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ABSTRACT

Biodiesel oil blending is not a new concept in the study of biofuels and production. Blending
is a chemical process of two or more different feedstocks comingled in varying proportions in
the production of a new oil or fuel blend possessing different physico-chemical properties.
Since fuel properties and the physico-chemical configuration of each feedstock vary from
source to source, blending improves and enhances these properties. Therefore, the combination
of different feedstocks enhances and improves properties of the initial parent feedstock, by
adapting to improved and high-quality attributes. Worldwide, the sources of biodiesel
production has been centred on edible and non-edible plants such as sunflower, canola,
soybean, moringa, Jatropha, and so on. However, in the recent past, there has been a renewed
shift into biomass and other recycled waste sources for biodiesel production and utilization.
Waste to energy is a critical area of research and study in this present work as it intends to fill
in these gaps by emphasising the shift to biodiesel production from non-plant-based sources.
This shift will increase food security by discouraging the contribution of commercial farming
for the production of biodiesel. This work contributes to improving environmental protection
by reducing pollution from municipal solid waste found in landfills and other waste
management sites. Waste resources such as waste cooking oil, waste engine oil, waste tyre oil
and waste plastic oil converted into energy provide many alternatives in reducing wastage. By
promoting use of these resources, this study aims at increasing environmental awareness and
sustainability by using waste as an energy resource. This focus will open up socio-economic
opportunities in recycling besides the academic and research impacts. By employing blending
strategies using these waste feedstocks (engine oil, cooking oil, plastic oil and waste tyre oil
using pyrolysis thermal processes), the study will improve the initial poor chemical properties
which will confer improved engine performance with emissions reduction especially those
dealing with sulfur and other contaminants from municipal solid waste streams. The production
of pyrolyzed municipal solid waste (MSW) oil will be ex-situ and in-situ (the former means
after production while the later means before production of biodiesel). This research work will
assist in determining standard procedures and sequencing to obtain working ratios of the

blending processes and techniques of biodiesel production.
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CHAPTER 1: INTRODUCTION

1.1 Introduction and Background

The history of biodiesel fuel goes back to the discovery of the diesel engine by German
engineer Rudolf Diesel in the 1890s. The use of vegetable oil as a fuel was first introduced at
the world exposition in Paris in 1900. This was at the request of the French government, which
had an interest in development fuels of local origin for its African colonies for energy and
power generation independence. There were a total of five engine models displayed and tested
during the exposition [1]. In the next five years, after the Paris exhibition, Diesel improved his
engine’s efficiency from 26 % to 75 %. This culminated in the publishing of two articles in
1912 [2, 3]. In America, the demand for biofuels increased after the mass manufacture of the

automobile by Henry Ford from 1890 to 1920.

In America Adolphus Busch and Clessie L. Cummins and other engine manufacturers led the
way in pioneering work on the diesel engine models. In recognition of this effort, the Cummins
engine is named in honour of Cummins’s pioneering work in diesel engines. However, the
discovery of “black gold” and its development by 1940s changed the course of biofuels. There
were a number of forced design changes to accommodate petroleum fuels due to their low
viscosity and fewer starting problems. This weakened the use and acceptability of biofuels in
North America and Europe [4, 5]. After the Second World War, several studies reported the
use of vegetable oil in diesel engines and some of the operational difficulties encountered with
their application as combustion fuels [6-9]. These reports led to the Belgium patent 422877 in
1937 to Chavanne.

After the Second World War alternative fuel research was in a hiatus until the energy crisis of
the 1970s when [10] came up with work on esters of vegetable oil. Using sunflower oil in a
diesel engine, they reported that use of sunflower methyl esters eliminated the problems of
viscosity and operational issues. Nevertheless fossil based fuel has qualities that readily appeal
to users such as availability, good combustion properties and high heating values [11].
Therefore, fossil-based fuels have played a major role in the growth of industries, transportation
and agricultural activities, with demand being stimulated by less-developed countries

expanding urbanization and industrialization while catching up with the highly industrialized



countries. However, the future of fossil fuel as a primary source of energy is not sustainable

due to depletion in relation to demand.

Energy estimates from the international energy agency puts the estimates of the growth of
energy consumption at 53 % by the year 2030 [12, 13]. In the USA the energy information
agency (EIA) projects liquid fuel consumption to increase from 86.1 million barrels per day to
110.6 MBD by the year 2035 [14]. The depletion of fossil fuel reserves has caused world energy
forums and decision makers to seriously consider alternatives. Therefore, there has been a rapid
development in research of green alternative fuel energy sources which are renewable,
domestically available, environmentally friendly and technically feasible. Biodiesel therefore
has become a viable technical choice for researchers as they contain characteristics and

identical physical properties to fossil fuel especially diesel fuel.

Thus, biodiesel has a promising future as a source of alternative fuel energy especially in
developing countries who carry a heavy burden of importation of liquid petroleum fuel for
energy. This is besides the environmental impacts and effects of pollution on public health
[15]. Fossil oils are facing erratic energy prices as well as uncertainty of future supplies due to
unending internal conflicts, turmoil and war in major oil producing countries. These factors all

combine to create a very compelling case for alternative renewable fuels [16].

Diesel engines are inherently lean burn engines and emit relatively low carbon dioxide
emissions compared to petrol propelled internal combustion engines. Other advantages offered
by diesel engines include high thermal efficiencies, durability and construction robustness [17].
However, there is pressure to phase them out, based on environmental and human health issues
due to the high levels of NOx, smoke and PM emissions. Diesel engines have been shown to
run stably on most medium blended ratios of waste plastic oil, although they produce more
NOx, UHC and CO emissions. However, to stabilize them, for good performance for higher
blend ratios, researchers have suggested modification of injection timing to achieve good
engine performance. This improves stability without needing to upgrade engine fuel systems,

engine component modification or fuel alteration through addition of additives [18].

In the literature, review of injection timing has been reported to affect performance. For
example, using blends of WPPO and Jatropha ratios of 20 % tyre oil and 80 %. Jatropha ester
oil produced lower fuel consumption, CO, UHC and PM. However it was observed that NOx

emissions increased significantly Kumar and Saravanan [20] found an increase in the BTE and



NOx emissions, thus concurring with the findings of Sharma et al. (2013) on emissions of NOx,

although on fuel consumption, CO, and UHC the authors reported decreased emission results.

Globally the fuel energy and transport sector has witnessed a continuous increase in stringent
emission regulations enacted by global industrial powers such as the United States of America
and the European Union environmental protection agencies and the G-7 and G-20. Though
widely acknowledged as a primary transport engine, the diesel engine has withstood the worst
accusation as a polluting engine. The diesel engine emits emissions, which contribute to
environmental degradation, and air pollution from NOx gases, and other exhaust emissions.
Therefore, alternative fuels are critical in reducing energy consumption thus decelerating
atmospheric carbon concentration globally. The rapid growth in the road transport sector and
increase in global fossil oil consumption is an environmental concern, as their rapid expansion
erodes all the technological developments and improvements thus so far achieved in the war

against pollution from diesel-propelled engines.

Across the globe, significant resources have been mobilized to find alternative sources of
energy. Different regions and countries have focused attention on source of supply and
technical processes that give them comparative advantages. In sub-Saharan Africa, renewable
energy alternatives for transportation have huge potential sources, one of which is biodiesel
derived from municipal solid waste sites, waste tires, waste engine used oil and waste cooking
oil. Considerable research has been conducted in this area but some gaps have not been
addressed. There is a clear need to conduct evaluations that enable precise technical
classification of the performance and emission of biodiesel derived from the waste sources
mentioned above. This is one of the gaps this thesis intends to respond to by creating an

alternative to the growing demands of energy needs.

The search for alternative sources of fuel energy and supply has been accompanied by a marked
increase in food insecurity. This makes the use of biodiesel fuel from plant based feedstocks a
less viable option due the fact that this can lead to higher food prices [21]. Therefore, waste
plastic and waste biomass from municipal solid waste management sites is increasingly popular
as an alternative source of fuel and energy. This is due to the widespread use of plastics in daily
activities, besides the greater environmental effects of plastic waste and its disposal costs.
There are two types of plastics widely used today, namely, PVC (poly vinyl chloride) and
HPDE (high-density polyethylene), also known aspolyethylene high-density (PEHD) [22].

Plastic waste has wreaked havoc on the environment due to improper disposal and the fact that



plastics are petroleum based which makes them non-biodegradable [23]. Plastic waste accounts
for between 8 % to 12 % of global waste with a projected increase of between 9 % to 13 %
annually by the year 2025 [24, 25].

In South Africa 24,115,402 metric tonnes of general waste is produced annually. However,
from the data obtained nationally it is evident that only 1,446,924 metric tonnes is recycled
representing only 6 % of all solid waste generated. The growth of plastic waste nationally will
average annual increment projection of 2 % to 3 % of waste plastic production [26] as shown
in Figure 1. This makes a promising case for the sustainability of managing waste into energy
by using modem technology to degrade waste plastic mass into energy. Techniques such as

pyrolysis result in hydrocarbons similar in quality and characteristics to petroleum fuels [27,

28].

Percentage of Contribution (%)

M Waste tyres

M Municipal waste

M Other wastes
Metals

M Plastic waste

Figure 1.1Percentage contribution of each waste stream of general solids in municipal waste (South Africa,
2017) [29]

Coined originally from two Greek words ‘pyro’ which means fire and ‘lysis’ which means
decomposition [30], pyrolysis is a chemical decomposition process of making fuel from plastic
waste by heating. Geyer et al. [31] recommend this as one of the solutions to ending the menace
of plastic waste and plastic littering. Pyrolysis is a process where assorted waste plastic 1s fed
into a reactor where it 1s decomposed into other forms at high temperatures. Temperatures can
range from 400 °C to 600 °C or sometimes 900 °C at atmospheric pressure in the absence of
oxygen for 3 to 4 hours [32]. The aim is to produce oil and other plastic waste by-products. In

order to maintain and sustain such high temperatures during the pyrolysis reaction [33]



catalysts are employed, such as calcium oxide (CaO), silica dioxide (Si02), aluminium tri-
oxide (Al203) and zeolite (NaAlSi206-H20) [34]. This process breaks down large molecules of
plastic waste into minute molecules resulting in hydrocarbons with smaller molecular mass.
For example, the addition of ethane enables the application of fractional distillation to obtain
fuels, chemicals and by-products. The pyrolysis yield by weight is made up of liquid
hydrocarbons in a mixture form of petrol, diesel and kerosene at 75 %, while residue coke and
the remaining balance as liquidified petroleum gas (LPG), comprise 5 % to 6 % [35]. Pyrolysis
is highly recommended by most researchers and commercial entities as a method for utilizing
waste plastic and transforming it into biodiesel products and by-products. This is due to its cost
effectiveness, high energy conversion rate and high yield compared to other methods of plastic

waste extraction [36].

The wide acceptance and use of biodiesel has led to the adoption of NOx reduction techniques
and other processing techniques such as blending. NOx reduction techniques are necessary due
to the high oxygen content inherent in most biodiesel fuels which leads to high NOx formation.
This is due to reactions during high temperature combustion which increase the formation of
NOx [25]. Diesel fuels and biodiesel fuels both require fuel additives to improve engine
lubricity, ignition qualities and better mixing. Oxygenates in biodiesels are providing a
promising future to reduce PM emissions since the Oz content aids in better combustion.
However, there is a clear trade-off between PM and NOx as suggested in the findings of [37,
38]. However, engine and component modifications such as thermal barrier coating have been
investigated which improve engine efficiency with minimal increase in brake thermal

efficiency, but with a drop in the fuel economy, NOx and smoke density emissions [39].
1.2 Problem Statement

Fossil-based fuels have played a major role in the growth of industries, transportation and
agricultural activities. However, the future of fossil fuel as a primary source of energy is not
sustainable due to depletion, high demand, and high consumption of fuel energy. Fossil-based
fuels have qualities that make them appealing to the user including availability, good
combustion properties and high heating values ([11]. Energy estimates from the international
energy are for growth of energy consumption at 53 % by the year 2030 [12, 13]. In the USA,
the energy information agency (EIA) projects liquid fuel consumption will increase from 86.1

million barrels per day to 110.6 MBD by the year 2035 [14].



The depletion of fossil fuel reserves has occupied world energy forums and decision makers
for a considerable time. This has led to rapid development of research in green alternative fuel
energy that is renewable, domestically available, environmentally friendly and feasible
technically. Technically biodiesel is a good choice for researchers because biodiesels contain
identical characteristics and physical properties to fossil fuel especially diesel fuel. This makes
the future of biodiesel more viable and more promising as sources of alternative fuel energy

especially in developing countries [15].

The combination of different feedstocks (hybridization) enhances and improves the properties
of the initial parent stock by adapting to improved and high properties. Worldwide the sources
of biodiesel production have centred on edible and non-edible plants such as sunflower, canola,
soybean, moringa and Jatropha. However, there has been a shift to recycled waste sources for
biodiesel production and utilization as energy. This is an important area of research and study
covered by this work as it intends to fill in these gaps by shifting the focus of biodiesel
production to non-plant-based sources. This increases food security by discouraging use of
commercial farming for the production of biodiesel and improves our environment by reducing

pollution caused municipal solid waste management sites.

Through using waste cooking oil, waste engine oil, waste tire oil, waste plastic oil, and other
waste biomass, this work intends to increase environmental awareness and sustainability, and
to show that there are job opportunities in recycling besides the academic work. This work
identifies waste plastic oil as a waste-to-energy resource intended to improve some of the poor
properties of this fuel to offer improved engine performance and reduction in emissions. By
blending, the oils produced from municipal solid waste ex-situ and in-situ (the former means
after production while the later means before production of biodiesel). This work will evaluate
the proper procedural sequence of extracting the product, obtaining the working ratios using
sequential blending, then testing the fuel. The findings will be disseminated via publications in

peer-reviewed journals, book publications and conferences.

This will enable us to filter the data by comparing it with local South African standards and
regulations along with global standards and regulations. Through this, challenges can be
identified and plans of action mapped out to tackle these challenges. It is necessary to identify
and assemble the right set of tools and techniques to conduct studies on these biodiesel
feedstock sources in a manner that optimizes them as available resources. The stated goal of

this work was to extract, produce and test biodiesel from municipal solid waste plastics, waste



tires, waste engine oil and waste cooking oil using a commercial pyrolysis process, compare
performance data with international standards and regulations while also identifying numerical
pathways for further studies that could potentially lead to developing an optimal combustion
strategy. If these goals are realized, they could secure a viable renewable energy source for

sub-Saharan Africa.
1.3 Aims and Objectives

The main aim of this research was to produce, evaluate and test the viability of pyrolyzed
plastic municipal solid waste feedstocks oil as energy fuel resources in diesel engines
(compression ignition engine). Evaluation of waste plastic biodiesel blends included
performance parameters as well as combustion and emissions characteristics. While doing this
research it was prudent to identify the difficulties associated with the application of pyrolyzed
municipal solid waste feedstocks blends in real time diesel engine environment applications.
The following were the specific objectives of this study:

e To characterize the pyrolyzed plastic municipal solid waste oil and its diesel fuel
blends in order to determine chemical and physical properties.

e To determine the effect of pyrolyzed plastic MSW oil blends with diesel fuel on the
performance and emission characteristics of a diesel engine.

e To investigate if pyrolyzed plastic MSW oil blends can be used (B100) in a diesel
engine without engine modification.

e To ascertain which of the pyrolyzed plastic MSW oil blend ratios are most suitable to
replace diesel in CI engines and provide: 1. Hight thermal efficiency. 2. Minimum
brake specific fuel consumption of the engine, 3. Minimum smoke density, 4. Low
emissions.

1.4 Research Motivation and Significance of Study

Ever-increasing expenditure on energy and fuels is causing economic imbalance, price hikes
and hardships for people. The issue of energy subsidies is causing an enormous burden on
personal and national financial management and allocation of resources. Therefore, addressing
this issue is one of the major challenges for our governments, especially in low-income and

developing economies such as South Africa.

It is politically very difficult to reduce subsidies and hence there is need for a solution to reduce
the fuel cost burden on the poor and taxpayers in many developing countries. Furthermore, an

increase in biodiesel production and biodiesel fuel use will reduce over-dependency on coal



which provides 77 % of national energy needs in South Africa, for instance [40].
Overdependence on imported oil from countries producing oil has led to uncontrolled inflation
due to the nature of price volatility in the world market, which requires us to rethink our energy
priorities. The other major problem associated with the conventional fuels is emissions. The
demand for conventional diesel and petrol is ever increasing due to rise in automobiles in South
Africa and so is the air and environmental pollution along with it. Even stringent vehicle
emissions and control norms and policies have not been able to reduce the level of emissions

globally, including in South Africa.

This work provides the prospect of new economic opportunities in developing countries
dealing with the endemic problem of waste management. Energy needs are increasing yet these
countries have insufficient energy as populations surge with urbanization and the need to
industrialize to meet needs and services. Biofuel development from renewable energy sources
is expected to dominate the energy sector going forward as the world moves to more green
energy. Shifting and embracing renewables will reduce dependency on imported petroleum
which is associated with political and economic vulnerability, reduction of greenhouse gases
(GHG) and other pollutants while stabilizing the economies of developing countries and

stimulating their domestic demand for alternative energy. [41, 42].

It is becoming apparent that renewable resources such as virgin biomass, waste biomass like
trees, agricultural waste, municipal solid waste, and microalgae, are increasing in appeal as
sources of energy. These feedstock sources are attractive as potential and feasible renewable

sources of energy. They are abundant and readily available at low or no cost [43-47].
1.5 Thesis Outline

This thesis work sought to achieve the aims and objectives presented above in ten chapters, as

summarized below.

Chapter 1 presents an introduction and background to the study, outlining the need to study
waste-to-energy in the production of biodiesel oil using blending as a technique for obtaining
blended oil ratios and its improving performance. This chapter provides background on the
main research question linked to the aims and objectives of this study. It also lays out the scope
of study, research motivation and contribution to the field of science and technology especially

regarding renewable energy.



Chapter 2 is the literature review. This chapter deals with previous work by various authors
conducted in the same field of study. Various topics of importance in waste-to-energy for the
production of biodiesel are discussed; development in alternative feedstocks and the shift from
traditional feedstocks to non-edible feedstocks such as municipal solid waste are
comprehensively reviewed and discussed. This chapter also reviews and discusses the factors,
which affect biodiesel production, production and processing techniques of biodiesel, and
biodiesel composition (properties). This review consists of proceedings from conferences,
journal articles, published books, online articles and publications and dissertations from

masters and theses from doctoral studies.

Chapter 3 is a research article publication entitled “Evaluation of Pyrolysis Oil from Plastic
and Solid Waste Biomass”. In this chapter, various topical issues dealing with design,
fabrication and evaluation of small-scale pyrolytic systems reactor are discussed. This chapter
highlights the design of a pyrolytic unit and its evaluation and performance in converting waste
plastic and biomass into oil for biodiesel production. Key design components of the reactor
unit included: the furnace housing assembly, the reactor assembly, the piping system, the heat

exchange system (condenser) and the collection system.

Chapter 4 is a research article publication entitled “The Effect of Fuel Additives on Pyrorated
Biodiesel Blends on the Performance of a Diesel Power Generator”. This chapter discusses the
role of fuel additives in improving the physicochemical qualities of biodiesel fuels. The chapter
further discusses the growing influence of alcohols as cheap sources of alternative energy
compared to other sources used as alternative additives. The chapter also discusses the role that

additives play in reducing emission and improving diesel engine performance.

Chapter 5 is a research publication entitled “The Effect of Cetane Number and Oxygen
Content in the Performance and Emissions Characteristics of a Diesel Engine Using Biodiesel
Blends”. This chapter discusses the critical role played by the cetane number and the oxygen
content of biodiesel fuels. The chapter discusses the role of blend ratios and their influence on
performance and emission characteristics of a diesel engine. This chapter highlights the
relationship between the blend ratio as a function of brake specific fuel consumption and brake

thermal efficiency.

Chapter 6 is a research publication entitled “Effects of Exhaust Gas Recirculation on

Temperature, Using Biodiesel Blends”. This chapter discusses the role of EGR on pyrorated



oil blends in diesel engines. The chapter further discusses and compares experimental results
obtained from waste plastic oil using diesel blends and their influence on exhaust temperature.
The role of the EGR trade-off with emission is discussed based on the results obtained under
the influence of EGR percentage rate. The role and influence of the blend ratio in exhaust

temperature is discussed critically especially in relation to diesel engine emissions.

Chapter 7 is a book chapter publication entitled “Effects of Biodiesel Blends Varied by Cetane
Numbers and Oxygen Contents on Stationary Diesel Engine Performance and Exhaust
Emissions”. The chapter is contained in the book titled “Numerical and Experimental Studies
on Combustion Engines and Vehicles”. The chapter outlines in detail current international
practice in using oxygenated fuel blends and other additives as renewables in diesel engines.
This chapter examines the role of oxygenated fuel blends and their huge potential to reduce
emissions of CO, CO,, UHC, NOx, and PM emissions. The chapter further discusses modern

combustion and emission control strategies that have attained a global outreach.

Chapter 8 is a research publication entitled “Assessing the Effects of Engine load on
Compression Ignition Engines Using Biodiesel Blends”. This chapter evaluated the use of
waste plastic pyrolysis oil biodiesel blends and their effect on engine load. It further discussed
the effect of using waste plastic pyrolytic biodiesel blends on performance and emission
characteristics of a diesel engine. The chapter also evaluated the influence of blend ratio on
engine load and combustion characteristics in relation to brake specific fuel consumption, brake

thermal efficiency and other parameters examined during experimentation.

Chapter 9 is a book publication entitled “Biodiesel, Combustion, Performance and Emissions
Characteristics”. The chapter discusses a number of topics critical to the use of biodiesel as an
alternative fuel for combustion in diesel engines. These topics include biodiesel sources and
types of feedstock families, production and processing technologies, physical and chemical
properties and factors that influence emission when using biodiesel fuels. Other topics covered

include the role of post-combustion NOx reduction techniques when using biodiesel.

Chapter 10 discusses the conclusions and future recommendations from the literature review
and experimental results contained in the nine chapters presented in this thesis and as laid out
the aims and objectives. Chapter 10 summarizes the research findings in this work which have
been published in DoHET accredited journals, including the literature review presented in
Chapter 2. These recommendations are meant to produce future proposals that can move

renewable energy research forward and particularly current knowledge trends in renewables.
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CHAPTER 10: CONCLUSION AND FUTURE
RECOMMENDATIONS

Due to factors such as industrialization, population growth and increased standards of living,
the level of global energy consumption, GHC emissions and vehicular engine dependence on
fossil fuels will grow to 60 % compared to the current at 25% to 30%by 2030. The world is
moving from traditional feedstock sources of edible plants to non-edible plants and waste by-
products for the production of biodiesel. For example, the use of waste animal fats, lard, tallow,
yellow grease and use of non-edible plant oils such as Jatropha, neem oil, castor oil, and tallow
oil. Other sources include waste cooking oil, microbial and insect oil, tobacco seed oil, rice

bran, and rubber seed oil.

The literature review shows that commercialization of non-edible oil for the production of
biodiesel and application in diesel engines has not been addressed adequately and conclusively.
Even with growth in the passenger and commercial segment of diesel vehicle manufacture in
America and Europe there is no corresponding growth in policies in respect of improved engine
performance using renewable fuels. Therefore, there is a need for further study in policy

development and implementation in relation to biodiesel as applied in the transport industry.

As the demand for energy increases, there is an opportunity for growth in renewable energy to
meet this demand in the transport industry. As technology to process biomass resources
improves, sustainable production and utilization of biodiesel will see wider acceptance and
application in the developing world. This will definitely come with new opportunities for
investment and skills, creating the need for researchers, engineers, and manufacturers of
engines, biodiesel producers, fuel suppliers and consumers of biodiesel to come together for
sustainable production and utilization of biodiesel fuels. Technical collaborations and
conferences to bring research findings from the scientific community to target industry players
of biodiesel are required. These partnerships have the prospect of developing cost effective and
efficient biodiesel production processes. On the other hand, these relationships can also aid all
sides to formulate biodiesel blends with complete quality compliance to standards. This will

lead to potential mutual benefits for the different parties within the biodiesel industry.

Biodiesel has become an important fuel and an integral part of energy supply. However, tests

conducted and reported by many researchers using different blends of biodiesel show that ratios
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above 20 % present maintenance problems and damage to internal engine components. On the
other hand, some studies have shown that this ratio can be surpassed using vegetable oils
without the mentioned consequences or engine modifications. This presents a 50/50 scenario,
which calls for more research in the areas of characterization of chemical and physical
properties of feedstocks, as feedstock sources expand. This will help to bring vehicle
manufacturers on board from a warranty point of view regarding the application of biodiesel
in the transport industry. Most warranties cover up to ratios of 5 % compared to the research-
finding of satisfactory performance up to a ratio of 20 %, but for a long-time nothing concrete

has come out to harmonize standards.

In the work reported in this thesis and reported in the literature reviewed herein using solid
municipal waste plastics, lower blend ratios of biodiesel show increased BTE and good fuel
economy and consumption for the compression ignition engines tested. However, due to the
high oxygen content in biodiesel blended ratios there is increased NOx emission with all tested
blends compared to baseline diesel fuel, which is reported in many of the experimental work
reported here and published in this thesis. However, smoke emissions decreased marginally
with increasing blend ratios with higher oxygen content. Nevertheless, the NOx emissions and
exhaust temperatures seem to increase as the blend ratios continue to increase. This work
clearly shows that waste municipal solids have high potential as a sustainable feedstock for the
production of biodiesel for diesel engines. Nevertheless, there remain challenges regarding cold
flow properties, thermal and oxidative stability which need solutions before commercialization.
Therefore, more research is needed in order to reduce the effects of these demerits in engine

applications.

The addition of additives has shown to improve the chemical and physical properties of
pyrolyzed plastic waste blends by inhibiting oxidative and thermal degradation of biodiesel
fuels while improving combustion. For example, oxygenated additives improve PM emissions
but are more useful in power recovery. Metallic additives, oxide additives and emulsifiers
improve NOx emissions of biodiesel blends, show less improvement in HC and CO; emissions
of biodiesel blends. Nevertheless, more assessment is needed to ascertain how fuel additives
interact with other emissions in relation to engine performance. In the next decade fuel
additives such as oxygenates, metal-based additives, anti-oxidants CN improvers and nano
additives will grow and gain more interest in the energy market as they increase fuel economy
and reduce emission as demonstrated in the some of the research undertaken and published

work in this thesis.
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Since the increase in demand for alternative fuels such as biodiesel for diesel propelled engines,
there has been an increase in global acceptability and usage, increased production and
processing, and growth in terms of policy and regulation. This has led to wide acceptance and
compliance with regulation on quality of biodiesel fuel. For example, in 2015, 2.1 and 3.8
million gallons were consumed in Canada and USA respectively directly reducing carbon
emissions by 18 million metric tons. This increase in demand for alternative fuels leads to
creation of new jobs and skills to meet the expanding biodiesel industry, with viable foreign

exchange earnings for producers and governments.

Many countries in the world use production subsidies to promote growth in biodiesel and
alternative energy. Many of these countries have experienced growth such the USA, and
Canada. In other words, the biodiesel industry supports jobs in other sectors through employees
spending their income on food, clothing, real estate, restaurants, hotels and other consumer

goods and services.

As the war to control emissions and climate change rages, there is a need to make diesel engines
more efficient by modifying engine components in line with biodiesel end use and application
as fuels. For example, modification of fluid flow in the intake manifold, fuel injection and
delivery systems, combustion and heat transfer. It is also important to check out that these
modifications do not lead to more complex emission issues but minimize emissions in
combination with other combustion control strategies. This research has been lagging behind,

hence the slow acceptability, usage and large-scale commercialization of biodiesel fuels.

Biodiesel fuels show low in-cylinder pressure and low heat release rate due to slow oxidation
reaction rate when the temperature of combustion are low. This phenomenon has been reported

in the literature reviewed and the research conducted and published in this thesis.

Although biodiesel fuel is a renewable resource, it cannot be produced in limitless quantities.
Global energy needs far outpace abilities to grow or make biomass for biodiesel production.
The balance between food and energy keeps feedstocks expensive compared to fuels of fossil
origin, therefore making biodiesel production expensive. However, this can be mitigated by
diversification of feedstocks through including non-traditional feedstocks and improving
production and processing technologies. Although there are many production and processing
technologies for biodiesel their full potential is lagging in terms of commercialization and
utilization. Thus, innovations are needed to expand efficiency of production processes for

biodiesel production especially reduction of cost of production and investment. In the wake of
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corona virus pandemic and its depressing effect on global oil prices, investment in biodiesel

and the renewable energy sector is expected to fall too.

In the last 30 years starch-based bioethanol has been viable commercially. Through research
more hybrid crops with high yield and extractable fermentable starch have been developed.
This has made it easier to obtain grains to meet specific and novel process constraints as the

feedstock are specifically engineered.

Microalgae can now be used as a feedstock suitable for biohydrogen fermentation. Particular
species of microalgae such as Chlamydomonas reinhardtii, sp., Dunaliella spirulina, Nitzchia
closterium, Phaeodactylum tricornutum, and Spirulina platensis show high photosynthetic
efficiency. The use of these algae as feedstock will accelerate traditional applications such as

direct combustion and fermentation due to economic feasibility for domestic or industrial use.

Regulations in many countries treat biomass as a zero-carbon fuel and are using different
pricing regimes for climate change targets. This leads to greater utilization of bioenergy or
biodiesel from a climate standpoint. However, this exacerbates the climate impact even when
use of biodiesel removes carbon, because the increase in demand for biodiesel has the potential

to drive an increase in deforestation.

The use of waste biomass could offer a double advantage. It could be used as an energy source
to substitute fossil fuel, and as an effective tool in mitigating GHG since decomposing waste
material would be reduced. Nevertheless, there are many industries which compete for biomass
such as the pulp and paper industry, the furniture industry, and bio-refineries. The use of
biomass for the production of composite building materials can lead to long-term sequestration

of the carbon hence offset of high GHG emissions from steel and the cement industry.

A direct positive environmental contribution is possible by using biodiesel because it displaces
diesel fuel resulting in less carbon intensity, which reduces GHG emissions. Biodiesel
production can contribute to energy security by reducing the use of imported oil in the
production of transportation fuels in a country. Biodiesel produced from biomass and other
solid residues do not have a land use issue as they are accumulated as a result of production of

crops and waste hence provide a potential solution to disposal problems.

As the world grapples with the changing energy patterns of supply and demand, the biodiesel
industry creates an exclusive role in climate policy on GHG emissions. These policies have

created an emission trading system such as the cap-and-trade mechanism. A good example is
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the Kyoto protocol of 1997 and the Paris climate agreement of 2015. Creation of a carbon
dioxide price allows governments to offer incentives for the development of biodiesel to
substitute fossil fuels. Therefore, there is a need to harmonize biofuel and biodiesel policies as
policy uncertainty affects international opportunities as each government applies different
policies and taxes in the biodiesel mandate. In other words, policy instead of system forces play

a critical role in influencing production in all countries.

There is a need in the near future to develop innovative biofuels, lignocellulosic fuels and
biodiesel fuels, which will need minimal resources such as water and land for production of
energy. Lignocellulosic fuels use the whole plant instead of starch or the sugary part, or residue
products from arable agriculture land such as straw. Algal biofuels constitute a diverse group

of aquatic photosynthetic organisms (third generation biofuels).

Diesel emissions regulated and unregulated contribute to short and long-term human health
problems such as cancer, minor eye and throat irritations and slow blood poisoning. The use of
biodiesel helps to reduce these problems by reducing the quantity of particle emissions, because

exhaust particles have an adverse effect on human health.

There is a need to gain understanding of waste production characteristics, capture and
diversion, processing methods, transport requirements, available conversion technologies and
return on energy investment. This will lead to accurate estimates on energy and co-product
potential and better understanding of demand for other resources such as land, water,

infrastructure and opportunities for co-product generation.

The role of technology is critical in the implementation of the biodiesel policy, especially
production, processing and use. Therefore, intense research is a pre-requisite in biotechnology,
plant agronomy, oil extraction technologies, transesterification and fermentation processes for
the production of biodiesel of biofuels such as bioethanol. For successful implementation of
biodiesel programs hard and soft infrastructural development is necessary, particularly in
developing countries. In other words, relevant biodiesel and biofuels supply chain
infrastructure is required to cater for all stakeholders in the industry such as producers,
manufacturers, consumers and the supply network. For example, serious efforts are needed to
design and build large-scale bio-refineries for biodiesel production as the world moves to this
technology. This will prevent conflict between fossil fuels and biodiesel fuels as competing

products. Another important infrastructural development would be building blending and
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dispensing facilities in the same locations as conventional oil and gas refineries to minimize

cost of transport.

There is a danger of future technologies wiping out demand for biodiesel if by-products are not
developed. In other words, for a sustainable future, the by-product of the biodiesel or biofuel
supply chain need to be developed by 2030 for the industry to remain relevant because of the
rapid rise of electric cars. This means that more feedstock utilization is needed for biodiesel

and biofuels to remain relevant and sustainable in future.

The question of arable land for the production of biodiesel feedstocks needs to be addressed
because as the industry grows more land will be required for the cultivation of feedstocks. This
will result into inflated food prices, as the demand for edible oil will outstrip supply. Therefore,
cheaper alternatives and diversification of feedstocks is critical to the existing ones including
development of efficient production and processing technologies. An example of a non-edible
plant is Jatropha which can grow on non-arable land such as wasteland and uses little water

with no fertilizers, growing rapidly with a lifespan of 26 to 30 years.
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APPENDIX C: PUBLISHING AGREEMENT

CHAPTER 9: Book Publication Agreement

Contract No.: 103374

Publishing Agreement

The following agreement has been approved by and entered into between

Maroa Semakula, University of KwaZulu-Natal, Mechanical Engineering, Mazisi Kunene
Road, 4041 Durban, South Africa

Prof. Freddie Inambao, University of KwaZulu-Natal, Mechanical Engineering, Mazisi
Kunene Road, 4041 Durban,

South Africa

(hereinafter called Author)

on the one part and

Springer Nature Switzerland AG, Gewerbestrasse 11, 6330 Cham, Switzerland
(hereinafter called Publisher)

on the other part.

When Author is more than one person, the expression "Author" as used in this agreement will
apply collectively unless otherwise indicated.

§ 1 Rights Granted

1.1 Author undertakes to prepare for publication by Publisher a work provisionally entitled:

Biodiesel, Combustion, Performance and Emissions Characteristics

(hereinafter called Work)
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comprising approximately 125 pages, including no illustrations, whereas the Publisher intends
to publish the Work under the imprint Springer. The work may be published in the book series
Green Energy and Technology.

The Work may contain or link to media, social or functional enhancements. If such
enhancements are included in or linked to the Work it will be specified in Clause 9. To the
extent Clause 9 specifies that enhancements are included in the Work, they are an integral part
of the Work and, unless otherwise explicitly set forth in Clause 9, all rights, licences and
obligations agreed to hereunder shall apply to such enhancements.

1.2 Author hereby grants and assigns to Publisher the exclusive, sole, permanent, world-
wide, transferable, sub- licensable and unlimited right to reproduce, publish, distribute,
transmit, make available or otherwise communicate to the public, translate, publicly
perform, archive, store, lease or lend and sell the Work or parts thereof individually or
together with other works in any language, in all revisions and versions (including soft
cover, book club and collected editions, anthologies, advance printing, reprints or print
to order, microfilm editions, audiograms and videograms), in all forms and media of
expression including in electronic form (including offline and online use, push or pull
technologies, use in databases and data networks (e.g. Internet) for display, print and
storing on any and all stationary or portable end-user devices, e.g. text readers, audio,
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video or interactive devices, and for use in multimedia or interactive versions as well as for the
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display or transmission of the works or parts thereof in data networks or search engines, and
posting the Work on social media accounts closely related to the Work, as well as using the Work
for educational or training purposes,

e.g. but not limited to use in massive open online courses), in whole, in part or in abridged form,
in each case as now known or developed in the future, including the right to grant further
time-limited or permanent rights. Publisher especially has the right to permit others to use
individual illustrations, tables or text quotations and may use the Work for advertising purposes.
For the purposes of use in electronic forms, Publisher may adjust the Work to the respective form
of use and include links (e.g. frames or inline-links) or otherwise combine it with other works
and/or remove links or combinations with other works provided in the Work. For the avoidance of
doubt, all provisions of this contract apply regardless of whether the Work itself constitutes a

database under applicable copyright laws or not.

1.3 The copyright in the Work shall be vested in the name of Publisher. Author has asserted
his/her right(s) to be identified as the originator of this Work in all editions and versions of

the Work and parts thereof, published in all forms and media. Publisher may take, either in its own
name or in that of Author, any necessary steps to protect the rights granted under this Agreement
against infringement by third parties. It will have a copyright notice inserted into all editions

of the Work according to the provisions of the Universal Copyright Convention (UCC}.

The parties acknowledge that there may be no basis for claim of copyright in the United States to a
Work prepared by an officer or employee of the United States government as part of that person's
official duties. If the Work was performed under a United States government contract, but Author is

not a United States government employee, Publisher grants the United States government royalty-
free

permission to reproduce all or part of the Work and to authorise others to do so for United States
government purposes. If the Work was prepared or published by or under the direction or control of
the Crown (i.e., the constitutional monarch of the Commonwealth realm) or any Crown government
department, the copyright in the work shall, subject to any agreement with Author, belong to the
Crown. If Author is an officer or employee of the United States government or of the Crown,

reference will be made to this status on the signature page.
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1.4 Author retains, in addition to uses permitted by law, the right to communicate the content
of the Work to other research colleagues, to share the Work with them in manuscript form, to
perform or present the Work or to use the content for non-commercial internal and educational
purposes provided the original source of publication is cited according to current citation

standards.

§ 2 Delivery and Acceptance of the Work

2.1 Author shall deliver the Work to Publisher on or before November 30, 2019 (hereinafter
called Delivery Date) electronically in Microsoft Word format or in such form as may be agreed in
writing with Publisher. The Work shall be in a form acceptable to the Publisher (acting reasonably)
and in line with the instructions contained in the guidelines and Author shall provide at the same
time, or earlier if the Publisher reasonably requests, any editorial, publicity or other form

required by the Publisher. Publisher is entitled to have the Work peer- reviewed by external
reviewers of its choice.

If Author fails to deliver the Work by the Delivery Date, or within any grace period given by
Publisher, acting reasonably, then Publisher shall be entitled to:

(a) commission an appropriate and competent person (who, in the case of joint Authors, may be a
person comprising the Author) to complete the Work and any fees payable to the competent person
shall be deducted by Publisher, acting reasonably, from any sums due to Author under this

Agreement; or
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(bl terminate this Agreement by immediate written notice to Author, in which case all advance
payments paid to Author under or in connection with this Agreement shall be repaid to Publisher
within 28 days of said notice.
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(c) If Author, or where Author consists of two or more persons, any of the persons comprising the
Author, dies or becomes incapacitated or otherwise incapable of performing Author's obligations
under this Agreement, Publisher shall be entitled to be given copies of all notes, manuscripts or
other materials relating to the Work. Publisher may either terminate this Agreement with immediate
effect (by written notice to Author or Author's estate) or elect to continue to publish the Work.

1.1 Publisher is entitled to carry out editorial changes on the manuscript within the usual limits.
This is intended especially to enhance the uniform overall organisation and form of the Work.
Any significant changes in content require the approval of the Author. Publisher is entitled to
prepare and use summaries within the intended use of the Work and for the purposes of sales,
distribution and advertising.

1.2 Author agrees, at the request of Publisher, to execute all documents and do all things
reasonably required by Publisher in order to confirm to Publisher all rights intended to be
granted under this Agreement. Author warrants and represents that the Work is original
except for such excerpts from copyrighted works (including illustrations, tables, animations
and text quotations) as may be included with the permission of the copyright holder thereof, in
which case(s) Author is required to obtain written permission to the extent necessary and to
indicate the precise sources of the excerpts in the manuscript. Author is also requested to
store the signed permission forms and to make them available to Publisher if required.

Author warrants and represents that Author is entitled to grant the rights in accordance with Clause
1 "Rights Granted", that Author has not assigned such rights to third parties, that the Work has not
heretofore been published in whole or in part, that the Work contains no libellous or defamatory
statements and does not infringe on any copyright, trademark, patent, statutory right or proprietary
right of others, including rights obtained through licences. Author agrees to amend the Work to
remove any potential obscenity, defamation, libel, malicious falsehood or otherwise unlawful part(s)
identified at any time. Any such removal or alteration shall not affect the warranties and
representations given by Author in this Agreement.

§ 3 Publication of the Work

3.1 Publisher will undertake the publication and distribution of the Work in print and electronic form
at its own expense and risk within a reasonable time after it has given notice of its acceptance of the
Work to Author in writing. The final determination of the electronic formats and the number of
copies produced is at the discretion of Publisher. Publisher will, at its sole discretion, set or alter the
list-price, allow for deviations from the list-price (if permitted under applicable jurisdiction) and
promote the Work as it considers most appropriate to optimise sales, including a good and suitable
presentation for all distribution channels. All right, title and interest in the typography, design and/or
look-and-feel of the Work shall remain the property of and is reserved to Publisher. Illustrations and
any other material or immaterial property prepared at the expense of Publisher remain, as between
the parties, the exclusive property of Publisher.
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Nothing in this Agreement shall constitute an undertaking on the part of Publisher to publish the
Work unless and until: (i) Publisher has given notice of acceptance in writing of the final manuscript
of the entire Work, and

(ii) any issues in relation to the Work (including all necessary consents and permissions) raised by the
Publisher have been resolved to the Publisher's satisfaction.

In consideration of the above, if Publisher decides to not publish the Work, Author shall in no event
be entitled to any compensation or remedy in respect of any expense or loss incurred.
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3.2 Publisher is entitled, depending on the market and the demand, to publish and distribute the
Work in instalments (including but not limited to individual chapters) or to order. In case the
Work is stored in physical stock Publisher is also entitled to pulp the print run or any portion
thereof without previously notifying Author. Publisher is required to continue promoting the
Work and to retain a sufficient number of copies unless the Work is available in electronic
form or on the basis of a print-to-order offer.

§ 4 Approval for Publishing
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1.3 Author shall proofread the page proofs, check the illustrations as well as any media,
social or functional enhancements, and give approval for publishing, if and when
requested by Publisher. Author's approval for publishing is deemed to have been given
if Author does not respond within a suitable period of time after receiving the proofs.

1.4 Proofs are sent to enable Author to check that the manuscript has been properly set in
type and to allow Author to correct any typesetter's or illustrator's errors. No alterations
or corrections may be made by Author other than for the purpose of correcting
typographical errors without the Publisher's prior written consent. In case Author makes
major changes that lead to additional costs for Publisher, and if such costs exceed 10%
of the total cost of typesetting (or reproduction in the case of illustrations) they will be
borne by Author.

§ 5 Complimentary Copies, Author's Discount for Books and Electronic Access

51 Author or, if "Author" comprises several individual authors, each of the co-authors who
is party to this agreement is entitled to receive 3 printed copies free of charge and may
obtain additional copies for personal use at a discount of 40% off the list-price if
ordered directly from Publisher.

52 Furthermore, Author is entitled to purchase for Author's personal use (directly from
Publisher) other books published by Publisher at a discount of 40% off the list-price for
as long as there is a contractual arrangement between Author and Publisher and subject
to applicable book price regulation.

Resale of such copies or of free copies is not permitted.

53 Publisher shall provide electronic access to the electronic final published version of the
Work on Publisher's Internet portal, currently known as springer.com and/or
palgrave.com, to Author, provided Author has included his/her email address in the
manuscript of the Work. Furthermore, Author has the right to download and disseminate
single contributions from the electronic final published version of the Work for his/her
private and professional non-commercial research and classroom use (e.g. sharing the
contribution by mail or in hard copy form with research colleagues for their professional
non-commercial research and classroom use, or to use it for presentations or handouts
for students). Author is also entitled to use single contributions for the further
development of his/her scientific career (e.g. by copying and attaching contributions to
an electronic or hard copy job or grant application).

When Author is more than one person each of the co-authors may share single contributions of
the Work with other scientists or research colleagues as described above. In each case,
Publisher grants the rights to Author under this clause provided that Author has obtained the
prior consent of any co-author(s) of the respective contribution.
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§ 6 Remuneration

6.1 Publisher shall pay to Author a remuneration of EUR 900 payable upon publication,
publication being stipulated as the point in time when the Work is being distributed in print or

electronic form, whichever occurs earlier.
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1.5 If Publisher grants licenses to use the Work or derivative works thereof or parts of either in
products published by other publishers (e.g. a licence to translate the Work and to distribute
the translation, or a licence to distribute parts of the Work in a third-party publication),
Author's sole payment for the respective licence and any related use will be a share of
Publisher's Net Proceeds according to industry standards of 50%.

1.6 Inthe event that the Work contains or links (e.g. through frames or in-line links) to media,
social or functional enhancements, the aforesaid remuneration, complimentary copies and/or
access rights shall also cover the use of such material.
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1.7

1.8

1.9

If "Author" comprises several individual authors, the aforesaid remuneration will be paid as a
total to the joint group of authors. Each co-author will receive an equal share of any payment.

If there is a legal requirement for Publisher to withhold any taxes, the taxes will be deducted
from the payments to Author. Authors are responsible for the taxation of their payments.
Publisher is entitled to report related information (including personal and financial data) to the
respective authorities.

Any publisher's proceeds from rights managed by national copyright organisations (collecting
societies including but not limited to societies such as Copyright Clearance Center) are the sole
property of Publisher. Any such author's proceeds are the sole property of Author, and if
applicable, registration and taxation of such proceeds is Author's sole responsibility.

§ 7 Competing Works

Author agrees not to contribute or to release with another publisher any publication that contains

expression or subject matter substantially similar to the Work and which may compete with the
Work. Any publication of substantial parts of the Work requires the prior written consent of
Publisher, such consent not to be unreasonably withheld.

§ 8 New Editions

54

55

Publisher has the sole right to determine the publication of any subsequent edition, such
determination to be made only after consultation with the Author. In the event of subsequent
editions, they shall be published by Publisher. Once notified by Publisher that a new edition is
deemed necessary, Author agrees to deliver an updated manuscript according to the terms of
Clause 2 "Delivery and Acceptance of the Work", together with the material for any new
illustrations within 9 months of such notification. Substantial changes in the nature or size of
the Work require the approval of Publisher. Upon publication of such new edition, Author shall
receive a consideration equivalent to Clause 6 "Remuneration". The terms of this Agreement
shall apply to any new edition that is published under this New Edition clause.

If Author, for whatever reason, is unwilling, unable or fails to submit an updated manuscript
that meets the terms of this Agreement within the above stated period, then Publisher is
entitled to revise, update and publish the content of the original edition or to designate one or
more individuals (which, where Author comprises two or more persons, may be one or more of
the persons comprising the Author) to prepare this and all future editions. In this case, Author
does not participate in preparing any subsequent editions. Publisher is entitled to continue to
use the name of Author on any new editions of the Work. Notwithstanding clause 8.2 (first
sentence), Author or Author's beneficiaries shall receive 50% of the financial consideration
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stipulated in Clause 6 "Remuneration” (if any) but shall have no right or claim from any further
subsequent editions of the Work.

§ 9 Miscellaneous

This clause is left blank intentionally.

§ 10 General Provisions

1.1 If any difference shall arise between Author and Publisher concerning the meaning of this
Agreement or the rights and liabilities of the parties, the parties shall engage in good faith
discussions to attempt to seek a mutually satisfactory resolution of the dispute. This
agreement shall be governed by, and shall be construed in accordance with, the laws of
Switzerland. The courts of Zug, Switzerland shall have the exclusive jurisdiction.
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1.2

1.3

Either party shall be entitled to terminate this Agreement forthwith by notice in writing to the
other party if the other party commits a material breach of the terms of the Agreement which
cannot be remedied or, if such breach can be remedied, fails to remedy such breach within 28
days of being given written notice to do so.

If Publisher, acting reasonably, decides that the Work is not suitable for publication in the
intended market place, or that there is no substantial market for the Work, or the economic
circumstances of publication have substantially changed (in each case other than due to the
Work not being of a suitable quality to justify publication) then Publisher may at any time
terminate this Agreement by giving one month's notice to Author in writing. In the event of
such termination: (a) Author shall be entitled to retain all amounts received in respect of the
Work previously paid to Author by Publisher at the date of termination, and (b) all rights
granted by Author to Publisher under this Agreement shall revert to Author. Author will not in
any event be entitled to any further payments due after the date of termination in respect to
the Work.

1.4 Termination of this Agreement, howsoever caused, shall not affect:

e any subsisting rights of any third party under any licence or sub-licence
validly granted by Publisher prior to termination and Publisher shall be
entitled to retain its share of any sum payable by any third party under any
such licence or sub-licence;

¢ the rights of Author to any payments due in respect of exploitation of the
Work by a third party pursuant to any licence granted by Publisher prior to
the date of termination;

e any claim which either party may have against the other for damages or
otherwise in respect of any rights or liabilities arising prior to the date of
termination; or

e any option granted by Author to Publisher in respect of future works.

1.5 On termination of this Agreement in accordance with its terms, all rights and obligations of

Publisher and Author under this Agreement will cease immediately, except that any terms of
this Agreement that expressly or by implication survive termination of this Agreement shall
remain in full force and effect. On termination of this Agreement by Publisher for any reason,
Publisher shall not be liable for any payment in respect of any part of the Work not delivered
at the date of termination. On termination of this Agreement Publisher may continue to sell
any copies of the Work which are in its power, possession or control as at the date of expiry or
termination of this Agreement for a period of 6 months on a non-exclusive basis subject to the
payment of royalties due hereunder.
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This agreement and the documents referred to within constitute the entire agreement
between the parties with respect to the subject matter hereof and supersede any previous
agreements, warranties, representations, undertakings or understandings. It may be
modified or amended only in writing. For purposes of this agreement, "in writing"
requires either a written and signed document or an electronic confirmation with
DocuSign or similar e-commerce solution.

The failure by either party to enforce any one or more of the terms of this Agreement at
any time or for any period shall not constitute a waiver of such term or of that party's
right to enforce any and all terms of the Agreement subsequently.

Author will not, without the prior written consent of Publisher, disclose the terms of this
Agreement to any third party, except to Author's respective professional advisors or as
required by a court, regulatory body or other authority of competent jurisdiction.

Nothing contained in this Agreement shall constitute or shall be construed as
constituting a partnership, joint venture or contract of employment between Publisher
and Author. Each author is jointly and severally liable for Author's obligations. Neither
party may assign this agreement to third parties but Publisher may assign this agreement
or the rights received hereunder to its affiliated companies.

To signify their agreement to the terms outlined herein, all parties have signed and exchanged
this contract.
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APPENDIX D: UNCERTAINITY ANALYSIS TABLE

The instruments used and their percentage error of analysis are listed in the table below with
the uncertainties of CO, CO,, UHC, NOx, exhaust gas temperature (EGT) and smoke opacity.
This table applies to chapters 3, 4 and 5. These percentages of error analysis were derived from

the following formula, the root sum square method and expressed in two equations form as:

R = / nLX? Equation 1

R=X?+ X2+ X2+ X? Equation 2

Instrument Accuracy Measuring Range Percentage inaccuracies
AVL 437C
(Smoke Meter)
Smoke Intensity +1% 0-100% +1
AVL Pressure
Transducer GH14D +0.01 bar 0-250 bar +0.01
AVL 365C Angle encoder
+1° - +0.2

AVL digas 444 (five gas

analyzer)
CoO +0.03% to +5% 0-10% by vol +0.3
CO, +0.5% to £5% by vol

0-20% vol +0.2
0)) +5% by vol 0-22% by vol +0.3
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HC

NOx

K-2 Thermocouple

Digital Stop Watch

Digital Fuel Gauge

Burette

+0.1% to +5%

+10%

+1°C

+0.2s

+1mm

+0.2¢cc

0-20000ppm by vol

0-5000 ppm by vol

0-1250°C

1-30cc

+0.2

+0.2

+0.2

+0.2

+2

+1.5
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