dissolved in a specific
volume of methanol corresponding to the selected catalyst concentration. This methanolic so-
lution was then introduced into the preheated waste cooking oil. The mixture was maintained
at the target reaction temperature and stirred for the allotted time using a magnetic stirrer-hot
plate setup (Table 2.3). A condenser was employed to minimize alcohol evaporation, and a
thermometer was used to ensure the reaction temperature remained constant throughout the
process.
2.5.1 Separation
After the transesterification reaction was complete, the mixture was gently transferred into a
separating funnel. Within a few minutes, two distinct layers formed, as shown in Figure 2.4.
The upper layer consisted of biodiesel (methyl esters), while the lower layer contained glycerol,
residual methanol, unreacted catalyst, and soap. Due to its lower density, biodiesel remained on
top. The mixture was allowed to settle for 24 hours to ensure complete separation, after which

the layer in the bottom was removed from the funnel.
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Z/

Figure 2.4 Crude biodiesel and glycerol layers.

Table 2.3 Experimental design of transesterification parameters with independent variable values
(Medjahed et al., 2025).

Reaction Temperature | Catalyst amount Molar ratio | Reaction time
40 |45 |50 55|60 |06 |08 |1 [12(16(1:9]1:12|30 45 60
X X X X
X X X X
X X X X
X X X X
X X X X
X X X X
X X X X
X X X X
X X | X X
X X X X
X X X X
X X X X
X X X X
2.5.2 Washing

After gravity separation, the upper biodiesel layer was washed several times with warm distilled
water (40-50 °C) to remove residual methanol, KOH, glycerol, and soap. This washing process
is essential to improve fuel quality and prevent engine damage. Upon addition, another gravity
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based separation is done; the water settled at the bottom of the separatory funnel, while biodiesel
remained on top as depicted in Figure 2.5. During the initial washes, the water contained impu-
rities because it appeared cloudy. The washing procedure was repeated for more cycles until
the water turned clear (Figure 2.6). Finally, the biodiesel was heated to 110 °C to remove any
remaining water and methanol, producing a dry, high-quality final product.

2.5.3 Centrifugation

To assure the biodiesel purity, the samples were transferred into centrifuge tubes and spun at
high speed, causing the heavier impurities to settle at the bottom. This density based separation

technique efficiently removed residual contaminants allowing the purified biodiesel in the up-

per layer to be collected as shown in Figure 2.7.
P ;"4 q

Figure 2.5 First Wash Result Figure 2.6 washing Final Figure 2.7 Biodiesel centrifuga-
Result tion

2.6 Transesterification optimisation process

Since the FFA content of the waste cooking oil did not exceed 2%, direct transesterification
was applied without prior esterification treatment. The current study, (Medjahed et al.,2025), be-
gan with experiments to determine the optimal catalyst concentration as part of a parametric
analysis. Following the selection of an appropriate catalyst concentration, further experiments
were performed to assess how reaction temperature, reaction time, and alcohol-to-oil molar

ratio affect biodiesel yield and fuel quality.

.61



Chapter 2 Biodiesel Production and characterisation

2.6.1 Effect of Catalyst Concentration

An initial experiment performed in the absence of a catalyst at 60 °C for 90 min, using an oil-
to-methanol molar ratio of 1:6, resulted in no biodiesel formation, underscoring the essential
role of the catalyst in the transesterification reaction. To identify the optimum catalyst loading,
potassium hydroxide (KOH) concentration was varied between 0.6% and 1.2% (w/w of oil),
while all other reaction parameters were kept constant. An increase in biodiesel yield was ob-
served as the catalyst concentration increased from 0.6% to 1.0% (Medjahed et al., 2025). How-
ever, further increasing the KOH concentration beyond 1.0% resulted in a decline in yield,
which is mainly attributed to soap formation that impairs phase separation and limits conversion
efficiency, in agreement with the observations of Agarwal et al. (2012). Consequently, a cata-
lyst concentration of 1.0% KOH was selected as optimal, as it provided the highest ester yield.
2.6.2 Effect of Methanol to Oil Molar Ratio

The effect of the methanol-to-oil molar ratio was examined within the range of 1:3 to 1:12.
Although the stoichiometric ratio for transesterification is 1:3, higher molar ratios are com-
monly employed to drive the reaction equilibrium toward ester formation. In this study, the
highest biodiesel yield was obtained at a 1:6 molar ratio. Further increasing the methanol con-
tent beyond this point led to a reduction in yield, in agreement with the results reported by
Topare et al. (2022).

This decline can be explained by two main factors: the reverse transesterification reaction, pro-
moted by the solubility of glycerol in excess methanol, and challenges in separating the bio-
diesel and glycerol phases. Both factors negatively affect the yield and quality of the biodiesel.
Similar trends have been documented by Sahar et al. (2018).

2.6.3 Effect of reaction temperature

At relatively low temperatures, the transesterification reaction proceeded slowly, resulting in
incomplete conversion of the oil. Increasing the temperature accelerated the reaction, which
improved biodiesel yield. However, temperatures near the methanol boiling point (64.7 °C)
caused a decrease in yield, likely due to methanol evaporation and bubble formation that dis-
rupted the reaction mixture. Therefore, 55 °C was chosen as the optimal temperature, providing
efficient conversion while avoiding undesirable side reactions, in agreement with previous stud-
ies (Bilgin et al., 2015; Meng et al., 2008).
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2.6.4 Effect of reaction time

The effect of reaction time was investigated by carrying out experiments for 30, 45, 60, and 90
minutes under the optimal conditions of 1.0% KOH, a methanol-to-oil ratio of 1:6, and a reac-
tion temperature of 55 °C. At 90 minutes, the biodiesel yield increased progressively with time,
reaching a maximum of 92%. Longer reaction times did not lead to a significant further in-
crease, indicating that the reaction had essentially reached completion. Shorter durations pro-
duced incomplete conversion, while excessively long times are dissipating energy and could
promote reverse reactions. Similar observations were reported by Eevera et al. (2009), where
extending the reaction beyond 90 minutes did not improve conversion and in fact reduced yield.
Consequently, 90 minutes was selected as the optimal reaction time for efficient biodiesel pro-
duction.

The optimised transesterification conditions derived from these experiments are summarized in
Table 2.4. Additionally, Table 2.5 presents the corresponding mass balance of the process, in-
cluding the amounts of waste cooking oil used, the purified methyl esters obtained, the glycerol
by-product, and the overall yield, confirming the effectiveness of the chosen reaction parame-

ters.

Table 2.4 Optimal reaction parameters (Medjahed et al.,2025)

Parameter Optimized Value
Catalyst Concentration 1.0% (w/w KOH)
Methanol to Oil Ratio 1:6
Reaction Temperature 55°C

Reaction Time 90 minutes

Table 2.5 The reactant, final products mass and yield of reaction (Medjahed et al.,2025)

Parameter Value
Waste cooking oil [g] 200
WCO Methyl Ester after washing [g] 183
Glycerol [g] 130
Yield [%] 92
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2.7 Blends preparation

At this stage of the experimental procedure, a range of biodiesel-diesel blends was formulated
with different concentrations in order to evaluate the fuel characteristics. The blends (B5, B10,
B20, B30, and B100) were prepared by mixing waste cooking oil (WCO) biodiesel with mineral
diesel in specific volumetric proportions, according to the standard naming convention that in-
dicates the biodiesel content in each blend. For example, B5 contained 5% biodiesel and 95%
diesel, whereas B100 was composed entirely of biodiesel. Graduated cylinders are used to
measure the required volumes, and then each blend was mixed thoroughly with a magnetic
stirrer at room temperature to assure the fuel homogeneousness. Blends containing higher bio-
diesel volume were heated (up to 40 °C) to reduce viscosity differences and achieve a homoge-
neous mixture. The prepared blends are illustrated in Figure 2.8. Clean, airtight containers are

used for storage until testing.

Figure 2.8 Biodiesel-diesel blends

In the table 2.6, below a comprehensive list of instruments and equipment utilized during the
experimental investigation on biodiesel production, indicating their technical specifications and
specific purposes across the various stages of the research process. In addition to figures 2.9 —

2.12 of some of these equipments.
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Table 2.6 instruments and equipment utilized during our experimental study of the WCBIO produc-

tion

Phase / Parameter

Instrument / Equipment

Purpose

Collection & Storage

Plastic sealed bottles

Storage of collected WCO

Cotton filter cloth

Removal of coarse impurities

Stainless steel sieve (150-200
um, 70-100 um)

Filtration of solid particles

Quartz layer (1 cm thick, SiO2)

Fine purification/adsorption

of impurities

Pretreatment & Analysis

TitroLine automatic titrator (po-

tentiometric titration)

Balance

Acid value and FFA content

determination

Mass measurement of chemi-

cals and catalysts

Production (Transesteri-

300 mL flask, Erlenmeyer flask

Reaction vessels

fication)
) o Heating and agitation of reac-
Hot plate with magnetic stirrer _ )
tion mixture
Monitoring of reaction tempe-
Temperature sensor
rature
] Phase separation of biodiesel
Separating funnel
and glycerol
) Accelerated separation of
Centrifuge
phases
Burette Accurate liquid dispensing
) ) ) Preparation of biodiesel—die-
Blending Measuring cylinder

sel blends

Mechanical stirrer

Homogeneous mixing of
blends
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Phase / Parameter

Instrument / Equipment

Purpose

Characterization (ASTM
Standards)

Anton Paar DMA 35 density me-

ter (ASTM D4052)

Density measurement

Viscometer (ASTM D445)

Kinematic viscosity at 40 °C

Potentiometric titration (ASTM
D664)

Acid number and FFA con-

tent

Cetane index method (ASTM
DA4737)

Cetane number

Cooling bath (ASTM D2500,
D97)

Karl Fischer method (ASTM
D2507)

Cloud point and pour point

Water content

X-ray fluorescence analyzer
(ASTM D4294)

Sulfur content

Muffle furnace (ASTM D482)

Ash content

Distillation apparatus (ASTM
D6751)

Distillation temperature (T90)

Bomb calorimeter

Lower heating value (LHV)

W Stirring
hot plate

r ——
2 LL Erlenmeyer
j— i iii flask

Figure 2.9 some laboratory equipment used

Figure 2.10 Bomb calorimeter
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Figure 2.11 viscosimeter RheolabQC Figure 2.12 Anton Paar DMA 35 density

meter

2.8 Biodiesel characterisation

When using biodiesel, maintaining consistent quality is essential for achieving optimal engine
performance. This requires careful evaluation of various fuel properties, such as density, vis-
cosity, acid value, cloud and pour points, , ash content, distillation range, sediment, sulfur con-
tent, glycerol and water content, cetane number, and heating values. In this study (Medjahed et
al.,2025), the produced biodiesel and its four blends were thoroughly characterised to ensure
that they met the ASTM D6751 standards for all these critical parameters.

2.8.1 Fatty Acid Methyl Ester (FAME) Composition

The ester content composition of the produced biodiesel were determined following UNE-EN
14103:2011.The method is based on gas chromatography with flame ionization detection (GC-
FID), using methyl nonadecanoate (C19) as an internal standard. Approximately 100 mg of
biodiesel sample was dissolved in toluene with the internal standard and injected into a GC
equipped with a Carbowax 20M capillary column. The total ester content and linolenic ester
fraction were quantified from chromatographic peak areas and expressed as mass percentages,
ensuring compliance with international biodiesel quality requirements. The analysis allowed
identification and quantification of the main fatty acid methyl esters (FAME) present in the
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biodiesel. Table 2.7 summarizes the relative proportions of saturated, monounsaturated, and
polyunsaturated methyl esters, highlighting oleic, linoleic, and palmitic esters as the dominant
components. The total ester content exceeded the minimum requirement of 90% (m/m), con-

firming the successful conversion of waste cooking oil into biodiesel of acceptable quality.

Table 2.7 Fatty acid composition and corresponding methy! esters of waste cooking oil biodiesel.

No. Acid (GC label) wt% Methyl ester (name) Methyl ester  Molecular weight

formula (g'mol™)

1 Palmitic acid 12.30 Methyl palmitate C17H3402 270.45496
(Cis0)

2 Stearic acid 4.00 Methyl stearate CioH3502 298.50872
(Cis:0)

3 Oleic acid (Cis:1)  27.50 Methyl oleate CioH3602 296.49284

4 Linoleic acid 48.18 Methyl linoleate CioH3402 294.47696
(Cis2)

5 Linolenic acid 4.72 Methyl linolenate CioH320: 292.46108
(Cisis)

6 Arachidic acid 0.30 Methyl arachidate C21H40: 326.56248
(Co00)

7 Gadoleic acid 0.43 Methyl gadoleate C21H4002 324.54660
(Caon1)

8 Eicosadienoic 0.40 Methyl eicosadieno-  Ca:HssO: 322.53072
acid (Czo:2) ate

9 Behenic acid 0.61 Methyl behenate C23Has0O2 354.61624
(Caz:0)

10  Erucic acid (Cz:1) 0.50 Methyl erucate C23Hu1O2 352.60036

11  Lignoceric acid 0.41 Methy! lignocerate C25H5002 382.67000
(Ca420)

12 Nervonic acid 0.32 Methyl nervonate C25Has02 380.65412
(Caair)
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2.8.2 Elemental composition
The elemental composition of the biodiesel was determined based on its FAME profile ob-
tained using GC-FID. Gas chromatography is commonly employed for biodiesel analysis
because of its high sensitivity in detecting minor components, enabling the quantification
of methyl esters and identification of specific contaminants in alkyl esters. Each fatty acid
methyl ester was treated in its free acid form (R—COOH), and its molecular formula was
used to calculate the numbers of carbon, hydrogen, and oxygen atoms. The molecular
weight of each ester was then calculated using the atomic weights of carbon (12.01 g/mol),
hydrogen (1.008 g/mol), and oxygen (16.00 g/mol).The mass contributions of C, H, and O
were then expressed as percentages relative to the total molecular weight. Finally, the
weighted average across all esters, according to their relative abundance in the biodiesel,

provided the overall elemental composition in Table 2.8. Nitrogen and sulfur are assumed

negligible.
Table 2.8 Elemental mass composition (mass %)
Element Mass %
Carbon (C) 77.10 %
Hydrogen (H) 11.98%
Oxygen (O) 10.91%

Based on the weighted fatty acid methyl ester (FAME) profile, the average molecular formula
was estimated as Cis.s2Hz4.850:2.00, COrresponding to an average molecular weight of about 293.2
g-mol™.

2.8.3 Physicochemical characterization of biodiesel

The physicochemical characteristics of the synthesized biodiesel were evaluated to determine
its compliance with ASTM D6751, the American Society for Testing and Materials standard
for B100 biodiesel used as a blending component in middle distillate fuels. In this study, key
parameters such as kinematic viscosity, density, acid value, ash content, sulfur content, and
water content were measured, with the results summarized in Table 2.9. The properties of the

produced biodiesel were then compared with the established ASTM biodiesel specifications.
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Table 2.9 Physicochemical properties of WCO-based biodiesel compared to ASTM D6751 standard
specifications (Medjahed et al.,2025)

] Biodiesel Biodiesel standard
Property Unit Method
fromWCO ASTM D6751

Density / ASTM D 4052 0.8903 <0.9000
Kinematic Vis-

_ mm?2/s ASTM D445 4.88 1.9-6.0
cosity at 40°C
Acid number mg KOH/g ASTM D664 <0.05 <0.80
Cetane number / ASTM D 4737 535 >47
Cloud point °C ASTM D 2500 5 -3t0 12
Poor point °C ASTM D97 0 -15t0 10
Water content %v/v ASTM D2507 <0.01 <0.05
Sulfur content mass % ASTM D4294 <0.01 <0.01
Ash content mass % ASTM D482 Trace <0.05
Distillation tem-

°C ASTM D 6751 351 <360

perature T90

The results obtained from this investigation were within the allowable limits prescribed by
ASTM D6751. The biodiesel satisfied the density requirements specified by the standard, indi-
cating its suitability for use in diesel engine fuel systems. Density plays a crucial role in deter-
mining fuel injection characteristics, spray formation, and air—fuel mixing in compression ig-
nition engines (Tesfa, Mishra, Gu, and Powles, 2010). Excessively dense fuels can adversely
affect fuel pumps and injectors, potentially resulting in incomplete combustion.

Kinematic viscosity is also a key parameter influencing biodiesel performance. The viscosity
values recorded in this study fell within the recommended range, suggesting that the biodiesel
would function effectively in standard diesel engines. Variations outside the optimal viscosity
range can lead to engine-related issues: elevated viscosity may cause injector and pump dam-
age, filter blockage, poor atomization, and higher emissions due to incomplete combustion,
whereas low viscosity can reduce lubrication of injection system components, leading to in-

creased wear, fuel leakage, and subsequent power loss (Ayetor et al., 2015).
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After the transesterification and purification processes, the acid value of the biodiesel was low-
ered to less than 0.05 mg KOH/g, complying with ASTM D6751 requirements. Maintaining
such a low acid value is important for reducing corrosion and preventing injector fouling asso-
ciated with free fatty acids, as reported by Suzihaque, Alwi, Ibrahim, Abdullah, and Haron
(2022).

The ash and sulfur contents were also found to be below their respective maximum allowable
limits, suggesting a reduced likelihood of particulate emissions and engine component degra-
dation. Additionally, the measured water content remained within the standard specification,
which is critical for ensuring stable ignition and efficient combustion performance. Furthermore
cloud and pour points serve as key parameters for evaluating the low-temperature flow proper-
ties of biodiesel. They have a direct impact on the performance of the fuel delivery system. A
lower cloud point indicates superior cold-flow characteristics, enabling the fuel to function ef-
fectively at reduced ambient temperatures. This property is generally linked to enhanced fuel
quality and greater applicability in cold-weather environments. In the present study, the bio-
diesel demonstrated a cloud point of 5 °C, which could restrict its use in extremely cold condi-
tions.

The results demonstrate that waste cooking oil can be effectively converted into biodiesel meet-
ing the required fuel quality standards under the applied experimental conditions. However,
additional investigations focusing on long-term storage behaviour and practical engine opera-
tion are necessary to fully assess the fuel’s durability and overall performance.

2.9 Blends characterisation

The fuel characteristics of biodiesel produced from waste cooking oil (WCO) via base-catalysed
transesterification (B100), along with its blends with petroleum diesel (B5, B10, B20, and B30),
were evaluated using ASTM standard testing procedures. The measured properties are pre-
sented in Table 2.10. The results indicate that the biodiesel achieved a cetane number of 53.5,
which is higher than that of conventional diesel fuel, reflecting improved ignition quality. A
higher cetane number promotes reduced ignition delay, enhanced combustion efficiency, and
lower engine noise levels (Heywood, 1988).Minor variations in fuel density were observed;
however, these differences remained within acceptable specification limits.

Fuel distillation characteristics play a critical role in determining evaporation behaviour, cold-
start capability, susceptibility to vapour lock and flooding, ignition performance, emission pro-
files, and overall efficiency. A wide distillation range indicates the presence of fuel components
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with varying boiling points, which can influence the formation of a uniform air—fuel mixture
which is an important requirement for efficient combustion. In this investigation, the distillation
ranges of the biodiesel blends were found to be comparable to those of conventional diesel fuel
reported by Henein et al. (1985), suggesting satisfactory fuel quality. Nevertheless, biodiesel
contains certain high-boiling compounds (above 360 °C) that may lead to increased particulate
matter emissions during combustion, as reported by Chen et al. (2023) based on engine testing.
The use of catalytic converters can help alleviate this issue and improve the environmental
performance of biodiesel. Furthermore, all fuel blends exhibited low sulfur content, which con-
tributes to reduced sulfur dioxide emissions and lower particulate matter formation, thereby
decreasing overall atmospheric pollution.

Fuel viscosity plays a key role in engine performance. Figure 2.14 illustrates the temperature-
dependent viscosity behaviour of different biodiesel-diesel blends. For all blends, viscosity de-
creases as temperature increases. Pure biodiesel (B100) shows the highest viscosity; however,
a substantial reduction is observed at higher temperatures, reflecting enhanced flow properties.
The results further indicate that incorporating diesel into biodiesel effectively lowers viscosity.
A consistent downward trend is evident as the blend ratio shifts from B100 to B5, with viscosity
progressively approaching that of conventional diesel fuel. This demonstrates that blend com-
position can be optimized to achieve viscosity levels compatible with existing engine and fuel
system requirements while complying with established fuel standards.

As shown in Table 2.10 and figure 2.13, fuel density increased with a higher proportion of
biodiesel in the blends. This trend is mainly associated with the higher molecular weight of
biodiesel compared to conventional diesel, which leads to increases in density, viscosity, and
pour point. In contrast, the heating value and cetane number showed a decreasing trend with
increasing biodiesel content. Nevertheless, all fuel properties remained within the limits speci-
fied by ASTM D7467 and were consistent with findings reported in the literature (Saxena, Ja-
wale, and Joshipura, 2013; Lahane and Subramanian, 2015). The heating value of the produced
biodiesel was approximately 5% lower than that of conventional diesel fuel. An increase in
heating value was observed as the proportion of diesel in the blend increased, as shown in Fig-
ure 2.13. The heating value represents the amount of energy released per unit mass of fuel
during combustion. Due to its relatively lower energy content, biodiesel may result in reduced
power output. Consequently, a higher fuel quantity is required to achieve comparable power

levels. Therefore, for applications demanding sustained high performance, the use of neat diesel
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or biodiesel blends with higher diesel content is preferable to ensure stable and efficient engine

operation, in agreement with the observations of Bari et al. (2020).

Table 2.10 Blends properties compared to conventional diesel (Medjahed et al.,2025)

%

unit Method B5 B10 B20 B30 B100  Diesel
Density at ASTM
- 0.8231 0.8291 0.8333 0.845 0.8903 0.822
15°C D 4052
Viscosity at
mPa/s / 1.47 157 1.70 2.04 4.32
40 °C 1.356
Distillation
S 170 175 180 175 220
intial point
Distillation
200 205 208 204 330
10%
Distillation ASTM
°C 263 272 280 299 340
50% D 86 180-340 °C
Distillation
343 344 342 345 351
90%
Distillation
_ _ 370 368 360 360 369
final point
Cetane in- ASTM
- 55.6 55.3 555 54.5 535 47 - 50
dex D 4737
Total Acid mg ASTM
<0.05 <0.05 <0.05 <0.05 <0.05
Number KOH/g D 664 -
_ ASTM
Poor point  °C -15 -15 -12 -9 0 -33 to-15
D97
ASTM
Cloud Point °C -4 -4 0 -1 +5 <+5
D2500
LHV MJ/Kg / 43.055 43.011 42923 42831 42.279 45.20
HHV MJ/kg / 45933 45.877 45764 45.647 44950 48.22
water %viv ] <0.01 <0.01 <0.01 <0.01 <0.01 <0.05
mass
sulfur <0.01 <0.01 <0.01 <001 <001 <2
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The elevated cloud and pour points observed adversely affect cold-start performance and may
limit the applicability of biodiesel blends with high biodiesel content, such as B30 and B100.
This observation is consistent with the findings reported by Yaakob, Mohammad, Alherbawi,
Alam, and Sopian (2013).
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2.10 Conclusion

This chapter has demonstrated the waste cooking oil potential to be converted into a high-
quality biodiesel when upstream handling and process optimisation are carefully addressed. The
study underlines that the technical feasibility of WCO valorisation depends as much on collec-
tion, storage, and pretreatment practices as on the transesterification step itself.

« Improved collection and storage practices such as using sealed, opaque containers kept
in cool, dark conditions, substantially increased the volume of feedstock that is suitable
for processing and improving overall cost-effectiveness.

o Preliminary characterisation of WCO informed the choice of pretreatment and reaction
route, and helped prevent common problems such as soap formation and catalyst deac-
tivation.

o Transesterification was optimized with the dual aims of achieving high yield and keep-
ing the process operationally simple and affordable. The reaction settings were selected

(molar ratio of 6:1, 1% KOH catalyst, and 60 °C reaction temperature ) to increase yield

74



Chapter 2 Biodiesel Production and characterisation

to be approximately 92% biodiesel. Downstream purification (washing and centrifuga-
tion) further improved fuel stability and removed residual contaminants.

o Quality assessment showed that the recovered biodiesel met the principal requirements
of recognized international standards (ASTM D6751 and EN 14214) for the measured
properties, confirming its suitability for blending and engine use.

« Toimprove key fuel properties and provides a practical approach for immediate use, we
managed blending the produced WCBIO with conventional diesel. By combining the
low sulfur and high oxygen content of biodiesel with the energy density and cold-flow
advantages of petroleum diesel, the resulting fuel is well suited for existing engines
without major modifications.

In conclusion, the chapter provides a complete and pragmatic account of WCO-to-biodiesel

production under local conditions. These findings supply the experimental basis for the next

stages of this research where combustion dynamics, performance metrics, and emissions
are investigated.
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3 Chapter 3
Engine Testing of Biodiesel Blends

This chapter illustrates the experimental protocol and test-bench procedures used to evaluate
the combustion behaviour, performance and emissions of biodiesel-diesel blends. Building on
the production and quality assessment described in Chapter 2, the work reported here aims to
quantify how progressively higher proportions of WCO-derived biodiesel influence in-cylinder
combustion, engine output and exhaust pollutants in the laboratory environment.

Tests were performed on a compression-ignition engine test bench using five fuels: conven-
tional petroleum diesel (baseline) and four biodiesel blends (B5, B10, B20 and B30). The test
matrix was designed to capture representative operating conditions so that results are relevant
for practical engine use; measurements were therefore taken across a range of engine loads and
steady speeds typical of the target application. For each test point, key performance indicators
(brake power, torque, specific fuel consumption), exhaust gases temperature and pollutant emis-
sions (CO, NOx).

Relevant, fuel properties reported in Chapter 2 (density, viscosity, calorific value, cetane index)
were used to interpret performance differences and to normalise results.

By combining detailed combustion diagnostics with standard performance and emission met-
rics, this chapter provides the empirical basis for understanding the practical implications of
using WCO-based biodiesel blends in compression-ignition engines. The experimental findings
will be used in Chapter 4 to validate and inform the computational models and to support the

broader assessment of biodiesel as a sustainable alternative to conventional fuels.
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Chapter 3 Engine Testing Of Waste Cooking Oil Biodiesel Blends

3.1 Experimental Test Bench
The experimental investigation was conducted on an academic test bench designed to evaluate
the performance and pollutant emissions of diesel engines operating with biodiesel blends.
A schematic representation of the bench is provided in Figure 3.1, showing the arrangement of
the engine, dynamometer, fuel system, exhaust analyser, and instrumentation.

14
] e

J—!

Figure 3.1 Schematic representation of the diesel engine test bench exploited for testing biodiesel.
The setup includes the Deutz Z-MWM D302-1 single-cylinder diesel engine (1), load brake dynamom-
eter (2), fuel supply system with tank (3) and burette for consumption me measurement (4), exhaust gas
analyzer (5), data acquisition computer (6), coupling (7), fuel and exhaust temperature sensors (8, 9),
airflow meter (10), tachometer ( engine speed ) (11), starting battery (12), control system (13), electrical

measurement unit (14), rheostat load (15), and intake (16) and exhaust (17) manifolds.

The test rig consists of a single-cylinder diesel engine coupled to a dynamometer, with auxiliary
systems for fuel supply, air intake, exhaust analysis, cooling, and power supply.

3.1.1 Test Engine

The engine used is a Deutz Z-MWM D302-1, a single-cylinder, four-stroke, direct-injection,
air-cooled diesel engine manufactured by Motorenwerke Mannheim AG (MWM, Germany)
(Figure 0.2). The engine delivers a maximum power of 8.5 kW (11.6 HP) at 3000 rpm, with a
compression ratio of 17.5:1. The bore and stroke are 95 mm x 105 mm, giving a displacement
of 744 cm3. The injection system employs Bosch, Condiesel, or Delphy injectors with pressures
ranging from 180 to 220 bar. The robust design, direct injection system, and moderate power
output make it well suited for experimental biodiesel evaluation.

The principal technical specifications of the engine, including geometry, fuel injection charac-

teristics, operating parameters, and valve timing, are summarized in Table 3.1.
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Engine Testing Of Waste Cooking Oil Biodiesel Blends

Table 3.1 Technical specifications of the Deutz Z-MWM D302-1

Figure 3.2 Deutz Z-MWM D302-1

Category Parameter Unit Value
General Information Model — D302-1
Number of cylinders — 1
Combustion system — Direct injection
Cooling system — Air-cooled
Rotation direction — Counter-clock-
wise
Fuel type — Diesel 2
Injection system — Direct injection
Injection mode — Profile
Engine Geometry Displacement cmd 744
Bore x Stroke mm 95 x 105
Compression ratio — 17.5:1
Valve clearance mm 0.2
Fuel Injection Characteris-  Injection pressure bar Bosch: 180 * 5;
tics Condiesel: 220 £
5; Delphy: 190 £
8
Start of injection °CA 8° before TDC
Injection duration °CA 20
Injection hole diameter mm 0.259
Number of nozzles — 4
Fuel temperature K 344
PerformanceData Maximum power kw (HP) 8.5(11.6)
(Full Load)

18



Chapter 3 Engine Testing Of Waste Cooking Oil Biodiesel Blends

Category Parameter Unit Value
Maximum speed rpm 3000
Idle speed rpm 750-800
Ignition pressure bar 85
Fuel consumption dm3/h 3.54
Lubricating oil consumption cmd/h 10-20
Cooling air flow m3/h 420
Operating Temperatures Max. lubricating oil temperature °C 120
Max. exhaust manifold temperature °C 550
Filling Quantities Fuel tank capacity dm3 16
Lubricating oil capacity dm3 2.75
Net weight kg 165
Valve Timing Intake opening °CA 30° bBDC
Intake closing °CA 0°aTDC
Exhaust closing °CA 30° aBDC
Admissible tolerance °CA 13

3.1.2 Dynamometer and Coupling

Dynamometer system coupled to the engine shaft is employed to apply controlled loads during
testing. As illustrated in the simplified electrical diagram (Figure 3.3), the dynamometer oper-
ates on the principle of a DC generator with shunt excitation, where the field winding is con-
nected in parallel with the armature circuit carrying current I.

In this configuration, the field current is pro-

portional to the terminal voltage, which main- Lot i

A

tains a stable magnetic field during operation.
The electrical power generated by the arma-
C . U
ture is dissipated through a variable rheostat,

allowing fine control of the load current and,

consequently, the braking torque applied to
the engine.

Figure 3.3 Simplified electrical schematic of the dynamometer operating principle: the configuration
of the DC generator with shunt excitation, where (i) the field current and (I) armature current, (I' =1+
i) the total current, (U) applied voltage
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A precision coupling between the engine and the load machine ensured correct alignment, ab-
sorbed vibrations, and avoided resonance effects. Torque was determined from the electrical
power absorbed by the generator, while brake power was calculated from torque and engine
speed.

3.1.3 Starting and Power Supply

The test bench was equipped with a 12 V DC electrical system powered by a 75 Ah automotive
battery for starting the engine. A medium-voltage 220 VV AC line supplied the computing unit,
sensors, and lighting systems. Indicators were installed to monitor power circuit status.

3.1.4 Air Intake System

The intake system was fitted with air filter connected to the manifold via a specially designed
adapter. This ensured clean air supply, preventing dust and particles from entering the combus-
tion chamber. An anemometer was installed for airflow measurement.

3.1.5 Fuel Supply and Measurement

A dual fuel supply arrangement was used to allow switch-
ing between diesel and biodiesel blends. Fuel consumption
was measured using a burette system with a graduated
scale and stopwatch method as illustrated in the Figure 3.4,
allowing precise determination of volumetric consump-
tion. The blends (B10, B20, B30, B100) were prepared by
volume and stirred for homogeneity prior to testing.

3.1.6 Exhaust Gas Analysis

Figure 3.4 Fuel supply system

A gas analyser (HL 860 Exhaust gas analyser) measured the exhaust gas composition of O2,
CO, CO2 and nitrogen oxides emissions. The analyser was connected directly to the exhaust
manifold via sampling lines. Exhaust gas temperature was measured with thermocouples in-
stalled at the exhaust outlet.

3.1.7 Instrumentation and Control

The test bench was equipped with standard instrumentation to ensure accurate measurement of
engine performance and emissions. Engine speed was monitored by a tachometer, while torque
was determined through a load cell integrated into the dynamometer. Thermocouples were in-
stalled to record both fuel and exhaust gas temperatures. Airflow was determined using an an-
emometer. A real-time monitoring, recording, and subsequent processing of the experimental

data was done using computer-based data acquisition system.
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All the equipment were calibrated in agreement to the manufacturer’s terms, before starting the

experiments.

The experimental operations was done on the test bench described in Section 3.1. The objective
was to assess the performance and emissions of the Deutz Z-MWM D302-1 engine operating
with commercial diesel and biodiesel blends derived from waste cooking oil (WCO).

3.2.1 Fuels

The fuels produced from waste cooking oil, along with the prepared diesel-biodiesel blends
discussed in Chapter 2, were tested using the engine test bench. The reference diesel fuel was
obtained from a local filling station in Oran, while the biodiesel blends were prepared volumet-
rically at concentrations of 5%, 10%, 20% and 30% , denoted as B5, B10, B20 and B30 respec-
tively. The mineral diesel fuel was employed as the reference fuel to enable comparison of en-
gine performance. Table 3.2 summarizes the main physical properties that impact the combus-

tion behaviour of the fuels and, consequently, the engine performance.

Table 3.2 Blends properties compared to conventional diesel properties.

unit Method B5 B10 B20 B30 B100 Diesel
Density at ASTM

- 0.8231 0.8291 0.8333 0.845 0.8903 0.822
15°C D 4052
Viscosity at

mPa/s [/ 1.47 1.57 1.70 2.04 4.32
40 °C 1.356
Cetane ASTM

- 55.6 55.3 55.5 54.5 53.5 47 - 50
Number D 4737
LHV MJ/Kg / 43.055 43.011 42.923 42.831 42.279 45.20

The test program was structured into three groups of experiments. The first group consisted of
air mapping at no load (0% load) over a range of engine speeds, in order to characterize the
airflow behaviour of the engine. The second group involved the load-speed matrix tests with
commercial diesel, used as the baseline reference. The third group applied the same load-speed
matrix to the biodiesel blends, allowing direct comparison with the diesel baseline.
For the load-speed matrix, four load levels were considered: 25%, 50%, 75% and 100% of full
load. At each load level, the engine was operated at four speeds: 1500, 1800, 2000 and 2300
rpm. This resulted in a comprehensive set of operating points for performance and emissions
evaluation.
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At every test point, the following parameters were measured: brake torque, brake power (BP),
brake specific fuel consumption (BSFC), exhaust gas temperature, and gaseous emissions of
carbon monoxide (CO) and nitrogen oxides.

3.2.2 Fuel-switching procedure

To prevent cross-contamination between fuels, a strict switching protocol was applied. Baseline
runs were first conducted using diesel until steady-state operating conditions were reached, after
which measurements were taken across the full load-speed matrix. Before introducing a bio-
diesel blend, the engine was run on diesel until the remaining fuel from the previous test had
been consumed. The supply was then switched to the biodiesel blend, and the engine was op-
erated for approximately five minutes to purge residual diesel from the fuel line. Data acquisi-
tion then commenced under the same test conditions as with diesel. After completing the meas-
urements for each biodiesel blend, the engine was again switched to diesel and run for sufficient
time to flush the fuel line before the next blend was introduced.

3.2.3 Repetition and validation

All experimental points were repeated to ensure repeatability of the results. The mean values
were used in the analysis, while clear anomalies were identified and discarded after verification.
This approach ensured reliable comparison between the baseline diesel and biodiesel blends
under all tested operating conditions.

3.2.4 Uncertainty and Limitations of Measurements

All experimental measurements are subject to a degree of uncertainty arising from both instru-
mentation limits and operating conditions.

During engine testing, measurement errors are inevitable and may arise from either systematic
or random sources. Systematic errors generally originate from instrumental limits or calibration
drift and can often be minimized through regular calibration and proper maintenance of the
measurement devices. Random errors, by contrast, are caused by human factors or external
disturbances such as temperature fluctuations or vibration, and they are usually evaluated
through statistical analysis.

Manufacturers typically perform accuracy tests on their instruments to determine the precision
limits and provide the corresponding uncertainty margins in their technical documentation. The
uncertainties associated with the different measuring instruments used in the present experi-

mental setup are summarized in Table 3.3.
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Table 3.3 Measurement uncertainties of the instruments used in the engine test bench.

Parameter Uncertainty
Engine torque (T) 0.1 N-m
Engine speed +3 rpm
Intake air flow rate +1% of the measured value
Fuel flow rate +0.5% of the measured value
Exhaust gas temperature +1.6 °C
Ambient air temperature 0.2 °C
Ambient relative humidity +2%
Nitrogen oxide emissions (NOx) +100 ppm
CO concentration in exhaust gases +50 ppm

In engine performance experiments, several parameters such as torque, engine speed, fuel con-
sumption, and exhaust temperature are measured to evaluate the brake power, brake specific
fuel consumption (BSFC. Each of these measured quantities carries an inherent uncertainty,
which propagates into the final calculated parameters. To accurately quantify this effect, the
Law of Propagation of Uncertainty (LPU) is applied, expressed by the following relation (Rishi,
2024):

According to this law, when a result F depends on several independent measured variables
X1, X2, X3, ...each with its own standard uncertainty, the combined uncertainty of F can be esti-

mated using the following relation:

u(F) = \/ (j;Fu()) " (3%()) T ({?Fu()) ............ 6.)

where:

e U(F) is the combined standard uncertainty of the function F,

e U(x;)is the standard uncertainty of the variable x; and

. % represents the sensitivity coefficient, indicating how sensitive F is to changes in x;

The analysis of the engine tests focused on brake power and brake specific fuel consump-

tion (BSFC). The calculation methods for each parameter are summarized below,
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3.2.4.1 Brake Power (BP)

Brake power is the effective mechanical power available at the engine shaft. In the present test
bench configuration, where the engine is coupled to a DC generator dynamometer, the brake
power is equal to the absorbed power (Pa) of the generator.

Brake power was obtained from the measured torque and engine speed according to:

BP:Pa=wa=%xT .................. (3.2)

Where

T = brake torque (N-m)

Pa= mechanical power absorbed by the generator (W)

® = angular velocity (rad/s)

N = engine speed (rpm)

This represents the effective mechanical power available at the engine shaft.

And ,

The combined uncertainty of BP is given by: U(BP) = V[(w x U(T))2 + (T x U(®))?]
The relative uncertainty in brake power is: Urel(BP) = V[(o x U(T))2 + (T x U(®))?] / (T x )
3.2.4.2 Brake Specific Fuel Consumption (BSFC)

BSFC was determined as the ratio of fuel mass flow rate to brake power:

Where ni, is the fuel mass flow rate (kg/s), obtained from volumetric fuel consumption and
density. BP is the brake power (W)
And,
The combined uncertainty in BSFC is expressed as:
U(BSFC) = N[(U(tig)/ths)? + (U(BP)/BP)] x BSFC
The relative uncertainty is therefore: Urel(BSFC) = [ (U(my)/ my)? + (U(BP/BP)?]

Table 3.4 Relative uncertainties of the calculated parameters based on measured values

Parameter Relative Uncertainty Expres- Uncertainty Range (%)
sion
Brake Power (BP) VI(50mx0.1) + (Tx0.1m)?] / 0.4-1.9%
(50mxT)
Brake Specific Fuel V[(0.005)2 + (U(BP)/BP)?] 0.6 — 2%

Consumption (BSFC)
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3.3 Results and discussions

3.3.1 First group of experiments: Air-Fuel Ratio Mapping at No Load

A first series of experiments was conducted at no load (0% load) with the aim of establishing
the engine air-fuel ratio (richness) map. Such a mapping serves as a reference tool for regulating
engine operation, since in automotive applications similar calibration maps are stored in the
engine control unit (ECU). Optimizing or reprogramming these maps is a key method to im-
prove engine performance and emissions behaviour.

In this study, the richness measurements were performed at different engine speeds ranging
from 800 to 2600 rpm, under ambient temperature conditions and with no external load applied
to the engine. The results obtained provide the baseline richness characteristics of the engine
across its operating range, and serve as input for analysing the impact of biodiesel blends in
subsequent tests.

[ Air flow] [kg/s]

0,09300

008680
0,08060
007440
0,08820
0,08200
0,05580

0,04960

0,04340
0038720

003100

Figure 3.5 the variation of the air mass flow rate as a function of engine speed and fuel mass

flow under no-load conditions.

The results show a nearly linear increase in air flow rate with engine speed. At low speeds
(=1000 rpm), the air flow rate remains close to 0.03-0.04 kg/s, while at higher speeds (<2500
rpm) the flow rate exceeds 0.08 kg/s, representing more than a threefold increase. From a ther-
modynamic perspective, this behaviour is expected, since the volumetric air intake per cycle
increases proportionally with engine speed, while the intake system ensures nearly constant
volumetric efficiency under no-load conditions. The absence of external load means that the

fuel injection quantity is relatively small, which explains the lean mixture formation observed
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at low and medium speeds. At higher speeds, although the mixture remains globally lean, the
relative increase in injected fuel contributes to a progressive enrichment of the air—fuel ratio.
3.3.2 Second group of experiments

At 25% load, the variations of brake power, torque and brake specific fuel consumption (BSFC)

with engine speed are shown in figure 3.6
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Figure 3.6 Engine Performance with engine speed under 25% load conditions for diesel and biodiesel
blends

Torque as shown in figure 3.6 rose with increasing speed, peaking around 1700-1900 rpm be-
fore declining at higher speeds. This trend was observed for both diesel and biodiesel blends,
reflecting the typical torque curve of a compression ignition engine (Heywood, 2018).This pro-
file reflects the balance between improved combustion phasing at mid-range speeds and rising
mechanical and pumping losses beyond 2000 rpm. Biodiesel blends delivered slightly lower
torque than diesel, with the difference more visible beyond 2000 rpm. Primarily due to their
lower lower heating value (LHV), which limits the energy released per cycle under identical
fuelling conditions.
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Brake power trend in figure 3.6 increased steadily with engine speed. This continuous rise oc-
curred despite the decline in torque beyond 2000 rpm, due to the strong dependence of brake
power on rotational speed as the brake power of an engine is directly proportional to torque and
engine speed (Habibullah et al., 2014)

The absolute differences between fuels remained modest at this low load, but diesel consistently
provided higher output. This is linked to its superior LHV and more favourable volatility, which
support more efficient combustion compared to biodiesel blends.

For all fuels, BSFC decreased with increasing engine speed up to around 2000 rpms. As speed
increased, BSFC decreased and stabilized, consistent with improved combustion efficiency at
higher air-fuel throughput which is consistent with Heywood (2018, Chapter 2.15) findings.
Biodiesel blends exhibited consistently higher BSFC than diesel across the speed range. This is
due to the combined effects of their higher density and lower heating value, which require a
greater mass of fuel to achieve the same brake power output (Bhuiya et al., 2019; Qi et al.,
2009).
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300 A B10 % '/:,,/'V
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280 - B30
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240

Exhaust gases temperature [°C]

T T T T
1400 1600 1800 2000 2200 2400
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Figure 3.7 EGT variations with engine speed at 25 % load

At 25% load, exhaust gas temperature increased monotonically with engine speed (Figure
3.7).The trend reflects the higher rate of combustion events and greater cumulative heat release
as engine cycles accelerate. Diesel consistently produced slightly higher EGT than biodiesel
blends which is not the expected trend from litterature (Cihan, 2021;Agarwal et al., 2008)

This behaviour can be explained by the lower calorific value of biodiesel, which releases less
heat per unit mass of fuel. In addition, at low load, the in-cylinder temperature and pressure are

relatively low, leading to slower evaporation and less efficient air—fuel mixing for biodiesel due
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to its higher viscosity. As a result, part of the combustion energy is consumed in fuel vaporiza-

tion rather than raising the gas temperature, which reduces the overall exhaust temperature.
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Figure 03.8 harmful emissions variations with engine speed for 25% load

At 25% load Figure 3.8.a illustrates the Nox emissions evolution with engine speed,it increased
progressively with engine speed. This trend reflects the direct dependence of thermal NOXx for-
mation on in-cylinder temperature and residence time. As speed rises, the higher frequency of
combustion events and greater cumulative heat release elevate the bulk gas temperature, favor-
ing the Zeldovich mechanism of NOx formation

In diesel engines, the majority of nitrogen oxides (NOXx) are produced through the thermal path-
way, which means their formation primarily depends on the combustion temperature and the
availability of oxygen in the combustion gases. Thermal NO is generated from the dissociation
of atmospheric nitrogen (N-) in the presence of oxygen and reactive oxygen radicals such as —
O and —OH.

The most widely used model to describe thermal NO formation is the Zeldovich mechanism,

represented by the following reactions (Maroa & Inambao, 2020):

N,+O——NO+N
N+0O,«——NO+0
N+OH«——NO+H

This mechanism highlights that NOx formation is highly sensitive to the peak flame tempera-
ture and the oxygen concentration in the combustion zone.
In this case, diesel consistently produced higher NOx emissions compared to biodiesel blends.

The difference arises from biodiesel’s intrinsic oxygen content, which promotes more complete
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combustion but simultaneously lowers peak flame temperatures, thereby suppressing NOXx for-
mation. Among the blends, higher biodiesel fractions yielded progressively lower NOx levels,
with B30 exhibiting the most pronounced reduction. This confirms the moderating effect of
biodiesel on thermal NOx despite the global rise with engine speed.

Figure 3.8.b highlights CO emissions. Carbon monoxide is an intermediate product of the com-
bustion process, which can be further oxidized in the presence of hydroxyl radicals (-OH) and
oxygen (O:). Its formation is therefore primarily dependent on the fuel-air equivalence ratio
(richness) within the combustion chamber. According to Sunggyu & Shah (2012) oxygenated
fuels generally promote CO oxidation but the present low-load tests show higher CO emissions
for biodiesel blends relative to diesel.

The higher CO emissions observed with biodiesel blends may result from poorer atomization
due to higher viscosity and density, shorter ignition delay leading to altered combustion phas-
ing, and lower peak temperatures caused by the reduced heating value. Moreover, the small
naturally aspirated engine’s characteristics and measurement sensitivity may contribute to de-
viations from typical literature trends, leading to locally rich zones and incomplete oxidation
despite the fuel’s oxygen content.

At 50% load, the torque vs speed curves in figure 3.9a exhibit the typical bell-shaped profile:
torque rises with increasing engine speed, reaches a maximum around 2000 rpm, and then de-
clines. Diesel achieved the highest torque peak at 2000 rpm, while all biodiesel blends produced
lower values. Among the blends, B30 consistently showed the lowest torque, reflecting the
combined effect of higher viscosity and lower heating value, whereas B5, B10 reached the
maximum earlier, near 1800 rpm, and B20 peaked closer to 2000 rpm. These variations are
attributable to differences in ignition delay, spray atomization, and combustion phasing induced
by blend properties. Minor differences between blends, however, remain within the expected
range of experimental variability (Mahmudul et al., 2017).

At 50% load, brake power increased steadily with engine speed, showing an exponential-like
rise rather than the bell-shaped profile observed for torque (Figure 3.9b).This behaviour is con-
sistent with the brake power equation because of the effect of rising rotational speed. Diesel
achieved the highest brake power across the entire speed range, reaching about 4.45 kW at 2300
rpm. Among the biodiesel blends, B5 was closest to diesel, followed by B10 and B20, while
B30 consistently gave the lowest output, with approximately 4.28 kW at 2300 rpm.
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Figure 3.9 Engine performance evolution with engine speed at medium load

Although the absolute differences between fuels are modest, the relative order (Diesel > B5 >
B10 > B20 > B30) was preserved throughout the tests, confirming that increasing biodiesel
substitution produces a gradual but measurable reduction in brake power due to the lower heat-
ing value and higher viscosity of the blends. This findings are in agreement with Habibullah et
al.(2014) study results.
BSFC decreased progressively as engine speed increased from 1200 to 2300 rpm reduced (Fig-
ure 3.9¢). At higher speeds , combustion efficiency was improved and relative frictional losses
were. Diesel and B5 recorded the lowest BSFC values across the range, with B5 closely ap-
proximating diesel. Higher biodiesel content resulted in consistently greater BSFC, the effect
being most pronounced for B30. At 1200 rpm, B30 consumed 360 g/kWh compared to 330
o/kWh for diesel, a penalty of about +9.1%.At 1800 rpm, the difference narrowed to +7.4%,
while at 2300 rpm it was still measurable at +3.9%. These differences exceed the estimated
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BSFC measurement uncertainty (=+2.8%), confirming a genuine impact of biodiesel substitu-
tion. The increase arises from biodiesel’s lower heating value and higher density, which involve
a greater mass of fuel to produce the same brake output which is consistent to How et al.( 2018)
findings . The blending effect is clear: B5 remains nearly indistinguishable from diesel, whereas
higher fractions (B20, B30) progressively increase same as (Y. Chen et al., 2023).
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Figure 03.10 Exhaust gases temperature variations with engine speed at medium load

Exhaust gas temperature increased steadily with engine speed, reaching a maximum of about
420 °C for diesel at 2300 rpm (Figure 3.10) The B5 blend followed the diesel curve closely,
with negligible difference across the speed range. The intermediate blends (B10 and B20)
showed nearly overlapping curves, consistently about 20 °C lower than diesel, while B30 ehib-
ited the lowest exhaust temperatures among the tested fuels.

This trend reflects the combined influence of fuel heating value and combustion characteristics.
Diesel and B5, with higher calorific content, released more energy per unit mass, leading to
higher in-cylinder temperatures and thus higher exhaust gas temperatures. As biodiesel content
increased, the lower heating value reduced the overall combustion temperature, resulting in
progressively lower exhaust gas temperatures. The near-superposition of B10 and B20 suggests
that modest variations in biodiesel fraction within this range do not strongly influence EGT,
whereas B30 produces a clear cooling effect in line with its higher oxygen content and reduced
energy density.
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Figure 3.11 Emissions evolution of NOx and CO with engine speed at medium load

For all fuels, NOx emissions increased progressively with engine speed, with a sharper rise at
higher rpm (Figure 3.11a). Diesel consistently produced the highest NOx levels across the speed
range, while biodiesel blends showed lower emissions, decreasing further with increasing bio-
diesel fraction. Among the blends, B30 yielded the lowest NOx values, followed by B20 and
B10, whereas B5 remained close to diesel.

This behaviour is linked to in-cylinder combustion temperature and oxygen availability. Diesel,
with the highest heating value, generated higher peak temperatures, which favoured thermal
NOx formation. Biodiesel blends, on the other hand, released less heat per unit mass and
showed slightly cooler combustion, reducing NOx production. Although biodiesel’s inherent
oxygen content would normally promote NOx formation, in this case the dominant effect of
reduced heating value and lower combustion temperature outweighed the oxygen effect, result-
ing in an overall NOx reduction with increasing biodiesel content.

CO emissions at 50% load showed a generally increasing trend with rising engine speed (Figure
3.11b).Biodiesel blends produced higher levels while Diesel consistently exhibited the lowest
CO values across the range. Among the blends, B5 maintained relatively moderate emissions,
whereas B10 and B20 displayed higher CO outputs, and B30 reached the maximum values,
exceeding 600 ppm at 2300 rpm.

The higher CO emissions observed with biodiesel blends contrast with the general expectation
that biodiesel’s inherent oxygen promotes more complete combustion (Attia & Hassaneen,
2016). In this study, the increase is likely due to biodiesel’s lower heating value, higher viscos-

ity, and reduced volatility, which can hinder atomization and air-fuel mixing, especially at
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higher engine speeds where injection time is limited. These factors may slow down CO oxida-
tion to CO-, even with oxygen present in the fuel. The gradual rise in CO emissions with in-
creasing biodiesel content therefore reflects the interplay between improved oxygen availability
and reduced combustion efficiency, with the latter having a stronger influence under the tested
conditions.
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Figure 03.12 Torque , Brake Power, BSFC variations with engine speed at mid-high load

At 75% load, all fuels exhibited the characteristic bell-shaped torque profile with increasing
engine speed (Figure 03.2a). Torque rose steadily from low rpm, reached a maximum between
1800-2000 rpm, and then declined at higher speeds, in line with the typical behaviour of diesel
engines (Heywood, 2018) .Diesel delivered the highest peak torque, closely followed by B10,
while B20 and B30 showed slightly lower values across the operating range.

An exception was observed for the B5 blend at low engine speed (~1500 rpm), where its torque

was slightly lower than that of diesel and closer to the higher biodiesel blends. However, as the
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engine speed increased, the B5 torque curve gradually converged with that of diesel, ultimately
reaching a comparable peak torque around 1900 rpm. This deviation may result from subtle
variations in injected fuel mass, injection timing, or combustion phasing under light-fueling
conditions. Minor differences in density and compressibility can affect injector dynamics and
mixture preparation at low speed, leading to a temporary reduction in torque output (Kegl, Kegl,
& Pehan, 2014).

At 75% load, the brake power curves of diesel and all biodiesel blends are almost perfectly
superimposed across the full engine speed range (Figure 3.12b). No significant deviations are
observed between fuels. This indicates that, under mid-high load conditions, biodiesel substi-
tution up to 30% has no meaningful impact on brake power output, and the engine delivers
essentially the same shaft performance regardless of the blend.

At 75% load, BSFC trends for all fuel types show a typical U-shaped curve, decreasing with
engine speed up to ~2000 rpm, then slightly increasing due to rising frictional and thermal
losses at higher speeds. Blends with increasing biodiesel content (B5 to B30) showed a gradual
rise in BSFC Figure 3.12. This is attributed to biodiesel’s lower energy content and higher
viscosity, which slightly compromise atomization and combustion efficiency. Among the
blends, B5 and B10 closely approached diesel performance, while B20 and B30 showed more

pronounced increases in fuel consumption, particularly at lower engine speeds.
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Figure 03.13 Variation of EGT versus engine speed at mid-high load

Exhaust gas temperature increased steadily with engine speed for all fuel types, reflecting the
expected rise in combustion intensity and heat release rate. Biodiesel blends showed slightly
lower temperature values than diesel across the speed range. Among the blends, B5 and B10
closely tracked diesel, whereas B20 and B30 exhibited marginally cooler exhaust streams, es-
pecially above 2000 rpm.
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The results confirm that biodiesel blends burn more cleanly but release less thermal energy,
slightly reducing exhaust temperatures. This trend has positive implications for thermal loading

on engine components and may contribute to lower NOx formation.
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Figure 3.14 variation of CO and NOx emissions with engine speed at 75% load.

At 75% load, CO emissions from diesel remained nearly constant at around 150 ppm across the
entire speed range (Figure 3.14a). In contrast, biodiesel blends displayed a gradual rise in CO
levels with increasing engine speed, reaching nearly 780 ppm for B20 and B30 at 2300 rpm.
This increase is mainly associated with the reduced heating value and less favourable spray
characteristics of biodiesel, which can limit air-fuel mixing and oxidation efficiency at high
speeds where injection and combustion occur rapidly. As the biodiesel proportion increases,
these effects become more evident, resulting in higher CO formation despite the additional ox-
ygen present in the fuel.

At 75% load, NOx emissions for biodiesel blends rose steadily with engine speed but remained
consistently below those of diesel (Figure 3.14b). The reduction became more evident as the
biodiesel proportion increased, with B30 exhibiting the lowest values. This behaviour follows
the same trend observed at low and mid loads, confirming that the lower heating value of bio-
diesel consistently leads to reduced in-cylinder temperatures and suppressed thermal NOx for-
mation. Although biodiesel provides additional oxygen that could favour NOx generation, the
cooling effect associated with its lower energy content remains dominant, resulting in a sys-

tematic decrease in NOx emissions with increasing biodiesel fraction.
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Figure 03.15 Evolution of engine torque, BP and BSFC with engine speed at full load

At full load, all fuels exhibited the typical bell-shaped torque profile with speed, reaching max-
imum values between 1800 and 2000 rpm (Figure 3.15a). B5 closely followed diesel trend
across the operating range, particularly at higher speeds above 2000 rpm, where its curve nearly
overlapped with diesel. The intermediate blends (B10 and B20) showed slightly reduced torque,
and B30 produced the lowest values, in line with its higher biodiesel content.

The observed ranking reflects the direct influence of fuel heating value on torque generation.
Moreover, the close alignment of B5 with diesel demonstrates the blending benefit at low sub-
stitution ratios, where performance penalties remain negligible (Sodhi et al., 2017).
At full load, brake power increased almost exponentially with engine speed for all tested fuels
(Figure 3.15b). The curves for diesel and the biodiesel blends were largely overlapping across

most of the operating range, indicating that substitution with biodiesel does not significantly
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alter shaft output under full-load conditions. A slight divergence was observed beyond 1800
rpm, where B30 delivered the lowest brake power compared with the other fuels.

This reduction for B30 is consistent with its lower heating value and higher viscosity, which
limit the net energy release and can marginally impair mixture formation at high injection rates.
Nevertheless, the difference remains modest, and the overall trend confirms that biodiesel
blends up to 20% maintain comparable brake power to diesel even under maximum load.
BSFC at full load, as shown in Figure 3.15c, decreases with increasing engine speed, reaching
a minimum around 2000 rpm for all tested fuels. Among the blends, B5 and B10 demonstrated
BSFC performance closest to diesel, indicating that these fuels are ready to be used in conven-
tional diesel engines without significant efficiency penalties. In contrast, B20 and B30 showed
noticeably higher BSFC, suggesting that higher blend ratios may necessitate engine calibration
to optimize performance.
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Figure 3.16 Variation of exhaust gases temperatures with engine speed at full load

At full load, exhaust gas temperature increased with engine speed (Figure 3.16). Diesel and B5
showed similar values, while higher biodiesel blends recorded lower temperatures, with B30
being the coolest. This trend, consistent with lower-load results, is mainly due to biodiesel’s
lower heating value and slower evaporation, which reduce combustion temperature despite its
0Xxygen content.

In addition, at full load, NOx emissions increased steadily with engine speed for all fuels, reach-
ing maximum values near 2300 rpm (Figure 3.17a). Diesel consistently exhibited the highest
NOXx levels across the entire range, followed closely by B5, while emissions decreased progres-

sively with higher biodiesel fractions, with B30 recording the lowest values.
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Figure 3.17 NOx and CO emissions evolutions at full load across engine speed variation

This behaviour is governed mainly by in-cylinder temperature dynamics. At full load, fuel de-
livery is high, leading to elevated combustion temperatures that favour thermal NOx formation.
Diesel and B5, with their higher heating value, generate more energy per unit mass and thus
sustain higher peak temperatures, which enhances NOx formation. In contrast, blends with
higher biodiesel content (B10—B30) release less heat due to their lower calorific value, resulting
in slightly cooler combustion and reduced NOx emissions.

At full load, diesel fuel emitted the lowest CO emissions, remaining nearly constant around
150 ppm across all speeds (Figure 3.17b). In contrast, biodiesel blends emitted higher CO lev-
els, especially at high speeds. While CO emissions were moderate at 1500-1800 rpm, they in-
creased sharply beyond 2000 rpm, reaching over 1000 ppm for B30, followed by B20 and B10,
with B5 closest to diesel.

The rise in CO with higher biodiesel content is attributed to increased viscosity and lower vol-
atility, which impair fuel atomisation and evaporation. At high speeds, the short injection dura-
tion and high fuelling rate restrict air-fuel mixing and limit CO oxidation, outweighing the ox-
ygen content benefit of biodiesel and resulting in higher CO emissions for blends with larger
biodiesel fractions.

3.3.3 Third group of experiments: Load-Dependent Tests at 1800 rpm

A third series of results is presented at a constant engine speed of 1800 rpm, which corresponds
to the peak torque region of the test engine. This operating point was chosen because it repre-
sents a stable and efficient combustion condition, widely considered representative of typical
diesel engine operation. At this speed, the influence of load variation (25%, 50%, 75%, and

100%) on performance, thermal, and emission parameters (torque, brake power, BSFC, exhaust
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gas temperature, CO and NOx emissions) can be assessed and compared for diesel and biodiesel
blends.
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Figure 3.18 Variation of torque with engine load at 1800 rpm for different biodiesel blends and diesel.

As depicted in Figure 3.18, torque increased progressively with load for all fuels, reaching its
maximum value at full load. This behaviour reflects the direct relationship between load and
the quantity of fuel injected per cycle, which enhances the rate of energy release and conse-
quently the torque output. Across all operating conditions, the torque values for biodiesel
blends were very close to those of diesel, indicating that the substitution of diesel with up to
30% biodiesel did not significantly affect engine torque

Figure 3.19 illustrates the brake power evolution with load for diesel and biodiesel blends at
1800 rpm. Brake power increased almost linearly with load for all fuels due to higher fuel in-
put and heat release at elevated loads. Biodiesel blends showed slightly lower power than die-
sel, mainly because of their lower calorific value. However, B5 and B10 performed nearly
identically to diesel, while B20 and B30 showed only minor reductions. Overall, blends up to

B30 maintained comparable performance at this speed.
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Figure 3.19 Variation of brake power with engine load at 1800 rpm for different fuels.
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Figure 3.20 Variation of brake specific fuel consumption (BSFC) with engine load at 1800 rpm for

different biodiesel-diesel fuels.

Figure 3.20 exhibits the variation of BSFC with load for different biodiesel blends and diesel.
A general decreasing trend in BSFC is observed as the load increases from low to high. At low
load, BSFC is highest for all fuels due to incomplete combustion and greater relative frictional
losses. As the load increases to medium and high levels, BSFC decreases markedly, indicating
more efficient fuel utilization and better energy conversion.

Across all loads, biodiesel blends exhibit slightly higher BSFC compared to diesel. This behav-
iour is mainly attributed to their lower heating value and higher density, which require a greater

volume of fuel to deliver equivalent power. However, the difference becomes less pronounced
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at higher loads, where improved combustion temperature and oxygenated nature of biodiesel
enhance combustion efficiency. Among the blends, B5 and B10 perform most comparably to

diesel, while B20 and B30 show marginally higher consumption.
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Figure 3.21 Variation of exhaust gas temperature (EGT) with engine load at 1800 rpm for biodiesel
blends and diesel fuel.

The variation of exhaust gas temperature with engine load for diesel and its biodiesel blends is
displayed in Figure 3.21. A clear increase in temperature is observed as the load increases from
low to high, reflecting higher fuel input and combustion intensity. However, the overall behav-
iour among the tested fuels remains similar, indicating comparable combustion characteris-
tics.Diesel and B5 exhibit nearly identical temperature profiles, while the biodiesel blends show
slightly lower EGT values. This minor reduction is attributed to the lower heating value of
biodiesel, which results in reduced peak combustion temperature. Among the blends, the EGT
follows the order B30 > B20 > B10, suggesting a marginal effect of biodiesel proportion on

thermal release during combustion.
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Figure 3.22 Variation of NO emissions with engine load
at 1800 rpm for diesel and biodiesel fuels.

As shown in Figure 3.22, NOx emissions increase consistently with engine load for all fuels,
primarily due to higher combustion temperatures and greater oxygen availability at elevated
loads. Despite this general trend, the emission profiles of all fuels are similar across the load
range.

Diesel and B5 produce the highest NOx emissions, though the difference between them is min-
imal. B10 and B20 exhibit nearly identical NOx levels, slightly lower than diesel, while B30
records the lowest emissions among all tested fuels. The reduction observed with increasing
biodiesel proportion can be attributed to the lower combustion temperature and reduced pre-
mixed burning rate, which limit thermal NOx formation despite biodiesel’s inherent oxygen
content.

We constated that the variation of CO emissions with load is not particularly pronounced. As
shown in Figure 3.23.Across all loads, diesel consistently exhibits the lowest CO levels, while
higher biodiesel fractions show progressively higher emissions. At low and mid loads, B5 be-
haves similarly to the biodiesel blends, displaying slightly elevated CO levels. However, at mid-
high and full loads, B5 aligns closely with diesel, showing almost identical emissions.

This behaviour suggests that at lower loads, incomplete combustion associated with cooler tem-

peratures and lower in-cylinder pressures affects biodiesel blends more strongly. At higher
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loads, enhanced combustion efficiency and increased temperature reduce these differences,

making B5’s performance comparable to diesel.
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Figure 03.23 Variation of carbon monoxide (CO) emissions with engine load at 1800 rpm for tested

fuels.

3.4 Conclusion

The experimental investigation conducted in this chapter confirms many of the trends reported
in the literature regarding the use of biodiesel-diesel blends in compression-ignition engines.
As expected, increasing the proportion of WCO-derived biodiesel generally led to slight reduc-
tions in engine power and torque, attributable to the lower heating value of biodiesel compared
to conventional diesel (Loo et al., 2021). Similarly, the fuel consumption behavior aligned with
observations reported in earlier studies (Kukana & Jakhar, 2022; Serag et al., 2020), showing a
consistent increase as the biodiesel proportion rose. This trend highlights the combined influ-
ence of fuel characteristics, combustion kinetics, and engine operating conditions.

Some deviations from widely reported trends were observed in this case study. Notably, nitro-
gen oxide (NOy) emissions decreased with increasing biodiesel proportion, contrary to the com-
mon finding that biodiesel increases NOy due to higher combustion temperatures (Can, 2014).
In addition, carbon monoxide (CO) emissions increased slightly, whereas most studies suggest
a decrease because of biodiesel’s higher oxygen content (Senthur Prabu et al., 2017). These
differences may be attributed to the specific properties of the locally sourced WCO, the opti-
mized transesterification process, and the engine’s response to the fuel’s physical characteris-

tics, including viscosity and density (Kegl, Kegl, & Pehan, 2013).

103



Chapter 3 Engine Testing Of Waste Cooking Oil Biodiesel Blends

Overall, the results demonstrate that WCO-based biodiesel blends can be used as practical al-
ternatives to conventional diesel with minimal impact on engine performance and potential im-
provements in emission profiles. The findings of this chapter provide an essential experimental
reference for the next stage of the research, where combustion characteristics and emissions

will be further analysed and validated through computational modelling in Chapter 4.
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Chapter 4
Computational Modelling of Biodiesel-Diesel Combustion

Using CONVERGE

This chapter presents the computational investigation of WCO-derived biodiesel blends using
the CONVERGE CFD software. Computational modelling offers a cost-effective and versatile
approach to analyze in-cylinder combustion, spray dynamics, and emissions, complementing
the experimental work described in Chapter 3. By simulating different operating conditions and
fuel blends, CFD enables detailed insight into processes that are difficult or expensive to meas-
ure experimentally.

Compared to general-purpose CFD tools, CONVERGE is particularly suited for engine studies
due to its built-in modules for fuel injection, multi-component combustion, and emission pre-
diction. Its features include automated mesh generation, adaptive mesh refinement (AMR), and
robust coupling of spray, combustion, and turbulence models that represent accurately transient
complex phenomena like fuel injection, vaporisation, and in-cylinder chemical reactions, while
minimising computational cost.

The workflow in CONVERGE typically begins with defining the engine geometry, boundary
conditions, and initial operating parameters. Fuel properties and injection profiles are specified
based on experimental characterization from chapter 2, while appropriate models for turbu-
lence, spray breakup, evaporation, and chemical kinetics are selected.

By integrating detailed physical modelling with experimental data from chapter 3, this chapter
presents a general understanding of the combustion characteristics and emission behaviour of
WCO biodiesel blends under varying operating conditions. Furthermore, parametric studies that
are impractical to perform on the test bench will be done after the validation of the models by

comparing the outcomes with experiments results.
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4.1.1 Computational Fluid Dynamics (CFD) and CONVERGE Software

Computational Fluid Dynamics (CFD) is a numerical technique adopted to study different fluid
motion and related transport phenomena (gaseous, liquid, or multiphase) by solving the gov-
erning conservation equations of mass, momentum, and energy. These equations, known as the
Navier-Stokes equations, are inherently nonlinear and coupled, making analytical solutions
possible only for simplified cases. Therefore, numerical simulation has become an indispensa-
ble approach for investigating complex fluid and thermal systems across a wide range of engi-
neering applications.

CFD provides the capability to analyse detailed flow structures, heat and mass transfer, turbu-
lence, and chemical reactions in geometrically complex domains. Its accuracy depends on the
quality of the discretization, the robustness of the numerical schemes, and the physical models
employed. Vis-a-vis internal combustion engines, CFD has emerged as a vital tool for investi-
gating in-cylinder phenomena, including fuel injection, air—fuel mixing, evaporation, ignition,
combustion, and pollutant formation. Since these processes are inherently transient and strongly
interrelated, accurate modeling is essential for optimizing engine performance and minimizing
emissions.

Modern engines present additional challenges that further justify the use of CFD, including:

« Direct fuel injection and atomization processes within the combustion chamber;

« Stratification of mixture composition and temperature due to exhaust gas recirculation;

e Increasingly stringent emission regulations requiring predictive modeling of pollutant
formation;

e The use of alternative fuels, such as biodiesel, natural gas, and hydrogen, introduces
unique physical and chemical characteristics that significantly affect combustion behav-
iour.CFD thus offers a detailed and time-resolved understanding of in-cylinder pro-
cesses, complementing experimental observations and enabling virtual prototyping with
reduced cost and time.

4.1.2 Justification for the Use of CONVERGE in Computational Modelling

In this study, CONVERGE CFD (version 2.4.0) was employed to model diesel engine combus-
tion fuelled with mineral diesel and biodiesel blends . CONVERGE is a specialized CFD soft-
ware package developed to simplify and accelerate the simulation of complex, transient, and

chemically reactive flows particularly in internal combustion engines.
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The computational mesh is constructed directly from the imported surface geometry (typically
in STL format) and dynamically adapts during the simulation. This eliminates the need for
manual meshing and ensures high grid quality throughout the calculation.

CONVERGE further incorporates an Adaptive Mesh Refinement (AMR) algorithm that locally
refines the grid in regions exhibiting steep gradients, such as near spray fronts, ignition zones,
or flame fronts. This feature enhances numerical accuracy while maintaining computational
efficiency. The automatic handling of moving boundaries, such as piston motion and valve dy-
namics, makes the code especially suitable for internal combustion engine studies, avoiding the
mesh distortion issues common in traditional CFD approaches.

Beyond its meshing capabilities, CONVERGE includes a comprehensive suite of physical and
chemical models. It can simulate three-dimensional, transient or steady-state, compressible or
incompressible flows, including turbulence, sprays, evaporation, combustion, cavitation, and
conjugate heat transfer. The software solves the conservation equations for mass, momentum,
energy, and species concentration at each time step, providing detailed 4D resolution of various
processes that occur in the cylinder.

Turbulence can be modelled using RANS or LES formulations, while combustion chemistry is
treated through both detailed and reduced chemical kinetic mechanisms. These features allow
accurate representation of fuel oxidation, ignition delay, and pollutant formation essential for
studying alternative fuels such as biodiesel.

Finally, CONVERGE’s proven reliability in both academic and industrial research, combined
with its efficient pre- and post-processing environment, makes it a powerful tool for combustion
modelling. Its integration of automated meshing, advanced physical modelling, and high com-
putational efficiency provides a strong foundation for this study’s simulations and for the com-
parison between numerical predictions and experimental data.

4.1.3 CONVERGE simulation workflow

The workflow of a CONVERGE simulation can be broadly divided into three stages: pre-pro-
cessing, solver execution, and post-processing.

1.Pre-processing

In this phase of pre-processing, the computational domain is prepared. The geometry is im-
ported as a triangulated surface, typically in STL format from a CAD application. Any geomet-
ric inconsistencies (gaps, misaligned surfaces, or incorrect triangle orientations) are corrected

to ensure a closed and valid surface. Boundary identifiers are then assigned to different regions
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of the geometry and linked to entries in the boundary specification file. Once processed, the
geometry and boundary definitions are saved for use in the simulation.

Beyond preparing the geometry, ASCII-formatted input (.in) and data (.dat) files are essential.
The input files specify the numerical setup, physical models, and initial and boundary condi-
tions, while the thermodynamic properties, the detailed or reduced chemical reaction mecha-
nisms, and surface geometry information are given in the data files . These files can either be
made manually using a text editor or generated through the CONVERGE Studio graphical in-
terface, which provides a guided process for case setup.

2.Solver execution

At this stage, CONVERGE discretizes and solves the governing equations of mass, momen-
tum, energy, and species transport, together with any additional sub-models (e.qg., turbulence,
spray, combustion). The solver operates on the automatically generated mesh, adapting it as
required during runtime to capture gradients and moving boundaries.

3.Post-processing

Following execution, the results are processed and visualized. Output data can be displayed in
the form of scalar and vector fields, time histories, or contour maps of key variables such as
pressure, temperature, heat release rate, or pollutant formation. CONVERGE includes basic
visualization tools, and results can also be exported in formats compatible with third-party soft-

ware (e.g., Tecplot, ParaView) for more detailed analysis and graphical representation.
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Figure 4.1 CONVERGE workflow and file types.
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414 CONVERGE Data Files

Prior to running a CONVERGE simulation, a set of ASCII-formatted files must be prepared,
including input files (.in) and data files (.dat). The input files specify numerical settings, model
parameters, and boundary and initial conditions, whereas the data files provide thermodynamic
properties, chemical reaction information, and surface geometry details.
These files can be created or edited using a standard text editor; however, it is recommended to
use the CONVERGE Studio graphical interface, which helps ensure proper formatting and con-
sistency. All input and data files must be placed in the case directory from which CONVERGE
is executed. If any required file is missing, the program will halt and indicate the missing file.
At a minimum, the case directory must contain:

e inputs.in — general simulation settings

e boundary.in — boundary condition definitions

 initialize.in — initial conditions

e mech.dat — list of species and combustion reaction mechanisms

o therm.dat — thermodynamic properties of gaseous species

o liquid.dat — temperature-dependent liquid fuel properties such as viscosity, density,

surface tension, thermal conductivity, and specific heat, latent heat, vapour pressure.

o surface.dat — surface geometry file

CONVERGE generates four main types of output files: echo (*.echo), restart (*.rst), cell-aver-
aged (*.out), and cell-based post-processing (post.out)* files.
1. Echo files (*.echo) :
For each input file (*.in), CONVERGE produces a corresponding echo file (e.g.,
combust.in — combust.echo). These files record all recognized input parameters and
help verify case setup. If a parameter does not appear in the echo file, it was entered
incorrectly and was not read by CONVERGE.
2. Restart files (*.rst) :
Restart files are periodically generated to the case directory during the simulation .
These files allow the simulation to be restarted from a specific point without repeat-
ing previous calculations.
3. Averaged output files (*.out) :
These files are created only when the corresponding physical model is activated
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(e.g., spray.out is generated only if a spray model is used). Each line of data repre-
sents values for a given time step or cycle.
The first column indicates time (in transient simulations) or cycles (in steady-state
simulations). Depending on the setup, time may be expressed in seconds or as crank
angle degrees for engine simulations.
4. Post-processing files (post.out) :
These files contain cell-by-cell quantities across the computational domain, written
at user-defined intervals. They are formatted for visualization in post-processing
software such as EnSight, GMV, Tecplot, or FieldView
4.1.5 Meshing Techniques
Mesh generation techniques are commonly employed in numerous engineering fields thanks to
their ability to provide high computational performance and modeling flexibility. Several stud-
ies have demonstrated that mesh-based approaches offer reliable numerical accuracy and con-
trol over spatial resolution.
CONVERGE allows the creation of a structured mesh capable of representing complex engine
geometries, including vertical valves, flat or bowl-shaped pistons (o-type), and other configu-
rations. In addition, several mesh refinement strategies are implemented in the code, among
which the base grid refinement and the Adaptive Mesh Refinement (AMR) techniques are the
most important.
4.1.5.1 Base Grid Refinement
In CONVERGE, the base grid defines the initial spatial resolution of the computational domain
using uniformly sized cubic cells. Refining this grid increases numerical accuracy by better
capturing gradients in flow, temperature, and species concentration. However, finer grids also
raise computational cost.
In order to balance accuracy and efficiency, several base grid sizes are often tested, and mesh
independence is verified by comparing key simulation results.
4.1.5.2 Adaptive Mesh Refinement (AMR)
The Adaptive Mesh Refinement (AMR) technique is an advanced method that automatically
refines the mesh during the simulation according to specified physical conditions such as tem-
perature, pressure, species concentration, or velocity gradients.
This adaptive refinement enables the accurate and efficient resolution of complex phenomena,
including flame propagation, spray evolution, and pollutant formation, without excessively in-

creasing computational cost.
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4.1.6 Boundary and Initial Conditions

In CONVERGE, boundary and initial conditions define the thermodynamic and flow states at
the domain limits and at the start of the simulation.

For engine modeling, pressure, temperature, velocity, and species composition are specified at
the inlet, outlet, and wall boundaries. Intake and exhaust valves operate as time-dependent
openings linked to the crank angle, while piston and cylinder walls are treated as moving or
stationary surfaces with defined thermal properties.

The initial conditions describe the in-cylinder gas state before injection, including temperature,
pressure, and mixture composition. Proper initialization ensures numerical stability and realistic
prediction of ignition, combustion, and emissions.

4.1.7 Solver Setup

The numerical solution in CONVERGE is established by the conservation equations of mass,
momentum, and energy, coupled with turbulence and combustion models. The solver employs
a finite-volume method with adaptive time-stepping to ensure both accuracy and stability
throughout the engine cycle.

For turbulence modelling, the RANS-based RNG k—e model is adopted, providing a balance
between computational efficiency and predictive accuracy for internal combustion engine sim-
ulations. Combustion is handled through the SAGE detailed chemistry solver, which can incor-
porate detailed or reduced kinetic mechanisms to calculate ignition delay, heat release rate, and
pollutant formation.

4.1.8 Pressure-Velocity Coupling (PISO Algorithm)

To solve the nonlinear and highly coupled partial differential equations governing in-cylinder
fluid flow, CONVERGE applies the PISO (Pressure-Implicit with Splitting of Operators) algo-
rithm for pressure-velocity coupling in the RANS equations. The PISO scheme begins with a
prediction step, in which the momentum equation is solved to estimate the velocity field. From
this prediction, a pressure correction equation is derived and solved, and the resulting correction
is applied to the momentum equation.

This correction-prediction series may be iterate for numerous times to achieve the desired level
of accuracy. After pressure and velocity fields are updated, the energy and species transport
equations are solved sequentially.

The PISO algorithm was originally developed for non-iterative transient flow problems and
later adapted for iterative steady-state calculations. Compared to the SIMPLE algorithm, PISO
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performs two successive corrections instead of one, improving convergence and accuracy for
compressible and unsteady flows.
The main iterative steps are recapped here :
1. Pressure prediction PP
2. Solution of the momentum (velocity) equation
3. Solution of the energy equation
4. Pressure correction P€, and combined transport equation,
5. Convergence test ||PP — P¢|| < TOL.
This algorithm ensures consistent coupling between pressure and velocity, enhancing solution

stability in complex transient engine simulations

4.2.1 Governing Equations

The behavior of fluid flow in CONVERGE is described through the fundamental conservation
laws of mass, momentum, and energy.These equations form the basis of the numerical solver
and are supplemented, when required, by transport equations for turbulence quantities, passive

scalars, and chemical species.
1. Transport equations of chemical species m

The conservation equation for species m can be written as follows:

Opm | 9pm¥j _ 0 ( o ¥m
b 2ty = 2 (pD ax,.)+5m ............................... (4.1)
With
Mm _ Pm
Vi = g = 20 (4.2)
And
P =YD (4.3

Where p,, is the density of species m, p is the total density, and w; is the fluid velocity. S,

represents the source term due to chemical reactions and species spray.

Supposing all species have the same diffusivities, given by D = pLS where u is the dynamic
c

viscosity and Sc is the Schmidt number. The Schmidt number compares the effects of viscosity

and molecular diffusion in the fluid and is defined as: S, = %.
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2. mass transport and momentum transport

The compressible equations for mass transport and momentum transport are given by

dp | dpu; _
AT = S (4.4)
And
dpui | dpui _ _a_P 903,
ot T o T Tam T TS (4.5)

where the viscous stress tensor is given by

(P2 (=2 (P
oy = (G450 + (W =30) (Girou) - 48)

In the previous equations: u is velocity, p is the density, S is the source term, P is pressure,

is viscosity, p' is the dilatational viscosity (set to zero), and dij is the Kronecker delta.

By summing Equation (4.1) over all species, equation 4.4 is obtained

If a turbulence model is activated, the viscosity is substituted by the total viscosity,

kZ
Utot = Umot + Cup? ....................... (47)
where pi,,,, is the molecular viscosity, C, is a turbulence model constant, k is the turbulent ki-
netic energy, and ¢ is the turbulent dissipation.

3. Energy conservation equation

The compressible form of the energy equation is given by

% aujpe _ 6u] % a KR %
at o ax; P Oij ox; + ax; (K ax]) + (PD Zm 6xj) +S5 (048)

Here, p is density, D is the mass diffusion coefficient,

S is the source term, P is the pressure, e is the specific internal energy, K is the conductivity, T
is temperature, h,, is the species enthalpy, Y, is the mass fraction of species m and g;; is the
stress tensor.

The conductivity is also changed by the turbulent conductivity once the turbulence model is

activated, which is given by

K, =K+ cpp"—:t ..................................... (4.9)

The energy equation now incorporates four supplementary terms further to the conventional
convection and diffusion terms,. The first is a source term introduced to account for user-de-

fined energy inputs, chemical heat release, and turbulent dissipation effects. In the case of com-

pressible flows, the P represents the work associated with pressure forces, whereas for in-

compressible flows, this term vanishes due to the zero divergence of the velocity field.
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4. Equation of state
For compressible flows, an equation of state is needed to relate density, pressure, and tempera-
ture. CONVERGE offers several options, including the ideal gas, Redlich-Kwong, and Redlich
equations of state.
In this study, the fluid is assumed to be a homogeneous mixture of ideal gases, allowing the

following relationships to be applied in 4.10 equations:

p=R T )(p/Wy)

I(T) = S Pm /P It (T) oo, (4.10)

Cp(T) = D Cpm / P) Com (D)

hn(T) = Ly(T) + Ry T/ Wy,

Where Ro is the universal gas constant, Wn is the molar mass of species m, and I,,,(T) denotes
its specific internal energy. The specific heat capacities of the species are obtained from the
thermodynamic data in the JANAF tables.

4.2.2 RANS Approach

The first approach to turbulence modeling is the RANS method (Reynolds-Averaged Navier—
Stokes equations), in which the Navier-Stokes equations are averaged according to Reynolds
decomposition. In this framework, the instantaneous flow variables are expressed as the sum of
a mean component and a fluctuating component. The resulting averaged equations contain ad-
ditional terms that represent the production of velocity fluctuations and the convective transfer
of momentum due to these fluctuations. These additional terms are referred to as Reynolds
stresses.

The appearance of these stresses introduces a closure problem in the governing equations,
which is typically addressed through turbulence models. Such models involve solving transport
equations for turbulence quantities, most commonly the model (k-¢), to evaluate the turbulent
Viscosity.

Within the CONVERGE framework, three categories of turbulence models are available. Under
Reynolds decomposition, all fluctuating quantities are separated into their mean and fluctuating

components.
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U = W+ U coeeeannnnn. (4.11)
In compressible flows the Favre average is often, it is defined as a density-weighted average
U =W +Uy e, (4.12)
Avec
=2 (4.13)

The Favre decomposition applied to equations (4.1), (4.4), (4.5), and (4.8) yields a new system
of equations that is similar to the original one.
Transport Equation for Chemical Species

0p YV 0P U Vm a<_ )%

e tox, o \PP

Mass Conservation Equation

op , 90T

— 55
e x DS (4.15)
Momentum Conservation Equation
o PG _ _op o[ (om0 2 0 s
o + x C ox + ox; [,u (ax,- + axi) Mo, 51]] .............. (4.16)
The Reynolds stress g;; is given by:
o =—puu, . (4.17)
Energy Transport Equation
ope | OPTE _ 0T | om0 (1 0T L sp s o 0m
» on o) + 0y, ox; + o) (Kt o) +pD: Y b axj> +S . (4.18)

4.2.3 Physical Models

The terms that appear in the averaged equations represent the interaction between the mean
flow and turbulent fluctuations. These additional terms give rise to a closure problem in the
system of equations, as the number of unknowns becomes greater than the number of available
equations. Therefore, turbulence models are required to close the system and enable the solution

of the governing equations.
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4.2.3.1 RNG k—¢ Turbulence Model

For determining the turbulent viscosity, a turbulence model is fundamental. the RNG k— model
is expressed by Equation (4.19). This approach solves two transport equations: the turbulent
kinetic energy (k) and the dissipation rate of turbulent kinetic energy (e).

The transport equation for the turbulent kinetic energy is given by:

6ul ou; , 0 p Ok _. =

ok 4 Pk _ 2530 @ PEA Sy (4.19)

at 0x; Tij 8_x] ax] Pry ax]

The transport equation for the turbulent dissipation rate is given by:

opE | 0GR _ 0 (w 0e) 2. _ S e e
ot + ox; oxj (Prt 6x]-) [3 Cez ™ Ce3 C“Cn g 0x; ] pe ax; + <(C£1 Cn) ox;j Tij
CorPE + css‘s> s (4.20)
And
— 7 on,
Ojj = —pu u,; = Z,UtSU 611 (pk + U u) ................. (421)
The turbulent viscosity u; is given by
k2
Ut = C“p? ......... (4.22)

The turbulent kinetic energy k is defined as one-half of the trace of the Reynolds stress tensor.
k= ualy. (4.23)
C,, is amodel constant matches the specific flow and the dissipation of turbulent kinetic energy.

S;; is mean strain rate tensor and it is given by:

_1fom 9w
Sy =2 (ax]- + axi) ............. (4.24)
n(1-"/
¢ (1+ ﬁn’g‘)) ..................... (4.25)
Where
Sk
M= i (4:26)

The terms D, and K, are introduced to describe the turbulence impact on mass and energy

transport,. They are defined as:
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Dt = (Sict) He oot (4267)
and
Kt = (PLTC) U Cp’ ................ (428)

Here, Sc; is the turbulent Schmidt number, Pr; is the turbulent Prandtl number, D, represents
the turbulent diffusivity, and K; denotes the turbulent thermal conductivity. The source term
S, arises from spray-flow interactions, and the values of the model constants are determined
based on experimental studies.

Table 4.1 Values of the constants used in the RNG k—e turbulence model

Constant | ¢, |c, [C, |C, |C Pr. | Pr no | # ¢

S ps &

RGN k-¢ |142 |168 |-1.0 |15 |0.164 |0.71 |0.719 |4.38 | 0.012 | 0.084

4.2.4 Liquid Phase Equations

In diesel engines with direct injection system, the fuel is introduced into the combustion cham-
ber through an injector. The liquid jet emerging from the injector orifice atomizes and breaks
up into fine droplets that can evaporate easily, thereby promoting efficient air-fuel mixing and
combustion. The transformation of the liquid jet into a spray (a cloud of droplets) is known as
atomisation.

Atomisation follows two phases. The primary breakup of the jet produces droplets directly from
the liquid column, while the secondary breakup further divides these primary droplets into
smaller ones. Once injected into the cylinder, the droplets may undergo several processes, in-
cluding atomisation, collision, and evaporation. Consequently, it is necessary to employ models
that designate the fuel injection phenomena, namely atomisation, collision, and evaporation.
The evolution of the spray over time is obtained by solving the following equation:

I+ divg(f9) + divs(FF) + —=(FR) + ;’Td(ffa) + = (fy) + a%.(fif) = feour + fou

a9y

In this equation, f represents the probability density function. The quantities F, R,T; y denote
the time rates of change of an individual droplet’s velocity, radius, temperature, and oscillation
velocity, respectively. The source terms f,,;; and f;, correspond to the effects of droplet colli-
sions and breakup.

The breakup source term f,,, takes the following form:
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fou = [ (R0, Ty, Vo OB, 1T, ¥y, X )Y, d,, T, dy,

................ 4.30)
The collision source term f,,;; IS expressed as:
fon =3 [ 1RV B T Yo OF (001, T, ¥ 025 - 1) 7, -
(0,1, Yo Yo T Vo YoV 1, T Yoo Vo)) (<00 =)0 (r =)
S(Ty =Ty )3y = Y)Y = ¥))] =607 =%,)8(r = 1,)8(T, =Ty, )5(y - v,)
A e (4.31)

4.2.4.1 Atomisation Models

In CONVERGE v2.3, several models are available to describe jet atomization. These include
models based on the growth of disturbance waves generated at the injector outlet, such as the
Kelvin—Helmholtz (KH) and Rayleigh-Taylor (RT) models, as well as those based on the am-
plification of droplet oscillation or deformation caused by aerodynamic effects. Although these
models primarily address secondary droplet breakup, they are also employed in CONVERGE
to simulate primary jet atomization.

Among these, the KH-RT (Kelvin—Helmholtz/Rayleigh—Taylor) model provides the initial
conditions for atomization by accounting for both KH and RT instabilities.

In the present study, the KH-RT model was adopted due to the high Weber number conditions
and its ability to simulate the two breakup mechanisms independently. Moreover, this model is

widely used in the literature for modelling diesel spray atomisation.

e KH Model
The physics of atomization at high Weber numbers is highly complex. According to Reitz
(1987) , this primary breakup model assumes that atomization results from the development of
Kelvin—Helmholtz (KH) type surface instabilities at the injector exit. Based on the linear insta-
bility theory, Reitz derived expressions for the wavelength Ak+ and growth rate Qkn of the
fastest-growing wave. As functions of the dimensionless parameters of the problem, these cor-

relations are given as follows:

AgH (1+0.452°)(1+0.4T7°7)
— =902 ————F5 " 4.32
To 90 (1+0.87We§'67)0'6 (4.32)
0.5 1.5
pirg _ (0.34+0.38weg>)
Oy [222] = ey S (4.33)
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where

T = Z;,/Wey (Taylor number), Z, = /V:—:l’ (Ohnesorge number)

ngzro

2
We, = 22— (Gas Weber number), We, = 2227 (liquid Weber number)
g ag

g
Re, = ? (Liquid Reynolds number).
l

In the KH model, the droplet radius r obtained after a breakup time gy is given by:

T = Bolgp «eeeeeeeennnn. (4.34)
And
__3.726 By1g
Tew =5t (4.35)

Here, By is a constant taken as 0.61, while Bi depends on the level of initial perturbations in
the liquid jet and varies from one injector to another. Reitz fixed this constant, which depends
on the injector geometry, at 10, while in CONVERGE, typical values range between 5 and 100.
During the breakup process, the droplet radius (initially equal ro) decreases until it reaches the

stable radius r1, according to the following relation:

dro _ (o) L
- , ,

dt TKH
e RT Model
The Rayleigh-Taylor (RT) model operates in a slightly different manner. The wavelength Art
and growth rate Qrt of the instability wave, as functions of the dimensionless parameters:

30
ART =27 a(T—Pg) ................... (436)
>_[alpi=py) "
‘QRT = 3V30 pripg (437)

When the hybrid KH-RT model is activated, the breakup length Ly can be expressed as:

Lb = Cbl\]:::;do ............... (438)
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Figure 4.2 Schematic of the KH-RT spray breakup model.

4.2.4.2 Evaporation
For droplet evaporation modelling, the energy flux at the droplet surface, with droplet temper-

ature as the variable, can be expressed as:

47zr2Qd = Py %mscp,l-rd ~ Py 47zr2RL(Td)

Qd = Nu, ) T= gTd +1T
2r (4.40)  with 3 3 (4.41)

The convective heat transfer from the droplet is represented by the Nusselt number:

Nu, = (2+0.6Re,"2 Prt}““)@ ................... (4.42)
d

where Re and Pr are the Reynolds and Prandtl numbers, respectively, L is the latent heat of

vaporization, and the Spalding mass transfer number is defined as:

Y, -Y.
By = L+ 2
1-v,

Y;" denotes the mass fraction of vapor at the droplet surface, and Y; represents the vapor mass
fraction in the surrounding gas.
In CONVERGE, the time rate of change of droplet radius due to vaporization is calculated

using the Frossling correlation (Amsden et al., 1989)
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& LD Sh, (4.44)

dt 2pL r

where D is the diffusion coefficient of the vaporized liquid in air.

The Sherwood number, Shp is defined as:

Shg = (2.0 + 0.6 Re}/2sc1/3) 280 (4.45)
Bg
The Y;" vapor mass fraction at the droplet surface, is given by:
* Mcn m
Yy = =2 Pgms e (4.46)

MCnHZm +Mmix(P—,; 1)
where M,,;, is the molar mass of the gas mixture, F,, is the ambient gas pressure, and B, is
the vapor pressure at the droplet temperature.

And Sc = fair
PairD

Finally, R represents the rate of change of droplet radius, defined using the Fréssling correlation
(Amsden et al., 1989):

D)air T
R = _% ByShg wevoveenn.. (4.47)

4.2.5 Turbulent Combustion Modelling

Turbulent combustion involves complex interactions between turbulence and chemical reac-
tions. Classical turbulence equations for statistical moments are not closed, requiring closure
assumptions to relate higher-order moments to lower-order ones. These assumptions, often em-
pirical, allow modelling of mean reaction rates while accounting for turbulence effects on chem-
ical kinetics.

CONVERGE 2.4 offers several turbulent combustion models that express mean reaction rates
based on averaged variables (temperature, species mass fractions) and turbulence properties.
Source terms in species transport equations are usually evaluated using Arrhenius expressions,

with predefined reaction mechanisms.
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Table 4.2 Turbulent combustion models in CONVERGE CFD

Applicable
Model Solver Combustion Key Features

Type

] ~ Premixed &  Solves full chemical mechanisms; high accu-
Detailed Chemi-

SAGE o Non-Pre- racy for complex fuels like biodiesel; computa-
cal Kinetics ) ) )
mixed tionally expensive.
_ _ Premixed & Assumes local chemical equilibrium; simple
Chemical Equili- _ o )
CEQ ] Non-Pre- and computationally efficient; not suitable for
brium Solver

mixed transient kinetics.

Premixed &  Uses precomputed flamelets to reduce compu-
Flamelet Gene- ) ) )
FGM ] Non-Pre- tational cost; captures turbulence—chemistry in-
rated Manifold ) ) o
mixed teractions efficiently.

Tracks flame front propagation using turbu-
G-Equa- Level-Set Flame

Premixed lence deformation; efficient for premixed
tion Front Solver
flames.

Extended Co- Models partially turbulent premixed flames;
ECFM herent Flamelet  Premixed considers coherent flame structures; balances

Model accuracy and cost.

3-Zone Extended Subdivides domain into three zones; suitable
ECFM3Z Coherent Fla- Nc-)n-Pre- for non-premixed flames; improves accuracy

melet mixed while managing computational cost.

Shell + Characte- Relates reaction rate to characteristic time;
CTC ristic Time Com- N(-)n-Pre- widely used for diesel and biodiesel combus-

bustion mixed tion; good accuracy vs. cost.

Representative Treats turbulent diffusion flames as ensembles
RIF Interactive Fla- N(-)n-Pre- of thin laminar flamelets; captures fine-scale

melet mixed turbulence-chemistry effects.

To simulate the combustion process of the fuel SAGE Model is adopted here .
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The SAGE approach models combustion using detailed chemical kinetics, where a set of ele-
mentary chemical reactions, called a reaction mechanism, describes the combustion process in
detail rather than as a single global reaction. The SAGE predicts the reaction rates for each
elementary reaction, while the CFD solver simultaneously resolves the transport equations.
The general form of an elementary reaction is:
Y ViXm & Y Vi Xm T =12,..R .. (4.48)

where:

e vnrand vy, arethe stoichiometric coefficients of reactants and products,

e M represents the species index,

e I represents the reaction index,

e Ris the total number of reactions, and

e X,,is the chemical symbol of species m.

The net production rate of species m is given by:

R

Om = 2 VmrGr Mm=12,.M . (4.49)
where M is the total number of species,
Vinr = Vinr—Vinr coeeeeenn. (4.50)

And The reaction progress variable q,-for reaction r is:

M

M
qr = Kpr | | 1[Xm]”m'r — vk, [Xp]Pmr (4.51)
m=

m=1
where [X,,,] is the molar concentration of species m, and k¢, and k.. are the forward and re-
verse reaction rate coefficients, respectively.

The forward reaction rate follows an Arrhenius form:

Er

Kpp = Ay Thre ®a (4.52)
where:
e A,is the pre-exponential factor,
e b, isthe temperature exponent,
e E, isthe activation energy, and
e Ruis the universal gas constant.
The reverse reaction rate can be specified similarly or calculated from the equilibrium con-

stant K, :
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Where K_, is determined from thermodynamic properties.
With these definitions, the mass and energy conservation equations for each computational
cell can be solved:

a[x] _ .
= Gy e (4.54)

This formulation allows SAGE to capture detailed species evolution and reaction Kinetics in
both premixed and non-premixed flames, providing high-fidelity combustion modelling for
complex fuels such as biodiesel.

In this study, we used a reduced mechanism that contains 69 species and 192 reactions devel-
oped by Brakora et al.,( 2012)

4.2.6 Heat transfer model

Heat transfer occurs continuously during engine operation.To model this process in CON-
VERGE, the O'Rourke and Amsden model was employed. The heat transfer behaviour can be

described using these expressions:

ucy (T, — Tg)n;/yPry , yb < 11.05

oo (455
pcpiTpIn(Ty /Tn;]/[2.1 - In(y*) + 2.513], y* > 11.05 (4.55)

k(dT/dx;) = {[

Where k is the coefficient of conductivity of the molecule, T}, (K) is the temperature of the wall,
Pr is the Prandtl number of the molecule, T, (K) is the temperature of the liquid, y, is the shear
speed, y* is the dimensionless distance.
4.2.7 Pollutant Formation Models

e NOx Formation Model
Heywood (1988) described the extended Zel’dovich mechanism. It is used to model the for-
mation of NO during high-temperature combustion. Nitrogen oxides (NO, primarily NO and
NO:.) are generated in engines under these conditions. The mechanism involves the following
reactions (4.56):

N+NO « 5 N2+O

ka2
O +NO <« > 02+N (4.56)

k
N+OH «_ 5 NO+H
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ki, ko et ka are the forward and reverse reaction rate constants given by:

k,, =7.6%10" exp[-38000/T] ............ (4.57)
k, =1.6%10° ... (4.58)
k,, =6.4%10°T *exp[-3150/T] ............. (4.59)
ky, =1.5%10°T *exp[~19500/T] ................ (4.60)
Ky, =4.1%10% i (4.61)
ky, =2.0%10" *exp[-23650/T| (4.62)

d[NO] ZR{l‘([NO]/[NO]e)Z}

_ (4.63)
dt 1+([No]/[No]e)Rl/(R2+R3)

Equilibrium concentrations are denoted by [ ]e
R, =K, [OL[N.], = K/[NOL[N]
R, =K, [NL[O,], = K;[NOL[O],

R, =K [NOL[H] =Ki[OH][N],

e Soot Formation Model (Hiroyasu-NSC)
The soot concentration at the exhaust is governed by soot formation and oxidation, expressed
as:

dms _def dmso

G dt dt (04.64)

The rates of soot formation and oxidation have been the subject of various models. The Hi-

royasu model often used in multi-zone simulations, defines these rates as:

dmsf 0.5 _Esf .

——=A;m, P "exp| = , Rate of formation............ (4.65)
dt g RT

dm
dtso = A mg —% pt8 eXp( =0 ) , Rate of oxidation............. (4.66)
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where:

« E, =1.25x10* Kcal /Kmol ,E,_ =1.40x10* Kcal / Kmol are activation energies,
o A; et Ajare constants determined experimentally,

e My isthe mass of vaporized fuel,

9

e m, is the soot mass emitted at the exhaust.

For this work, we used the models outlined in the following table to simulate combustion
within the combustion chamber of our diesel engine.
Table 4.3 Model Selection

Process Model
Turbulence RNG-¢
Combustion SAGE
Spray KH-RT

Heat transfer O'Rourke and Amsden
NOXx Zeldovich
Soot Hiroyasu

Main parameters and boundary conditions of diesel engine

4.3.1 Geometric specifications of the engine

To begin our numerical analysis in CONVERGE, initially, we focused on designing the com-
bustion chamber with an asymmetric bowl (See Figure 4.3). This design process was executed
in SOLIDWORKS , a CAD software. The geometric specifications of the engine are provided

in the following table .

Table 4.4 Geometric specifications of the modelled engine

Engine Geometry Displacement cms3 744
Bore x Stroke mm 95 x 105
Compression ratio — 17.5:1
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\/
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Figure 4.3 2D and 3D Views of the engine’s combustion chamber

4.3.2 Injection System Specifications

In this simulation work, injection parameters were carefully defined, as the injection system
plays a crucial role in governing fuel delivery and combustion efficiency. The injector position,
nozzle geometry, and spray orientation significantly affect fuel atomization, mixing, and overall
combustion characteristics.

The present setup in CONVERGE was configured to ensure accurate representation of the in-

jection process. All relevant parameters, including injector location, nozzle direction, injection

Z
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R4
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~
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1
1
1
1
1
1
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e S

angle xz inj N

(.

X cen,y cen

» X » X
Figure 4.4 Parameters for placement and orientation of injectors

profile, fuel quantity, and temperature, were precisely specified. Figures 4.4 and 4.5 illustrate
the geometric configuration of the injection system, enabling accurate jet positioning and cali-
bration within the computational domain.
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Figure 4.5 Localization of Injector and Nozzles in CONVERGE.

4.3.3 Initial conditions and boundary conditions
In the initial conditions, the combustion chamber was assigned an initial pressure of 117,000

Pa and an initial temperature of 350 K.

We specified empirically the temperature boundary conditions, with the piston, cylinder head,
and cylinder walls set at 543 K, 423 K, and 533 K, respectively.

The velocity boundary condition corresponds to the piston motion, defined by the actual piston
speed during operation.

4.3.4 Fuel characteristics

In this modelling case the waste cooking oil biodiesel blended with diesel was considered as
the engine fuel. Notably, the neat biodiesel (B100) is primarily composed of five major com-
ponents, with their chemical formulas and volume fractions presented in Table 4.5. In addition,
diesel (D100) and biodiesel-diesel blend containing 30% biodiesel (denoted as B30) was used.
Further details on the preparation and composition of these blends are provided in Chapter 2.
The key fuel properties are summarized in Table 4.6.
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Table 4.5 Chemical formula and mass fraction of the five components of WCBIo (B100)

Components Chemical wt%
formula

Methyl palmitate C17H3402 12.72

Methyl stearate Ci1oH3502 4.14

Methyl oleate Ci9H3602 28.44

Methyl linoleate CisH3402 49.82

Methyl linolenate Ci9H3202 4.88

Table 4.6 Blends properties compared to conventional diesel.

unit B30 Diesel

Density at

- 0.845 0.822
15°C
Viscosity at

mPa/s 2.04
40 °C 1.356
Cetane in-

- 54.5 47 - 50
dex
LHV MJ/Kg 42.831 45.20

4.3.5 Mesh Generation and Grid Strategy

Grid resolution is a key factor in accurately capturing spray development, evaporation, and
combustion in CFD simulations of internal combustion engines. In this study, simulations were
performed using CONVERGE CFD, which utilizes an orthogonal Cartesian mesh combined
with Adaptive Mesh Refinement (AMR) to dynamically increase resolution in regions with
complex flow features.

A base grid of 4 mm was applied across the computational domain. Due to piston motion, the
total number of computational cells varied throughout the engine cycle, reaching approximately
449,121 cells at bottom dead center (BDC, 180 CAD) and decreasing to around 8,156 cells at
top dead center (TDC, 0 CAD).

Instead of a conventional static grid-independence study, numerical accuracy was maintained
via the AMR strategy. As illustrated in Figure 4.6, the mesh was automatically refined in the

injector nozzle, active combustion zones, the piston-head clearance region, and close to the
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cylinder walls. These regions with excessive gradients of velocity, temperature, and species

concentration.

fZI:L‘_If:!L:'-. T

......
T

Figure 4.6 Overview of the mesh of the combustion chamber.

The present simulations were done in the LTE laboratory (Environmental Technology Research
Laboratory). We used a 64-bit Windows-based machine (Z400 workstation), featuring a 3.2
GHz CPU, 8 GB of RAM, and a graphics card with 4 GB capacity.

The average computational time for diesel and B30 simulations was respectively, 23h11m and

56h29m; a balanced trade-off between numerical accuracy and computational cost.

4.3.6 Model validation

Model validation was conducted by comparing experimentally measured exhaust gas tempera-
ture (EGT) with CFD-predicted in-cylinder temperature. A direct quantitative comparison is
not possible, as these quantities correspond to different locations and thermodynamic states.
Consequently, validation is based on expected temperature hierarchy and qualitative trends sup-
ported by established engine theory.

According to Heywood (2018), the mass-averaged in-cylinder gas temperature during the ex-
haust process is typically 200-300 K higher than the mass-averaged exhaust port temperature,
due to gas expansion, heat transfer to the walls, and mixing effects.

As shown in Figure 4.7, the simulated in-cylinder temperature decreases significantly during
the expansion and exhaust strokes for both diesel fuel and the B30 blend, whereas the experi-

mentally measured EGT remains substantially lower, which is consistent with diesel exhaust
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thermodynamics described in the literature. Furthermore, both CFD and experimental results
exhibit the same fuel-dependent trend, with neat diesel showing higher temperatures than B30,
reflecting the lower heating value of the biodiesel blend.

Although this validation is qualitative in nature, the correct temperature ordering between in-
cylinder and exhaust gases, together with consistent fuel trends, confirms that the combustion
and heat transfer processes are physically well represented by the numerical model.
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Figure 4.7 Experimentally measured exhaust gas temperature (EGT) and CFD-predicted in-
cylinder temperature profiles for diesel fuel and B30 at 50% engine load.

This section presents CFD simulation results for a diesel engine fuelled with B30 waste cooking
oil biodiesel-diesel blend at medium load. Engine performance, combustion behaviour, and
emission characteristics are analysed using the previously described model.

4.4.1 Combustion characteristics

4.4.1.1 Cylinder pressure
The in-cylinder pressure variation for diesel fuel and the B30 waste cooking oil biodiesel blend

at 50% load is illustrated in Figure 4.8. Both fuels exhibit similar pressure evolution during
compression and expansion, indicating stable combustion under the selected operating condi-
tion. Peak pressure occurs close to top dead center in both cases, confirming proper ignition
timing. However, B30 produces a slightly lower peak pressure than diesel, mainly due to its

lower heating value and higher viscosity, which reduce the intensity of premixed combustion
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despite the oxygenated nature of the fuel. The close overlap of the pressure traces before igni-
tion suggests a negligible influence of fuel type on the compression process, while the small

deviation near peak pressure reflects differences in heat release behavior.
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Figure 4.8 cylinder pressure evolution at medium load for Biodiesel and Diesel fuel

4.4.1.2 Heat release rate
The heat release rate profiles at 50% load in figure 4.9 show the typical two-stage combustion

behavior for both diesel and the B30 blend. Diesel exhibits a sharper premixed combustion peak
near TDC, indicating a larger fuel fraction accumulated during ignition delay. In contrast, B30
shows a lower and wider premixed peak, which can be attributed to its higher viscosity and
lower volatility (Zhang et al., 2018). During the diffusion phase, B30 presents a more sustained
heat release, reflecting the contribution of fuel-bound oxygen and smoother combustion. This
behaviour is consistent with the lower peak pressure for the B30 blend in figure 4.7.
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Figure 4.9 Heat release rate evolution at medium load
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4.4.1.3 Combustion duration and ignition delay
The fuels tested affect the combustion duration as shown in figure 4.10. Diesel fuel exhibited a

combustion duration of 137.769°CA, while a marginally shorter duration of 136.52°CA was
observed for the B30 blend. The reduced combustion duration of B30 can be associated with
its higher cetane number, which promotes earlier ignition and a more rapid transition from pre-
mixed to diffusion combustion (Can, 2014). This leads to a more controlled heat release and a
faster completion of combustion.

Although biodiesel generally has higher viscosity and boiling point, which can slow down spray
breakup and evaporation, the oxygenated nature of biodiesel enhances combustion efficiency,
compensating for these physical limitations.

Then the impact of fuel on ignition delay is illustrated in figure 4.11. Ignition delay is a critical
parameter in the combustion process. In the present study, B30 exhibited a shorter ignition
delay than conventional diesel fuel. This behaviour is mainly attributed to the higher cetane
number and oxygenated nature of biodiesel. Although biodiesel blends generally exhibit higher
viscosity, it contains a small fraction of high-boiling components, such as diglycerides; under
high in-cylinder temperatures, these high molecular weight ester compounds undergo thermal
decomposition during injection. This process generates lighter, more volatile species that rap-
idly vaporize at the spray periphery, enhancing jet dispersion and air—fuel interaction. As a
result, the formation of reactive combustion intermediates is accelerated, leading to earlier auto-

ignition and a shorter ignition delay (Buyukkaya, 2010).

-~
J

137,769

@

=]

1
w IS o o
1 1 1 1

Ignition delay (CA deg)
N

combustion duration (CA deg)
8 3

IN)
o
1
-
1

o
I
o

I

Diesel Fuel B30 Diesel Fuel
Figure 4.10 impact of diesel fuel and B30 on Figure 4.11 Ignition delay of tested fuels on
combustion duration. diesel engine at 1800 rpm and medium load.
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4.4.2 Emission characteristics

4.4.2.1 CO emissions
As depicted in figure 4.12, CO formation starts shortly after ignition for both fuels and increases

rapidly during the early combustion phase. Overall, B30 shows slightly higher CO emissions
than diesel, particularly during the late combustion period. This behaviour can be attributed to
the higher viscosity and slower evaporation of biodiesel, which may lead to locally rich regions
and incomplete oxidation despite its inherent oxygen content. The results are consistent with
the experimental trends and indicate that CO emissions with B30 remain comparable to diesel
under medium-load conditions (see figure 3.11).
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Figure 4.12 Co emissions profiles at 50% load

4.4.2.2 HC (unburned hydrocarbons) emissions
Figure 4.13 shows clear differences in their combustion characteristics for diesel and the B30

biodiesel blend in term of HC emissions. Both fuels display negligible HC levels before com-
bustion begins, followed by a sharp rise after TDC, with B30 exhibiting a slightly earlier and
higher peak due to its shorter ignition delay, higher viscosity and slower evaporation. However,
during the expansion stroke, B30 consistently maintains lower HC levels than diesel, reflecting
the blend’s enhanced oxidation supported by its inherent oxygen content. Overall, although B30
produces a brief early increase in HC, it achieves lower residual emissions and demonstrates
cleaner combustion compared with conventional diesel which is consistent with many studies
(Loo et al., 2021;Sethuraman et al., 2023).

135



Chapter 4 Computational Modelling Using CONVERGE

1,6x10°

1,4x10°° ,\
1,2x10° / \ —— Diesel fuel
' /‘ \ ——B30
4
1,0x10° ﬁ ‘\\
f?’ 8,0x10°® # N—
X E \\ —
% 6,0x10° f \\ -
4,0x10°® fl
2,0x10°® /
0,0
-2,0x10°®

-20 0 20 40 60 80 100 120
Crank angle [Kg]

Figure 4.13 HC emissions variations with crank angle degree at medium load

4.4.2.3 Soot emissions
The applied model is capable of predicting soot emissions from an internal combustion engine

operating on both diesel and biodiesel fuels. Figure 4.14 illustrates the crank-angle-resolved
variation of soot emissions, showing that the B30 blend produces higher soot levels than con-
ventional diesel at 50% engine load. This behavior is mainly attributed to the higher viscosity
of B30, which adversely affects fuel spray formation and atomization, leading to increased soot
formation. These findings are in agreement with the study of Wu et al. (2009), who reported
that at high engine loads, fuel oxygen content has a more pronounced influence on soot emis-
sions than viscosity, resulting in reduced soot formation with increasing oxygen content. Con-
versely, under low and mid-load conditions, differences in fuel viscosity become the dominant

factor governing soot emissions.
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Figure 4.14 Soot emissions variations with crank angle at medium load.

4.5 Conclusion

Chapter 4 presented the modelling study of IC engine performance and emissions using waste
cooking oil biodiesel (B30) and conventional diesel. The chapter detailed the experimental
scheme, boundary conditions, geometry, mesh generation, and the validation of the model
against experimental data.

The results and discussion highlighted the influence of fuel type on key combustion character-
istics, including ignition delay, combustion duration, in-cylinder pressure, and heat release rate
(HHR). Emissions analysis focused on CO, HC, and soot formation.

The modeling provided a comprehensive dataset, extending beyond the experimental measure-
ments, and captured the complex combustion phenomena effectively. Overall, B30 demon-
strated good combustion performance and acceptable emissions characteristics, consistent with
previous studies reported in the literature, confirming its potential as an alternative fuel in in-

ternal combustion engines.
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General conclusion and future perspectives

This thesis demonstrates that waste cooking oil (WCO) is a technically and environmentally
promising feedstock for producing advanced alternative fuels. Its use directly contributes to
addressing global challenges such as rising energy demand, fossil fuel depletion, climate
change, and inefficient waste management practices. At the same time, it responds to specific
issues related to the disposal of used oils and the environmental impacts associated with their
uncontrolled release. Unlike biodiesel produced from edible oils, WCO-based biodiesel avoids
the food-versus-fuel dilemma and supports principles of circularity and sustainable energy.
The main objectives of this work were to produce high-quality biodiesel from WCO, to opti-
mize its production through transesterification, to characterize the resulting fuel according to
international standards, and to evaluate its engine performance and emissions. Complementary
combustion modelling using CONVERGE CFD was also initiated to enhance the understanding
of in-cylinder processes.

Although transesterification is widely used, its efficiency is strongly influenced by the charac-
teristics of the feedstock. This research therefore emphasises the critical importance of upstream
stages (collection, storage, and pretreatment) which are often overlooked in the literature. The
locally collected WCO exhibited significant variability in free fatty acid content, moisture, den-
sity, viscosity, and sensory properties (colour and odour). These variations were linked to frying
conditions, exposure to air and light, moisture uptake, and inadequate storage practices.
Through detailed assessment and appropriate pretreatment, including filtration and water re-
moval, the oil was rendered suitable for base-catalysed transesterification.

Process optimisation formed a central component of this work. Base-catalysed transesterifica-
tion with methanol proved effective, offering favourable reaction kinetics and facilitating alco-
hol recovery. Under the optimised conditions (methanol-to-oil molar ratio 6:1, 1% KOH cata-
lyst, and 60 °C), the process yielded approximately 92% biodiesel. Subsequent purification by
washing and centrifugation further improved fuel stability. The final product complied with
major international standards, including EN 14214 and ASTM D6751.

This study clearly shows that the integration of careful pretreatment and controlled reaction
conditions is essential for developing a clean, efficient, and economically viable production
route. Together, these steps minimised soap formation, prevented catalyst neutralisation,
avoided the need for excessive alcohol or catalyst quantities, reduced the number of washing

cycles and overall water consumption, and improve the biodiesel quality.
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Blending the produced biodiesel with petroleum diesel was found to be a practical pathway for
immediate application. Biodiesel blends combine the environmental benefits of WCO-derived
fuel (namely its lower sulphur content and higher oxygen levels) with the favourable cold-flow
properties and higher energy density of conventional diesel. This results in a fuel fully compat-
ible with existing diesel engines without requiring technical modifications.

Engine tests were conducted on a fully instrumented test bench following confirmation of bio-
diesel quality. The experimental programme applied a structured load—speed matrix, using com-
mercial diesel as the baseline and applying identical operating conditions to biodiesel blends.
Four load levels (25%, 50%, 75%, and 100%) and four engine speeds (1500, 1800, 2000, and
2300 rpm) were investigated. At each operating point, brake torque, brake power, brake-spe-
cific fuel consumption, exhaust gas temperature, and CO and NOyx emissions were measured.
The results confirm that WCO-based biodiesel blends are viable substitutes for petroleum die-
sel, requiring no engine modification. As expected, the lower heating value of biodiesel led to
slight reductions in power and torque and to a consistent increase in fuel consumption trends
widely reported in the literature. However, two notable deviations were observed. First, NOx
emissions decreased with increasing biodiesel proportion, contrary to the typical trend of NOx
increase. Second, CO emissions increased slightly, despite biodiesel’s oxygen content generally
promoting CO reduction. These deviations may be attributed to the specific properties of the
locally sourced WCO, the optimised transesterification conditions, and the influence of fuel
viscosity and density.

Finally, the experimental engine results provide a robust foundation for the subsequent com-
bustion modelling work mainly the essential validation data for CFD simulations. These simu-
lations will enable a deeper exploration of spray behaviour, combustion dynamics, and pollutant
formation, thereby complementing the experimental findings and supporting a more complete

understanding of WCO-derived biodiesel combustion.

Building on the findings of this thesis, several research directions can be pursued to enhance
the practical deployment, efficiency, and sustainability of WCO-derived biodiesel:

o Because this study was conducted at laboratory scale, it is also essential to examine
scale-up effects. Developing a pilot unit would allow the process to be tested under
industrially relevant mixing, heating, and separation conditions, and would help identify
possible limitations. At this larger scale, operating parameters can safely exceed the
laboratory limits; for example, higher reaction temperatures could be tested to improve

conversion and yield.
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Although the applied filtration and water removal methods were effective, exploring
alternative pretreatment technologies (adsorption, microwave-assisted dehydration, or
enzymatic hydrolysis) may improve impurity removal.

Further optimization could involve alternative catalysts (heterogeneous, enzymatic, or
solid-base) to simplify post-processing, as well as advanced statistical and computa-
tional tools (RSM, neural networks, genetic algorithms) for multi-objective optimiza-
tion.

The integration of glycerol recovery and valorisation into the production chain should
be explored. Upgrading this by-product and assessing its impacts through a full life cy-
cle assessment (LCA) would offer a more complete view of the environmental and eco-
nomic performance of WCO biodiesel.

Further insight into the long-term behaviour of the fuel is needed. Since commercial
deployment would involve storage, transport, and blending at fuel stations, future re-
search should evaluate oxidation stability, storage stability, and cold-flow properties of
both pure biodiesel and its blends.

Engine-level investigations may also be deepened. The engine used in this work did not
allow adjustment of injection timing, even though this parameter strongly affects com-
bustion and emissions. Testing biodiesel blends on an engine with variable injection
control would provide a more comprehensive evaluation. Similarly, the effect of fuel
preheating for reducing viscosity and improving atomisation should be studied, espe-
cially for blends with higher biodiesel content.

Engine evaluation should be extended to multi-cylinder, turbocharged engines. Long-
duration endurance tests can assess deposit formation, wear, and performance under
practical conditions. Comprehensive emissions analysis including HC, PM, and smoke
opacity will provide a fuller understanding of environmental impacts.

The modelling phase initiated in this work can be further developed by validating bio-
diesel surrogate mechanisms and performing parametric studies on injection pressure,
timing, and boost conditions. CFD simulations offer insights into combustion optimiza-
tion and pollutant formation that are difficult to capture experimentally.

A detailed techno-economic analysis (TEA) and full life cycle assessment (LCA) of
WCO biodiesel production are recommended to evaluate cost-effectiveness, environ-
mental benefits, CO. reduction potential, energy balance, and waste valorisation, par-

ticularly in the Algerian context.
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Finally, national strategies for WCO collection, decentralized biodiesel production units, and
public awareness programs should be explored. Incentives and regulations supporting sustain-
able WCO valorisation are essential for scaling up and achieving meaningful environmental

and energy benefits.
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